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Abstract. Few studies have investigated the use of dimeth-
ylglycine sodium salt (dMG-Na) to protect against small 
intestinal damage, despite its prevalence in the treatment 
of human diseases. The present study aimed to evaluate the 
protective effects of dMG-Na against oxidative damage and 
mitochondrial dysfunction in the small intestines of mice. A 
total of 100 male Kunming mice were randomly assigned to five 
groups (n=20 per group): i) Mice gastric intubation with 0.3 ml 
sterile saline solution (once), then subcutaneously injected 
with sterile saline solution (0.5 ml) after 1 h (cON); ii) mice 
gastric intubation with 12 mg dMG-Na/0.3 ml of sterile saline 
solution once, then subcutaneously injected with sterile saline 
solution (0.5 ml) 1 h later (d); iii) mice gastric intubation with 
0.3 ml sterile saline solution once, then subcutaneously injected 
with indomethacin (10 mg/kg BW) 1 h later (IN); iv) mice 
gastric intubation with 12 mg dMG-Na/0.3 ml sterile saline 
solution once, then subcutaneously injected with indomethacin 
(10 mg/kg BW) 1 h later (dIN); and v) mice subcutaneously 
injected with indomethacin (10 mg/kg BW), then gastrically 
intubated with 12 mg dMG-Na/0.3 ml sterile saline solution 

once after 1 h (INd). The present study was evaluated the 
effects of dMG-Na on mice intestinal damage induced by 
indomethacin injection. The histological morphology of the 
small intestine improved (P<0.05) in the dIN and INd groups, 
compared with the IN group. The antioxidant system was 
enhanced, oxidative damage was reduced, and the expression 
of antioxidant-associated genes was increased in the small 
intestine and its mitochondria in the dIN and INd groups, 
compared with the IN group. The above results suggested that 
pretreatment and treatment with dMG-Na reduced oxida-
tive damage by enhancing antioxidant capacity, increasing 
the expression of antioxidant-associated genes, ameliorating 
mitochondrial dysfunction and suppressing apoptosis. Further 
study is required to determine the specific mechanism by 
which pretreatment and treatment with dMG-Na reduced 
small intestinal damage.

Introduction

It is well-known that the small intestine is the first organ to 
be affected when oxidative damage occurs, and acute small 
intestinal damage has an adverse effect on the overall health 
of animals. Oxidative damage is caused by an imbalance 
between the antioxidant system and the generation of free 
radicals, resulting in an increase in the level of reactive oxygen 
species (ROS), which mediate tissue damage and cause 
the release of inflammatory cytokines (1,2). Mitochondria 
generate adenosine triphosphate (ATP) by respiration, which 
is accompanied by the synthesis of ROS, thus making them 
sensitive to oxidative damage. The excessive generation of 
ROS results in an imbalanced redox cell state, leading to a 
decrease in the mitochondrial membrane potential and disrup-
tion of mitochondrial function (3). It has been reported that 
subcutaneous injection of indomethacin in mice results in 
serious mucosal damage to the gastrointestinal tract, and this 
was used as the basis for a study on the clinical risks of small 
intestine failure due to damage (4).

dimethylglycine (dMG) improves the body's immune 
system and relieves oxidative damage by scavenging excess 
free radicals (5). A previous study showed that dMG is a small 
water-soluble lipophilic molecule that effectively enters the 
body via the cell membrane and is absorbed by the intestinal 
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cells, which improves the utilization of oral dMG (6). In 
addition, dMG may increase digestive enzyme capacity and 
enhance the ability of the intestinal brush border to come into 
contact with nutrients, subsequently promoting the digestion 
and absorption of nutrients in the small intestine (7). The 
biological consumption of choline is reduced in the metabolic 
pathway, suggesting dMG, as a methyl donor, is rapidly 
digested and absorbed, resulting in the body needing more 
ATP and inevitably increasing the generation of ROS (7). It has 
been reported that dMG-Na is similar to choline and betaine, 
and improves antioxidant capacity by acting as an important 
raw material for the glutathione synthesis pathway (8). A 
previous study indicated that dMG relieves oxidative damage 
and improves an animal's health and growth performance (9). 
Our previous results also suggested that dMG-Na protects 
against LPS-induced oxidative stress by increasing free radical 
scavenging capacity and antioxidant system activity (10). The 
present study was designed to study the effects of dMG-Na on 
oxidative damage and mitochondrial dysfunction in the small 
intestines of mice.

