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ABSTRACT

Background: Liver dysfunction impairs immunological homeostasis. Glycine (Gly) has been reported to have

antioxidative and anti-in�ammatory effects and to regulate apoptosis in various models.

Objectives: The aim of the present study was to determine whether Gly could attenuate LPS-induced liver injury.

Methods: In Experiment 1, 48 6-week-old male C57BL/6 mice were randomly assigned into one of 4 groups: CON

(control), GLY [orally administered Gly, 5 g · kg body weight (BW)−1 · d−1 for 6 d], LPS (5 mg/kg BW, intraperitoneally

administered), and GLY+ LPS (Gly supplementation, and on day 7 LPS treatment). In Experiment 2, micewere untreated,

pretreated with Gly as above, or pretreated with Gly + L-buthionine sulfoximine (BSO) (0.5 g/kg BW, intraperitoneally

administered every other day) for 6 d. On day 7, mice were injected with LPS as above. Histological alterations, activities

of antioxidative enzymes, apoptosis, and immune cell in�ltration were analyzed.

Results: In Experiment 1, compared with CON, LPS administration resulted in increased karyolysis and karyopyknosis

in the liver by 8- to 10-fold, enhanced serum activities of alanine transaminase (ALT), aspartate transaminase (AST),

and lactate dehydrogenase (LDH) by 1- to 1.8-fold, and increased hepatic apoptosis by 5.5-fold. Furthermore, LPS

exposure resulted in increased in�ltration of macrophages and neutrophils in the liver by 3.2- to 7.5-fold, elevated hepatic

concentrations of malondialdehyde and hydrogen peroxide (H2O2), and elevated myeloperoxidase (MPO) activity by 1.5-

to 6.3-fold. In Experiment 2, comparedwith the LPS group,mice in the GLY+ LPS group had fewer histological alterations

(68.5%–75.9%); lower serumALT, AST, and LDH activities (24.3%–64.7%); and lower hepatic malondialdehyde and H2O2

concentrations (46.1%–80.2%), lower MPO activity (39.2%), immune cell in�ltration (52.3%–85.3%), and apoptosis

(69.6%), which were abrogated by BSO. Compared with the GLY + LPS group, mice in the GLY + BSO + LPS group

had lower hepatic activities of catalase, superoxide dismutase, and glutathione peroxidase by 33.5%–48.5%; increased

activation of NF-κB by 2.3-fold; and impaired nuclear factor (erythroid-derived 2)-like 2 signaling by 38.9%.

Conclusions: Gly is a functional amino acid with an ability to protect the liver against LPS-induced injury in mice. J

Nutr 2020;150:1116–1125.
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Introduction

The liver plays a key role in immunological homeostasis
and metabolism of both humans and animals (1). Various
factors, such as stress insults, alcohol abuse, drug exposure,
and bacterial infection, have been reported to contribute to
liver dysfunction. LPS, a major endotoxin in gram-negative
bacteria, activates the host in�ammatory response, leading to
the production of cytokines and oxidative stress, which, in
turn, damages the liver as characterized by hepatic dysfunction,
coagulation disorder, and even liver failure (2).

An essential function of liver is to maintain the intracellular
balance between free radicals and antioxidants. Mammals
have both enzymatic and nonenzymatic antioxidant systems
to regulate the homeostasis of organs in response to cel-
lular oxidative stress (3, 4). Under physiological conditions,
the mitochondria-derived reactive oxygen species (ROS) are
removed by the antioxidant systems. However, following an
exposure to LPS or toxins, an increase in the production of
free radicals, such as ROS and reactive nitrogen species, or
a decrease in the capacity of antioxidant systems leads to
elevated amounts of oxygen radicals. These molecules bind
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to and impair macrobiomolecules (lipid, protein, and DNA),
thereby impairing liver function and causing liver diseases
(5). Biochemically, LPS activates the NF-κB signaling cascade,
which promotes the biosynthesis of proin�ammatory cytokines,
including TNFa, IL1b, IL6, and chemokines in epithelial cells
and immune cells (6). Both in�ammatory cytokines and free
oxygen radicals have been reported to induce cell death in
a caspase-3 dependent manner in response to LPS exposure
(7, 8). Therefore, strategies to block the release of in�ammatory
cytokines and related apoptosis have been investigated in both
in vivo and in vitro models.

