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A disintegrin and metalloprotease 10 (ADAM-10), a member of the ADAM protease family, has biological activities related to
TNF-α activation, cell adhesion, and migration, among other functions. Macrophages are important immune cells that are
involved in the inflammatory response of the body. ADAM-10 is involved in inflammatory responses, but the specific
regulatory mechanisms are not fully understood. In this study, we investigated the regulatory mechanism of ADAM-10 in the
lipopolysaccharide-promoted proliferation (LPS) of the macrophage inflammatory response. Differentially expressed or
regulated proteins were identified in interfered ADAM-10 (sh ADAM-10) macrophages using tandem mass tag (TMT)
proteomics. The changes and regulatory role of ADAM-10 during LPS-induced inflammatory response in normal, interfering,
and overexpressing ADAM-10 (EX ADAM-10) cells were determined. Results indicated that ADAM-10 interference affected
inflammation-related pathways and reduced matrix metalloproteinase 12 (MMP-12) protein levels, as identified by TMT
proteomics. In normal cells, LPS decreased ADAM-10 gene expression, but promoted ADAM-10 secretion, MMP-12 and TNF-
α gene expression, and MMP-12, iNOS, IL-10, and cyclinD1 protein expression. Additionally, ADAM-10 knockdown
decreased macrophage viability in sh-ADAM-10 cells. Moreover, an MMP-12 inhibitor had no impact on the viability effect of
LPS on cells or the expression of ADAM-10. iNOS expression decreased, whereas IL-10 expression increased after ADAM-10
depletion. ADAM-10 knockdown decreased MMP-12, iNOS, TNF-α, IL-1β, and FKN, while overexpression had an opposite
effect. ADAM-10 overexpression further increased MMP-12, iNOS, and TNF-α gene expression in response to LPS. Cell
viability was increased in EX ADAM-10 cells, and ADAM-10 secretion was further increased in the EX and LPS groups. Flow
cytometry and immunofluorescence staining revealed that EX-ADAM 10 cells had increased iNOS expression, which acted as
an IL-6 expression driver. In summary, we found that ADAM-10 is activated by LPS and positively participates in LPS-
stimulated macrophage inflammatory responses by positively regulating MMP-12 during the inflammatory process.
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1. Introduction

Macrophages play an important role in immune defense in
all multicellular organisms [1], as well as a key regulatory
role in immune homeostasis [2], and participate in various
immune responses, such as inflammatory responses, wound
healing, and tumor progression [3, 4].

A disintegrin and metalloprotease (ADAM) proteins are
a family of membrane-anchored cell surface proteases struc-
turally associated with regeneration [5]. ADAM proteins
play two biological roles: (1) as membrane-anchored metal-
loproteinases associated with cell surface protein shedding
[6] and (2) as soluble proteases (known as exonucleases)
involved in cleaving different cell surface protein matrix
molecules (e.g., receptors, growth factors, cytokines, and
matrix metalloproteinases) [7].

ADAM-10, a member of the ADAM family, activates the
cleavage of TNF-α [8, 9] and exerts a regulatory effect on cell
growth, adhesion, migration, and spinal stability [10–13].
ADAM-10 promotes inflammatory cytokine production
through ERK1/2-mediated activation of NF-κB in macro-
phages [14]. However, the specific regulatory mechanisms
of ADAM-10 in LPS-induced inflammatory response in
macrophages remain unclear.

In this study, we used lipopolysaccharide (LPS) to induce
inflammation in macrophages and explored the regulatory
role of ADAM-10 in inflammatory responses. Our results
showed that LPS induced inflammatory responses in macro-
phages via ADAM-10, and that the regulatory role of
ADAM-10 was positively associated with matrix metallopro-
teinase 12 (MMP-12).

2. Materials and Methods

2.1. Cell Cultures and Treatments. RAW264.7 and J774a.1,
which are typical macrophage cell lines, are widely used in
immunology and cell biology research [15]. RAW264.7 cells
were purchased from the Conservation Genetics CAS Kun-
ming Cell Bank (Kunming, China). J774a.1 cells were
obtained from the Beina Chuanglian Biology Research Insti-
tute (Beijing, China). Both cell lines were cultured in Dul-
becco’s modified Eagle medium (DMEM) (Gibco) with
12% fetal bovine serum (South America) at 37°C and 5%
CO2. Cells were transfected using LV-Adam10-RNAi to
construct the sh ADAM-10 cell line according to the manu-
facturer’s instructions (Shanghai GeneChem Co., Shanghai,
China). Cells were also transfected with an EX ADAM-10
plasmid (Shanghai Genechem Co., Shanghai, China) to
overexpress ADAM-10. Stable cells were grouped as follows:
(1) the control (CON) group; (2) LPS group, 1μg/ml of LPS
(L2880, Sigma) administered to cells for 12 h; and (3) MMP-
12 inhibitor+LPS group (MMP-12 inh+LPS), 1.5μM of
MMP-12 inhibitor (PF-00356231, MCE, Shanghai, China)
for 12 h, followed by the addition of 1μg/ml of LPS for 12 h.

