
Academic Editor: Giuseppe Zanotti

Received: 24 November 2024

Revised: 27 December 2024

Accepted: 28 December 2024

Published: 30 December 2024

Citation: Wang, X.; Li, S.; Zheng, A.;

Chen, Z.; Chen, J.; Zou, Z.; Liu, G.

Structural Characterization and

Immune Activation Capacity of

Peptidoglycan from Corynebacterium

glutamicum in RAW264.7 Cells. Int. J.

Mol. Sci. 2025, 26, 237. https://

doi.org/10.3390/ijms26010237

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Structural Characterization and Immune Activation Capacity
of Peptidoglycan from Corynebacterium glutamicum in
RAW264.7 Cells
Xiaoying Wang 1, Shuzhen Li 1, Aijuan Zheng 1, Zhimin Chen 1, Jiang Chen 2 , Zhiheng Zou 2 and Guohua Liu 1,*

1 Key Laboratory of Feed Biotechnology of the Ministry of Agriculture and Rural Affairs, Risk Assessment
Laboratory of Animal Product Quality Safety Feed Source Factors of the Ministry of Agriculture and Rural
Affairs, Institute of Feed Research of Chinese Academy of Agricultural Sciences, Beijing 100081, China

2 Institute of Animal Husbandry and Veterinary Science, Jiangxi Academy of Agricultural Sciences,
Nanchang 330200, China

* Correspondence: liuguohua@caas.cn

Abstract: Peptidoglycan (PGN) is a unique component of prokaryotic cell walls with
immune-enhancing capacities. Here, we extracted PGN from Corynebacterium glutamicum,
a by-product of amino acid fermentation, using the trichloroacetic acid (TCA) method.
SDS-PAGE analysis confirmed the presence of PGN, with a band of approximately 28 kDa.
Further analysis was conducted through amino acid analysis, FTIR, and MALDI-TOF/TOF
MS, and the results showed that the chemical structural monomer of PGN is NAG-
(β-1,4-)-NAM-l-Ala-d-Glu-l-Lis-d-Ala. The immune activation effects of PGN were evalu-
ated in a RAW264.7 cell model. Our results showed that PGN could increase the secretion
level of NO, ROS, and immune regulatory substances, including TNF-α and IL-1β, and
up-regulated the mRNA expression of TNF-α and iNOS. In addition, PGN stimulated the
expression of ERK2, MyD88, RIP2, and the related receptor NOD1 in the NF-κB and MAPK
pathways. Comparative RNA sequencing was conducted to analyze the gene expression
profiles in RAW264.7 cells. KEGG analysis indicated that most of the genes were enriched
in the NF-κB, MAPK, and TNF signaling pathways. Taken together, these findings suggest
that PGN may have immune-activating potential for the development and application of
immune adjuvants. Importantly, the application of PGN also provides a new way to utilize
amino acid fermentation by-products.

Keywords: Corynebacterium glutamicum; peptidoglycan; immune activation; RAW264.7
cells; cytokines

1. Introduction
Adjuvants are substances that can enhance the immune response to vaccines. Currently

available adjuvants include aluminum salt formulations, oil emulsions, and bacterial
derivatives [1,2], which have the ability to induce and enhance specific adaptive immune
responses by targeting innate immune cells and activating pattern recognition receptor
(PRR) signaling pathways [3,4]. Many plant polysaccharides have been reported as vaccine
adjuvant candidates due to their wide range of sources and, in particular, their nutritional
and therapeutic potential, which has been proven [5–9]. Polysaccharides of microbial cell
wall origin, such as peptidoglycan (PGN), have been studied as immune adjuvants to
initiate both non-specific and specific immune responses [10,11].

