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DUSP1 mediates BCG induced 
apoptosis and inflammatory 
response in THP‑1 cells via MAPKs/
NF‑κB signaling pathway
Zhanyou Liu 1,2,3, Jianhong Wang 1,2,3, Fan Dai 1,2, Dongtao Zhang 1,2 & Wu Li 1,2*

Tuberculosis (TB) is a zoonotic infectious disease caused by Mycobacterium tuberculosis (Mtb). 
Apoptosis and necrosis caused by the interaction between the host and the pathogen, as well as 
the host’s inflammatory response, play an important role in the pathogenesis of TB. Dual‑specificity 
phosphatase 1 (DUSP1) plays a vital role in regulating the host immune responses. However, the role 
of DUSP1 in the regulation of THP‑1 macrophage apoptosis induced by attenuated Mycobacterium 
bovis Bacillus Calmette‑Guérin (BCG) infection remains unclear. In the present study, we report that 
infection with BCG significantly induces macrophage apoptosis and induces the production of DUSP1, 
TNF‑α and IL‑1β. DUSP1 knockdown significantly inhibited BCG‑induced macrophage apoptosis and 
activation of MAPKs/NF‑κB signaling pathway. In addition, DUSP1 knockdown suppressed BCG‑
induced inflammation in vivo. Taken together, this study demonstrates that DUSP1, as a regulator 
of MAPKs/NF‑κB signaling pathway, plays a novel role in BCG‑induced macrophage apoptosis and 
inflammatory response.

According to the World Health Organization (WHO), tuberculosis (TB), caused by the infection of Mycobacte-
rium tuberculosis (Mtb), remains one of the world’s deadliest infectious diseases, with approximately 1.49 million 
deaths worldwide in  20201. The pathogenesis of tuberculosis and the immune responses underlying protection are 
poorly understood. In addition, the continued spread of drug-resistant, multi-drug resistant and even extremely 
drug-resistant TB, as well as the co-infection of Mtb with Human Immunodeficiency Virus (HIV), pose serious 
challenges to TB prevention and  control2. Moreover, the global epidemic of COVID-19 has made it more dif-
ficult to effectively prevent and control the spread of  TB1. Therefore, the discovery of novel molecular targets is 
urgently needed for developing new anti-TB drugs.

Both innate and adaptive immune responses are involved in host defense against Mtb, and macrophages are 
considered to be the key effector cells of the innate immune system. Macrophages can phagocytose bacteria and 
secrete both pro-inflammatory and antimicrobial mediators to kill the invading  Mtb3. Macrophage apoptosis 
induced by Mtb infection can also kill the invading bacteria and inhibit their dissemination in vivo4. However, 
Mtb can survive inside macrophages post-phagocytosis using various mechanisms, including inhibition of apop-
tosis and oxidative  stress5. Apoptotic pathways can be classified as endogenous, exogenous, and endoplasmic 
reticulum  pathways6. Regardless of the pathway, cells undergoing apoptosis eventually degrade into multiple 
apoptotic vesicles by the action of caspase-3 and are engulfed by surrounding macrophages, causing the cells to 
 lyse7. Apoptosis by any mechanism is an important way for macrophages to resist bacterial infection.

Mitogen-activated protein kinases (MAPKs) are key regulators of cellular responses and signal  transduction8. 
MAPKs mainly include extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 MAPK and c-Jun N-terminal 
kinase (JNK). Studies have shown that MAPKs play an important role in cell proliferation and apoptosis, and 
are also key regulators of mitochondrial division and the mitochondrial pathway of  apoptosis8,9. Dual-specificity 
phosphatases (DUSPs) are members of the protein tyrosine phosphatase (PTP) superfamily and can be divided 
into two major groups, typical and atypical  DUSP10. Typical DUSPs mainly function to dephosphorylate MAPKs, 
while for atypical DUSPs, the relationship to MAPKs activation is complex and still  unknown11. DUSP1, also 
known as mitogen-activated protein kinase phosphatase-1 (MKP-1), can dephosphorylate MAPKs or interfere 
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with effector molecules that bind to MAPKs, thereby inhibiting MAPKs  activity12. The nuclear factor kappa 
B (NF-κB) signaling pathway plays a critical role in natural immunity and inflammatory  responses13. Inhibi-
tion of MAPKs/NF-κB signaling pathway is thought to be effective in attenuating Mtb-induced inflammatory 
 responses14. Overexpression of DUSP1 attenuates apoptosis and inflammation by inhibiting MAPKs/NF-κB 
signaling pathway activation in disease models such as myocardial  injury15 and colonic  inflammation16. How-
ever, whether DUSP1 has any effect on BCG-induced macrophage apoptosis and MAPKs/NF-κB signaling in 
the inflammatory responses is still unclear.

The objective of this study was therefore to investigate the function of DUSP1 in macrophages after infection 
with Mtb. We identified the molecular mechanisms underlying BCG-induced macrophage apoptosis and inflam-
mation, and found that DUSP1 interference inhibited BCG-induced THP-1 apoptosis and activation of MAPKs/
NF-κB signaling in THP-1 macrophages. From a mechanistic perspective, DUSP1 interference inhibited MAPKs/
NF-κB activation, finally inhibited macrophage apoptosis and the production of TNF-α and IL-1β. In vivo studies 
of BCG infection of DUSP1 knockdown mice further confirmed the proposed mechanism. These results illustrate 
an important role of DUSP1 in BCG-induced macrophage apoptosis and inflammatory responses, suggesting 
DUSP1 as a novel target for anti-TB drug discovery that warrants for further investigation.

