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Simple Summary: The poultry meat we eat is the skeletal muscle which comprises approximately
three-quarters of the body weight of a chicken. In the modern poultry industry, the intensively raised
broilers face the risk of exposure to environmental factors which can cause acute or chronic systemic
inflammation. Inflammation, in return, contributes to the pathology of skeletal muscle diseases
which are characterized by the loss of skeletal muscle mass. By adding betaine, a natural component,
into the water of the newly hatched broilers for two weeks, we found that inflammation-related gene
expression in the leg muscle was remarkably reduced. Specifically, we found that betaine inhibited
the LPS-induced abnormal expression of IL-6 and TLR4. Further study indicated that the methylation
modulation of the gene may be involved in betaine’s action. We suggest that betaine could be considered
a safe and cheap preventive reagent candidate for chicken skeletal muscle inflammatory diseases.

Abstract: Betaine was found to alleviate inflammation in different studies. Here, newly hatched
broilers were randomly divided into control and betaine consumptive groups, who had access to
normal drinking water and water with betaine at a dose of 1000 mg/L, respectively. At the age
of two weeks, the boilers were intraperitoneally treated with LPS. The protective effects of betaine
against LPS-induced skeletal muscle inflammation were studied. Betaine attenuated the LPS-induced
overexpression of IL-6 significantly in the leg muscle. Furthermore, LPS lowered the expression of
TLR4 and TLR2 but increased the expression of MyD88. Betaine eliminated the effect of LPS on the
expression of TLR4 but not TLR2 and MyD88. LPS also increased the expression of Tet methylcytosine
dioxygenase 2 (Tet2), and this effect was also eliminated by betaine consumption. MeDIP-qPCR
analysis showed that the methylation level in the promoter region of IL-6 was decreased by LPS
treatment, whilst betaine cannot prevent this effect. On the contrary, LPS significantly increase the
methylation level in the promoter region of TLR4, which was decreased by the consumption of
betaine. Our findings suggest that betaine can alleviate LPS-induced muscle inflammation in chicken,
and the regulation of aberrant DNA methylation might be a possible mechanism.

Keywords: betaine; skeletal muscle; methylation; TLR4; IL6

1. Introduction

Inflammation is the result of stress, regardless of the source or nature of the stress
(biological, environmental, nutritional, physical, chemical, or psychological). Poultry
production has experienced a major shift with the prohibition of the use of antimicrobials
and antibiotics as growth promoters, which may lead to an increase in the inflammatory
level [1]. Inflammation, in return, contributes to several pathologies such as skeletal
muscle diseases which are characterized by the loss of skeletal muscle mass and the
reduction in poultry performance [2]. Betaine was originally known to be an important
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osmoprotectant and also an important methyl donor in the methionine cycle of cells.
Accumulating evidence also showed that betaine supplemented in the diet plays a role
in the anti-inflammation process [3]. In mammals, dietary betaine supplementation has
been reported to be protective in different types of inflammatory circumstances such
as high-fat diet-induced adipose inflammation [4], ischemia/reperfusion-induced brain
inflammation [5], high-fructose-induced renal inflammation [6], and the inflammation state
in the liver in non-alcoholic diseases [7].

In the animal feed industry, betaine is also a dietary component with well-reported
hepatoprotective effects. Studies by Zhao et al. showed that the maternal betaine supple-
mentation or egg injection of betaine were efficient to protect the offspring chickens from
high hepatic cholesterol in different circumstance [8-10]. In addition, beneficial effects
of dietary betaine on egg-laying performance, growing performance, meat quality, and
anti-oxidation have also been reported [11-14]. However, as a natural compound, the role
of betaine in anti-inflammation in domestic animal husbandry has not been well revealed.
Limited studies showed that dietary betaine was able to alleviate the hot stress-induced
mucosal inflammation in broilers by lowering the expression of interleukin (IL) 13 and
the 70 kDa heat shock protein (HSP70) mRNA and increasing the expression of IL-10 [15].
Betaine supplemented in drinking water was able to alleviate the IBDV-induced bursal
inflammation by inhibiting the overexpression of IL-6 and type I interferon (IFN) [16]. An
in vitro study showed that LPS-induced IL-6 overexpression in porcine intestinal epithelial
cells was alleviated by supplying betaine into the media [17]. Inflammation is an important
contributor to the pathology of skeletal muscle diseases which are characterized by the
loss of skeletal muscle mass [18]. LPS is a component of gram-negative bacteria, which
always threaten intensively raised animals, causing acute or chronic systemic inflamma-
tion. Whether betaine has an anti-inflammatory function in LPS-induced broiler muscle
inflammation has not been reported.

Betaine is a methyl donor. Dietary betaine can provide the methyl group via the me-
thionine cycle, which produces S-adenosylmethionine, the principal methylating agent [19].
The methyl groups provided by the donors can be used in the process of DAN methylation,
which is dynamically regulated through the action of the DNA methyltransferase (DNMT)
and demethylating proteins, including the ten-eleven translocation (TET) family of dioxyge-
nases. As a well-known epigenetic modification, DNA methylation is involved in various
biological processes by negatively regulating gene expression [20]. Studies carried out on
both mammals and birds showed that betaine might regulate the expression of a wide
range of genes involved in lipid and glucose homeostasis through “nutrient responsive”
epigenetic mechanisms [8,21-23].

Previous studies showed that betaine can inhibit LPS-induced nuclear factor-«B (NF-
kB) activation [24] and decrease high-fat-diet-induced hepatic toll like receptor (TLR) 4
mRNA expression [25], which contributes to its anti-inflammation function. However,
the epigenetic mechanism involved in the anti-inflammatory activity of betaine is rarely
reported. We previously showed that betaine supplementation through drinking water
alleviated IBDV-induced IL-6 overexpression through increasing the methylation level
in the promoter region [16]. Hence, in the present study, we aimed to evaluate the anti-
inflammatory effects of betaine on LPS-induced muscle inflammation and the possible
epigenetic mechanism.