Materials and methods

Reagents and animals. Indomethacin (IN) was obtained 
from Sigma-Aldrich (Merck KGaA, darmstadt, Germany). 
dMG-Na was obtained from Qilu Shenghua Pharmaceutical 
co. Ltd. (Shandong, china). All other chemicals were commer-
cially available and of reagent grade. Male Kunming mice 
(n=100; 40 days old) with a body weight (BW) of 20-25 g were 
obtained from the Animal Multiplication centre of Qinglong 
Mountain (Nanjing, china) (11-13) and raised for 4 weeks. Mice 
were raised under controlled conditions at 25±3˚C, 60±10% 
humidity, and a 12/12 h light-dark cycle. All mice were fed 
common basal diets for 14 days. They had access to water and 
food ad libitum. On day 29, mice were randomly assigned to five 
groups (n=20 per group): i) Mice gastric intubation with 0.3 ml 
sterile saline solution (once), then subcutaneously injected 
with sterile saline solution (0.5 ml) after 1 h (cON); ii) mice 
gastric intubation with 12 mg dMG-Na/0.3 ml of sterile saline 
solution once (10), then subcutaneously injected with sterile 
saline solution (0.5 ml) 1 h later (d); iii) mice gastric intubation 
with 0.3 ml sterile saline solution once, then subcutaneously 
injected with indomethacin (10 mg/kg BW) 1 h later (IN) (4); 
iv) mice gastric intubation with 12 mg dMG-Na/0.3 ml 
sterile saline solution once, then subcutaneously injected with 
indomethacin (10 mg/kg BW) 1 h later (dIN); and v) mice 
subcutaneously injected with indomethacin (10 mg/kg BW), 
then gastrically intubated with 12 mg dMG-Na/0.3 ml sterile 
saline solution once after 1 h (INd). Previous studies found 
that gastric intubation in mice with 12 mg dMG-Na/0.3 ml 
sterile saline solution is beneficial to mice performance, 
including growth and antioxidant capacity (10). This study 
was approved and conducted under the supervision of Animal 
care and Use committee of Nanjing Agriculture University 
(Nanjing, china; approval no. SYXK 2017-0007). The health 
of each mouse was monitored every 6 h and humane endpoints 
were strictly adhered to, to determine when mice should be 
euthanized. All the mice were euthanized by intraperitoneal 
injection of 100 mg/kg BW pentobarbital (Sigma-Aldrich; 
Merck KGaA) and death was confirmed by limb paralysis or 

if mice were unable to right themselves in 15 sec when placed 
on their side. Following sacrifice, blood (0.3 ml) and the small 
intestines were collected.

Histological study. Small intestine (jejunum and ileum) 
samples were fixed in 4% buffered formaldehyde and dehy-
drated using a graded series of xylene and ethanol, following 
which they were embedded in paraffin for histological analysis. 
The small intestine samples (5 mm) were subsequently depar-
affinized using xylene and rehydrated with graded dilutions of 
ethanol. In total, ten slides for each sample were obtained and 
images were acquired using an optical binocular microscope 
(x400). The villus length (L), crypt depth, villus width (W), 
muscle thickness, and mucosa thickness were measured. The 
villus area was calculated using the following formula (14):

Antioxidant enzymes assays. Mouse small intestine 
(1 g; jejunum and ileum) was homogenized at 6,800 x g for 
10 sec in 9 ml 0.9% sodium chloride solution on ice. The 
homogenate was centrifuged at 3,500 x g for 15 min at 4˚C. The 
supernatant and serum were each used to measure the activity 
of superoxide dismutase (SOd; cat. no. A001), glutathione 
peroxidase (GSH-Px; cat. no. A005), glutathione (GSH1; 
cat. no. A006), and glutathione reductase (GR; cat. no. A062) 
according to the methods described by Panchenko et al (15) 
and Lawrence and Burk (16) using commercial diagnostic 
kits, as per the respective protocols provided by the manufac-
turer (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
china).