Results
BCG infection induces apoptosis in THP‑1 cells and promotes the expression of DUSP1 and 
pro‑inflammatory cytokines. Studies have shown that DUSP1 plays an important role in regulation of 
apoptosis and inflammatory  response17,18. In this study we examine whether BCG infection upregulates DUSP1 
expression and whether DUSP1 is involved in BCG-induced apoptosis and inflammatory response. We showed 
via Western blotting that DUSP1 expression was significantly upregulated after treatment of THP-1 cells with 
BCG at different multiplicities of infection (MOI) at different time points post-infection (Fig. 1A–D). Expres-
sion levels of pro-apoptotic proteins Cleaved-Caspase3 and Cleaved-PARP1 were also significantly upregulated 
(Fig. 1B,E,F), reaching their highest levels at 6 h post-BCG infection and then gradually returning to baseline 
levels. Given that TNF-α and IL-1β-induced activation of MAPKs and NF-κB plays an important role in the 
inflammatory response, we measured the release of pro-inflammatory cytokines TNF-α and IL-1β in THP-1 
cells by RT-qPCR. After infection of THP-1 with BCG (MOI = 10) for various time intervals, TNF-α and IL-1β 
transcripts were significantly upregulated in a time-dependent manner (Fig.  1G,H). Flow cytometric analy-
sis showed that BCG infection significantly increased the apoptosis rate of macrophages (Fig. 1I,J). Transmis-
sion electron microscopy observation showed that BCG-infected cells exhibited a variety of apoptotic features, 
specifically, star-moon shaped nuclei, ruptured cell membranes, formation of many vacuolar structures, and 
incomplete organelle structures, whereas healthy cells had intact cell membranes and clearly visible organelle 
structures (Fig. 1K). These results suggested that BCG infection induced macrophage apoptosis and promoted 
the expression of DUSP1 and pro-inflammatory cytokines. For subsequent experiments, 6 h of BCG infection 
(MOI = 10) was chosen as the time of infection.

Establishment of a model of THP‑1 cell infection by siRNA‑DUSP1 combined with BCG. Given 
that BCG infection can upregulate DUSP1 expression, we hypothesized that DUSP1 may be involved in BCG-
induced apoptosis and inflammatory responses. We designed and synthesized three small interfering RNA 
sequences based on the DUSP1 mRNA sequence, transfected siRNA-DUSP1 into post-adherent THP-1 cells, 
and observed the effect by fluorescence microscopy after 24 h (Fig. 2D). We then detected the efficiency of knock-
down of the three small interfering RNAs by RT-qPCR and Western blotting. The results showed that compared 
to the negative control transfection group, small interfering RNA #1 was the most efficient at knockdown, and 
both DUSP1 protein and mRNA expression levels were highly down-regulated (Fig. 2A,E,H). To further verify 
the knockdown effect of siRNA-DUSP1, macrophages were transfected with siRNA-DUSP1 followed by infec-
tion with BCG (MOI = 10) 24 h post-transfection, and cultured for 6 h. The knockdown effect of siRNA-DUSP1 
was measured by RT-qPCR and Western blotting. Both DUSP1 protein and mRNA expression were significantly 
downregulated in the siRNA + BCG group as compared with the BCG-only group (Fig. 2C,F,I). The immuno-
fluorescence assay supported the data obtained by Western blotting and RT-qPCR. These results also demon-
strated that siRNA-DUSP1 could reduce the number of DUSP1-positive cells after BCG infection (Fig.  2B). 
Taken together, these findings indicated that DUSP1 knockdown combined with BCG-infection model was 
successful. In addition, the release of TNF-α and IL-1β induced by BCG (MOI = 10) infection was reversed by 
siRNA-DUSP1 transfection (Fig. 2G,J), indicating that DUSP1 knockdown inhibited the BCG-induced inflam-
matory response in THP-1 cells.

Knockdown of DUSP1 reduces BCG‑induced apoptosis in macrophages. To investigate whether 
DUSP1 plays a role in regulating BCG-induced macrophage apoptosis, we transfected siRNA-DUSP1 into THP-1 
cells and then infected with BCG, followed by culturing for 6 h. The expression of cleaved-Caspase3 and cleaved-
PARP1 was detected by Western blotting, and the results showed that expression of both cleaved-Caspase3 
and cleaved-PARP1 was significantly downregulated in the siRNA + BCG group compared to the BCG-alone 
infected group (Fig. 3A–C). Next, we examined the expression levels of cleaved-Caspase3 and Cleaved-PARP1 
by immunofluorescence and found that both proteins were significantly downregulated in the siRNA + BCG 
group, in agreement with the Western blotting results (Fig. 3D,E). These data indicate that knockdown of DUSP1 
reduces BCG-induced apoptosis of macrophages.