2. Materials and Methods
2.1. Animals and Experimental Design

The experimental procedures and animal management in this study were approved
by the Institutional Animal Care and Use Committee at the Henan Institute of Science and
Technology. Forty commercial ross 308 eggs were obtained from Henan Doyoo Industrial
Co., Ltd. (Hebi, China) and incubated in an electric forced-draft incubator at 37.5 4+ 0.5 °C
and 65% relative humidity. At the day of hatching, 30 chicks with similar body weights (BW)
were randomly divided into three groups—the control group, LPS group and Betaine + LPS
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group—with an equal number in each group. The chickens were kept in one room at a
standard temperature, moisture, light, and ventilation. Water and a corn-soybean meal
diet were provided ad libitum. Betaine at a dose of 1000 mg/L was added to the drinking
water of the Betaine+LPS group. After two weeks of feeding, the chickens in the LPS and
Betaine+LPS groups were intraperitoneally injected with LPS from Escherichia coli 055:B5
(Sigma-Aldrich, Darmstadt, Germany) at a dose of 1 mg/kg BW. The chickens in the control
group were intraperitoneally injected with the same volume of PBS. Two hours after the
treatment, six chickens in each group were randomly chosen and sacrificed, and the leg
muscles were collected, snap-frozen in liquid nitrogen, and stored at —70 °C.

2.2. Quantitation of mRNA Expression via Real-Time PCR

Muscle samples were ground in liquid nitrogen, and about 30 mg of each sample
was used to extract the total RNA with a TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The total RNA extracts were then treated with
DNase I (Takara, Shiga, Japan) to eliminate the possible contamination of genomic DNA.
The quantification and integrality of the RNA were checked with a NanoDrop ND-1000
instrument (Thermo Fisher Scientific, Wilmington, DE, USA) and formaldehyde-containing
agarose electrophoresis, respectively. Two micrograms of the total RNA were subjected
to reverse transcription to generate cDNA by using the GoScript Reverse Transcription
System (Promega, Madison, WI, USA). A total of 2 uL of diluted cDNA (1:15) was subjected
to real-time PCR using TB Green® Premix Ex Ta II (TaRaKa, Shiga, Japan). All the primers
were designed by using Primer Premier 5 software (Premier Biosoft, Palo Alto, CA, USA),
and the sequence of the primers was listed in Table 1. Chicken 3-actin was selected as a
reference gene.

Table 1. Nucleotide sequences of the specific primers used in real-time PCR.

Target Gene Sequence (F: Forward, R: Reverse) GenBank Access

F: 5-TTCCGCTACACCCGCTCACA-3'

IL1-p R: 5'-TGCCGCTCATCACACACGAC-3' NM_204524.2
F: 5-GAAATCCCTCCTCGCCAATCTG-3'

IL-6 R: 5/-GCCCTCACGGTCTTCTCCATAAA-3' NM_204628.2
F: 5-TCACCCCTACCCTGTCCCA-3'

TNFo R: 5-AGCCAAGTCAACGCTCCTG-3' NM_204267.2
F: 5'-ATCCTGCTGGAGCCCATTCAGAG -3/

TLR2 R: 5-TTGCTCTTCATCAGGAGGCCACTC -3 NM_204278.1
F: 5'-GTTTGACATTGCTCGGTCCT -3’

TLR4 R: 5'-GCTGCCTCCAGAAGATATGC -3/ NM_001030693
F: 5'-GTTTGATGCCTTCATCTGCTACT-3'

MyD88 R: 5'-ATCCTCCGACACCTTCTTTCTAT-3' NM_001030962.5
F: 5/-TTTTTTTACATAATCCTCCA -3/

DNMTI R: 5'-AAAGTATCAATCCCCACTTG -3/ NM_206952.1
F: 5'- ATCACCACTCGCTCCAACTC-3

DNMT3a R: 5-CCAAACACCCTCTCCATCTC-3' NM_001024832.3
F: 5-AAAAGGAAGCGCTGTGAGAA-3'

Tetl F: 5-CCACGCCAGTATGAGAATCA-3' XM_015278752.1
F: 5'-CGGTCCTAATGTGGCAGCTA-3'

Tet2 F: 5'-TGCCTTCTTTCCCAGTGTAGA-3' NM_001277794.1

LB/ _3/
oactin F: 5-TGCGTGACATCAAGGAGAAG-3 NM 205518

R: 5-TGCCAGGGTACATTGTGGTA-3

2.3. Methylated DNA Immunoprecipitation Analysis

Methylated DNA immunoprecipitation (MeDIP) analysis was performed according
to a previously study, with some minor changes [16]. Briefly, the genomic DNA was
extracted from each muscle sample and then subjected to sonication to obtain fragments
ranging in size from 200-800 bp. One microgram of the DNA fragments from each sample
was denatured in a boiling water bath for ten minutes and then incubated with anti-
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5-methylcytosine (5 mC) antibodies (Abcam, Boston, MA, USA) on a rotator at 4 °C
overnight. A portion of the DNA fragments (20 ng/uL) was preserved as the input. After
immunoprecipitation, the DNA-antibodies complexes were captured with the protein
A/G PLUS-agarose (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and digested with
Proteinase K (Beyotime Biotechnology, Shanghai, China). The released methylated DNA
fragments were then purified by phenol-chloroform extraction. The purified DNA and
the input controls were subjected to real-time PCR to detect the methylation level of the
target fragments. The information of the CpG islands in the promoter regions of different
genes was predicted by using the CpG Finder and Urogene software (Beijing, China). The
primers were designed with Primer Premier 5 software (Premier Biosoft, Palo Alto, CA,
USA), and the sequences of the primers are listed in Table 2. The results were calculated as
the degree of change relative to the input and are presented as the change degree relative
to the mean of the control group.