PGN, a unique component of prokaryotic cell walls, is a polymer composed of disac-
charide units and peptides. The basic skeleton of PGN consists of N-acetylmuramic acid
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(NAM) and N-acetylglucosamine (NAG), which are connected by a β-1,4 glycosidic bond.
As a bacterial skeleton, PGN has the function of protecting cells from osmotic pressure and
maintaining the normal morphology of cells [12,13]. The tetrapeptide chain of PGN is con-
nected via the 3-O-lactam group of N-acetylmuramic acid, with the amino acid molecules
on the chain are alternately connected in L-type and D-type configurations [12]. The
typical linkage sequence in PGN consists of L-alanine, D-glutamic acid, L-lysine or endo-
diaminoheptanedioic acid, and D-alanine [12,14,15], but this sequence may vary among
different bacterial strains. The fundamental structure of PGN disaccharide units is consis-
tent across different bacteria, with variations primarily found in the amino acid composition
of the peptide chains and the method of cross-linking between these chains [12]. In Gram-
negative bacteria, a majority of the peptide chains from two peptidoglycan molecules are
directly linked, constituting about 50% of all peptide chains. Conversely, in Gram-positive
bacteria, cross-linking occurs via a network of peptide bridges [12]. PGN is predominantly
found in both Gram-positive and Gram-negative bacteria [16]. In Gram-positive bacteria,
PGN typically forms a multilayered macromolecule, representing 50–95% of the cell wall’s
dry weight, while in Gram-negative bacteria, it primarily forms a monolayer, constituting
5–20% of the cell wall’s dry weight [12,14].

PGN exhibits various biological activities, including immunomodulation, anti-
infection, anti-tumor effects, cytotoxicity, and adhesion. Eukaryotes do not contain PGN,
but they contain PGN recognition proteins (PGRPs) that enable them to detect invading
bacteria and initiate non-specific immune responses [17]. Therefore, PGN becomes one of
the most ideal targets for the eukaryotic immune system to enhance non-specific systemic
immunity. When used as an adjuvant in vaccines or independently, PGN can increase the
expression of cytokines in several immune cells and enhance antibody-dependent specific
responses [18,19]. For instance, when mice were injected intraperitoneally with PGN, signif-
icant increases in the levels of nitric oxide (NO), interleukin-6 (IL-6), interleukin-12 (IL-12),
and tumor necrosis factor-alpha (TNF-α) were observed in peritoneal macrophages [20].
In addition, mixing PGN monomers with incomplete Freund’s adjuvant and immunizing
NIH/OlaHsd mice with ovalbumin as an antigen induced a shift toward an ovalbumin
(OVA)-specific Th2-type immune response [21].

Corynebacterium glutamicum was initially identified by Kinoshita in 1957 as a glutamate-
producing bacterium, and since then, it has been the primary organism used globally in
the amino acid fermentation industry for over four decades [22]. Monosodium glutamate
(MSG) is a kind of sodium salt of L-glutamic acid, and as the major producer, China pro-
duces millions of tons of MSG annually, along with a substantial amount of by-products [23].
Traditionally, waste bacterial sludge has been utilized primarily for the extraction of glu-
tamate thalli protein, but there is a pressing need to explore and optimize its further
development and utilization potential.

Furthermore, PGN varies structurally across bacterial species, and the specific roles
and mechanisms by which PGNs from different bacteria serve as immune adjuvants remain
incompletely understood. In this study, we extracted PGN from Corynebacterium glutamicum
and investigated its immune activation capacities in a cell model. Additionally, we analyzed
the inflammatory regulatory signaling pathways and explored the potential mechanisms
through which PGN functions as an immune adjuvant.

2. Results
2.1. Extraction and Structural Analysis of PGN

The extraction rate was calculated based on the ratio of the dry matter of the extract to
the wet weight of the bacteria, and the extraction rate of PGN based on the TCA method
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was 18.79%. The contents of protein, total carbohydrates, hexosamine, and fat in PGN from
Corynebacterium glutamicum were 33.54%, 25.62%, 29.94%, and 1.9%, respectively (Table 1).

Table 1. PGN composition from Corynebacterium glutamicum.

Category Total Carbohydrates Hexosamine Protein Fat

Percentage % 33.54 25.62 29.94 1.9

As shown in Figure 1a, the SEM images reveal that the extracted PGN maintains the
same structure as the bacterium, appearing as tightly connected spheres with a concave
center. In this study, we extracted the intact peptidoglycan from Corynebacterium glutamicum
using a non-physical fragmentation method, which preserved its morphological structure.
SDS-PAGE protein electrophoresis was used to determine the molecular weight of PGN.
The bands faded due to the low solubility of PGN, but their locations can be clearly
seen in Figure 1b. This indicates that the molecular weight of the extracted PGN was
relatively uniform, with a band molecular weight of approximately 28 kDa. The amino acid
composition analysis results showed that the main amino acid components were glutamic
acid, aspartic acid, leucine, lysine, and histidine, among others (Table 2). The infrared
absorption spectra of PGN were determined using the KBr compression method. We found
that the extracted PGN exhibited the characteristic absorption peaks of peptidoglycan, as
shown in Figure 1c. The major mass-to-charge (m/z) ratios of PGN from Corynebacterium
glutamicum were 507.004, 522.253, and 550.629.