To further verify whether knockdown of DUSP1 can modulate BCG-induced macrophage apoptosis, we 
detected apoptotic cells using Annexin V-FITC/PI double staining. These results showed that BCG infection 
significantly increased apoptosis of macrophages, but when BCG infection was combined with siRNA-DUSP1 
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Figure 1.  BCG infection induces apoptosis in THP-1 cells and promotes the expression of DUSP1 and pro-inflammatory 
cytokines. (A, C) DUSP1 protein expression detected by Western blotting after 6 h of BCG infection of THP-1 cells at different 
MOI. (B, D–F) DUSP1, Cleaved-Caspase3 and Cleaved-PARP1 protein expression detected by Western blotting after BCG 
(MOI = 10) infection at different time points. (G, H) Gene expression of TNF-α and IL-1β detected by RT-qPCR after different 
times of BCG infection (MOI = 10). (I, J) After BCG infection of THP-1 cells for 6 h, the apoptosis rate was detected by flow 
cytometry. (K) After BCG infection of THP-1 cells for 6 h, the ultrastructure of macrophages was observed by transmission 
electron microscopy (10,000 ×), the blue arrow denotes the cytoplasmic vacuole of apoptotic cells, while the red arrow 
indicates the nucleus. Scale bar, 2 μm. All data are represented as mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2.  Effect of DUSP1 knockdown on DUSP1, TNF-α and IL-1β in BCG-induced THP-1 cells. (A, E, 
H) THP-1 cells were transfected with three different targeting siRNA-DUSP1 for 24 h, and knockdown was 
verified by Western blotting and RT-qPCR. (B, C, F, I) THP-1 cells were transfected with siRNA-NC (negative 
control) or siRNA-DUSP1 for 24 h and then infected with BCG for 6 h, and the knockdown effect was verified 
by immunofluorescence, Western blotting and RT-qPCR to verify the effect of DUSP1 knockdown. Scale bar, 
75 μm. (D) Observation of siRNA-DUSP1 transfection efficiency by fluorescence microscopy. Scale bar, 150 μm. 
(G, J) THP-1 cells were transfected with siRNA-NC (negative control) or siRNA-DUSP1 for 24 h and then 
infected with BCG for 6 h. Expression of TNF-α and IL-1β was detected by RT-qPCR. All data are represented 
as mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3.  Effect of knockdown of DUSP1 on BCG-induced apoptosis in macrophages. (A–C) THP-1 cells 
were transfected with siRNA-NC (negative control) or siRNA-DUSP1 for 24 h and then infected with BCG and 
cultured for 6 h. Cleaved-Caspase3 and Cleaved-PARP1 protein expression was detected by western blotting. (D, 
E) Knockdown of DUSP1 combined with BCG infection were detected by immunofluorescence technique for 
Cleaved-Caspase3 and Cleaved-PARP1 expression levels. Scale bar, 75 μm. (F, G) THP-1 cells were transfected 
with siRNA-NC (negative control) or siRNA-DUSP1 for 24 h and then infected with BCG and cultured for 6 h, 
apoptosis was determined by Annexin V/PI staining using FCS analysis. (H) THP-1 cells were transfected with 
siRNA-NC or siRNA-DUSP1 for 24 h and then infected with BCG and cultured for 6 h, the morphological 
effects of DUSP1 on apoptosis of BCG-infected THP-1 cells were observed by transmission electron microscopy, 
the blue arrow denotes the cytoplasmic vacuole of apoptotic cells, while the red arrow indicates the nucleus. 
Scale bar, 2 μm. All data are represented as mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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treatment, apoptosis could be reduced significantly (Fig. 3F,G). At the ultrastructural level (Fig. 3H), siRNA-
DUSP1 attenuated nuclear division, cytoplasmic cohesion and vesicle reduction in BCG-infected THP-1 cells, 
suggesting that DUSP1 was able to regulate BCG-induced macrophage apoptosis.

Knockdown of DUSP1 regulates BCG‑induced apoptosis in macrophages via the endogenous 
apoptotic pathway. Apoptosis is initiated as a result of a stress response to an appropriate stimulus. 
BCG infection causes cytochrome C to be released from the mitochondria, where it binds to the apoptotic 
factor Apaf-1 in the presence of dATP to form a multimer, leading to the activation of Caspase-9, which in 
turn cleaves Caspase3 and PARP1, thereby triggering cell  apoptosis19. The Bcl-2 family has many members, 
such as Bax, Bcl-2 and Bad, which each play important roles in the regulation of  apoptosis20. Bcl-2 is located 
in the nuclear membrane, mitochondria and endoplasmic reticulum, and can prevent apoptosis by inhibiting 
the release of cytochrome C from mitochondria, while Bax and Bad can promote  apoptosis21. To investigate 
the effect of DUSP1 knockdown on BCG-induced endogenous apoptosis in macrophages, we detected Bax, 
Bcl-2, cytochrome C, Apaf-1 and cleaved-Caspase-9 expression levels by Western blotting. The results showed 
that the expression of cleaved-Caspase9, Apaf-1, Bax and cytochrome C was significantly downregulated in the 
siRNA + BCG group compared with the BCG-alone group, and the expression of Bcl-2, an apoptosis inhibitor, 
was significantly upregulated (Fig. 4A–F). These results suggest that DUSP1 knockdown reduces BCG-induced 
macrophage apoptosis via the endogenous apoptotic pathway.