Table 2. Primer sequences used in MeDIP-qPCR.

Target Gene

Sequence (F: Forward, R: Reverse, 5—3/) Product Size (bp)

IL-6fragment 1
IL-6fragment 2
TLR4 fragment 1
TLR4 fragment 2
TLR4 fragment 3

TLR4 fragment 4

F: GCGTGTGACGGCGTATAAC

R: AAACCTCCTCGGGCTGGTG 116
F: GAGGCTGCCAGGCTCACCCCCC 184
R: CCCTGAACGTGTATTTATCGAG

F: GGTGTGTTTTCTGCTTGTGC 218
R: GATGTTGGAGAGTTTGGGAG

F: ACGCACTTTTTGTCTGCTGGC 188
R: AGGAGATGGGCATGGGACTTC

F: GTCTCCTCCAGAAACAATAGC 159
R: CATCACATGAACACACACTCC

F: GGTGCTGGAGTGTGTGTTC 144

R: CGTGGTGTTGTATCGGTGT

2.4. Statistical Analysis

All statistical analyses were performed with SPSS 23.0 for Windows. All data are
expressed as the mean =+ standard error. One-way ANOVA followed by a post hoc test
(LSD) were used to test the difference between the groups. The level of significance in all
the analyses was set at p < 0.05.

3. Results
3.1. Betaine Alleviated LPS-Induced IL-6 Overexpression in Chicken Leg Muscle

The mRNA expression of the pro-inflammatory genes was detected in the leg muscle
using real-time PCR. The mRNA expressions of IL-1(3, IL-6, and tumor necrosis factor
alpha (TNFo) were increased by 41-, 82-, and 13-fold 2 h after LPS treatment, respectively,
compared with the control group (p < 0.01). In contrast, the chickens that drank water with
betaine for two weeks showed a significantly alleviated IL-6 mRNA expression (p = 0.016)
compared with the LPS-treated group. The expression level of IL-6 was decreased by about
40-fold. However, the mRNA expressions of IL-13 and TNFax were not affected by betaine
consumption (Figure 1).

3.2. Betaine Inhibited the LPS-Induced Down-Expression of TLR4 in Chicken Leg Muscle

As shown in Figure 2, the intraperitoneal injection of LPS decreased the mRNA expres-
sion of TLR4 (p < 0.05) and TLR2 (p < 0.01) but stimulated the mRNA expression of myeloid
differentiation factor 88 (MyD88) (p < 0.01) in the broiler leg muscle. In contrast, the mRNA
expression of TLR4 in the leg muscle of chickens that consumed betaine was considerably
increased compared with that of the LPS group (p < 0.05), and it was comparable with
that of the control group. However, betaine did not inhibit the effects of LPS on TLR2 and
MyD88 mRNA expression.
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3.3. Betaine Inhibited the LPS-Induced Overexpression of Tet2 in Chicken Leg Muscle

The effects of LPS on the mRNA expression of DNA methylation-associated enzymes
were analyzed. As shown in Figure 3, LPS significantly decreased the mRNA expression
of DNA methyltransferase 3a (DNMT3a) (p < 0.05) and Tet1 (p < 0.05) and increased the
expression of Tet2 (p < 0.01). In contrast, betaine inhibited LPS-induced Tet2 expression but
did not inhibit the effect of LPS on the expression of DNMT3a and Tetl.

3.4. LPS Increased the Methylation Level in IL-6 Promoter

Two CpG islands were founded along 2000 bp in the 5 flanking region of the IL-6
gene. The MeDIP-qPCR test showed that LPS significantly decreased the 5 mC level in the
IL-6 promoter; however, betaine did not interfere with this effect (Figure 4).
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Figure 1. gqRT-PCR quantification of the mRNA expressions of pro-inflammatory cytokines. Newly
hatched broilers were provided with water supplemented with betaine at a dose of 1000 mg/L. At
the age of two weeks, the broilers were intraperitoneally injected with LPS at a dose of 1 mg/kg
BW. Two hours after the LPS treatment, leg muscle was collected, and the relative mRNA expressions
of IL-1B, IL-6, and TNF«x were determined using qRT-PCR. The treatment and method are the same for
Figures 2 and 3. Values are mean + SEM, n = 6/group. Significance levels: * p < 0.05, ** p < 0.01 vs. control,
#p <0.05vs. LPS.
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Figure 2. qRT-PCR quantification of the mRNA expression of TLR2, TLR4, and MyD88. The treatment
and method were described in Figure 1 caption. Values are mean + SEM, n = 6/group. Significance
levels: * p < 0.05, ** p < 0.01 vs. control, * p < 0.05 vs. LPS.
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Figure 3. qRT-PCR quantification of the mRNA expression of DNA methylation-associated enzymes.
The treatment and method were described in Figure 1 caption. Values are mean + SEM, n = 6/group.
Significance levels: * p < 0.05, ** p < 0.01 vs. control, # p < 0.05, # p < 0.01 vs. LPS.
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Figure 4. Schematic structure of the chicken Il-6 gene promoter and the methylation status of the
CpG island. (A) The schematic structure of the chicken IL-6 promoter. M shows the location of the
CpG island. Fragment 1 and fragment 2 were regions detected by MeDIP-PCR. (B) The methylation
levels of fragment 1 and fragment 2. Values are mean £+ SEM, n = 4/group. Significance level:

*p <0.05 vs. control.