Isolation of mice small intestine mitochondria and its antioxi‑
dant enzyme assays. Mitochondria from the small intestines 
of mice were isolated according to the method described by 
Roediger and Truelove (17) with a mitochondria isolation kit 
(cat. no. MITOISO2-1KT; Sigma-Aldrich; Merck KGaA). The 
mitochondria were lysed and the protein content was deter-
mined using the Micro Bicinchoninic Acid (BcA) protein 
assay kit (Nanjing Jiancheng Institute of Bioengineering). 
The levels of manganese superoxide dismutase (MnSOd; 
cat. no. A001-2), glutathione peroxidase (GPx; cat. no. A005), 
glutathione (GSH2; cat. no. A006), GR (cat. no. A062) and 
γ-glutamylcysteine ligase (γ-GcL; cat. no. A120) in the small 
intestinal mitochondria were determined according to the 
methods described by Langston et al (18), Van et al (19) and 
Lawrence and Burk (16). All assays were conducted in tripli-
cate according to the protocols provided by the manufacturer 
(Nanjing Jiancheng Bioengineering Institute).

Lipid peroxidation, protein oxidation and 8‑hydroxy‑2'‑ 
deoxyguanosine assays. Lipid peroxidation, expressed as 
malondialdehyde concentration, was determined according 
to the methods of Botsoglou et al (20). With a malondial-
dehyde (MdA; cat. no. A003) assay kit (Nanjing Jiancheng 
Bioengineering Institute). Protein oxidation in mouse small 
intestinal mitochondria was calculated as the concentration of 
the protein carbonyls using a spectrophotometer, which was 
measured as previously described (21) and was expressed as 
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nmol/mg protein. The content of 8-hydroxy-2'-deoxyguano-
sine (8-OHdG) in mitochondria from the small intestines 
of mice was measured using an ELISA kit (cat. no. H165; 
Nanjing Jiancheng Bioengineering Institute) according to 
the manufacturer's instructions, and was expressed as ng/mg 
protein.

Mitochondrial ROS and mitochondrial membrane potential 
(MMP) assays. The concentration of ROS in mouse small 
intestinal mitochondria was determined using a previously 
described method (22) and a ROS assay kit (cat. no. E004; 
Nanjing Jiancheng Bioengineering Institute). Alterations in the 
MMP in were detected according to a previously described 
method (23) using a MMP assay kit (cat. no. G009; Nanjing 
Jiancheng Bioengineering Institute).

Cell apoptosis, ATP concentration and mitochondrial 
(mt)DNA copy number assays. The number of apoptotic 
and necrotic cells was measured according to a previously 
described method (24). An Alexa Fluor® 488 Annexin V/dead 
Cell Apoptosis kit (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) was used. The concentration of cellular adenosine 
triphosphate (ATP) in mouse small intestines was determined 
according to the method described by Liu et al (25). The 
mtdNA copy number in the small intestine of mice was deter-
mined using a real-time fluorescence quantitative polymerase 
chain reaction (PcR) kit (Tli RNaseH Plus; Takara Bio, Inc., 
Otsu, Japan) (26). In brief, 20 µl PcR mixture consisting of 
10 µl SYBR Premix Ex Taq (2X), 0.4 µl upstream primer, 
0.4 µl downstream primer, 0.4 µl ROX dye (50X), 6.8 µl ultra-
pure water, and 2 µl cdNA template was used. The sequence of 
the MtD‑loop gene upstream primer was 5'-AGG AcT AcG GcT 
TGA AAA Gc-3', and the sequence of the downstream primer 
was 5'-cAT cTT GGc ATc TTc AGT Gcc-3'; the length of 
the target fragment was 198 bp. The sequence of the β‑actin 
upstream primer was 5'-TTc TTG GGT ATG GAG Tcc TG-3' 
and that of the downstream primer was 5'-TAG AAG cAT TTG 
cGG TGG-3'; the length of the target fragment was 150 bp. 
The amplification for each mouse small intestine sample was 
performed in triplicate. The fold-expression of each gene 
was calculated according to the 2-∆∆cq method (27), in which 
β‑actin was used as an internal standard.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA extracted from mouse small 
intestines using TRIzol® reagent (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), and was reverse-transcribed 
using a Perfect Real Time, SYBR PrimeScript RT-PcR kit 
(Takara Bio, Inc.) according to manufacturer's instructions. 
The mRNA expression levels of specific genes were quanti-
fied by PCR, using a SYBR Premix Ex Taq II (Tli RNaseH 
Plus; Takara Bio, Inc.) in an ABI 7300 Fast Real-Time 
PcR detection system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), according to manufacturer's instructions. The 
SYBR-Green PcR mixture consisted of 10 µl SYBR Premix 
Ex Taq (2X), 0.4 µl each of the forward and reverse primers, 
0.4 µl ROX reference dye (50X), 6.8 µl ddH2O and 2 µl cdNA 
template. The amplification for each mouse small intestine 
was performed in triplicate, and the fold-expression of each 
gene was calculated according to the 2-∆∆cq method (27), in 

which β‑actin was used as an internal standard. The primer 
sequences used are provided in Table I.