Glycine (Gly) has long been classi�ed as a nutritionally
nonessential amino acid in mammals and other animals (9). It
has been shown to have anti-in�ammatory and immunomod-
ulatory effects in the organisms and various cell types (10,
11). In addition, Gly is a substrate for the synthesis of
glutathione (GSH), a major endogenous antioxidant required
for the maintenance of intracellular homeostasis (12). In
our previous studies, we found that Gly was critical for
intestinal mucosal barrier function by enhancing protein
synthesis (13), regulating the abundance of tight junction
proteins (14), and protecting intestinal porcine epithelial cells
from 4-hydroxynonenal-induced apoptosis (15). However, the
underlying mechanisms responsible for the bene�cial effects
remain unknown. We hypothesized that Gly can regulate anti-
in�ammatory response, intracellular ROS homeostasis, and
apoptosis, thereby protecting the liver from oxidative stress-
induced damage. This hypothesis was tested in the LPS-
challenged mouse, a well-known animal model for studies
on liver injury and the underlying molecular mechanisms.
l-buthionine sulfoximine (BSO), a speci�c inhibitor of γ -
glutamylcysteine synthetase (16), was used in the present study
to investigate the functional role of Gly-driven GSH synthesis
on LPS-induced liver injury.

Methods

Reagents
LPS (Escherichia coli, 055: B5) and Gly were products of Sigma. BSO

was purchased from Santa Cruz Biotechnology. Alanine transaminase

(ALT), aspartate transaminase (AST), lactate dehydrogenase (LDH),

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase

(GSH-Px), hydrogen peroxide (H2O2), malondialdehyde, myeloper-

oxidase (MPO), and GSH assay kits were purchased from Nan-

jing Jiancheng Bioengineering Institute. A terminal deoxynucleotidyl

Supported by National Natural Science Foundation of China grants 31572410,

31625025 (to ZW); “111” Project grant B16044; and Texas A&M AgriLife

Research (H-8200).

Author disclosures: The authors report no con�icts of interest.

GW was a member of the Journal”s Editorial Board.

Supplemental Tables 1–5 and Supplemental Figures 1–3 are available from the

“Supplementary data” link in the online posting of the article and from the same

link in the online table of contents at https://academic.oup.com/jn/.

Address correspondence to ZW (e-mail: bio2046@hotmail.com).

Abbreviations used: ALT, alanine transaminase; AST, aspartate transaminase;

BAX, B cell lymphoma 2-associated X protein; BSO, L-buthionine sulfoximine;

BW, body weight; CAT, catalase; Ccl, chemokine (C-Cmotif) ligand; CON, control
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transferase-mediated dUTP nick-end labeling (TUNEL) assay kit was

obtained from Beyotime Biotechnology. A total RNA extraction kit

was purchased from Aidlab Biotechnologies. Primescript™ First-Strand

cDNA Synthesis and RT-PCR kits were obtained from TaKaRa.

Antibodies against cleaved caspase-3, phosphor-IκB (p-IκB), IκB,

phosphor-P65 (p-P65), and P65 were products of Cell Signaling

Technology. Antibodies against GAPDH, nuclear factor (erythroid-

derived 2)-like 2 (NRF2),NAD(P)H dehydrogenase quinone 1 (NQO1),

and B cell lymphoma 2-associated X protein (BAX) were procured from

Santa Cruz Biotechnology. Puri�ed anti-mouse F4/80 and CD11b were

purchased from Biolegend, whereas puri�ed anti-mouse Gr-1 was a

product of BD Pharmingen. The Alexa Fluor® 594 Af�niPure Donkey

Anti-Rat IgG was from Jackson ImmunoResearch Laboratories.

Experimental design
All experiments were approved by the Animal Care and Use Committee

of China Agricultural University, and conformed to the Guide for the

Care and Use of Laboratory Animals.