Table 2. MALDI-MS TOF/TOF analysis of PGN from Corynebacterium glutamicum.

Amino Acid (Molar Ratio%)

Glutamic acid (Glu) 4.48
Aspartic acid (Asp) 4.40

Leucine (Leu) 3.78
Lysine (Lys) 3.24

Histidine (His) 2.65
Valine (Val) 2.60

Isoleucine (Ile) 2.57
Alanine (Ala) 2.43

Figure 1. Cont.



Int. J. Mol. Sci. 2025, 26, 237 4 of 15

Figure 1. Chemical structure of PGN from Corynebacterium glutamicum. (a) Examination via SEM
at original magnification (1000×) and 5000×. (b) SDS-PAGE analysis of PGN proteins. (c) MALDI-
TOF/TOF MS analysis of PGN. (d) FTIR analysis of PGN. (e) Chemical structure of PGN.

2.2. Effect of PGN on Viability in RAW264.7 Cells

To study the dose effect of PGN on cells, the viability of RAW264.7 cells was detected
using the CCK8 method after incubation with different levels of PGN for 24 h. Our
results showed that the viability of RAW264.7 cells decreased with the increase in PGN
concentration (Figure 2a). The half maximal inhibitory concentration (IC50) value was
calculated to be 110.1 µg/mL using SPSS. Therefore, subsequent PGN concentrations of
0, 12.5, 25, and 50 µg/mL were used as control (CK), low, medium, and high PGN dose
groups, respectively.
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peptidoglycan extract. PGN concentrations of 0, 12.5, 25, and 50 µg/mL were used as control
(CK), low, medium, and high PGN groups, respectively. Data are presented as mean ± SD from
three independent experiments. Values indicated with different letters differ significantly (p < 0.05)
compared to the control (CK) group, as determined by one-way ANOVA.

2.3. Effect of PGN on NO Production in RAW264.7 Cells

A standard curve was constructed by analyzing the relationship between different
concentrations of standard NaNO2 and the corresponding OD540 values. Linear correlation
and regression analyses were performed, yielding the following linear regression equation:
Y = 0.0117X + 0.0479, R2 = 0.999. There was a certain correlation between the standard
NaNO2 content and the corresponding OD value. By substituting the OD values of different
samples into the linear equation, the corresponding NO production was calculated. The
results showed that RAW264.7 cells incubated with different concentrations of PGN for
12 h exhibited a significant dose-dependent increase in NO production compared to the CK
group (p < 0.05) (Figure 2b).

2.4. Effect of PGN on Reactive Oxygen Species (ROS) Release in RAW264.7 Cells

Figure 2c shows the release of ROS from RAW264.7 cells treated with different concen-
trations of PGN. All treatments with different concentrations of PGN significantly increased
ROS release compared to that in the CK group (p < 0.05). Notably, concentration, the release
of ROS was the highest in the low-PGN-concentration group.

2.5. Effect of PGN on Cellular IL-1β and TNF-α Secretion in RAW264.7 Cells

Figure 2d shows that different concentrations of PGN significantly enhanced TNF-α
secretion compared with that in the CK group (p < 0.05). Additionally, IL-1β secretion
was significantly increased in the low-PGN-concentration group (p < 0.05), while in the
medium-dose group, PGN was able to increase the secretion of IL-1β, but not significantly
(p > 0.05).

2.6. Effects of PGN on IL-1β, Interleukin-6 (IL-6), and TNF-α Expression in RAW264.7 Cells

As shown in Figure 3a, the treatment of RAW264.7 cells with PGN led to a significant
decrease in TNF-α expression in the low-dose group, while a significant increase was
observed in the medium- and high-dose groups compared with values in the CK group
(p < 0.05). The expression of IL-1β was significantly elevated both in the low- and medium-
PGN-level groups (p < 0.05), whereas the expression of IL-6 was not affected (p > 0.05) in
any PGN treatment groups compared with that in the CK group.
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Figure 3. Effects of different concentrations of PGN on the gene expression of immune-active
substances in RAW264.7 cells. (a) TNF-α, IL-1β, and IL-6. (b) iNOS. (c) COX-2. PGN refers to
peptidoglycan extract. PGN concentrations of 0, 12.5, 25, and 50 µg/mL were used as control
(CK), low, medium, and high PGN groups, respectively. Data are presented as mean ± SD from
three independent experiments. Values indicated with different letters differ significantly (p < 0.05)
from the control (CK) group, as determined by one-way ANOVA.