3.5. Betaine Blocks LPS-Induced Hyper-Methylation in the TLR4 Promoter

No CpG island was found along 2000 bp in the 5’ flanking region of the TLR4 gene.
We analyzed the 5 mC level in the proximal (—44, —325) and distal end (—961, —1335) of
this region. As shown in Figure 5, the LPS-stimulated chickens exhibited hypermethylation
in the proximal end of the TLR4 promoter compared to the control group. In contrast, the
5 mC level in this region was significantly decreased in the Betaine+LPS group compared

with the LPS group.
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Figure 5. Schematic structure of the chicken TLR4 gene promoter and the methylation status.
(A) The schematic structure of the chicken TLR4 promoter. Fragments 1-4 were regions detected by
MeDIP-PCR. (B) The methylation levels of fragments 1-4. Values are mean & SEM, n = 4/group.
Significance levels: * p < 0.05 vs. control, # p < 0.05, * p < 0.01 vs. LPS.

4. Discussion

Skeletal muscle is the largest organ in the body and has also been identified as an
endocrine organ. Cytokines and other peptides produced by skeletal muscle have been
classified as “myokines”. IL-6 is the first identified and most studied myokine [26]. In
skeletal muscle, IL-6 is lowly expressed under resting conditions, but it can be markedly
induced during exercise [27]. In addition, skeletal muscle cells are capable of producing
IL-6 in response to various stimuli such as LPS and inflammatory cytokines such as TNFx
and IL-1§3 [28,29]. The present study found that the mRNA expressions of IL-6, IL-1$3, and
TNFax were remarkably increased 2 h after LPS stimulation, which is in line with the earlier
study on mice that revealed that the peak expression of TNFa and IL-6 mRNA occurs
2 h after LPS intraperitoneal treatment. Considering the fold change of the expression of
different cytokines, our results, together with those of the previous studies, showed that
the mRNA expression of IL-6 is far more induced than that of TNF« and IL-1f3 [28,30],
indicating that IL-6 may function as a main inflammatory factor during the acute stage of
LPS-induced skeletal muscle inflammation.

It is known that stimuli such as LPS and a high fat diet engage TLR4/MyD88 signaling
in skeletal muscle cells, activating the expression of IL-6 [28,31,32]. As a natural pattern
recognition receptor of LPS, the mRNA expression of TLR4 was widely known to be in-
creased after LPS treatment in various mammals and mammalian cells [33-35]. Different
from these studies, here, we found that LPS decreased the mRNA expression of TLR4 and
also TLR2. Similar with our results, Takahashi et al. found that TLR4 gene expression
in the liver of male broilers intraperitoneally treated with LPS at a dose of 1.5 mg/kg
BW was significantly lower than that of the control group during the observation period
(2,3, and 4 h) [36]. In addition, we also previously found that LPS intraperitoneal treatment
can reduce TLR4 and TLR2 expression in broiler liver [37]. Another study on one-day-
old broilers also showed that broilers stimulated intraperitoneally with LPS at a dose of
50 mg/kg BW exhibited significantly higher hepatic TLR4 at the early stage (6 h), which,
however, remarkably decreased at the later stages (24 and 36 h) after the treatment [38].
These results indicated that chickens may show a different LPS responding pattern com-
pared to mammals. LPS has been used to induce inflammation in chickens at variable doses
ranging from as low as 0.1 pg/kg to as high as 50 mg/kg. A previous study demonstrated
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that chickens survived a mean dose of 517 mg/kg LPS [39]. On the contrary, mice that re-
ceived a dose of about 4 mg/kg LPS showed a significant 50% death rate [40]. The different
expression patterns of TLR4 after LPS stimulation may be attributed to different species
combing with different LPS dosages. It is also predictable that the lower expression of
TLR4 in chickens under LPS stimulation may contribute to the relatively higher resistance
compared to the mammals.

Betaine’s anti-inflammation potential and its advantage of low pricing make it an
appealing candidate for human nutrition and animal husbandry. Some studies have
shown that betaine alleviates the inflammatory response induced by LPS through inhibit-
ing the TLR4/MyD88/NF-«B signal transduction pathway [41]. Betaine can also inhibit
high-mobility group box protein 1/TLR4 signal transduction, which may be one of the
mechanisms of betaine in the treatment of liver injury in rats with non-alcoholic fatty liver
disease [25]. In line with these previous studies, here, we found that betaine inhibited
LPS-induced lower TLR4 expression and alleviated IL-6 expression. It is interesting that
betaine only attenuated the mRNA level of IL-6, whilst having no effect on TNF«x and
IL-1f3. In contrast, a previous study showed that, in vitro, betaine treating microglial cells
decreased LPS-induced TNFe, IL-1f3, and IL-6 levels in the media [41]. Considering that
IL-6 was widely demonstrated to be the most highly induced pro-inflammatory cytokine in
skeletal muscle, our result may be supportive of the hypothesis that betaine performs a
cytokine-specific function facing inflammatory situations, though this is still not adequately
proved. Baker et al. found that Resolvin E1 attenuated LPS-induced inflammation though
specifically lowering the expression of IL-6 but not TNFx and IL-13 in C2C12 skeletal
muscle myotubes [30], which supports the hypothesis that some ingredients can play an
anti-inflammatory role by specifically targeting some of the pro-inflammatory cytokines.

The TLR4-triggered downstream signaling pathway is well characterized as control-
ling the expression of pro-inflammatory cytokines. Indeed, DNA methylation is highly
imperative in regulating inflammatory genes. For example, epigenome-wide association
studies linked DNA hypomethylation with increased inflammation [42]. A study carried
out on intestinal epithelial cells found that cells with low TLR4 expression showed a signifi-
cantly higher methylation level than cells with high TLR4 expression, which is associated
with the different responsiveness to LPS stimulation [43]. In this study, we also found that
LPS decreased the 5 mC level in the promoter region of IL-6 and increased the 5mC level
in the promoter region of TLR4. As DNA methylation is widely known to be negatively
related with the gene expression level, it is likely that DNA methylation is involved in the
regulation of LPS-induced IL-6 and TLR4 expression.