Western blotting assay. Antibodies against α-tubulin, nuclear 
factor erythroid 2-related factor 2 (Nrf2), heme oxygenase 1 
(HO1), and sirtuin 1 (Sirt1) were purchased from cell 
Signaling Technology, Inc. (danvers, MA, USA). Samples 
were lysed using Laemmli sample buffer [2% SDS, 62 mM 
Tris, 10% glycerol, 5% β-mercaptoethanol, 0.005% brom-
phenol blue (pH 6.8)]. The protein content of the sample was 
assayed using the BcA Protein Assay kit (Beyotime Institute 
of Biotechnology, Haimen, china). For western blot analysis, 
50 mg protein from each sample was subjected to SdS-PAGE 
(10% gel) and transferred to polyvinylidene difluoride 
membranes. The membranes were blocked in 5% non-fat dry 
milk for 12 h at 4˚C, followed by incubation with antibodies 
against Nrf2 (cat. no. 12721; 1:1,000), HO1 (cat. no. 82206; 
1:1,000), Sirt1 (cat. no. 9475; 1:1,000) and α-tubulin 
(cat. no. 2125; 1:1,000) for 10 h at 4˚C. Next, membranes were 
incubated with goat-anti-rabbit secondary antibody (1:1,000; 
Cell Signaling Technology, Inc.) for 2 h at 4˚C. Bands were 
visualized using enhanced chemiluminescence reagents 
(EcL-Kit; Beyotime Institute of Biotechnology,) followed by 
autoradiography. Images of the membranes were taken using 
a Luminescent Image Analyzer-4000 system (Fujifilm, Tokyo, 
Japan) and quantified using ImageJ 1.42q software (National 
Institutes of Health, Bethesda, Md, USA).

Statistical analysis. data are presented as the mean ± standard 
error of the mean of three experimental repeats, and were 
analyzed by one-way analysis in Statistical Analysis System 
software (version 9.1; SAS Institute, Inc., cary, Nc, USA). This 
was followed by the Tukey's test, when significant differences 
were found. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Histological study. Histological analysis revealed that the 
villus length, crypt depth, villus width, muscle thickness, 
mucosa thickness, and villus area values of the small intes-
tine (jejunum and ileum) were lower (P<0.05) in the IN 
group, compared to the cON group (Figs. 1 and 2). However, 
compared with mice in the IN group, histological analysis 
showed that the L, crypt depth, W, muscle thickness, mucosa 
thickness, and villus area values of the small intestine were 
higher (P<0.05) in the dIN and INd groups (Figs. 1 and 2). 
There was no significant difference between the DIN and IND 
group in the histological analysis. The results indicated that 
dMG-Na could prevent damage to the small intestine.

Antioxidant enzymes assays. The effects of dMG-Na on serum 
and small intestinal antioxidant capacity, including SOd, 
GSH-Px, GSH1, GR and MdA are shown in Figs. 3 and 4. 
The IN group had lower activity levels (P<0.05) of antioxidant 
enzymes and a higher (P<0.05) concentration of MdA in both 
serum and the small intestine, compared with the cON group. 
However, the dIN and INd groups had higher activity levels 
(P<0.05) of antioxidant enzymes and a lower (P<0.05) MdA 
concentration in serum and the small intestine, compared with 
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the IN group. There was no significant difference between DIN 
and INd groups on the antioxidant enzymes activity of mice 
small intestine. The results suggested that dMG-Na could 
improve antioxidant capacity, thus to relieve the oxidative 
damage in small intestine.