2.2. sh ADAM-10 and EX ADAM-10 Stable Cell
Establishment. A sh ADAM-10 stable cell line was trans-
fected with LV-Adam10-RNAi for 14h, the medium was
changed, and the cells were observed after 72 h using a fluo-

rescence microscope (Olympus, Tokyo). A stable cell line
was formed by puromycin screening using 5μg/ml puromy-
cin for 24 h. EX ADAM-10 cells were established using EX
ADAM-10 plasmid transfection for 24h with lipo8000
(Beyotime, Shanghai, China), and the cells were subse-
quently grouped for experiments.

2.3. Proteomic Analysis. Stable normal and sh ADAM-10
cells were lysed in SDT buffer. Cellular proteins were assayed
using TMT-labeled proteomics (CSC New Life, Shanghai) to
identify differentially expressed proteins between the two
cell lines.

2.4. Cell Viability Assays. The effect of different stimulations
on cell viability was determined using a cell counting kit-8
(CCK-8, 40203ES76, YESEN, Shanghai, China) according
to the manufacturer’s instructions. Cells (8 × 103) were
seeded in 96-well plates for 12h, after cells were stimulated
as described above. Following treatment, 5μl of the CCK-8
solution was added and incubated at 37°C for 1 h. Absor-
bance was then measured at 450nm using a microplate
reader. The cell viability was calculated as the ratio of
untreated cells.

2.5. Real-Time Qualitative (RT-qRCR) Assays. Target gene
transcription levels were determined by RT-qPCR. The cells
were seeded in 6-well plates at a density of 2 × 105 cells/well.
Stimulation was performed as previously described. Superna-
tants were harvested and used for enzyme-linked immunosor-
bent assay (ELISA). The cells were then subjected to RT-
qPCR. Total mRNA was obtained using the TRIzol-
chloroform method (TRIzol, Kang Century Biotechnology
Co., China) and then reverse-transcribed into cDNA using a
reverse transcription system (YESEN, Shanghai, China). RT-
qPCR was performed to calculate the expression of target gene
mRNA. The primer pair sequences are listed in Table 1.

2.6. ELISA Assays. The content of ADAM-10 in the superna-
tants was detected using the ADAM-10 ELISA kit according
to the manufacturer’s specifications (Fanyin Biotechnology
Co., Ltd., Shanghai, China).

2.7. Immunofluorescence Assays. RAW264.7 cells were
seeded at 3 × 104 cells/confocal dish and treated as described
above. After washing, cells were fixed with 4% paraformalde-
hyde at room temperature for 30min. Following permeabili-
zation and containment, cells were incubated with primary
antibodies (anti-ADAM-10, anti-iNOS, and anti-β-tubulin).
Next, the cells were incubated with goat anti-rabbit IgG (H
+L) FITC-conjugated antibody (S0008, Affinity) or goat
anti-mouse IgG (H+L) 594-conjugated antibody (S0005,
Affinity). After the final wash, the nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI). Cellu-
lar fluorescence was measured using a confocal laser
scanning microscope (FV3000, Olympus, Tokyo, Japan).

2.8. Flow Cytometry Assays. The cells were harvested by
robust pipetting and resuspended in PBS/0.5 bovine serum
albumin (BSA)/5mM EDTA. After fixation with 2% PFA
buffer for 15min at room temperature, the cells were
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permed with a commercial kit (BioLegend, #426803) accord-
ing to the manufacturer’s protocols and then incubated with
either FITC-conjugated ADAM-10 (Biorbyt, #orb8517) or
MMP-12 (Bio-Connect, #SC-133151) for 20min on ice.
After washing twice with cold PBS, the cells were analyzed
by flow cytometry (Thermal Fisher Attune Nxt).

2.9. Statistical Analysis. Data are expressed as the mean ±
standard deviation, and SPSS 25.0 and GraphPad Prism 8.0
were used for statistical analysis. P < 0:05 was considered
statistically significant. NS: no significance; ∗P < 0:05, ∗∗P
< 0:01, and ∗∗∗P < 0:001. All statistical graphs and data rep-
resent similar results from at least two independent
experiments.