In this study, the water supplementation of betaine did not alleviate LPS-induced
IL-6 hypomethylation but inhibited LPS-induced TLR4 hypermethylation. Betaine con-
sumption has been suggested to alleviate the LPS-induced general hypomethylation state
of the body [44], whilst our results indicated that betaine consumption can also decrease
the methylation level of some specific genes. Similar to our results, Hu et al. found
that maternal betaine supplementation inhibited the mRNA expression of sterol regu-
latory element-binding protein 2 (SREBP2) by increasing the methylation level, but it
contrarily increased the mRNA expression of cytochrome P450 family 7 subfamily A mem-
ber 1 (CYP7al) by decreasing the methylation level [8]. Studies carried out on mice also
found that dietary betaine consumption can decrease the methylation of the peroxisome
proliferator-activated receptor (PPAR) alpha promoter and then increase its expression [45],
and betaine consumption through drinking water can decrease the microsomal triglyceride
transfer protein (MTTP) methylation and increase its expression [21]. It is worth noting
that DNA methylation machinery responds to methyl donors” availability in a complex
fashion; the methylation status of the promoters or regulatory regions of specific genes may
respond differently from that of the global genomic DNA.

The results of this study showed that the mRNA expression of Tet2 in leg muscle was
significantly induced by LPS, and this effect was eliminated by betaine. Tet2 was found to
play a crucial role in the initiation of inflammation through epigenetic regulation [46]. For
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example, a previous study showed that Tet2 can recruit to the promoter region of interferon
regulatory factor 7(IRF7), maintaining the hypomethylation of IRF7 and then inducing its
expression and the down-stream IFN expression in mouse plasmacytoid dendritic cells
infected by herpes simplex virus [47]. Tet2 was also found to resolve inflammation by
suppressing the expression of proinflammatory cytokines. Qin et al. found that Tet2
expression in mice and human macrophages were increased after LPS stimulation, and
Tet2 was able to inhibit the expression of IL-13, IL-6, and TNFo under LPS stimulation [48].
The results here found that the expression of Tet2 in skeletal muscle is soon increased
after LPS treatment, which is coincident with the expression of proinflammatory cytokines.
However, whether Tet2 functions as an initiator or a resolver of inflammation in chicken
muscle induced by LPS was not determined.

5. Conclusions

In summary, we found that LPS-induced skeletal muscle IL-6 excessive expression
was alleviated by the consumption of betaine through drinking water. The mechanism
may involve the epigenetic regulation of TLR4. Obviously, more in-depth investigations
are needed to address whether other pro- or anti- inflammatory cytokines and signal
transducers are involved in the betaine-mediated anti-inflammation process in chickens.

Author Contributions: Conceptualization, Y.Y., P.G. and Q.W.; formal analysis, L.W.; investigation,
FG., Y.Z. and M.].; methodology, M.]., A.Z. and Z.X_; supervision, ].M.; writing—original draft, Y.Z.;
writing—review & editing, F.G.; funding acquisition, Y.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31602024,
31702199) and the Science and Technology Project of Henan Province (212102110367).

Institutional Review Board Statement: The experimental procedures and animal management in
this study were approved by the Institutional Animal Care and Use Committee at the Henan Institute
of Science and Technology (LLSC 2022024 /2022-3).

Data Availability Statement: All relevant data are within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Gernat, A.A,; Santos, F.B.O.; Grimes, ]J.L. Alternative approaches to antimicrobial use in the turkey industry: Challenges and
perspectives. Ger. |. Vet. Res. 2021, 1, 37-47. [CrossRef]

2. Bonaldo, P; Sandri, M. Cellular and molecular mechanisms of muscle atrophy. Dis. Model. Mech. 2013, 1, 25-39. [CrossRef]
[PubMed]

3. Zhao, G.; He, FE; Wu, C; Li, P; Li, N.; Deng, J.; Zhu, G.; Ren, W.; Peng, Y. Betaine in Inflammation: Mechanistic Aspects and
Applications. Front. Immunol. 2018, 9, 1070. [CrossRef] [PubMed]

4. Airaksinen, K ; Jokkala, J.; Ahonen, I.; Auriola, S.; Kolehmainen, M.; Hanhineva, K.; Tithonen, K. High-Fat Diet, Betaine, and
Polydextrose Induce Changes in Adipose Tissue Inflammation and Metabolism in C57BL/6] Mice. Mol. Nutr. Food Res. 2018, 62,
€1800455. [CrossRef]

5. Li, Q.; Qu, M.; Wang, N.; Wang, L.; Fan, G.; Yang, C. Betaine protects rats against ischemia/reperfusion injury-induced brain
damage. J. Neurophysiol. 2022, 127, 444-451. [CrossRef] [PubMed]

6. Fan, C.-Y,; Wang, M.-X_; Ge, C.-X.; Wang, X; Li, ].-M.; Kong, L.-D. Betaine supplementation protects against high-fructose-induced
renal injury in rats. . Nutr. Biochem. 2014, 25, 353-362. [CrossRef]

7. Chen, W,; Xu, M.; Xu, M.; Wang, Y.; Zou, Q.; Xie, S.; Wang, L. Effects of betaine on non-alcoholic liver disease. Nutr. Res. Rev.
2021, 35, 28-38. [CrossRef]

8. Hu, Y,; Feng, Y;; Ding, Z.; Lv, L.; Sui, Y; Sun, Q.; Abobaker, H.; Cai, D.; Zhao, R. Maternal betaine supplementation decreases
hepatic cholesterol deposition in chicken offspring with epigenetic modulation of SREBP2 and CYP7A1 genes. Poult. Sci. 2020, 99,
3111-3120. [CrossRef]