Changes in mitochondrial membrane potential (MMP) reflect the permeability of the mitochondrial mem-
brane and are also considered to be one of the typical features of apoptosis onset. JC-1 is a fluorescent probe used 
to detect mitochondrial membrane potential, and therefore we stained THP-1 cells with JC-1 and assessed the 
mitochondrial integrity of cells by flow cytometry. The results showed a significant increase in mitochondrial 
depolarization of macrophages following BCG infection, which was alleviated by knockdown of DUSP1 (Fig. 4G).

Knockdown of DUSP1 regulates BCG‑infected macrophages via MAPKs/NF‑κB signaling 
pathway. Based on our previous results showing that BCG can induce THP-1 macrophage apoptosis and 
promote TNF-α and IL-1β release, we hypothesized that DUSP1 might be involved in BCG-induced inflamma-
tory response through the MAPKs/NF-κB signaling pathway. Therefore, we examined the expression levels of 
p-p38, p-ERK, p-JNK and p-NF-κB p65 in THP-1 cells by Western blotting. We found that treatment of THP-1 
macrophages with siRNA-DUSP1 significantly reversed the BCG-induced phosphorylation of markers of p38, 
ERK, JNK, and NF-κB p65, but had no effect on the expression of p38, JNK, ERK, and NF-κB p65 (Fig. 5A–E). 
We then validated the results of Western blotting by immunofluorescence, and found that DUSP1 knockdown 
inhibits BCG-induced MAPKs/NF-κB signaling in THP-1 cells, which further relieved cellular apoptosis and 
inflammatory injury (Fig. 5F).

In vivo study of the effects of BCG induced inflammation and the therapeutic potential of 
targeting DUSP1. Three small interfering RNA sequences were designed and synthesized based on the 
murine-derived DUSP1 sequence, and siRNA-DUSP1 was transfected into RAW264.7 cells. The knockdown 
efficiency of the three small interfering RNAs was detected at the protein level. We found that compared with the 
negative control group, small interfering RNA No. 3 (&3) was the most efficient at knockdown, showing a signifi-
cant downregulation of DUSP1 protein expression (Fig. 6A,B). To further verify the knockdown effect of siRNA-
DUSP1, RAW264.7 cells were infected with BCG (MOI = 10) and cultured for 12 h, 24 h after siRNA-DUSP1 
transfection. DUSP1 protein expression was significantly downregulated in the siRNA + BCG group compared 
to the BCG-alone group (Fig. 6C,D). Next, siRNA No. 3 (&3) was used to knockdown DUSP1 expression in 
C57BL/6J mouse lungs, by multiple administrations into the airway combined with in vivo Advanced Transfec-
tion Reagent. The mice were then infected with BCG by airway administration. After 21 days post-infection, the 
knockdown efficiency of siRNA-DUSP1 was analyzed by immunohistochemistry. We found that the expression 
level of DUSP1 in the lungs of siRNA-DUSP1 mice under BCG infection conditions was significantly reduced 
compared with the BCG-alone group (Fig. 6E), indicating that siRNA-DUSP1 can knockdown DUSP1 expres-
sion in the lung tissue of BCG-infected C57BL/6J mice. Based on this animal model, we further investigated 
the importance of DUSP1 in regulating BCG infection in vivo by H&E staining. We found that compared with 
control mice, the lung tissue of C57BL/6J mice in the BCG-alone group exhibited slight fibrosis, nodules, inflam-
matory infiltrates, and enlargement, in addition to slowed body weight gain and increased lung weight (data not 
shown). In contrast, the lung tissue of C57BL/6J mice given BCG infection combined with siRNA-DUSP1 were 
less damaged and displayed less inflammatory infiltrates (Fig. 6F). In addition, BCG infection also increased the 
expression of TNF-α and IL-1β, which was reversed by siRNA-DUSP1 (Fig. 6G,H). Overall, our in vivo study 
supported our hypothesis that siRNA-DUSP1 can reduce BCG-induced inflammatory injury.