2.7. Effects of PGN on Inducible Nitric Oxide Synthase (iNOS) and Cyclooxygenase-2 (COX-2)
Expression in RAW264.7 Cells

The cytokine induction of iNOS leads to the production of NO. We performed RT-
qPCR analysis to investigate the role of PGN in the expression of iNOS and COX-2. The
result showed that iNOS expression was dose dependent, with a significant increase in the
low- and medium-PGN-level groups (p < 0.05), as shown in Figure 3b. However, there was
no effect on COX-2 expression (p > 0.05), as depicted in Figure 3c.

2.8. Effects of PGN on Related Signaling Pathway Gene Expression in RAW264.7 Cells

To investigate the effects of PGN on the expression of specific pathway genes in
RAW264.7 cells, we performed RT-qPCR analyses (Figure 4). We found that PGN signif-
icantly increased the expression of nucleotide binding oligomerization domain containing 1
(NOD1) in the low-PGN-dose group (Figure 4a), receptor interacting protein-2 (RIP2) in the
high-PGN group (Figure 4d), and ERK2 in both low- and medium-dose groups (Figure 4e)
(p < 0.05). Interestingly, the expression of IKK alpha (IKKα) was reduced at different concen-
trations (Figure 4g), with statistical significance (p < 0.05).
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(a) NOD1. (b) NOD2. (c) TRL2. (d) RIP2. (e) ERK2. (f) MyD88. (g) IKKα. (h) IKKβ. PGN
refers to peptidoglycan extract. PGN concentrations of 0, 12.5, 25, and 50 µg/mL were used as
control (CK), low, medium, high PGN groups, respectively. Data are presented as mean ± SD from
three independent experiments. Values indicated with different letters differ significantly (p < 0.05)
compared to the control (CK) group, as determined by one-way ANOVA.

2.9. Transcriptome Changes in Gene Expression in RAW264.7 Cells by PGN

To investigate the transcriptomic changes in gene expression in RAW264.7 cells in-
duced by PGN, we performed differentially expressed gene (DEG) analysis using RNA-seq
data. Differential gene expression across PGN-treated groups (low-, medium-, high-dose)
compared with that in the CK group is shown in a volcano plot (Figure 5a). DEGs were
identified as up- or down-regulated and are shown as bars (Figure 5b). We listed the
number of differentially regulated genes in the CK and PGN-treated groups. As shown
in Figure 5c, the overlapping arcs show the number of genes shared between these three
categories. There were more DEGs between the CK and high-dose (CK vs. H) and the CK
and medium-dose (CK vs. M) groups than between the CK and low-dose groups (CK vs.
L). In addition, 241 genes associated with changes relative to the CK group were selected,
and their expression profiles were analyzed by group comparison (Figure 5d). To further
find the relevant biological pathways, KEGG enrichment analysis of DEGs was performed
using the annotation data. The most significantly enriched pathways were the nuclear
factor-κB (NF-κB), mitogen-activated protein kinase (MAPK), and TNF signaling pathways.
The top 20 KEGG pathways are shown in Figure 5e.
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of mRNA expression in CK and low-, medium-, and high-PGN-dose groups. (b) Identification of
DEGs (differentially expressed genes) by RNA sequencing. (c) Venn diagram analysis of differentially
expressed mRNAs among the three groups. (d) Heat map of differentially expressed genes showing
stratified clustering of the four groups. (e) KEGG top 20 enrichment of differentially expressed
mRNAs between the CK and the three PGN groups.

3. Discussion
The major component of most bacterial cell walls is PGN, which is mainly composed

of disaccharide units and peptides [13]. In the present study, the total carbohydrate content
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and protein content of PGN were high, at 33.54% and 29.94%, respectively. This also
directly confirms that the structural composition of PGN monomer is a disaccharide-linked
polypeptide. This was consistent with research by Wu [24]. Furthermore, the determination
of hexosamine content also revealed that the PGN monosaccharide structure contains
N-acetylglucosamine (NAG), which is consistent with the finding that the disaccharide
unit of peptidoglycan consists of NAM and NAG [12]. Thus, the primary components of
the isolated PGN are glycans and proteins.