9. Hu, Y; Sun, Q; Hu, Y;; Hou, Z.; Zong, Y.; Omer, N.; Abobaker, H.; Zhao, R. Corticosterone-Induced Lipogenesis Activation

and Lipophagy Inhibition in Chicken Liver Are Alleviated by Maternal Betaine Supplementation. J. Nutr. 2018, 148, 316-325.
[CrossRef]


http://doi.org/10.51585/gjvr.2021.3.0018
http://doi.org/10.1242/dmm.010389
http://www.ncbi.nlm.nih.gov/pubmed/23268536
http://doi.org/10.3389/fimmu.2018.01070
http://www.ncbi.nlm.nih.gov/pubmed/29881379
http://doi.org/10.1002/mnfr.201800455
http://doi.org/10.1152/jn.00400.2021
http://www.ncbi.nlm.nih.gov/pubmed/35020521
http://doi.org/10.1016/j.jnutbio.2013.11.010
http://doi.org/10.1017/S0954422421000056
http://doi.org/10.1016/j.psj.2019.12.058
http://doi.org/10.1093/jn/nxx073

Animals 2022, 12, 1899 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Idriss, A.A.; Hu, Y; Sun, Q.; Hou, Z,; Yang, S.; Omer, N.A.; Abobaker, H.; Zhao, R. Fetal betaine exposure modulates hypothalamic
expression of cholesterol metabolic genes in offspring cockerels with modification of promoter DNA methylation. Poult. Sci. 2020,
99, 2533-2542. [CrossRef]

Omer, N.A.; Hu, Y,; Idriss, A.A.; Abobaker, H.; Hou, Z.; Yang, S.; Ma, W.; Zhao, R. Dietary betaine improves egg-laying rate in
hens through hypomethylation and glucocorticoid receptor-mediated activation of hepatic lipogenesis-related genes. Poult. Sci.
2020, 99, 3121-3132. [CrossRef] [PubMed]

Shakeri, M.; Cottrell, J.J.; Wilkinson, S.; Ringuet, M.; Furness, J.B.; Dunshea, F.R. Betaine and Antioxidants Improve Growth
Performance, Breast Muscle Development and Ameliorate Thermoregulatory Responses to Cyclic Heat Exposure in Broiler
Chickens. Animals 2018, 8, 162. [CrossRef] [PubMed]

Al-Sagan, A.; Al-Yemni, A.; Abudabos, A.; Al-Abdullatif, A.; Hussein, E. Effect of Different Dietary Betaine Fortifications on
Performance, Carcass Traits, Meat Quality, Blood Biochemistry, and Hematology of Broilers Exposed to Various Temperature
Patterns. Animals 2021, 11, 1555. [CrossRef]

Chen, R.; Wen, C.; Cheng, Y.; Chen, Y.; Zhuang, S.; Zhou, Y. Effects of dietary supplementation with betaine on muscle growth,
muscle amino acid contents and meat quality in Cherry Valley ducks. J. Anim. Physiol. Anim. Nutr. 2019, 103, 1050-1059.
[CrossRef] [PubMed]

Alhotan, R.A; Al Sulaiman, A.R.; Alharthi, A.S.; Abudabos, A.M. Protective influence of betaine on intestinal health by regulating
inflammation and improving barrier function in broilers under heat stress. Poult. Sci. 2021, 100, 101337. [CrossRef] [PubMed]
Zhang, Y.; Yu, Y.; Ou, C; Ma, J.; Wang, Q.; Du, S.; Xu, Z.; Li, R.; Guo, F. Alleviation of infectious-bursal-disease-virus-induced
bursal injury by betaine is associated with DNA methylation in IL-6 and interferon regulatory factor 7 promoter. Poult. Sci. 2019,
98, 4457-4464. [CrossRef]

Wu, J.; He, C.; By, J; Luo, Y;; Yang, S.; Ye, C.; Yu, S.; He, B.; Yin, Y.; Yang, X. Betaine attenuates LPS-induced downregulation of
Occludin and Claudin-1 and restores intestinal barrier function. BMC Vet. Res. 2020, 16, 75. [CrossRef] [PubMed]

Londhe, P,; Guttridge, D.C. Inflammation induced loss of skeletal muscle. Bone 2015, 80, 131-142. [CrossRef]

Williams, K.T.; Schalinske, K.L. New Insights into the Regulation of Methyl Group and Homocysteine Metabolism. J. Nutr. 2007,
137,311-314. [CrossRef]

Li, E.; Zhang, Y. DNA Methylation in Mammals. Cold Spring Harb. Perspect. Biol. 2014, 6, a019133. [CrossRef]

Wang, L.-].; Zhang, H.-W.; Zhou, ].-Y.; Liu, Y.; Yang, Y.; Chen, X.-L.; Zhu, C.-H.; Zheng, R.-D.; Ling, W.-H.; Zhu, H.-L. Betaine
attenuates hepatic steatosis by reducing methylation of the MTTP promoter and elevating genomic methylation in mice fed a
high-fat diet. J. Nutr. Biochem. 2014, 25, 329-336. [CrossRef] [PubMed]

Cai, D; Jia, Y;; Lu, J.; Yuan, M.; Sui, S.; Song, H.; Zhao, R. Maternal dietary betaine supplementation modifies hepatic expression of
cholesterol metabolic genes via epigenetic mechanisms in newborn piglets. Br. J. Nutr. 2014, 112, 1459-1468. [CrossRef] [PubMed]
Cai, D.; Wang, J.; Jia, Y,; Liu, H.; Yuan, M.; Dong, H.; Zhao, R. Gestational dietary betaine supplementation suppresses hepatic
expression of lipogenic genes in neonatal piglets through epigenetic and glucocorticoid receptor-dependent mechanisms. Biochim.
et Biophys. Acta Mol. Cell Biol. Lipids 2016, 1861, 41-50. [CrossRef] [PubMed]