Effects of DUSP1 knockdown on protein expression of MAPKs/NF‑κB signaling pathway in 
BCG‑infected C57BL/6J mice lung tissue. In vitro studies have shown that DUSP1 interference inhibits 
the activation of MAPKs/NF-κB signaling pathway after BCG infection. We applied immunohistochemistry to 
detect the expression of p-p38, p-ERK, p-JNK and p-NF-κB p65 proteins in mouse lung tissues, and found that 
compared with the control group, lung tissues of C57BL/6J mice in the BCG group showed higher expression of 
p-p38, p-ERK, p-JNK and p-NF-κB p65, while knockdown of DUSP1 significantly downregulated the expres-
sion of p-p38, p-ERK, p-JNK and p-NF-κB p65 (Fig. 7). These results further supported the hypothesis that 
interfering with DUSP1 inhibited the BCG-induced inflammatory response through MAPKs/NF-κB signaling 
pathway at the in vivo level.
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Figure 4.  Effect of knockdown of DUSP1 on the expression of key proteins of BCG-induced endogenous 
apoptosis pathway in macrophages. (A) THP-1 cells were transfected with siRNA-NC (negative control) or 
siRNA-DUSP1 for 24 h, and then infected with BCG and cultured for 6 h. The expression levels of endogenous 
apoptotic pathway key proteins Bcl-2, Bax, cytochrome C, Apaf-1, cleaved-Caspase9 were detected using 
Western blotting. (B–F) Endogenous apoptotic pathway key results of grey-scale analysis of protein expression. 
(G) THP-1 cells were transfected with siRNA-NC (negative control) or siRNA-DUSP1 for 24 h, and then 
infected with BCG and cultured for 6 h. Mitochondrial membrane potential was detected by flow cytometry. All 
data are represented as mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5.  Effect of DUSP1 knockdown on MAPKs/NF-κB signaling pathway induced by BCG infection. 
(A) THP-1 cells were transfected with siRNA-NC (negative control) or siRNA-DUSP1 for 24 h, and then 
infected with BCG and cultured for 6 h. The expression of p-p38, p38, p-ERK, ERK, p-JNK, JNK, p-NF-κB 
p65 and t-NF-κB p65 were detected by Western blotting. (B–E) MAPKs/NF-κB signaling pathway results 
of grayscale analysis of key protein expression. (F) THP-1 cells were transfected with siRNA-NC (negative 
control) or siRNA-DUSP1 for 24 h, and then infected with BCG and cultured for 6 h. The expression levels of 
p-p38, p-ERK, p-JNK and p-NF-κB p65 were detected by immunofluorescence. Scale bar, 75 μm. All data are 
represented as mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6.  In vivo study of the effect of DUSP1 knockdown on BCG infection in a mouse model. (A, B) 
RAW264.7 cells were transfected with three different targeting siRNA-DUSP1 for 24 h, and the knockdown 
effect was verified by Western blotting. (C, D) RAW264.7 cells were transfected with siRNA-NC (negative 
control) or siRNA-DUSP1 for 24 h and then infected with BCG and cultured for 12 h. The expression of 
DUSP1 was detected using Western blotting. All data are represented as mean ± SD (n = 3). (E) C57BL/6J mice 
were infected with BCG by one-time direct airway perfusion (2 ×  106 CFU/only), and siRNA-DUSP1 was 
used to intervene in the lung DUSP1 expression of C57BL/6J mice by multiple airway perfusion into the mice 
using in vivo Advanced Transfection Reagent. 21 days after BCG infection, lung tissue was taken from mice 
and immunohistochemistry was performed to detect DUSP1 expression in lung tissues. Scale bar, 40 μm. (F) 
C57BL/6J mice were infected with BCG by direct airway infusion (2 ×  106 CFU/only) at one time, and siRNA-
DUSP1 was infused into the lungs of C57BL/6J mice by multiple airway infusions using in vivo Advanced 
Transfection Reagent. 21 days after BCG infection, lung tissue was collected and analyzed for histopathological 
damage in the lungs of C57BL/6J mice by H&E staining. Scale bar, 50 μm. (G, H) The concentrations of TNF-α 
and IL-1β in the peripheral blood of mice in each treatment group were measured by ELISA, and the samples of 
mice in each treatment group were 6. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Discussion
Macrophages are the main host cells of Mtb and their apoptosis, necrosis, autophagy and inflammation are 
essential components of the host defense against  Mtb22. BCG can induce macrophage apoptosis and inflam-
mation by activation of MAPKs/NF-κB signaling  pathway23–25, and DUSP1 is a dual-specificity phosphatase 
that regulates MAPKs activity. Therefore, in this study, we investigated the role of DUSP1 in BCG-induced 
apoptosis and inflammation and its possible mechanism in THP-1 cells, which can be used to help to discover 
new therapies for TB.

Studies have shown that DUSP1 expression can be upregulated in response to a variety of stimuli, including 
growth  factors26,  LPS27,  p5328, heat  shock29 and UV  damage30. Our study found that BCG infection induced cell 
apoptosis in THP-1 cells and promoted the expression of DUSP1, suggesting that DUSP1 may be involved in 
regulation of BCG-induced macrophage apoptosis. Recent studies have revealed that DUSP1 plays an important 
negative regulatory role in keratinocyte  apoptosis17 and antitumor immune  response31. Interestingly, our results 
found that knockdown of DUSP1 expression caused a significant reduction in the expression levels of cleaved-
Caspase3 and cleaved-PARP1, suggesting that DUSP1 has a positive regulatory effect on BCG-induced cell 
apoptosis. It has also been found that DUSP1 has a pro-apoptotic function independent of JNK and p38 during 
Sendai virus  infection32. The interaction of JNK with JNK interacting protein 1 (JIP1) was found to have a pro-
tective effect on DUSP1 expression, which prevented the negative regulation of cytokine responses by  DUSP132. 
DUSP1 inhibition was shown to significantly reduce the rate of apoptosis in bovine  oocytes33, and knockdown 
of DUSP1 in pancreatic cancer cells also attenuated the tumorigenicity in a nude mouse  model34. These various 
studies revealed that DUSP1 promotes apoptosis in addition to its usual phosphatase activity.