3. Results

3.1. sh ADAM-10 Induces MMP-12 Dysregulation in
Macrophages. We used TMT proteomics to explore the
potential protein targets after depletion of ADAM-10.
ADAM-10 knockdown significantly reduced the gene
expression of ADAM-10 in cells (Figure 1(a)). In TMT
experiments, the number of regulated proteins was identified
based on the expression fold change (fold change, FC > 1:2
fold normal expression, meaning upregulated by more than
1.2 fold or downregulated by 0.83 fold) and P < 0:05. The
results showed that 30 proteins were upregulated and 40
proteins were downregulated in sh ADAM-10 cells (vs. the
control cells) (Figure 1(b)). Differentially expressed proteins
were analyzed using hierarchical clustering. The heat map in
Figure 1(c) shows significantly upregulated (red) and down-
regulated (blue) proteins. These differentially expressed pro-
teins were then parsed and annotated using KEGG pathway
analysis, and the number of differentially expressed proteins
was counted for specific analysis (Figure 1(d)). Figure 1(e)
shows the 20 most enriched KEGG pathway terms.

Simultaneously, Gene Ontology (GO) classification was
performed, and the differential proteins were annotated into
three categories: biological process, molecular function, and
cellular component (Figure 1(f)). ADAM-10-associated
immune response was enriched in terms of biological pro-
cesses. Furthermore, our protein interaction map showed
that ADAM-10 may reduce the protein expression of
MMP-12 (Figure 1(e)).

3.2. LPS-Induced Macrophage Inflammatory Response Is
Modulated by ADAM-10 and MMP-12. In normal J774a.1
and RAW264.7, 1μg/ml LPS treatment promoted an
increase in cell viability for 9–24h in a time-dependent man-
ner (P < 0:05), and 1.5μM MMP-12 inhibitor did not affect
these cells for 12–36 h (Figure 2(a)).

Three different ADAM-10 primer sequences were used
to demonstrate the effect of LPS on intracellular ADAM-10
gene transcription. The results indicated that LPS reduced
ADAM-10 gene expression, and this effect was most promi-
nent with sequences 1 and 3. Sequence 1 was selected for
subsequent experiments (Figure 2(b)). The ELISA results
showed that LPS increased the content of ADAM-10 in the
cell supernatant compared to the CON group (P < 0:05,
Figure 2(b)).

ADAM-10 expression was inhibited within 6–24 h of LPS
treatment; however, this inhibition was most notable when
the cells were exposed to LPS for 12h. However, MMP-12
transcription was LPS-promoted and increased the most at
12 h (Figure 2(c)).

The gene expression pattern affected by LPS was subse-
quently determined in both normal J774a.1 and RAW264.
RT-qPCR results showed that LPS had similar roles in the
two cell lines. LPS inhibited ADAM-10 expression and in
turn promoted MMP-12, iNOS, and TNF-α expression
(Figure 2(d)). Compared with J774a.1 cells, ADAM-10 tran-
scription was more significantly affected by LPS in
RAW264.7 cells. Therefore, RAW264.7 cells were selected
for subsequent studies. After LPS stimulation, the protein
expression of mature ADAM-10 (ADAM) increased. In con-
trast, the MMP-12 inhibitor had no significant effect on
ADAM-10 (Figure 2(e)).

3.3. ADAM-10 Knockdown Reduces LPS-Induced
Macrophage Activation by Downregulating MMP-12. Com-
pared to the CON group, LPS treatment for 12h signifi-
cantly increased the viability of normal cells (P < 0:01).
In the MMP-12 inhibitor+LPS group, the MMP-12 inhib-
itor (12 h) was followed by LPS restimulation for 12 h, and
the cell viability of this group was significantly higher than
that of the CON group (P < 0:01). In sh ADAM-10
RAW264.7 cells, cells were seeded at the same density as
RAW264.7 cells; however, the cell viabilities of the sh, sh
+LPS, and sh+MMP-12 inh+LPS groups were significantly
decreased compared to the CON group (P < 0:01). Com-
pared with the LPS group, the cell viability of the sh
+LPS and sh+MMP-12 inh+LPS groups also decreased
(P < 0:05) (Figure 3(a)). The results of our normal and
sh ADAM-10 J774a.1 cell viability experiments were

Table 1: Primer sequences used for gene amplifications.

Gene name Sequence (5′—3′)
ADAM-10 (sequence
1)

GTG CCA AAC GAG CAG TCT CA

GGA AGT GTC CCT CTT CAT TCG

ADAM-10 (sequence
2)

ATG GTG TTG CCG ACA GTG TTA

GTT TGG CAC GCT GGT GTT TTT

ADAM-10 (sequence
3)

TCA TGG GTC TGT CAT TGA TGG A

TCA AAA ACG GAG TGA TCT GCA C

MMP-12
ACC AGA GCC ACA CTA TCC C

CTC CTG CCT CAC ATC ATA CC

iNOS
GGA GCG AGT TGT GGA TTG TC

CAG CCT CTT GTC TTT GAC CC

TNF-α
CGT AGC AAA CCA AG

GAC AAG GTA CAA CCC ATC GG

IL-1β
AAG AGC CCA TCC TCT GTG

TGT TCA TCT CGG AGC CTG TAG

FKN
GTG CCA AAC GAG CAG TCT CA

GGA AGT GTC CCT CTT CAT TCG
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similar to our RAW264.7 cell viability experiments, as
shown in Figure 3(a).