Experiment 1.
A total of 48 six-week-old male C57BL/6 mice with a body weight

(BW) of 16 to 20 g (with a mean of 18 g; Huafukang Biotechnology

Ltd) were housed in a room with a temperature of 22 to 24◦C (with a

mean of 23◦C) and a 12-h light/12-h dark cycle. Mice had free access

to feed (Huafukang Biotechnology Ltd, No. 1022) and drinking water.

Supplemental Table 1 presents the nutritional composition of the diet.

Amino acid content in the basal diet was determined by HPLC as

described previously (17), and Supplemental Table 2 shows the results.

Mice were randomly assigned into 1 of 4 groups (n = 12 per group):

control (CON), Gly supplementation (GLY), LPS administration (LPS),

and Gly + LPS coadministration (GLY + LPS). Mice received oral

administration of water (CON) or Gly (5 g · kg BW−1 · d−1) for 6

continuous days. On day 7, mice in the LPS group or the GLY + LPS

group received intraperitoneal administration of LPS (5 mg/kg BW) to

induce liver injury, whereas mice in the CON or GLY groups received

intraperitoneal administration of an equal volume of PBS.

Experiment 2.
To determine the effect of Gly-driven GSH synthesis on the LPS-induced

liver injury, 6-wk-old male C57BL/6 mice with a BW of 18 ± 2 g

(mean ± SD) were randomly assigned to 1 of 4 groups (n = 6 per

group): CON,LPS,GLY+ LPS, and Gly+ BSO+ LPS coadministration

(GLY + BSO + LPS). Mice were orally administered water (CON)

or Gly (5 g · kg BW−1 · d−1) for 6 continuous days in the presence

or absence of BSO, an inhibitor of GSH synthesis (0.5 g/kg BW,

intraperitoneally administered every other day during the 6-d-period).

On the day 7, mice were intraperitoneally administrated with either

LPS (5 mg/kg BW) to induce liver injury or an equal volume of PBS.

The dose of Gly was based on our pilot study, whereas the doses of

LPS and BSO were based on previous reports (18–21). Supplemental

Tables 3 and 4 summarize the intakes of feed, water, and Gly. Orbital

blood was collected at 6 h after LPS injection. The right lobe of the liver

was collected for histological or immuno�uorescence analyses, as well

as mRNA and protein extraction.

Histological analysis
Liver tissues �xed in 4% formaldehyde were dehydrated and embedded

in paraf�n, sectioned, and stained with hematoxylin and eosin. Sections

from each mouse (n = 6) were visualized for the analysis of karyolysis

and karyopyknosis by a blinded observer. The percentage of karyolysis

or karyopyknosis was calculated by counting the number of positive

cells in 100 cells in each of 5 randomly selected �elds in each section.

All sections were viewed at a magni�cation of 200 via a light microscope

equipped with a computer-assisted morphometric system. Results were

normalized to the CON group, and representative images are provided.

Biochemical index assay
Serum AST, ALT, and LDH activities were measured by using

commercial kits according to the manufacturer’s instructions (Nanjing).

Glycine attenuates LPS-induced liver injury 1117

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
/a

rtic
le

/1
5
0
/5

/1
1
1
6
/5

7
6
0
3
6
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/jn/
mailto:bio2046@hotmail.com


FIGURE 1 Liver histological alterations (A), the quanti�cation of hepatic karyolysis and karyopyknosis (B), and serum AST, ALT, and LDH

activities (C, D) in mice treated with water (CON), Gly, LPS, or Gly + LPS (Experiment 1). Data are means ± SEMs, n = 6. Means for an

indicated parameter without a common letter differ, P < 0.05. (A) Arrow labels denote akaryolysis or bkaryopyknosis. Scale bar, 25 μm. A color

version of this �gure is available as Supplemental Figure 2. ALT, alanine transaminase; AST, aspartate transaminase; CON, control group;

G × L, Gly × LPS; GLY, glycine administration group; GLY + LPS, glycine plus LPS administration group; LDH, lactate dehydrogenase; LPS, LPS

administration group.