To better understand the effect of DUSP1 on BCG-induced apoptosis, we detected cleaved-Caspase9, Bax, 
cytochrome C and Apaf-1, all of which are key proteins of the intrinsic apoptotic  pathway21, We detected 

Figure 7.  Immunohistochemical analysis of MAPKs/NF-κB signaling pathway proteins in the lungs of 
DUSP1 knockdown combined with BCG infection in C57BL/6J mice. C57BL/6J mice were infected with BCG 
(2 ×  106 CFU/only) by a single direct airway infusion, and siRNA-DUSP1 was administered to downregulate 
DUSP1 expression in the lungs of C57BL/6J mice by multiple airway infusions into the mice using in vivo 
Advanced Transfection Reagent. After 21 days of BCG infection, lung tissues were taken from mice and 
immunohistochemically examined for p-p38, p-ERK, p-JNK and p-NF-κB p65 expression in lung tissue. The 
samples of mice in each treatment group were 6. Scale bar, 40 μm. (*p < 0.05, **p < 0.01, ***p < 0.001).
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decreased expression of key proteins of the intrinsic apoptotic pathway in DUSP1 knockdown THP-1 cells. In 
contrast, the intrinsic pathway of apoptosis is regulated by the Bcl-2 family. It is believed that Bcl2-Bax heterodi-
mer formation and stoichiometry is important to maintain mitochondrial  function20. When cells are stimulated 
by external pro-apoptotic signals, Bax proteins form homodimers and stimulate the release of cytochrome C 
from mitochondria, which activates a downstream caspase cascade  response20,35. In agreement with these find-
ings, in our study, DUSP1 knockdown increased expression of the anti-apoptotic protein Bcl-2 during BCG 
infection. Therefore, our results indicated that DUSP1 knockdown inhibited BCG-induced apoptosis via the 
intrinsic apoptotic pathway.

MAPKs/NF-κB is considered to be an important pathway that regulates inflammation and apoptosis, and 
host-derived TNF-α and IL-1β can activate the MAPKs/NF-κB pathway in macrophages, which in turn acti-
vates the production of pro-inflammatory cytokines, including TNF-α and IL-1β  themselves16. In this study, 
we found that BCG could induce the activation of MAPKs and NF-κB. Knockdown of DUSP1 reduced activa-
tion of MAPKs and NF-κB and BCG-induced release of TNF-α and IL-1β. Recent studies have confirmed that 
knockdown of  DUSP936,  DUSP1237,  DUSP1438 and  DUSP2639 exacerbated the inflammatory response in the 
liver. However, in a mouse model of obesity caused by a high-fat diet, DUSP6 exhibited the opposite  effect40,41. 
Oxidized low-density lipoprotein (ox-LDL) is commonly used to induce macrophage foaminess, but also induces 
DUSP10 expression in macrophages. A study by Luo, et al., found that knockdown of DUSP10 inhibited NF-κB 
phosphorylation but promoted macrophage  foaminess42. Taken together, these results demonstrate that apoptosis 
and inflammation are not independent biological processes, but instead are both regulated by complex cellular 
signaling. The study of apoptosis and inflammatory response induced by BCG infection in our study also plays 
a role in fully understanding this complex process.

Our in vivo data showed that DUSP1 knockdown significantly reduced BCG-induced lung injury and the 
release of IL-1β and TNF-α in C57BL/6J mice, which is consistent with our in vitro findings. Furthermore, the 
in vivo study showed a potential role of DUSP1 as a regulator of apoptosis and inflammation in mice infected with 
BCG. To further support this finding, lipopolysaccharide (LPS) was used as a positive control, and we found that 
DUSP1 played a negative regulatory role in LPS-induced cleaved-Caspase3 expression (Supplementary Fig. 1). 
Thus far, all experimental results from this study confirmed the positive role played by DUSP1 in regulating BCG-
induced apoptosis and inflammation. Other studies have demonstrated that  DUSP243 and  DUSP644 also play a 
positive regulatory role in the bacterial infection response of macrophages, most likely because the expression 
of DUSPs is not only transcriptionally regulated by MAPK signaling, but also at the protein level, where MAPKs 
directly influence the stability of DUSPs through phosphorylation. Sakaue, et al. found that ERK1/2 increased 
the stability of DUSP1 through direct phosphorylation, leading to a decrease in ubiquitination and proteasomal 
degradation 45. Stimulation in KO mast cells and macrophages showed that DUSP2 inhibited JNK phosphoryla-
tion, while use of a JNK inhibitor restored ERK1/2 phosphorylation and increased DUSP2 stability 43.

In summary, the present study demonstrated that DUSP1 was induced in THP-1 macrophages in response to 
BCG infection, and that DUSP1 acts as a regulator of MAPKs/NF-κB signaling pathway. It also plays an important 
role in regulating BCG-induced macrophage apoptosis and inflammatory response, suggesting that DUSP1 is a 
potential candidate for anti-TB drug discovery that warrants further investigation. Furthermore, BCG induced 
the expression of DUSP1 and simultaneously activated MAPKs. There are still unknown pathways or kinases 
downstream of DUSP1 that in turn inhibit the activation of MAPKs, ultimately leading to the production of 
pro-apoptotic proteins and pro-inflammatory cytokines that trigger macrophage apoptosis and inflammatory 
responses. Future studies are needed to screen proteins that interact with DUSP1 after BCG infection, which will 
further support our hypothesis and promote DUSP1 as a candidate for future clinical applications.

Materials and methods
Cell culture. Human myeloid leukemia mononuclear cells THP-1 and mouse macrophage-like (RAW264.7) 
cell were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). THP-1 cells were 
cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (Ausbian, USA) and 
1% penicillin/streptomycin (Solarbio, China). RAW264.7 cells were cultured in full DMEM (Gibco, USA) con-
taining 10% FBS. Culturing was done at 37 °C and 5%  CO2 in a constant temperature and humidity incubator.