To determine whether ADAM-10 is an upstream sig-
nal, we performed lentiviral transfection in cell culture,
in which ADAM-10 was disrupted. Flow cytometric anal-
ysis revealed that MMP-12 expression was inhibited. In
contrast, inhibition of MMP-12 had no significant effect
on the expression of ADAM-10, indicating that ADAM-
10 could be an upstream signal and could modulate
MMP-12 (Figure 3(c)).

3.4. ADAM-10 Overexpression Increases LPS-Induced
Macrophage Activation by Promoting MMP-12. ADAM-10
positively regulated MMP-12, iNOS, TNF-α, IL-1β, and
FKN. In other words, the gene expression levels of MMP-12,
iNOS, TNF-α, IL-1β, and FKN in the sh ADAM-10 group were
decreased compared with the sh ADAM-10 negative group
(P < 0:01). Meanwhile, in the EX ADAM-10 group, MMP-
12, iNOS, TNF-α, IL-1β, and FKN gene expression increased
compared to the ADAM-10 overexpression negative group
(P < 0:01) (Figure 4(b)). Following ADAM-10 overexpression,
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Figure 1: A disintegrin and metalloprotease 10 (ADAM-10) depletion induces matrix metalloproteinase 12 (MMP-12) disorders in
RAW264.7 cells. (a) ADAM-10 interference in RAW264.7 cells. Scale bar = 100μm. The dot plots show the statistical analysis of the
expression level of ADAM-10 via qualitative PCR (qPCR). Each dot represents a readout. (b) Tandem mass tag (TMT) results; 40
proteins were downregulated and 30 proteins upregulated in ADAM-10 RAW264.7 depleted cells compared to control cells. Each dot
represents a readout. (c) Hierarchical clustering analysis results of the significant proteins from (b). Results are shown in a heat map. (d)
KEGG pathway analysis of the different proteins. (e) Protein interaction network analysis revealing that interfered ADAM-10 (sh
ADAM-10) decreases MMP-12 expression. (f) Biological Process Gene Ontology (GO) term enrichment analysis results for the different
proteins.
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Figure 2: Lipopolysaccharide-promoted proliferation- (LPS-) induced inflammatory responses in macrophages affect A disintegrin and
metalloprotease 10 (ADAM-10) and matrix metalloproteinase 12 (MMP-12). (a) The upper bar graph shows increased cell viability
induced by LPS; the lower bar graph shows that MMP-12 inhibition had no significant effect on cell viability. Each group contained six
samples. (b) The upper dot plot indicates LPS-inhibited ADAM-10 mRNA synthesis, determined by qualitative PCR (qPCR), with each
dot representing one read. The lower bar graph shows increased secretion of ADAM-10 proteins by LPS, as determined by enzyme-
linked immunosorbent assay (ELISA); each group containing four wells. (c) LPS stimulated ADAM-10 and MMP-12 mRNA synthesis in
a time-dependent manner. Each dot represents a readout. (d) The effect of LPS (1 μg/ml, 12 h) on ADAM-10, MMP-12, iNOS, and TNF-
α transcript levels in J774a.1 and RAW246.7 cells. Each dot represents a readout. (e) Flow cytometry analysis indicated inhibition of
MMP-12 which decreased ADAM-10 expression.

8 Journal of Immunology Research



0

C
on

tro
l

LP
S

M
M

P-
12

in
h+

LP
S sh

sh
+L

PS

sh
+M

M
P-

12
in

h+
LP

S

C
on

tro
l

LP
S

M
M

P-
12

in
h+

LP
S sh

sh
+L

PS

sh
+M

M
P-

12
in

h+
LP

S

40

80

120

160

C
el

l v
ia

bi
lit

y 
(%

 C
O

N
)

0

50

100

150

200

C
el

l v
ia

bi
lit

y 
(%

 C
O

N
)

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

J774a.1RAW264.7

(a)

A
D

A
M

-1
0 

m
RN

A
 (/

G
A

PD
H

)

M
M

P-
12

 m
RN

A
 (/

G
A

PD
H

)

0.0

0.3

0.6

0.9

1.2

1.5

0.0

5.0

10.0

15.0

20.0

C
on

tro
l

LP
S

M
M

P-
12

in
h+

LP
S sh sh

sh
+L

PS

sh
+M

M
P-

12
in

h+
LP

S

C
on

tro
l

LP
S

M
M

P-
12

in
h+

LP
S

sh
+L

PS

sh
+M

M
P-

12
in

h+
LP

S

⁎⁎

⁎⁎
⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎⁎
⁎

⁎⁎

(b)

Figure 3: Continued.