Liver homogenates were used for the analyses of the malondialdehyde,

MPO, H2O2, and GSH concentrations, and activities of antioxidative

enzymes (SOD, CAT, and GSH-Px) by spectrophotometric methods,

as instructed by the manufacturer (Nanjing). Data on hepatic GSH

concentrations, malondialdehyde contents, as well as SOD, CAT, and

GSH-Px activities are expressed per milligram of protein, whereas data

on hepatic MPO activity and H2O2 concentration are expressed per

gram of tissue or protein, respectively. All the optical density values

were measured by using the SpectraMax M3® spectrophotometer

(Molecular Devices).

TUNEL assay
Apoptotic assays were performed according to the manufacturer’s

instructions (Beyotime Biotech). Brie�y, sections of the liver were

permeabilized with 0.1% Triton X-100 for 2 min at room temperature,

and then were incubated with a TUNEL reaction mixture for 1 h at

37◦C. The nuclei were stained with Hoechst 33258 for 1 min at 25◦C.

Sections from each mouse (n = 6) in scrambled order were observed

by a blinded observer under a �uorescence microscope (Axio Vert.A1,

Zeiss). Apoptotic cells were quanti�ed by randomly counting 5 different

microscopic �elds for each section. The percentage of apoptotic cells

was calculated as the number of TUNEL-positive cells divided by the

total number of cells, and is expressed as a fold change relative to the

CON group.

Immuno�uorescence
In�ammatory cell in�ltration was assessed by immuno�uorescence.

Brie�y, sections of the liver were blocked and then incubated with

a primary antibody (F4/80, CD11b, or Gr-1) overnight at 4◦C.

After washing, sections were incubated with the Alexa Fluor 594-

conjugated secondary antibody for 1 h at 25◦C. Nuclei were stained

by Hoechst 33258. Sections were visualized by a blinded observer

using a �uorescence microscope (Axio Vert.A1, Zeiss). Immune cell

in�ltration was evaluated and is expressed as described for the TUNEL

assay.

Real-time PCR
Total RNA was extracted and then reverse-transcribed into cDNA, as

instructed by the manufacturer. Real-time PCR was performed using

the SYBR Premix Ex Taq II (TaKaRa) and the ABI-Prism 7500 Sequence

Detection System (Applied Biosystems) according to the manufacturers’

instructions. Supplemental Table 5 lists the primer sequences used in

the present study. Gapdh was used as an internal control. The 2−��CT

method was used to determine the fold change of the mRNA level.

1118 Zhang et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
/a

rtic
le

/1
5
0
/5

/1
1
1
6
/5

7
6
0
3
6
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



FIGURE 2 Immuno�uorescence analysis (A) and quanti�cation of immune cells in the liver (B), the TUNEL assay (C) and the quanti�cation

of TUNEL-positive cells in the liver (D), hepatic concentrations of H2O2 (E), and malondialdehyde (F), as well as hepatic MPO activity (G) in

mice treated with water (CON), Gly, LPS, or Gly + LPS (Experiment 1). Data are means ± SEMs, n = 6. Means for an indicated parameter

without a common letter differ, P < 0.05. The white bar in images is 20 μm. CON, control group; G × L, Gly × LPS; GLY, glycine administration

group; GLY + LPS, glycine + LPS group; H2O2, hydrogen peroxide; LPS, LPS administration group; MPO, myeloperoxidase; TUNEL, terminal

deoxynucleotidyl transferase-mediated dUTP nick end labeling.

Western blot
Liver samples were homogenized in liquid nitrogen for protein

extraction. Protein abundance was determined by using the western

blot technique, as described previously (22). The protein bands were

developed by a chemiluminescence kit (Amersham Biosciences) using

an Image Quant LAS 4000 mini system (GE Healthcare Bio-sciences).

Protein band density was quanti�ed by the Image software (GE

Healthcare Life Sciences).

Statistical analysis
All data are presented as means ± SEMs and were analyzed by a

normality test in SAS (SAS Institute Inc.). Results that followed the

normal distribution were analyzed by 1- or 2-factor ANOVA in SAS.