FTIR analysis showed that the N-H bending vibration was located at 755.55 cm−1,
the carbonyl C=O stretching vibration peak at 1076.65 cm−1, and the amide II region
at 1534.09 cm−1, indicating the presence of substituted tetrapeptide stems in the NAM
residues. The amide I region was located at 1629.31 cm−1, indicating the presence of an
amide bond functional group in the peptidoglycan. The methyl methylene C-H stretching
vibration absorption peak, which appears at 2930.33 cm−1, represents the polysaccharide
residue (probably NAG-(β-1,4)-NAM) in this sample. The findings were consistent with
the established structure of peptidoglycan, confirming the presence of NAG residues in
PGN and suggesting the likely presence of a NAG-(β-1,4)-NAM band [12].

To investigate the structure of Corynebacterium glutamicum PGN, we analyzed results
related to MALDI-TOF/TOF MS analysis. The results showed that the molecular weights
of the major PGN oligosaccharides were in the range of 500–700 m/z. However, it was
not possible to confirm the accuracy of the structure of the PGN from this information.
Nevertheless, the results from amino acid analysis and FITC staining offered additional
insights into the structure of PGN.

Amino acid analysis is a crucial indicator for peptidoglycan characterization [25]. Our
results showed that the main amino acids were glutamic acid, aspartic acid, leucine, lysine,
histidine, etc. Additionally, the peptide chain consisted mainly of alanine, glutamic acid,
lysine, and meso-heptanedioic acid [12]. This suggests that PGN from Corynebacterium
glutamicum may be a Lys type.

The composition and morphology of PGN were determined by SEM and FTIR analyses,
while MALDI-TOF/TOF MS and amino acid analysis provided strong evidence for its
structure. The chemical structure monomer of PGN from Corynebacterium glutamicum is
NAG-(β-1,4)-NAM-l-Ala-d-Glu-l-Lys-d-Ala (Figure 1e).

In our study, we confirmed that the PGN used has an immune activation capacity.
Specifically, we observed an increase in the mRNA expression of iNOS, as well as an
increase in NO production and ROS release, which is similar to the findings of previous
research [20,26]. The activation of iNOS enables the intracellular synthesis of a range
of nitrogen compounds such as NO. As a versatile signaling and effector molecule, NO
possesses a wide array of biological functions. It is particularly crucial for the activation of
macrophages, enabling them to eliminate tumor cells and pathogenic microorganisms [27].
Additionally, PGN treatment led to an increase in the levels of TNF-α and IL-1β following
PGN treatment in RAW264.7 cells, aligning with the findings from RT-qPCR analysis.
Cytokines, such as TNF-α and IL-1β, play a crucial role in regulating the immune response
and mediating inflammation [28]. PGN has already been demonstrated to activate the
immune system by stimulating mononuclear phagocytes and endothelial cells to release
immune regulatory substances, including tumor necrosis factor-alpha (TNF-α), various
interleukins (IL-1, IL-6, IL-8, IL-12), and interferon gamma (INF-γ), as well as ROS and
lipids [29–31]. Thus, PGN is also expected to play an important role in enhancing host
innate immunity.

PGN is one of the ideal targets recognized by the eukaryotic immune system to
enhance non-specific systemic immunity, with many studies on the mechanisms by which
PGN is recognized by target cells [31]. The NOD1 receptor is predominantly sensitive
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to gamma-D-glutamyl-meso-diaminopimelic acid (iE-DAP), a distinctive peptidoglycan
fragment that is commonly found in the cell walls of both Gram-negative and certain
Gram-positive bacteria. Meanwhile, NOD2 is primarily responsive to muramyl dipeptide
(MDP), a compound composed of N-acetylmuramic acid and D-isoglutamine that is a key
component of peptidoglycan in the cell walls of Gram-positive bacteria. However, possible
cellular recognition mechanisms regarding the PGN of Corynebacterium glutamicum origin
have not yet been investigated. In our study, we examined the expression of NOD1, NOD2,
and TLR2 receptors and found that the expression of NOD1 was increased significantly.
This finding was consistent with previous studies reporting the identification of PGN
mechanisms [32]. It has been shown that NOD1, when activated, can interact with RIPK2
to activate the NF-κB and MAPK pathways, which leads to the production of inflammatory
cytokines and chemokines [31,33]. Hence, we examined the expression of RIP2, IKKα, IKKβ,
MyD88, and ERK2. We observed that PGN elevated the expression of RIP2, MyD88, and
ERK2. This suggests that the present study is consistent with reported studies in which
PGN activated the NOD1 receptor and bound to RIP2, subsequently activating the NF-κB
and MAPK signaling pathways [27]. Additionally, we again performed transcriptomics
analysis to assess how PGN treatment affects gene expression in RAW264.7 cells. The
functional enrichment analysis of DEGs revealed pathways associated with the NF-κB,
TNF, and MAPK signaling pathways, consistent with our initial findings. Therefore, the
information on the cellular recognition mechanisms of PGN elucidated in our study will
provide useful insights into the biological responses induced by PGN in the host. Future
research should verify the immune activation effect and molecular mechanism of PGN
from Corynebacterium glutamicum in vivo.