Small intestine mitochondrial antioxidant enzyme assays. 
The IN group had lower (P<0.05) levels of MnSOd, GPx, 
GSH2, GR and γ-GcL in mitochondria from the small 
intestine, compared with the cON group (Fig. 5). The dIN 
and INd groups, however, had higher (P<0.05) levels of 
MnSOd, GPx, GSH2, GR, and γ-GcL in small intestinal 
mitochondria, compared with the IN group. There was no 
significant difference between DIN and IND groups. The 

results showed that dMG-Na could suppress the oxidative 
damage via enhancing mitochondrial antioxidant capacity in 
small intestine.

Oxidative damage assays. Higher (P<0.05) levels of ROS, 
Pc, 8-OHdG, apoptosis, and necrosis, as well as a higher 
ATP/mitochondrial dNA (mtdNA) ratio and lower (P<0.05) 
levels of MMP, ATP and mtdNA were observed in the IN 
group, compared with the cON group (Fig. 6). The opposite 
effects were observed in the dIN and INd groups, compared 
with the IN group (P<0.05; Fig. 6). There was no significant 
difference between dIN and INd groups. In the present study, 
dMG-Na could relieve the oxidative damage possibly due to 
the increasing of antioxidant capacity in small intestine.

Table I. Primer sequences used for the reverse transcription-quantitative polymerase chain reaction assay.

Gene name direction Sequence (5'-3') GenBank accession number

β‑actin F cTGTcccTGTATGccTcTG NM_007393.3
 R ATGTcAcGcAcGATTTcc 
Nrf2 F GATGTcAcccTGcccTTAG NM_205117.1
 R cTGccAccATGTTATTcc 
HO1 F GGTcccGAATGAATGcccTTG HM237181.1
 R AccGTTcTccTGGcTcTTGG 
Cu/ZnSOD F ccGGcTTGTcTGATGGAGAT NM_205064.1
 R TGcATcTTTTGGTccAccGT 
GSH‑Px F GAccAAcccGcAGTAcATcA NM_001277853.1
 R GAGGTGcGGGcTTTccTTTA 
MnSOD F AGGAGGGGAGccTAAAGGAGA NM_204211.1
 R ccAGcAATGGAATGAGAccTG 
Sirt1 F TGcAGAcGTGGTAATGTccAAAc NM_019812.2
 R AcATcTTGGcAGTATTTGTGGTGAA 
γ‑GCLc F TGcGGTTcTGcAcAAAATGG XM_419910.3
 R TGcTGTGcGATGAATTcccT 
γ‑GCLm F ccAGAAcGTcAAAGcAcAcG NM_001007953.1
 R TccTcccATcccccAGAAAT 
Trx2 F AGTAcGAGGTGTcAGcAGTG NM_001031410.1
 R cAcAcGTTGTGAGcAGGAAG 
Trx‑R2 F ccGGGTcccTGAcATcAAA NM_001122691.1
 R TAGcTTcGcTGGcATcAAcA 
Prx3 F AccTcGTGcTcTTcTTcTAcc XM_004942320.1
 R AccAccTcGcAGTTcAcATc 
OCLN F ccGTAAccccGAGTTGGAT NM_205128.1
 R ATTGAGGcGGTcGTTGATG 
CLDN2 F ccTGcTcAcccTcATTGGAG NM_001277622.1
 R GcTGAAcTcAcTcTTGGGcT 
CLDN3 F cccGTcccGTTGTTGTTTTG NM_204202.1
 R ccccTTcAAccTTcccGAAA 
ZO1 F TGTAGccAcAGcAAGAGGTG XM_413773.4
 R cTGGAATGGcTccTTGTGGT 

F, forward; R, reverse; Nrf2, nuclear factor erythroid 2-related factor 2; HO1, heme oxygenase 1; Cu/ZnSOD, copper and zinc superoxide 
dismutase; GSH‑Px, glutathione peroxidase; MnSOD, manganese superoxide dismutase; Sirt1, sirtuin 1; γ‑GCLc, γ-glutamylcysteine ligase c; 
γ‑GCLm, γ-glutamylcysteine ligase m; Trx2, thioredoxin 2; Trx‑R2, thioredoxin reductase 2; Prx3, peroxiredoxin 3; OCLN, occludin; 
CLDN, claudin; ZO1, zonula occludens-1.
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Figure 2. Effects of dMG-Na on small intestine histological morphology in IN-injected mice. data are expressed as the mean ± standard error of the mean 
(n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. dMG-Na, dimethylglycine sodium salt; cON, intubation and injection with saline; d, intubation with dMG-Na 
and injection with saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and injection with indomethacin; 
INd, injection with indomethacin and intubation with dMG-Na. 