9Journal of Immunology Research



the effect of LPS-induced increase in intracellular MMP-12,
iNOS, and TNF-α was further increased (Figure 4(c)).

Cell viability was increased in ADAM-10 overexpressing
cells (Figure 4(d)), while ADAM-10 protein secretion was
increased in the EX+LPS group compared to the CON and
LPS groups (P < 0:01 and 0.05, respectively) (Figure 4(e)).
At the protein expression level, the protein expression levels
of MMP-12 were promoted by ADAM-10 overexpression

(Figure 4(f)). In the immunofluorescence staining experi-
ments, ADAM-10 had a similar effect as iNOS in terms of
expression (Figure 4(g)).

4. Discussion

ADAM-10 plays multiple biologically relevant roles in cells.
It is widely known that ADAM-10 is involved in the body’s
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inflammatory response [14, 16], but the specific regulatory
mechanisms are not clear. In this study, we investigated
the effect of LPS on ADAM-10 in macrophages. Simulta-
neously, by identifying differentially expressed proteins in
ADAM-10 depleted cells, we identified the downstream pro-
teins that ADAM-10 may regulate. In addition, using nor-
mal, sh ADAM-10, and EX ADAM-10 cells, the regulatory
mechanism of ADAM-10 in LPS-induced macrophage
inflammatory responses was explored.

MMP-12, also known as matrix metalloproteinase 12 or
macrophage elastase, is a member of the matrix metallopro-
teinase (MMP) family and is regarded as a granulocyte-
macrophage proinflammatory marker [17]. It is a phage-
colony stimulating factor that induces the expression of
inflammatory proteases [18]. MMP-12 is mainly expressed
in mature macrophages and exhibits cytolytic properties
[19]. In addition, it has been reported in the literature [20]
that MMP-12 promotes the recruitment of monocytes/mac-
rophages by inducing the degradation of macrophage extra-
cellular matrix enzymes or/and the production of

compounding factors, thereby participating in various
inflammatory disease processes. In vivo studies [21] found
that MMP-12 inhibition reduced the number of F4/80+
macrophages in LPS-stimulated mouse livers. In vitro exper-
iments confirmed that MMP-12 expression increased in
LPS-stimulated mouse macrophages. Inhibition of MMP-
12 can reduce the proliferation of macrophages, so that mac-
rophages are mainly concentrated in the G0/G1 and S
phases. Guan et al. [21] confirmed that in LPS-stimulated
RAW264.7, MMP-12 regulates various inflammatory cyto-
kines, such as IL-1β, IL-6, TNF-α, CXCL1, and CXCL3
through the ERK/P38 MAPK signaling pathway, thereby
regulating the inflammatory response of macrophages. In
addition, MMP-12 is regarded as a neutrophil-macrophage
inflammatory marker and proinflammatory protease [18]
and is associated with TNF-α secretion in macrophages [22].

In normal cells, although multiple ADAM-10 primer
sequences were used to examine the effect of LPS on
ADAM-10 transcription within macrophages, the RT-
qPCR experiment results consistently indicated that LPS
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Figure 4: Overexpressing A disintegrin and metalloprotease 10 (EX ADAM-10) increases lipopolysaccharide-promoted proliferation- (LPS-
) induced macrophage activation via matrix metalloproteinase 12 (MMP-12) upregulation. (a) Real-time qualitative PRC (RT-qPCR)
analysis of the effect of EX ADAM-10 in RAW264.7 cells. Each dot represents a readout. (b) Comparison of the gene transcription levels
of interfered ADAM (sh ADAM-10) and EX ADAM-10 in RAW264.7 cells by RT-qPCR. Each dot represents a readout. (c) RT-qPCR
analysis of the effect of LPS on gene transcription in EX ADAM-10 RAW246.7 cells. Each dot represents a readout. (d) The effect of LPS
and MMP-12 inhibitors on EX ADAM-10 RAW246.7 cell viability. Each group contained six samples. (e) Enzyme-linked
immunosorbent assay (ELISA) analysis of ADAM-10 secretion in response to LPS and MMP-12 inhibitors in EX ADAM-10 RAW246.7
cells. Each group contained six samples. (f) Flow cytometric analysis showed that EX ADAM-10 upregulated MMP-12 expression. (g)
Immunofluorescence of EX ADAM-10 RAW246.7 cells, followed by treatment with LPS and MMP-12 inhibitors. Scale bar = 10μm. Data
are expressed as the mean ± SD. ∗P < 0:05 and ∗∗P < 0:01 compared with the CON group; #P < 0:05 and ##P < 0:01 compared with the
LPS group.