Results in Experiment 1 were analyzed by 2-factor ANOVA, whereas

results in Experiment 2 were analyzed by 1-factor ANOVA. For 2-

factor ANOVA, the PROC general linear model was used for the

interaction test, with Gly and LPS as the main factors. Differences

between means were determined by using the Student–Newman–Keuls

multiple-comparison test. P < 0.05 was taken to indicate statistical

signi�cance.

Results

Gly supplementation ameliorated LPS-induced liver
injury in mice

Compared with CON, LPS treatment led to morphological
changes in the liver of mice, as shown by the presence of

Glycine attenuates LPS-induced liver injury 1119
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FIGURE 3 Liver hematoxylin and eosin staining (A), the quanti�cation of hepatic karyolysis and karyopyknosis (B), and serum AST, ALT, and

LDH activities (C, D) in mice treated with water (CON), LPS, Gly + LPS, or Gly + BSO + LPS (Experiment 2). Data are means ± SEMs, n = 6.

Means for an indicated parameter without a common letter differ, P < 0.05. (A) Arrow labels denote akaryolysis or bkaryopyknosis. Scale bar,

100 μm. A color version of this �gure is available as Supplemental Figure 3. ALT, alanine transaminase; AST, aspartate transaminase; BSO,

buthionine sulfoximine; CON, control group; GLY + BSO + LPS, glycine + BSO + LPS group; GLY + LPS, glycine + LPS group; LDH, lactate

dehydrogenase; LPS, LPS administration group.

karyolysis and karyopyknosis (Figure 1A, B). These alter-
ations were attenuated (P < 0.05) by Gly supplementa-
tion. Consistently, the activities of AST, ALT, and LDH
in serum were enhanced (P < 0.05) by LPS, and these
effects of LPS were abrogated by Gly supplementation
(Figure 1C, D).

Gly supplementation attenuated in�ammatory cell
in�ltration and apoptosis in the liver of
LPS-challenged mice

Compared with CON, LPS treatment led to an increase
in the in�ltration of in�ammatory cells, as the numbers of
macrophages (CD11b+, F4/80+) and neutrophils (Gr-1+) in the
liver showed (Figure 2A, B). These adverse effects of LPS were
reduced by Gly supplementation. Furthermore, LPS treatment
increased the number of TUNEL-positive cells (Figure 2C,
D), as compared with CON. Notably, Gly supplementation
also ameliorated (P < 0.05) this effect of LPS . Biochemical
analyses demonstrated that the concentrations of H2O2 and
malondialdehyde, as well as MPO activity in the liver, were

enhanced (P < 0.05) in LPS-challenged mice, as compared with
CON, and Gly supplementation also ameliorated (P < 0.05)
these adverse effects of LPS (Figure 2E-G).

GSH synthesis was required for a protective effect of
Gly supplementation on liver injury

To elucidate the mechanisms responsible for the protective
effect of Gly, mice were treated with vehicle buffer or BSO,
an inhibitor of GSH synthesis. Histological analyses showed
that the protective effects of Gly on LPS-induced morphological
improvement were abolished (P < 0.05) by BSO (Figure 3A, B).
Similar results were observed for the activities of AST, ALT, and
LDH in the serum of mice (Figure 3C, D).

A protective effect of Gly on LPS-induced oxidative
damage was dependent on GSH in the liver

To assess the role of GSH synthesis in the bene�cial effect of
Gly on hepatic oxidative damage, we determined the reduced
form of glutathione (i.e.,GSH), the oxidized form of glutathione
(GSSG), and total GSH (T-GSH) in the liver. The results

1120 Zhang et al.
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FIGURE 4 Concentrations of hepatic H2O2 (A) and malondialdehyde (B), as well as the hepatic activities of MPO (C), CAT (D), SOD (E), and

GSH-Px (F) in mice treated with water (CON), LPS, Gly + LPS, or Gly + BSO + LPS (Experiment 2). Data are means ± SEMs, n = 6. Means

without a common letter differ, P < 0.05. CAT, catalase; CON, control group; GLY + BSO + LPS, glycine + BSO + LPS group; GLY + LPS,

glycine + LPS group; GSH-Px, glutathione peroxidase; H2O2, hydrogen peroxide; LPS, LPS group; MPO, myeloperoxidase; SOD, superoxide

dismutase.