BCG culture and infection. Bacillus Calmette-Guérin (BCG) was purchased from the Chinese Centre 
for Disease Control and Prevention (Beijing, China). Cultures were grown in Middlebrooks 7H9 broth (Bec-
ton Dickinson & Company, USA) containing 0.5% glycerol, 0.05% Tween-80 and 10% OADC. Cultures were 
incubated in a constant temperature incubator at 37 °C, and the cells were collected by centrifugation when the 
culture had reached the appropriate density (OD600 = 0.5). Prior to infection, THP-1 cells grown to log phase 
were seeded into six-well plates with 1 ×  106 cells per well. THP-1 cells were cultured for 24 h in medium con-
taining 50 ng/mL PMA (Sigma-Aldrich, USA), which was used to induce THP-1 monocyte differentiation into 
macrophages. Adherent cells were then infected with BCG at an MOI of 10.

Construction and transfection of DUSP1 small interfering RNAs. Three small interfering RNA 
sequences (Table 1) were designed against the sequence of the human DUSP1 coding region and synthesized 
by Genepharma (Shanghai, China). THP-1 cells were induced in a 6-well plate using PMA, seeded at a density 
of 1 ×  106 cells per well before transfection with the small interfering RNA (siRNA-DUSP1), for those groups 
without adding siRNA-DUSP1, siRNA-NC was added as the negative control. Transfections were performed 
using Lipofectamine™ RNAi MAX reagent (Invitrogen, USA) according to the manufacturer’s protocol and the 
fluorescence intensity was observed by fluorescence microscopy 24 h post-transfection.
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RNA isolation and real‑time PCR. Total RNA was extracted from THP-1 cells using the Total RNA 
Extraction Kit (TIANGEN, China) following the manufacturer’s protocol. The first strand was synthesized from 
1 μg of total RNA using the Reverse Transcription System Kit (Takara, China) and RT-qPCR was performed 
using SYBR Premix ExTaq II (Takara, China) in a total volume of 20 μL. Sequences of primers using in RT-qPCR 
are listed in Table 2. Expression levels are normalized to GAPDH, with each assay performed in triplicate. Rela-
tive fold changes in messenger RNA expression were calculated using the  2-ΔΔCt method.

Western Blotting. Total protein was extracted from THP-1 cells using a total protein extraction kit (Key-
GEN BioTECH, China), following which cell lysate was spun at 12,000  rpm. The supernatant was then col-
lected and protein concentration was determined via BCA assay (ThermoFisher, USA). The protein samples 
were then heated at 100 ℃ in 1 × protein loading buffer (Transgene, China) for 5 min and separated via 10% 
SDS-PAGE. Blots were then wet transferred to PVDF membranes, blocked with 5% skimmed milk for 1 h at 
room temperature and phosphorylated antibodies were blocked with 3% BSA. Samples were then incubated 
overnight after addition of detection antibodies at the following dilution factor: DUSP1 (1:1000); ERK (1:1000); 
p-ERK (1:1000); p-NF-κB p65 (1:1000; all from Affinity, China); Bcl-2 (1:2000); Bax (1:2000); Cytochrome C 
(1:1000); Apaf-1 (1:1000); Cleaved-PARP1 (1:2000); Cleaved-caspase3 (1:2000); Cleaved-caspase9 (1:1000; all 
from Abcam, UK); p38 (1:1000); p-p38 (1:1000); JNK (1:1000); p-JNK (1:1000; all from ABclonal, China); and 
GAPDH (1:2000; Abmart, China). Membranes were then incubated with horseradish peroxidase (HRP)-cou-
pled IgG for 1 h at room temperature (1:5000; Abmart, China). After washing with TBST, immunoreactive bands 
were observed using the ECL kit (Advansta Inc., USA) and scanned for protein bands using Amersham Image-
Quant 800 (Cytiva, Japan). Finally, protein bands were then quantified using ImageJ software.

Detection of apoptosis by flow cytometry. THP-1 cells (1 ×  106 cells/well) were seeded in 6-well 
plates, transfected with siRNA-DUSP1, incubated for 24 h, and infected with BCG (MOI = 10) and incubated 
for another 6  h. Apoptosis was detected by FACS using an Annexin V/propidium iodide (PI) kit (KeyGEN 
BioTECH, China). Cells were then harvested and washed twice with PBS, then resuspended in 500 μL binding 
buffer. 5 μL of Annexin V staining solution and PI staining solution were added to each sample and incubated 
for 15 min at room temperature protected from light. After centrifugation at 1000 rpm for 5 min, the cell pellets 
were resuspended in 500 μL binding buffer and the samples were analyzed at 535 nm (PI) and 488 nm (Annexin 
V) using a FACS Canto™ II cytometer (BD, USA).

Detection of mitochondrial membrane potential (MMP) by flow cytometry. THP-1 cells (1 ×  106 
cells/well) were seeded in 6-well plates, transfected with siRNA-DUSP1, incubated for 24 h, and then infected 
with BCG (MOI = 10) and incubated for another 6 h. MMP changes were analyzed with the JC-1 kit (Ther-
moFisher Scientific, USA) and FACS. Briefly, cells in different groups were harvested after treatment. A separate 
positive control group is also required. Cells in the positive control group were treated with CCCP (20 μM) for 
30 min. Then cells in all groups were washed three times with PBS, and then resuspended in 500 μL of PBS. Cell 
suspensions were then stained with 200 μM JC-1 (5 μL, final concentration = 2 μM) at 37 °C and 5%  CO2 for 
30 min. Each sample was detected at 488 nm using a FACS Canto™ II cytometer (BD, USA). Analysis was then 
performed with FlowJo® software.