13Journal of Immunology Research



reduced the gene expression of ADAM-10 in cells in a time-
dependent manner within 4–24 h. Using flow cytometry
analysis, we found that LPS promoted the conversion of
pro-ADAM-10 to ADAM-10, as well as the extracellular
secretion (Figure 5). Along with several literature reports
[7, 23, 24], the immature form of ADAM-10 was found to
be mainly located in cytoplasmic fibrous structures, whereas
the mature form of ADAM-10 mainly adheres to the cell
membranes. Therefore, we speculated that LPS promotes
the transition from inactive to active ADAM-10 in macro-
phages and influences the distribution of ADAM-10.

In our positive and negative regulation experiments,
where we overexpressed or depleted ADAM-10, the gene
expression results showed that ADAM-10 plays a positive
role in the gene expression of MMP-12, iNOS, TNF-α, IL-
1β, FKN, and other inflammatory factors. This implies that
the overexpression of ADAM-10 promotes the gene expres-
sion of these factors, while depletion of ADAM-10 reduces
gene expression. ADAM-10 has a notable positive effect on
the protein expression of the inflammatory marker iNOS
[25, 26]. In sh ADAM-10 cells, the effect of LPS on promot-
ing the iNOS protein expression was reduced, and the effect
of the MMP-12 inhibitor also reduced the LPS effect. In EX
ADAM-10 cells, the effect of LPS on iNOS protein expres-
sion increased, while the effect of the MMP-12 inhibitor on
iNOS inhibition was alleviated. This suggests that MMP-12
plays a role in promoting LPS-induced macrophage inflam-
matory responses. ADAM-10 plays a role in splicing-
processing hydrolysis activation in response to TNF-α [27].
Both TNF-α [28] and iNOS [29] are important proinflam-
matory factors involved in the inflammatory response.
Therefore, we speculated that ADAM-10 positively regulates
MMP-12 and participates in LPS-induced macrophage
inflammatory responses.

In our cell viability assay, we found that the effect of LPS
on cell viability was alleviated in ADAM-10 depletion cells.
In ADAM-10 overexpressing cells, the cell viability-
promoting effect of LPS increased. Combined with the posi-
tive regulation of ADAM-10 and participation in LPS-
induced macrophage inflammatory responses, we found that
ADAM-10 was involved in LPS-induced macrophage prolif-
eration and activation.

In conclusion, our findings demonstrated the molecular
mechanism of ADAM-10 in the proinflammatory response
of macrophages to LPS. ADAM-10 regulates the proinflam-
matory functions of macrophages stimulated with LPS via
MMP-12. These experiments have some limitations: first,
ADAM-10 depleted cells in this study were transfected with
lentivirus, while in ADAM-10 overexpression experiments,
the cells were transfected with Lipo 8000 and an inducible
plasmid. There are certain differences between these two
methods, and it is necessary to further explore why
ADAM-10 overexpressing cells cannot be created as stable
cell lines. Second, these experiments were designed only to
study the effect of various stimuli on the activation of mac-
rophages, and they lacked assessments of the number or
proportion of each type of macrophage, whereas subsequent
experiments could supplement this. Finally, under the same
LPS stimulation conditions, the change in transcriptional
trends and in protein expression of the ADAM-10 gene
was not completely unified, and further scientific demon-
stration is needed. Further in vivo experiments are required
to confirm the above in vitro findings.

5. Conclusions

Comprehensively, this study showed that ADAM-10 partic-
ipates in regulation of macrophages via MMP-10, for exam-
ple, in the context of LPS-induced inflammation.

LPS

Intracellular
Pro-ADAM-10

Extracellular
ADAM-10

ADAM-10

MMP12

Inflammatory response

Figure 5: Mechanism of A disintegrin and metalloprotease 10 (ADAM-10) regulation of matrix metalloproteinase 12 (MMP-12) in
lipopolysaccharide-promoted proliferation- (LPS-) induced macrophages. LPS promotes macrophage inflammatory responses.
Intracellular pro-ADAM-10 is processed into ADAM-10. Additionally, ADAM-10 protein secretion is increased. In this process, ADAM-
10 promotes MMP-12 expression, which is jointly related to the LPS-induced inflammatory response.

14 Journal of Immunology Research



Data Availability

The data and code generated or analyzed in this study are
available from the corresponding authors upon reasonable
request.

Conflicts of Interest

The authors declare that this research was conducted in the
absence of any commercial or financial relationships that
could be construed as potential conflicts of interest.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (# 81774327 and # 82160907), the
Guangxi Natural Science Foundation Project (#
2020JJB140078), the Special Funding for Guangxi Special
Experts (# GRCT [2019]13), and the Guangxi Medical
High-level Leading Talents Training “139” Project (# GWKJ
[2018]22).