Kim, D.H.; Sung, B.; Kang, Y.J.; Jang, ].Y.; Hwang, S.Y.; Lee, Y.; Kim, M.; Im, E.; Yoon, J.-H.; Kim, C.M,; et al. Anti-inflammatory
effects of betaine on AOM/DSS-induced colon tumorigenesis in ICR male mice. Int. ]. Oncol. 2014, 45, 1250-1256. [CrossRef]
Zhang, W.; Wang, L.-W.; Wang, L.-K,; Li, X.; Zhang, H.; Luo, L.-P; Song, ].-C.; Gong, Z.-]. Betaine Protects Against High-Fat-Diet-
Induced Liver Injury by Inhibition of High-Mobility Group Box 1 and Toll-Like Receptor 4 Expression in Rats. Am. J. Dig. Dis.
2013, 58, 3198-3206. [CrossRef]

Pedersen, B.K.; Febbraio, M.A. Muscle as an Endocrine Organ: Focus on Muscle-Derived Interleukin-6. Physiol. Rev. 2008, 88,
1379-1406. [CrossRef]

Podbregar, M.; Lainscak, M.; Prelovsek, O.; Mars, T. Cytokine Response of Cultured Skeletal Muscle Cells Stimulated with
Proinflammatory Factors Depends on Differentiation Stage. Sci. World J. 2013, 2013, 617170. [CrossRef]

Frost, R.A.; Nystrom, G.J.; Lang, C.H. Lipopolysaccharide regulates proinflammatory cytokine expression in mouse myoblasts
and skeletal muscle. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R698-R709. [CrossRef]

Luo, G.; Hershko, D.D.; Robb, B.W.; Wray, C.J.; Hasselgren, P.-O. IL-1f3 stimulates IL-6 production in cultured skeletal muscle cells
through activation of MAP kinase signaling pathway and NF-«B. Am. ]. Physiol. Integr. Comp. Physiol. 2003, 284, R1249-R1254.
[CrossRef]

Baker, L.A.; Martin, N.R.W,; Kimber, M.C.; Pritchard, G.J.; Lindley, M.R.; Lewis, M.P. Resolvin E1 (RyE;) attenuates LPS induced
inflammation and subsequent atrophy in C2C12 myotubes. J. Cell. Biochem. 2018, 119, 6094—-6103. [CrossRef]

Ono, Y.; Maejima, Y.; Saito, M.; Sakamoto, K.; Horita, S.; Shimomura, K.; Inoue, S.; Kotani, J. TAK-242, a specific inhibitor of
Toll-like receptor 4 signalling, prevents endotoxemia-induced skeletal muscle wasting in mice. Sci. Rep. 2020, 10, 694. [CrossRef]
[PubMed]

Shirvani, H.; Mirnejad, R.; Soleimani, M.; Arabzadeh, E. Swimming exercise improves gene expression of PPAR-y and downregu-
lates the overexpression of TLR4, MyD88, IL-6, and TNF-« after high-fat diet in rat skeletal muscle cells. Gene 2021, 775, 145441.
[CrossRef] [PubMed]

Miao, E; Shan, C.; Ning, D. Walnut oil alleviates LPS-induced intestinal epithelial cells injury by inhibiting TLR4/MyD88/NF-«kB
pathway activation. J. Food Biochem. 2021, 45, €13955. [CrossRef] [PubMed]


http://doi.org/10.1016/j.psj.2019.12.040
http://doi.org/10.1016/j.psj.2020.01.017
http://www.ncbi.nlm.nih.gov/pubmed/32475449
http://doi.org/10.3390/ani8100162
http://www.ncbi.nlm.nih.gov/pubmed/30257522
http://doi.org/10.3390/ani11061555
http://doi.org/10.1111/jpn.13083
http://www.ncbi.nlm.nih.gov/pubmed/31140661
http://doi.org/10.1016/j.psj.2021.101337
http://www.ncbi.nlm.nih.gov/pubmed/34329984
http://doi.org/10.3382/ps/pez280
http://doi.org/10.1186/s12917-020-02298-3
http://www.ncbi.nlm.nih.gov/pubmed/32131830
http://doi.org/10.1016/j.bone.2015.03.015
http://doi.org/10.1093/jn/137.2.311
http://doi.org/10.1101/cshperspect.a019133
http://doi.org/10.1016/j.jnutbio.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24456734
http://doi.org/10.1017/S0007114514002402
http://www.ncbi.nlm.nih.gov/pubmed/25216241
http://doi.org/10.1016/j.bbalip.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26494244
http://doi.org/10.3892/ijo.2014.2515
http://doi.org/10.1007/s10620-013-2775-x
http://doi.org/10.1152/physrev.90100.2007
http://doi.org/10.1155/2013/617170
http://doi.org/10.1152/ajpregu.00039.2002
http://doi.org/10.1152/ajpregu.00490.2002
http://doi.org/10.1002/jcb.26807
http://doi.org/10.1038/s41598-020-57714-3
http://www.ncbi.nlm.nih.gov/pubmed/31959927
http://doi.org/10.1016/j.gene.2021.145441
http://www.ncbi.nlm.nih.gov/pubmed/33482280
http://doi.org/10.1111/jfbc.13955
http://www.ncbi.nlm.nih.gov/pubmed/34580887

Animals 2022, 12, 1899 11 of 11

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Huang, J.; Liu, J.; Chang, G.; Wang, Y.; Ma, N.; Roy, A.C.; Shen, X. Glutamine Supplementation Attenuates the Inflammation
Caused by LPS-Induced Acute Lung Injury in Mice by Regulating the TLR4/MAPK Signaling Pathway. Inflammation 2021, 44,
2180-2192. [CrossRef] [PubMed]

Liu, Y.; Wang, X.; Wu, H.; Chen, S.; Zhu, H.; Zhang, J.; Hou, Y.; Hu, C.-A.A.; Zhang, G. Glycine enhances muscle protein mass
associated with maintaining Akt-mTOR-FOXO1 signaling and suppressing TLR4 and NOD2 signaling in piglets challenged with
LPS. Am. J. Physiol. Integr. Comp. Physiol. 2016, 311, R365-R373. [CrossRef]