4. Materials and Methods
4.1. PGN Isolation

Corynebacterium glutamicum (CICC 10053) was purchased from the China Center of
Industrial Culture Collection (https://www.china-cicc.org/), and an overnight culture
of bacteria was inoculated into beef extract peptone broth (LA8790, Solarbio Science &
Technology Co., Ltd., Beijing, China) and then cultured at 30 ◦C with gentle shaking until it
reached an optical density of 1.5 at 600 nm.

The bacterial precipitate was centrifuged and then washed three times with saline.
PGN was extracted using the TCA method, as described by Sekine [34]. The precipitate was
then resuspended in 10% TCA (V/m = 10:1), boiled for 30 min in a water bath, and then
centrifuged at 12,000 r/min for 15 min to collect the precipitate, which was subsequently
washed three times with distilled water. The precipitate was added to a mixture of sodium
acetate (pH 4.6), chloroform, and methanol (4:5:10 V/V/V) and allowed to stand for 24 h.
After centrifugation at 8000 r/min for 20 min, the precipitate was transferred to Tris-HCl
(0.1 M, pH 7.5) containing 1 mg/mL of trypsin and incubated at 37 ◦C with shaking at
120 r/min for 12 h. The precipitate was collected by centrifugation at 8000 r/min for 20 min,
washed three times with distilled water, and finally lyophilized and stored in a refrigerator
at 4 ◦C for further analysis.

4.2. Analysis of Protein, Total Carbohydrate, and Hexosamine Composition in PGN

The total carbohydrate content of PGN was determined using the sulfuric acid–phenol
method [35]. Standard curves were plotted based on regression equations with regres-
sion coefficients ≥ 0.99 (Y = 0.0049X + 0.0603, R2 = 0.9958). The protein content was
determined by the Bradford method [36]. Standard curves were plotted based on regres-
sion equations with regression coefficients ≥ 0.9958 (Y = 1.1015X + 0.3543, R2 = 0.9985).
The content of N-acetylaminohexose was determined using the Morgan–Elson reac-
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tion [37]. Standard curves were plotted based on regression equations with regression
coefficients ≥ 0.9958 (Y = 0.0065X, R2 = 0.9913). The fat content was determined using
the vanillin method. Standard curves were plotted based on regression equations with
regression coefficients ≥ 0.9916 (Y = 0.0008X + 0.0734, R2 = 0.9916).

4.3. Chemical Structure Analysis of PGN

PGN was immersed in 2% glutaraldehyde at 4 ◦C and then observed by scanning
electron microscopy (SEM) (S-3400 N, Hitachi Corp., Tokyo, Japan).

The molecular weight of PGN was determined by SDS-PAGE analysis. Electrophoresis
was conducted in a 30% polyacrylamide gel and then stained with Kaomas Brilliant Blue
G250 (6104-58-1, Solarbio Science & Technology Co., Ltd., China).

Different methods for amino acid analysis have been developed and are commercially
available. The amino acid composition of PGN was analyzed using a fully automated
amino acid analyzer (Hitachi L-8900, Tokyo, Japan; Centre for Feed Testing and Safety
Evaluation, Institute of Feed Research, Beijing, China).

MALDI-TOF/TOF MS and Fourier-transform infrared spectroscopy (FTIR) were used
to determine the molecular weight and structural differences in PGN from Corynebacterium
glutamicum. For MALDI-TOF/TOF MS, 1 µL of PGN was mixed with 1 µL of saturated
2,5-dihydroxybenzoic acid (DHB) matrix solution (50 mg/mL). A droplet (1 µL) of the
resulting mixture was placed on the sample target and dried at room temperature. The
sample was then loaded into the mass spectrometer and analyzed. FTIR spectroscopy in
the relevant region (4000–400 cm−1) was also used for the structural analysis of PGN. FTIR
analyses were carried out to examine the O-H absorption bands, C=O stretching vibrational
bands, N-H deformation, and C-N stretching.