Figure 1. Hematoxylin and eosin staining of the jejunum and ileum. Scale bar, 100 µm. dMG-Na, dimethylglycine sodium salt; cON, intubation and injection 
with saline; d, intubation with dMG-Na and injection with saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na 
and injection with indomethacin; INd, injection with indomethacin and intubation with dMG-Na.



BAI et al:  dMG-Na IMPROVES INdOMETHAcIN-INdUcEd OXIdATIVE dAMAGE IN MIcE SMALL INTESTINE2204

Gene expression. The expression of antioxidant-associated 
genes in the small intestine (Nrf2, HO‑1, CLDN2, CLDN3, 
cu/ZnSOD, GSH‑Px, Sirt1, γ‑GCLc, γ‑GCLm, OCLN and 
ZO1) and in the small intestinal mitochondria (Trx2, Trx‑R2, 
Prx3 and MnSOD) was lower (P<0.05) in the IN group, 
compared with the cON group (Fig. 7). Expression of the same 
antioxidant-associated genes in the small intestine and small 
intestinal mitochondria was higher (P<0.05) in the dIN and 
INd groups, compared with the IN group (Fig. 7). There was 
no significant difference between DIN group and IND groups.

Protein expression. The IN group had lower (P<0.05) Sirt1 and 
higher (P<0.05) Nrf2 and HO-1 expression (Fig. 8), compared 
with the cON group. The dIN and INd groups had higher 
(P<0.05) Sirt1 expression accompanied by lower (P<0.05) Nrf2 
and HO-1 expression, compared with the IN group (Fig. 8). 
There was no significant difference between the dIN and 
INd groups. In the current study, dMG-Na could improve the 

antioxidant-related gene and protein level, which was consistent 
with the above results of antioxidant system, thus confirmed 
its used as an antioxidant to improve the oxidative damage in 
small intestine.

Discussion

The small intestine, which is the main organ involved in 
digestion and the absorption of nutrients, is the first line of 
defense to protect the body from oxidative damage induced 
by external pathogenic microorganisms and toxins (28). 
Substances depend on diffusion or active transport to cross 
cell membranes in the small intestine, and this movement is 
regulated by the structure of the cell-to-cell contacts (29). 
Thus, good intestinal morphology is crucial for maintaining 
health. It has previously been shown that dMG, which is a 
raw material for the synthesis of glutathione, is an important 
antioxidant required to simultaneously maintain the normal 

Figure 3. Effects of dMG-Na on serum antioxidant capacity in indomethacin-injected mice. data are expressed as the mean ± standard error of the mean 
(n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. dMG-Na, dimethylglycine sodium salt; SOd, superoxide dismutase; GSH-Px, glutathione peroxidase; GSH1, 
glutathione; GR, glutathione reductase; MdA, malondialdehyde; cON, intubation and injection with saline; d, intubation with dMG-Na and injection with 
saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and injection with indomethacin; INd, injection with 
indomethacin and intubation with dMG-Na.
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histological morphology of the small intestine and to protect 
the body from oxidative damage (8). The protective effect of 
dMG against oxidative damage to cells has also been shown in 
another study (30), and this may be one potential explanation 
for the better histological morphology of the small intestine 
in mice from the dMG-Na groups, compared with that in 
the IN groups. In the present study, dMG-Na administered 
to mice as a preventative measure or as a treatment for IN 
exposure, improved the histological morphology of the small 
intestine compared to that of mice given IN alone, suggesting 
that dMG-Na could prevent or reverse damage to the small 
intestine induced by the injected IN.