Takahashi, K.; Aoki, A.; Takimoto, T.; Akiba, Y. Dietary supplementation of glycine modulates inflammatory response indicators
in broiler chickens. Br. J. Nutr. 2008, 100, 1019-1028. [CrossRef]

Zhang, Y.; Guo, F; Zhao, R. Hepatic expression of FTO and fatty acid metabolic genes changes in response to lipopolysaccharide
with alterations in m6A modification of relevant mRNAs in the chicken. Br. Poult. Sci. 2016, 57, 628-635. [CrossRef]

Huang, X.-Y.; Ansari, A.R.; Huang, H.-B.; Zhao, X.; Li, N.-Y,; Sun, Z.-].; Peng, K.-M.; Zhong, J.; Liu, H.-Z. Lipopolysaccharide
mediates immuno-pathological alterations in young chicken liver through TLR4 signaling. BMC Immunol. 2017, 18, 12. [CrossRef]
Adler, H.E.; Damassa, A.J. Toxicity of Endotoxin to Chicks. Avian Dis. 1979, 23, 174. [CrossRef]

Krakauer, T.; Buckley, M.].; Fisher, D. Proinflammatory Mediators of Toxic Shock and Their Correlation to Lethality. Mediat.
Inflamm. 2010, 2010, 517594. [CrossRef]

Shi, H.; Wang, X.-L.; Quan, H.-E,; Yan, L.; Pei, X.-Y.; Wang, R.; Peng, X.-D. Effects of Betaine on LPS-Stimulated Activation of
Microglial M1/M2 Phenotypes by Suppressing TLR4/NF-kB Pathways in N9 Cells. Molecules 2019, 24, 367. [CrossRef] [PubMed]
Saleh, H.A.; Yousef, M.H.; Abdelnaser, A. The Anti-Inflammatory Properties of Phytochemicals and Their Effects on Epigenetic
Mechanisms Involved in TLR4/NF-kB-Mediated Inflammation. Front. Immunol. 2021, 12, 606069. [CrossRef] [PubMed]
Takahashi, K.; Sugi, Y.; Hosono, A.; Kaminogawa, S. Epigenetic Regulation of TLR4 Gene Expression in Intestinal Epithelial Cells
for the Maintenance of Intestinal Homeostasis. J. Immunol. 2009, 183, 6522-6529. [CrossRef] [PubMed]

Randunu, R.S.; Bertolo, R.F. The Effects of Maternal and Postnatal Dietary Methyl Nutrients on Epigenetic Changes that Lead to
Non-Communicable Diseases in Adulthood. Int. J. Mol. Sci. 2020, 21, 3290. [CrossRef]

Wang, L.; Chen, L.; Tan, Y.; Wei, ].; Chang, Y.; Jin, T.; Zhu, H. Betaine supplement alleviates hepatic triglyceride accumulation of
apolipoprotein E deficient mice via reducing methylation of peroxisomal proliferator-activated receptor alpha promoter. Lipids
Heal. Dis. 2013, 12, 34. [CrossRef]

Cong, B.; Zhang, Q.; Cao, X. The function and regulation of TET2 in innate immunity and inflammation. Protein Cell 2021, 12,
165-173. [CrossRef]

Ma, S.; Wan, X.; Deng, Z.; Shi, L.; Hao, C.; Zhou, Z.; Zhou, C; Fang, Y.; Liu, J.; Yang, ].; et al. Epigenetic regulator CXXC5 recruits
DNA demethylase Tet2 to regulate TLR7 /9-elicited IFN response in pDCs. J. Exp. Med. 2017, 214, 1471-1491. [CrossRef]

Qin, W.; Brands, X.; Matsumoto, H.; Butler, ].M.; Veer, C.V.; de Vos, A.E,; Roelofs, ].J.T.H.; Scicluna, B.P.; van der Poll, T. Role of
Myeloid Tet Methylcytosine Dioxygenase 2 in Pulmonary and Peritoneal Inflammation Induced by Lipopolysaccharide and
Peritonitis Induced by Escherichia coli. Cells 2021, 11, 82. [CrossRef]


http://doi.org/10.1007/s10753-021-01491-2
http://www.ncbi.nlm.nih.gov/pubmed/34160729
http://doi.org/10.1152/ajpregu.00043.2016
http://doi.org/10.1017/S0007114508966125
http://doi.org/10.1080/00071668.2016.1201199
http://doi.org/10.1186/s12865-017-0199-7
http://doi.org/10.2307/1589684
http://doi.org/10.1155/2010/517594
http://doi.org/10.3390/molecules24020367
http://www.ncbi.nlm.nih.gov/pubmed/30669620
http://doi.org/10.3389/fimmu.2021.606069
http://www.ncbi.nlm.nih.gov/pubmed/33868227
http://doi.org/10.4049/jimmunol.0901271
http://www.ncbi.nlm.nih.gov/pubmed/19846881
http://doi.org/10.3390/ijms21093290
http://doi.org/10.1186/1476-511X-12-34
http://doi.org/10.1007/s13238-020-00796-6
http://doi.org/10.1084/jem.20161149
http://doi.org/10.3390/cells11010082

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Quantitation of mRNA Expression via Real-Time PCR 
	Methylated DNA Immunoprecipitation Analysis 
	Statistical Analysis 

	Results 
	Betaine Alleviated LPS-Induced IL-6 Overexpression in Chicken Leg Muscle 
	Betaine Inhibited the LPS-Induced Down-Expression of TLR4 in Chicken Leg Muscle 
	Betaine Inhibited the LPS-Induced Overexpression of Tet2 in Chicken Leg Muscle 
	LPS Increased the Methylation Level in IL-6 Promoter 
	Betaine Blocks LPS-Induced Hyper-Methylation in the TLR4 Promoter 

	Discussion 
	Conclusions 
	References