4.4. Cell Culture

Mouse macrophage cells (RAW264.7) were provided by our laboratory and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and L-glutamine (Gibco,
Grand Island, NY, USA) containing 10% (v/v) endotoxin-free fetal bovine serum (FBS),
(11011-861, Zhejiang Tianhang Biotechnology Co., Ltd., Tongxiang, China), 1% penicillin
(5000 U/mL), and 1% streptomycin (5000 U/mL) (Gibco, Grand Island, NY, USA) at 37 ◦C,
5% CO2 atmosphere.

4.5. Cell Viability Test

Cell viability was assessed with a Cell Counting Kit-8 (C0038, Beyotime Biotech Inc.,
Haimen, China) assay. RAW264.7 cells were plated at a density of 10,000 cells per well in
96-well plates and incubated for 16 h. Subsequently, the cells were incubated with PGN
at varying concentrations (using a multiple dilution method, the maximum concentration
was 500 µg/mL) at 37 ◦C for 24 h. Then, 10µL of CCK-8 solution was added into each well.
After a 1 h incubation, the absorbance at 450 nm was measured with an enzyme meter
(Synergy H1, Agilent Technologies, Inc., Santa Clara, CA, USA)

4.6. NO and ROS Assays

As recommended by the manufacturer, we used a Nitric Oxide Assay Kit (S0021S,
Beyotime Biotech Inc., China) to measure the NO production in the culture supernatant.
RAW264.7 cells were plated at a density of 10,000 cells per well in 96-well plates and
incubated for 16 h at 37 ◦C in a 5% CO2 atmosphere. After treatment for 12 h, 50 µL of
standard or sample was added per well to a 96-well plate, followed by the sequential
addition of 50 µL of Griess Reagent I and Reagent II. The absorbance at 540 nm was
measured using an enzyme meter (Synergy H1, Agilent Technologies, Inc., USA)



Int. J. Mol. Sci. 2025, 26, 237 12 of 15

As recommended by the manufacturer, we used a Reactive Oxygen Species Assay Kit
with CM-H2DCFDA (S0035S, Beyotime Biotech Inc., China) to measure the production
of ROS in the culture supernatant. CM-H2DCFDA was diluted with serum-free culture
medium at a ratio of 1:1000 to a final concentration of 5 micromoles per liter. Cells were
grown at 37 ◦C in 5% CO2 atmosphere on a 6-well microplate at a density of 2 × 105 cells
per well. After 12 h of treatment with PGN, the cells were collected, suspended in diluted
CM-H2DCFDA at a concentration of 1 × 106/mL, and incubated in a 37 ◦C cell culture
incubator for 30 min. The suspension was inverted and mixed every 3–5 min to ensure
full contact between the probe and the cells. The cells were then washed three times with
serum-free cell culture medium to thoroughly remove any CM-H2DCFDA that had not
entered the cells. Finally, the cell suspension was transferred to a white 96-well plate, and
the fluorescence indicative of ROS was recorded using a plate reader (BioTek Synergy H1,
Agilent Technologies, USA)at excitation and emission wavelengths of 480/525 nm.

4.7. ELISA, RT-qPCR, and RNA-seq

Cells were cultured at 37 ◦C in 5% CO2 in a 6-well microplate at a density of
2 × 105 cells per well for 16 h. Then, different concentrations of PGN were diluted with
fresh medium and added to the cells. The cells were incubated at 37 ◦C for an additional
12 h, after which the supernatants were collected for tumor necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β) assays. The levels of TNF-α and IL-1β in the supernatant were
determined using an enzyme-linked immunosorbent assay (ELISA) kit (PT512 and PI301,
Beyotime Biotech Inc., China) according to the manufacturer’s recommended protocol.