showed that LPS administration decreased (P < 0.05) hepatic
GSH concentrations, and Gly supplementation prevented
(P < 0.05) this adverse effect of LPS (Supplemental Figure
1A). Importantly, administration of BSO abolished (P < 0.05)
the increase in hepatic GSH concentration brought about by
Gly supplementation to LPS-challenged mice (Supplemental
Figure 1A). In contrast, LPS alone or LPS + Gly cotreatment
did not affect the hepatic concentrations of GSSG and T-
GSH (Supplemental Figure 1B, C). Consistent with the data on
intracellular concentration of GSH, the bene�cial effects of Gly
on the hepatic concentrations of H 2O2 and malondialdehyde,
as well as hepatic MPO activity, were abolished ( P < 0.05)
by in LPS-challenged mice (Figure 4A–C). We also determined
the hepatic activities of the major antioxidative enzymes CAT,
SOD, and GSH-Px. Results indicated that LPS administration
decreased the activities of these enzymes, and Gly supplemen-
tation prevented these adverse effects of LPS. Likewise, BSO
abolished (P < 0.05) these bene�cial effects of Gly on the liver
(Figure 4D–F).

GSH synthesis was required for Gly to attenuate
in�ammatory cell in�ltration in the liver of
LPS-challenged mice

The protective effect of Gly on the in�ltration of in�ammatory
cells into the liver, as evidenced by the reduced numbers of
macrophages (CD11b+, F4/80+) and neutrophils (Gr-1+) in
the liver of LPS-challenged mice, was abolished (P < 0.05)
by BSO (Figure 5A, B). Real-time PCR analysis showed that

LPS increased (P < 0.05) mRNA levels for proin�ammatory
cytokines, including Tnfa, Il1b, Il6, cyclooxygenase 2 (Cox2),
and inducible nitric oxide synthase (Inos), and Gly supplemen-
tation attenuated (P < 0.05) these effects of LPS (Figure 5C).
Again, BSO abolished (P < 0.05) the bene�cial effects of Gly.
We also determined the mRNA levels for chemokines, including
chemokine (C-C motif) ligand (Ccl) 1, 2, 3, and 8. Compared
with CON,mice treated with LPS exhibited increases (P< 0.05)
in the mRNA levels of Ccl1, 2, 3, and 8, and Gly treatment
prevented (P < 0.05) these adverse effects of LPS. The effects
of Gly supplementation on the expression of Ccl1, 3, and 8,
but not Ccl2, in the liver of LPS-treated mice, were prevented
(P < 0.05) by BSO (Figure 5D).

NF-κB and NRF2 signaling pathways were involved in
the protective effect of Gly supplementation on
LPS-induced liver injury in mice

Western blot results showed that LPS increased the protein
abundances of p-IκB and its downstream target p-P65, indi-
cating the activation of NF-κB signaling. Gly supplementation
prevented (P < 0.05) the LPS-induced activation of NF-κB in
the liver. BSO abolished (P < 0.05) this bene�cial effect of
Gly (Figure 6A, B). In addition, LPS decreased (P < 0.05) the
protein abundances of NRF2 (a transcriptional factor related
to oxidative stress) and its downstream target NQO1, but Gly
supplementation alleviated (P < 0.05) these adverse effects of
LPS. Of note, BSO abrogated (P < 0.05) these bene�cial effects
of Gly on the liver (Figure 6C, D).

Glycine attenuates LPS-induced liver injury 1121
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FIGURE 5 Immuno�uorescence analysis (A) and quanti�cation of immune cells (B) in the liver, as well as hepatic mRNA levels for

proin�ammatory cytokines (C) and chemokines (D) in mice treated with water (CON), LPS, Gly + LPS, or Gly + BSO + LPS (Experiment 2).