References

[1] J. K. Kao, S. C. Wang, L. W. Ho et al., “Chronic iron overload
results in impaired bacterial killing of THP-1 derived macro-
phage through the inhibition of lysosomal acidification,” PLoS
One, vol. 11, no. 5, p. e0156713, 2016.

[2] Q. Gong, Y. Jiang, X. Pan, and Y. You, “Fractalkine aggravates
LPS-induced macrophage activation and acute kidney injury
via Wnt/β-catenin signalling pathway,” Journal of Cellular
and Molecular Medicine, vol. 25, no. 14, pp. 6963–6975, 2021.

[3] S. Y. Kim and M. G. Nair, “Macrophages in wound healing:
activation and plasticity,” Immunology and Cell Biology,
vol. 97, no. 3, pp. 258–267, 2019.

[4] N. R. Anderson, N. G. Minutolo, S. Gill, and M. Klichinsky,
“Macrophage-based approaches for cancer immunotherapy,”
Cancer Research, vol. 81, no. 5, pp. 1201–1208, 2021.

[5] T. G. Wolfsberg, P. D. Straight, R. L. Gerena et al., “ADAM, a
widely distributed and developmentally regulated gene family
encoding membrane proteins with a disintegrin and metallo-
protease domain,” Developmental Biology, vol. 169, no. 1,
pp. 378–383, 1995.

[6] H. Nakayama, S. Fukuda, H. Inoue et al., “Cell surface annex-
ins regulate ADAM-mediated ectodomain shedding of proam-
phiregulin,” Molecular Biology of the Cell, vol. 23, no. 10,
pp. 1964–1975, 2012.

[7] M. S. Rosendahl, S. C. Ko, D. L. Long et al., “Identification and
characterization of a pro-tumor necrosis factor-α-processing
enzyme from the ADAM family of zinc metalloproteases,”
The Journal of Biological Chemistry, vol. 272, no. 39,
pp. 24588–24593, 1997.

[8] M. L. Moss, S. L. Jin, M. E. Milla et al., “Cloning of a disintegrin
metalloproteinase that processes precursor tumour-necrosis
factor-α,” Nature, vol. 385, no. 6618, pp. 733–736, 1997.

[9] A. Churg, X. Wang, R. D. Wang, S. C. Meixner, E. L. G. Pryz-
dial, and J. L. Wright, “α1-Antitrypsin suppresses TNF-α and
MMP-12 production by cigarette smoke-stimulated macro-
phages,” American Journal of Respiratory Cell and Molecular
Biology, vol. 37, no. 2, pp. 144–151, 2007.

[10] M. Malinverno, M. Carta, R. Epis et al., “Synaptic localization
and activity of ADAM10 regulate excitatory synapses through
N-cadherin cleavage,” The Journal of Neuroscience, vol. 30,
no. 48, pp. 16343–16355, 2010.

[11] C. P. Blobel, “ADAMs: key components in EGFR signalling
and development,” Nature Reviews. Molecular Cell Biology,
vol. 6, no. 1, pp. 32–43, 2005.

[12] D. F. Seals and S. A. Courtneidge, “The ADAMs family of
metalloproteases: multidomain proteins with multiple func-
tions,” Genes & Development, vol. 17, no. 1, pp. 7–30, 2003.

[13] J. S. Reyat, M. Chimen, P. J. Noy, J. Szyroka, G. E. Rainger, and
M. G. Tomlinson, “ADAM10-interacting tetraspanins Tspan5
and Tspan17 regulate VE-cadherin expression and promote T
lymphocyte transmigration,” Journal of Immunology, vol. 199,
no. 2, pp. 666–676, 2017.

[14] Y. J. Li, Y. H. Fan, J. Tang, J. B. Li, and C. H. Yu, “Meprin-β
regulates production of pro-inflammatory factors via a disinte-
grin and metalloproteinase-10 (ADAM-10) dependent path-
way in macrophages,” International Immunopharmacology,
vol. 18, no. 1, pp. 77–84, 2014.

[15] S. Khatua, J. Simal-Gandara, and K. Acharya, “Understanding
immune-modulatory efficacy in vitro,” Chemico-Biological
Interactions, vol. 352, p. 109776, 2022.

[16] L. Cui, Y. Gao, Y. Xie et al., “An ADAM10 promoter polymor-
phism is a functional variant in severe sepsis patients and con-
fers susceptibility to the development of sepsis,” Critical Care,
vol. 19, no. 1, p. 73, 2015.

[17] R. P. Iyer, N. L. Patterson, F. A. Zouein et al., “Early matrix
metalloproteinase-12 inhibition worsens post-myocardial
infarction cardiac dysfunction by delaying inflammation reso-
lution,” International Journal of Cardiology, vol. 185, pp. 198–
208, 2015.