Oxidative damage increases the level of ROS, which 
decreases antioxidant capacity and disrupts the mitochondrial 
structure (31). The tissue damage can be improved by activity 
of the SOd enzyme in cells, which catalyzes the conversion of 
endogenous superoxide anions to hydrogen peroxide through 
disproportionation, which is finally neutralized by the intra-
cellular GSH-Px enzyme (31). The mitochondrial antioxidant 

system is composed of enzymes and non-enzymatic antioxi-
dants that protect the body from oxidative damage (32). It has 
been reported that the MnSOd enzyme and GSH-related meta-
bolic enzymes are crucial for suppressing oxidative damage 
in mitochondria (33). The γ-GcL enzyme is an important 
rate-limiting enzyme in the synthesis of γ-glutamylcysteine 
that is crucial in relieving oxidative damage (18). Previous 
studies have demonstrated that dMG could act as an important 
additive to improve the body's antioxidant capacity (8,10). In 
support of this, the present study reported that dMG-Na, given 
for prevention or as a treatment, reduced oxidative damage in 
the small intestines of mice by increasing their antioxidant 
capacity. It was speculated that dMG-Na may have improved 
antioxidant capacity by scavenging excess ROS, thereby 
maintaining the balance of the intracellular redox state.

In the oxidative damage model of the mouse small intestine, 
blockade of the oxidative phosphorylation reaction increased 
ROS levels (34). Excessive ROS generation damages biological 
macromolecules, such as membrane lipids and proteins, and 

Figure 4. Effects of dMG-Na on small intestinal antioxidant capacity in indomethacin-injected mice. data are expressed as the mean ± standard error of the 
mean (n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. dMG-Na, dimethylglycine sodium salt; SOd, superoxide dismutase; GSH-Px, glutathione peroxidase; GSH1, 
glutathione; GR, glutathione reductase; MdA, malondialdehyde; cON, intubation and injection with saline; d, intubation with dMG-Na and injection with 
saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and injection with indomethacin; INd, injection with 
indomethacin and intubation with dMG-Na.
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exacerbates oxidative damage through lipid peroxidation and 
protein oxidation reactions (35). In conditions of oxidative 
damage, excessive ROS may destroy the structural integrity of 
the mitochondrial bilayer by damaging unsaturated fatty acids 
and structural proteins in the mitochondrial membrane (36). 
The present study showed that oxidative damage in the mouse 
small intestine resulted in a higher concentration of MdA, 
Pc, 8-OHdG and ROS compared with control group mice. It 
has previously been shown that dMG, a natural antioxidant, 
effectively neutralizes free radicals to alleviate oxidative 
damage (5). Therefore, it was speculated that dMG-Na may 
inhibit lipid peroxidation and protein oxidation reactions by 
scavenging excess ROS.

The level of MMP, which is negatively associated with 
ROS concentration, is an indicator of mitochondria-dependent 
apoptosis. As the level of MMP decreases, mitochondrial oxida-
tive phosphorylation becomes uncoupled, which results in an 
increase in ROS levels and excessive ATP consumption (32). 

ATP is the product of the oxidative phosphorylation reaction 
associated with mitochondrial function (37), and it also acts as 
an important substrate for RNA synthesis (38). Mitochondria 
have their own mtdNA genome that is responsible for the 
synthesis and regulation of proteins required for mitochon-
drial function. Alterations in mtdNA copy number serve as 
indicators of mitochondrial dysfunction, which contributes 
to many diseases (39). Previous studies have reported that 
oxidative damage could decrease the mtdNA copy number 
and damage the mitochondrial dNA by altering the reductive 
environment of cells and mitochondria (39,40). The present 
study also indicated that the lower level of apoptosis may be 
due to suppression by dMG-Na of oxidative damage, which 
verifies the results of previous studies that suggested natural 
antioxidants inhibit apoptosis by protecting cells from oxida-
tive damage (8,41). Furthermore, the present study showed 
that dMG-Na prevention and treatment reduced the effects 
of oxidative damage on MMP, ATP, mtdNA and apoptosis in 

Figure 5. Effects of dMG-Na on small intestine mitochondrial antioxidant capacity in indomethacin-injected mice. data are expressed as the mean ± standard 
error of the mean (n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. MnSOd, manganese superoxide dismutase; GPx, glutathione peroxidase; GSH2, glutathione; 
GR, glutathione reductase; γ-GcL, γ-glutamylcysteine ligase; dMG-Na, dimethylglycine sodium salt; SOd, superoxide dismutase; GSH-Px, glutathione 
peroxidase; GSH1, glutathione; GR, glutathione reductase; MdA, malondialdehyde; cON, intubation and injection with saline; d, intubation with dMG-Na 
and injection with saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and injection with indomethacin; 
INd, injection with indomethacin and intubation with dMG-Na.
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the small intestine of mice. considering the current results, 
it was hypothesized that there was a correlation between the 
anti-apoptotic effect of dMG-Na and the protective effects 
of dMG-Na on mitochondrial function in the damaged small 
intestines of mice.