Gapdh was used as a reference gene. Data are means ± SEMs, n = 6. Means without a common letter differ, P < 0.05. Scale bar, 20 μm. BSO,

buthionine sulfoximine; Ccl, chemokine (C-Cmotif) ligand; CON, control group; Cox2, cyclooxygenase 2; GLY+ BSO+ LPS, glycine+ BSO+ LPS

group; GLY + LPS, glycine + LPS group; Il1b, IL-1β; Il6, IL-6; Inos, inducible nitric oxide synthase; LPS, LPS group; Tnfa, TNF-α.

A protective effect of Gly on apoptosis in
LPS-challenged mice was blocked by an inhibitor of
GSH synthesis

Results of the TUNEL assay showed that Gly supplementation
reduced (P < 0.05) the LPS-induced apoptosis in the liver
(Figure 7A, B). The protective effect of Gly was dependent on
GSH synthesis because the antiapoptosis effect of Gly was not
observed in the presence of BSO (Figure 7A, B). In agreement
with these observations, LPS treatment led to enhanced protein
concentrations for cleaved caspase-3 and BAX (P < 0.05), but
Gly largely abolished (P < 0.05) these adverse effects of LPS.
Again, BSO abrogated (P < 0.05) the bene�cial effects of Gly
on cleaved caspase-3 and BAX expression (Figure 7C, D).

Discussion

Dysfunction of the liver is a global health problem owing to
its multiple physiological roles in detoxi�cation and metabolic
homeostasis. In the present study, mice unsupplemented or
supplemented with Gly received intraperitoneal administration
of LPS, which has been reported to induce acute liver injury (18,
19). Consistently with previous studies (23, 24), LPS resulted
in hepatic injury as shown by histological alterations of the
liver and the enhanced activities of AST, ALT, and LDH in
serum. In addition, we observed increases in the concentrations

of H2O2 and malondialdehyde, MPO activity, apoptosis, and
in�ammatory response in the liver of LPS-challenged mice.
Hepatic activities of SOD, CAT, and GSH-Px, which are
antioxidative enzymes responsible for the elimination of free
oxygen radicals (25), were reduced in response to LPS. Thus,
the LPS administration reduced antioxidative enzymes, leading
to the accumulation of ROS in the liver, which, in turn, resulted
in enhanced concentrations of H2O2 and malondialdehyde.
Of note, the deleterious effects of LPS on hepatic oxidative
damage as indicated by histological alterations, as well as
the enhanced protein concentrations of cleaved caspase-3
and BAX (2 proapoptotic proteins), were attenuated by Gly
supplementation, suggesting a protective effect of Gly on liver
injury in mice.

Gly is a substrate for the synthesis of GSH, an endogenous
antioxidant required for the maintenance of intracellular
homeostasis (12). GSH has been reported to protect the liver
against oxidative stress (indicated by a decrease in the hepatic
concentration of malondialdehyde) by augmenting the hepatic
activities of CAT and SOD (26, 27). To investigate a functional
role of GSH synthesis in alleviating the LPS-induced liver injury,
mice receiving LPS administration were treated with vehicle
solution or BSO, an inhibitor of GSH synthesis (16). Consistent
with changes in the intracellular concentration of GSH, the
bene�cial effects of Gly on liver morphology; activities of AST,
ALT, and LDH in serum; hepatic concentrations of H2O2 and
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FIGURE 6 Western blot analysis of protein abundances for p-P65 (A), p-IκB (B), NRF2 (C), and NQO1 (D) in the liver of mice treated with water

(CON), LPS, Gly + LPS, or Gly + BSO + LPS (Experiment 2). GAPDH was used as a loading control. Data are means ± SEMs, n = 6. Means

without a common letter differ, P < 0.05. BSO, buthionine sulfoximine; CON, control group; GLY + BSO + LPS, glycine + BSO + LPS group;

GLY + LPS, glycine + LPS group; LPS, LPS group; NQO1, NAD(P)H dehydrogenase quinone 1; NRF2, nuclear factor (erythroid-derived 2)-like 2;

p-IκB, phospho-IκB; p-P65, phospho-P65.

malondialdehyde; and hepatic MPO activity in LPS-challenged
mice were abrogated by BSO. Similar results were observed for
the activities of antioxidative enzymes (CAT, SOD, and GSH-
Px) and apoptosis in the liver. All these �ndings indicated an
important role of Gly in protecting the liver from LPS-induced
injury through the GSH-dependent antioxidant system.