[18] M. Aristorena, E. Gallardo-Vara, M. Vicen et al., “MMP-12,
secreted by pro-inflammatory macrophages, targets endoglin
in human macrophages and endothelial cells,” International
Journal of Molecular Sciences, vol. 20, no. 12, p. 3107, 2019.

[19] S. D. Shapiro, “Animal models for COPD,” Chest, vol. 117,
no. 5, pp. 223s–227s, 2000.

[20] S. Nénan, E. Boichot, J. M. Planquois et al., “Effects of deple-
tion of neutrophils or macrophages on the inflammatory
response induced by metalloelastase (MMP-12) in mice air-
ways,” European Journal of Pharmacology, vol. 579, no. 1-3,
pp. 374–381, 2008.

[21] C. Guan, Y. Xiao, K. Li, T. Wang, Y. Liang, and G. Liao,
“MMP-12 regulates proliferation of mouse macrophages via
the ERK/P38 MAPK pathways during inflammation,” Experi-
mental Cell Research, vol. 378, no. 2, pp. 182–190, 2019.

[22] A. Churg, R. D. Wang, H. Tai et al., “Macrophage metalloelas-
tase mediates acute cigarette smoke-induced inflammation via
tumor necrosis factor-α release,” American Journal of Respira-
tory and Critical Care Medicine, vol. 167, no. 8, pp. 1083–1089,
2003.

[23] S. Chubinskaya, R. Mikhail, A. Deutsch, and M. H. Tindal,
“ADAM-10 protein is present in human articular cartilage pri-
marily in the membrane-bound form and is upregulated in
osteoarthritis and in response to IL-1α in bovine nasal carti-
lage,” The Journal of Histochemistry and Cytochemistry,
vol. 49, no. 9, pp. 1165–1176, 2001.

[24] A. Amour, C. G. Knight, A. Webster et al., “The in vitro activ-
ity of ADAM-10 is inhibited by TIMP-1 and TIMP-3,” FEBS
Letters, vol. 473, no. 3, pp. 275–279, 2000.

15Journal of Immunology Research



[25] S. Banerjee, P. Katiyar, V. Kumar et al., “Wheatgrass inhibits
the lipopolysaccharide-stimulated inflammatory effect in
RAW 264.7 macrophages,” Current Research in Toxicology,
vol. 2, pp. 116–127, 2021.

[26] N. Mckie, T. Edwards, D. J. Dallas et al., “Expression of mem-
bers of a novel membrane linked metalloproteinase family
(ADAM) in human articular chondrocytes,” Biochemical and
Biophysical Research Communications, vol. 230, no. 2,
pp. 335–339, 1997.

[27] D. R. Mcculloch, M. Harvey, and A. C. Herington, “The
expression of the ADAMs proteases in prostate cancer cell
lines and their regulation by dihydrotestosterone,” Molecular
and Cellular Endocrinology, vol. 167, no. 1-2, pp. 11–21, 2000.

[28] K. Abdelsalam, M. Rajput, G. Elmowalid et al., “The effect of
bovine viral diarrhea virus (BVDV) strains and the corre-
sponding infected-macrophages’ supernatant on macrophage
inflammatory function and lymphocyte apoptosis,” Viruses,
vol. 12, no. 7, p. 701, 2020.

[29] E. Kang, J. E. Park, Y. Seo, and J. S. Han, “(E)-5-Hydroxy-7-
methoxy-3-(2’-hydroxybenzyl)-4-chromanone isolated from
Portulaca oleracea L. suppresses LPS-induced inflammation
in RAW 264.7 macrophages by downregulating inflammatory
factors,” Immunopharmacology and Immunotoxicology,
vol. 43, no. 5, pp. 611–621, 2021.

16 Journal of Immunology Research


	ADAM-10 Regulates MMP-12 during Lipopolysaccharide-Induced Inflammatory Response in Macrophages
	1. Introduction
	2. Materials and Methods
	2.1. Cell Cultures and Treatments
	2.2. sh ADAM-10 and EX ADAM-10 Stable Cell Establishment
	2.3. Proteomic Analysis
	2.4. Cell Viability Assays
	2.5. Real-Time Qualitative (RT-qRCR) Assays
	2.6. ELISA Assays
	2.7. Immunofluorescence Assays
	2.8. Flow Cytometry Assays
	2.9. Statistical Analysis

	3. Results
	3.1. sh ADAM-10 Induces MMP-12 Dysregulation in Macrophages
	3.2. LPS-Induced Macrophage Inflammatory Response Is Modulated by ADAM-10 and MMP-12
	3.3. ADAM-10 Knockdown Reduces LPS-Induced Macrophage Activation by Downregulating MMP-12
	3.4. ADAM-10 Overexpression Increases LPS-Induced Macrophage Activation by Promoting MMP-12

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