Total RNA was extracted from different groups of RAW264.7 cells using an RNA
extraction kit (DP451, TIANGEN biotech (BEIJING) Co., Ltd., Beijing, China) and reverse
transcribed into cDNA by PCR. The specific steps were as follows: Calculate 500 ng total
RNA according to the concentration measurement results, add 1 µL of Anchored Oligo
(dT)18 primer, and add Rnasefree water up to 9 µL for a total volume less than 9 µL. Then,
add 10 µL of 2× TS Reaction and 1 µL of Trans Script RT/RI Enzyme to each tube, incubate
at 42 ◦C for 15 min, and inactivate EasyScript RT/RI at 85 ◦C for 5 s. The primers used
are listed in Table 3. The real-time quantitative PCR reaction system is shown in Table 4,
and the experimental procedure was as follows: 10 min at 95 ◦C, 15 s at 95 ◦C, 1 min at
60 ◦C, amplification for 40 cycles, and 15 s at 95 ◦C. Target gene expression was compared
between samples by normalizing it to GAPDH expression and using the 2−∆∆Ct formula.

Table 3. Specific primers for RT-qPCR analysis.

Gene Sequence 5′→3′ Accession No.

TNF-α
F: GTGCCAGCCGATGGGTTGTAC

NM_013693.3
R: TGACGGCAGAGAGGAGGTTGAC

IL-1β
F: GCAGCAGCACATCAACAAGAGC

NM_008361.3
R: AGGTCCACGGGAAAGACACAGG

IL-6
F: GCCTTCTTGGGACTGATGCT

NM_031168.1
R: GGTCTGTTGGGAGTGGTATCC

ERK2
F: GCAGATCCAGATCATGATCACAC

NM_001038663.1
R: CTGTGACTGAAGATGGTGACTC

iNOS
F: TCTGCTGGCTTCCTGCTCTCC

NM_010927.3
R: TCTCCGTGGGCGTGTGATCC

COX2
F: GACAGATTGCTGGCCGGGTTG

NM_011198.5
R: CAGGGAGAAGCGTTTGCGGTAC
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Table 3. Cont.

Gene Sequence 5′→3′ Accession No.

NOD2
F: CAGGTCTCCGAGAGGGTACTG

NM_145857.2
R: GCTACGGATGAGCCAAATGAAG

NOD1
F: ACAACAGGCGAACTATCTGCGTCA

NM_001171007.1
R: TCTTAACCGGAAGTAGGCGGAAG

RIP2
F: GGCCATTGTTGAGACCAGATGA

NM_001329751.1
R: CGTTTCGTAGCCGTGAAGTTTA

GAPDH
F: GTAACCCGTTGAACCCCATT

NM_001289726.1
R: CCATCCAATCGGTAGTAGCG

IKKβ
F: AGGCGACACGTGAACAGAT

NM_001159774.2NP
R: CTAAGAGCGGATGCGATG

IKKα
F: GCAGACCGTGAACATCCTCT

NM_001162410.1
R: TCCAGGACAGTGAACGAGTG

MyD88
F: TGGTGGTGGTTGTTTCTGAC

NM_010851.3
R: AGTCCTTCTTCATCGCCTTG

Table 4. The reaction system for RT-qPCR analysis.

Reagent Added (µL)

cDNA 2
Upstream primer 0.6

Downstream primer 0.6
SYBR Green PCR Master Mix 10

Ultrapure water 6.8

For eukaryotic reference transcriptome analysis, cells were cultured at 37◦C in a 5%
CO2 atmosphere in a 6-well microplate at a density of 2 × 105 cells per well for 16 h. Then,
different concentrations of PGN were diluted with fresh medium and added to the cells.
The cells were incubated at 37 ◦C for 12 h. Subsequently, the cells were collected and sent
for eukaryotic reference transcriptome analysis by Shanghai Personalbio Technology Co.,
Ltd. (Shanghai, China)

4.8. Statistical Analysis

All experiments were performed in triplicate, and the results were expressed as
mean ± standard deviation (SD). The data were statistically analyzed using SPSS statistics
software, version 26 (SPSS Inc., Chicago, IL, USA). A one-way ANOVA followed by
Duncan’s post-hoc test was used. Results were considered statistically significant when
p < 0.05.

5. Conclusions
In conclusion, our findings confirm that the PGN extracted from Corynebacterium

glutamicum belongs to the Lys type, with a chemical structure of NAG-(β-1,4)-NAM-l-
Ala-d-Glu-l-Lys-d-Ala. The core finding of this study is that PGN can activate the NOD1
receptor, bind to RIP2, and subsequently activate the NF-κB and MAPK signaling pathways,
leading to the production of cytokines and reactive oxygen species. Furthermore, it affects
the innate immune response and enhances host immunity. Importantly, the application of
PGN also provides a new way to utilize amino acid fermentation by-products.
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