Excessive ROS has been reported to activate immune re-
sponses and contribute to the pathogenesis of liver diseases (28–
30). In the present study, we observed an increase in the activity
ofMPO, a member of the heme peroxidase superfamily proteins
produced by monocytes, neutrophils, and macrophages (31),
in the liver of LPS-challenged mice, indicating the activation
of immune responses in our mouse model. Using speci�c
antibodies against biomarker proteins related to immune cells,
we found that LPS induced the in�ltration of CD11b+, F4/80+

macrophages, and Gr-1+ neutrophils into the liver, while
increasing the hepatic mRNA levels for in�ammatory cytokines
(Tnfa, Il1b, Il6, Cox2, Inos, and Ccl1, 2, 3, and 8). These

results are in agreement with those from a previous study
(32). Notably, Gly supplementation prevented the activation
of immune cells and BSO abolished this effect of Gly, further
supporting a critical role for GSH restoration in ameliorating
the LPS-induced liver injury.

NF-κB, the central regulator of in�ammatory cytokines,
plays an important role in the development of hepatocellular
injury, liver �brosis, and hepatocellular carcinoma (33). LPS
has been reported to activate the NF-κB signal pathway as
well as the production of its downstream proin�ammatory
cytokines and chemokines owing to ROS accumulation (34, 35).
Interestingly, Gly supplementation inactivated IκB, an upstream
regulator of the NF-κB signaling, thus blocking NF-κB activity
and attenuating the actions of in�ammatory cytokines and
chemokines. The regulatory effect of Gly was mediated by GSH
synthesis, as noted previously. It is unknown how Gly inhibits
the expression of NF-κB, but it is possible that the underlying
mechanisms may involve cellular antioxidative signaling. More

Glycine attenuates LPS-induced liver injury 1123
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FIGURE 7 TUNEL assay (A) and quanti�cation of TUNEL-positive cells (B) in the liver, as well as western blot analysis of hepatic protein

abundances for cleaved caspase-3 (C) and BAX (D) in mice treated with water (CON), LPS, Gly + LPS, or Gly + BSO + LPS (Experiment 2).

GAPDH was used as a loading control. Data are means ± SEMs, n = 6. Means without a common letter differ, P < 0.05. Scale bar, 20 μm. BAX,

B cell lymphoma 2-associated X protein; BSO, buthionine sulfoximine; CON, control group; GLY + BSO + LPS, glycine + BSO + LPS group;

GLY + LPS, glycine + LPS group; LPS, LPS group; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.

studies are required to investigate whether redox or calcium
signaling results in the bene�cial effect of Gly in the liver, as
suggested for other organs (36). In addition, several lines of
studies indicated that NRF2 can regulate the expression of
enzymes involved in GSH biosynthesis, thus protecting cells
from oxidative stress–induced cellular damage and apoptosis
by reducing ROS (37, 38). In the present study, the protein
concentrations of NRF2 and its downstream target NQO1were
reduced by LPS administration in the mouse liver. Of particular
note, Gly supplementation abrogated this effect of LPS when
hepatic GSH synthesis was not inhibited, implicating a key
regulatory role of Gly in NRF2 signaling. This mechanism,
together with the NF-κB signaling, may help to explain the
protective role of Gly as a functional amino acid (39) in the
liver of LPS-treated mice.

In conclusion, Gly administration ameliorated LPS-induced
apoptosis, reduced the in�ltration of in�ammatory cells,
and attenuated the elevated concentrations of in�ammatory
cytokines and chemokines in the liver of mice by enhancing
hepatic GSH synthesis. This effect of Gly was associated with

the inhibition of NF-κB and the activation of the NRF2
signaling pathway. Our �ndings provide new evidence that
dietary Gly supplementation is a nutritional strategy to alleviate
endotoxin-induced liver damage in mice.
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