The present study demonstrated that dMG-Na increased 
the expression of antioxidant-associated genes in the mouse 

model of small intestinal damage. Activation of the Nrf2 (42), 
HO1 (43) and SIRT1 (44) genes is important in reducing oxida-
tive damage, and also for regulating the expression of genes 
encoding antioxidant enzymes. The mitochondria are rich in 
Trx2 (45), Trx‑R2 (46) and Prx3 (46) that compose a unique 
antioxidant system to relieve oxidative damage by scavenging 
free radicals and regulating the mitochondria-dependent 

Figure 6. Effects of dMG-Na on small intestinal oxidative damage in indomethacin-injected mice. data are expressed as the mean ± standard error of the mean 
(n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. ROS, reactive oxygen species; Pc, protein carbonyls; 8-OHdG, 8-hydroxy-2-deoxyguanosine; MMP, mitochondrial 
membrane potential; ATP, adenosine triphosphate; mtdNA, mitochondria dNA; dMG-Na, dimethylglycine sodium salt; cON, intubation and injection with 
saline; d, intubation with dMG-Na and injection with saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and 
injection with indomethacin; INd, injection with indomethacin and intubation with dMG-Na.
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apoptotic pathways (47). It has been indicated that the gene 
ZO1 is correlated with paracellular permeability. Furthermore, 
together with the genes OCLN and CLDN (48) from the same 
gene family, it is a key regulator of intestinal permeability, 
which indirectly shows the level of oxidative damage (49). The 
expression of antioxidant-associated genes in the small intestine 
of mice administered dMG-Na as a prevention or a treatment 
was increased, compared with mice in the IN group. This is in 

line with previous studies that suggested natural antioxidants 
are beneficial in the regulation of antioxidant-associated gene 
expression (10,41). The current study indicated that the regula-
tion of antioxidant-associated genes following prevention and 
treatment with dMG-Na may be one possible mechanism by 
which oxidative damage was reduced and mitochondrial func-
tion maintained in the small intestines of mice. Some positive 
results have been reported in this manuscript, however, further 

Figure 7. Effects of dMG-Na on small intestine gene expression in indomethacin-injected mice. data are expressed as the mean ± standard error of the 
mean (n=20). *P<0.05 vs. cON; #P<0.05 vs. IN. Nrf2, nuclear factor erythroid 2-related factor 2; HO1, heme oxygenase 1; Cu/ZnSOD, copper and zinc 
superoxide dismutase; GSH‑Px, glutathione peroxidase; MnSOD, manganese superoxide dismutase; Sirt1, sirtuin 1; γ‑GCLc; γ-glutamylcysteine ligase c; 
γ‑GCLm, γ-glutamylcysteine ligase m; Trx2, thioredoxin 2; Trx‑R2, thioredoxin reductase 2; Prx3, peroxiredoxin 3; OCLN, occluding; CLDN, claudin; 
ZO1, zonula occludens-1; dMG-Na, dimethylglycine sodium salt; cON, intubation and injection with saline; d, intubation with dMG-Na and injection with 
saline; IN, intubation with saline and injection with indomethacin; dIN, intubation with dMG-Na and injection with indomethacin; INd, injection with 
indomethacin and intubation with dMG-Na.
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study is required to determine the specific mechanisms by 
which dMG-Na improves small intestine damage.

In conclusion, the present study demonstrated that 
dMG-Na was a potential antioxidant that effectively allevi-
ated indomethacin-induced damage in the small intestines of 
mice. Both prevention and treatment with dMG-Na scavenged 
excess ROS, prevented mitochondrial dysfunction and inhib-
ited cell apoptosis that was induced by oxidative damage. It 
was speculated that dMG-Na directly neutralized the exces-
sive free radicals generated, and acted indirectly to improve 
the activity of antioxidant enzymes and to inhibit the abnormal 
expression of stress-associated factors. Of note, the results 
highlighted that the effects of dMG-Na when administered 
as a preventative measure were stronger than when dMG-Na 
was administered as a treatment. This therefore suggested that 
dMG-Na served as a health-promoting preventative additive 
and could be used in the field of disease prevention.
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