Table 1.  The sequence of small interfere RNA.

siRNA Sense (5’-3’) Antisense (5’-3’)

#1 GCU CCU UCU UCG CUU UCA ATT UUG AAA GCG AAG AAG GAG CTT 

#2 CUC CCA ACU UCA GCU UCA UTT AUG AAG CUG AAG UUG GGA GTT 

#3 CGA GGC CAU UGA CUU CAU ATT UAU GAA GUC AAU GGC CUC GTT 

NC UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT 

Table 2.  Gene specific primers for RT-qPCR.

Gene Primers Primers sequence (5’-3’)

GAPDH
Forward TGA CAT CAA GAA GGT GGT GAA GCA G

Reverse GTG TCG CTG TTG AAG TCA GAG GAG 

DUSP1
Forward ACA ACC ACA AGG CAG ACA TCAGC 

Reverse CCT CAT AAG GTA AGC AAG GCA GAT GG

TNF-α
Forward CAA TGG CGT GGA GCT GAG AGA TAA C

Reverse TTG AAG AGG ACC TGG GAG TAG ATG AG

IL-1β
Forward TGA TGG CTT ATT ACA GTG GCA ATG AGG 

Reverse TGT AGT GGT GGT CGG AGA TTC GTA G
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Immunofluorescence assay. THP-1 cells (1 ×  105 cells/well) were seeded in 12-well plates with cell cov-
erslips, transfected with siRNA-DUSP1, and cultured for 24 h post-transfection. Cells were infected with BCG 
(MOI = 10) and incubated for another 6 h. The cells were then washed 3 times with PBS and fixed with 4% 
paraformaldehyde for 20 min. The cells were washed and permeabilized with 0.5% TritonX-100 for 20 min, 
then blocked with 3% BSA for 1 h at room temperature. Antibodies were diluted in 3% BSA at dilution factors 
of DUSP1 (1:200), Cleaved-Caspase3 (1:200), Cleaved-PARP1 (1:200), p-p38 (1:100), p-JNK (1:100), p-ERK 
(1:200), and p-NF-κB p65 (1:200). 500 μL of the primary antibody was added to each well and incubated over-
night at 4 °C. After washing three times with PBS, cells were incubated with fluorescein-coupled secondary anti-
body (1:1000) in PBS for 1 h at 37 °C, protected from light. Finally, cells were stained with a fluorescent blocker 
containing DAPI (ORIGENE, China) blocked, and images were acquired with a Leica TCS SP2 A0BS confocal 
system and processed on Leica confocal software (Leica, Germany).

Enzyme‑linked immunosorbent assay. The ELISA kits for IL-1β and TNF-α were obtained from Thrive 
Biotechnology (Shanghai, China). Peripheral blood was collected from mice in different treatment groups and 
the levels of inflammatory cytokines TNF-α and IL-1β were measured by ELISA. The experiments were per-
formed according to the manufacturer’s instructions, and the experiments were repeated three times and the 
mean values were taken.

Transmission electron microscopy. THP-1 cells were washed with PBS, fixed with 3% glutaraldehyde, 
refixed with 1% osmium tetroxide, dehydrated step by step in acetone, and embedded using Ep812 (EMCN, 
China). Ultra-thin sections were then made with a diamond knife, sections were stained with uranyl acetate 
(EMCN, China) and lead citrate (EMCN, China) and observed by JEM-1400FLASH transmission electron 
microscopy (JEOL, Japan).

Animal experiments. C57BL/6J mice were purchased from Chengdu Dashuo Experimental Animal Co., 
Ltd. (Chengdu, China). The mice were housed in a special pathogen-free room with food and water ad  libi-
tum and regular 12:12 light–dark cycle. Three siRNAs targeting mouse DUSP1 (Table 3) were transfected into 
RAW264.7 cells using Lipofectamine™ RNAi MAX Reagent (Invitrogen, USA) according to the manufacturer’s 
protocol to screen for the best siRNA-DUSP1. In vivo experiments were performed using Advanced Transfec-
tion Reagent (ZETA, USA) to interfere with lung DUSP1 expression in C57BL/6J mice by multiple airway infu-
sions. 24 male C57BL/6J mice (8 weeks old) were used for in vivo experiments. There were 4 treatment groups (6 
animals in each group), siRNA-NC group, siRNA-NC + BCG infection group, siRNA-DUSP1 group and siRNA-
DUSP1 + BCG infection group. The mice were weighed and recorded before drug treatment. BCG was diluted 
to 2 ×  106 CFU/100 µL suspension using saline. siRNA-DUSP1 was prepared to 1 OD/50 µL using nuclease-free 
water, siRNA-DUSP1 was prepared to 20 µg/100 µL working solution using saline, and saline solution alone was 
used as a negative control (100 µL). Diluted BCG suspension or saline was intranasally instilled into the respira-
tory tract of the isoflurane-anesthetized mice using a 100 µL pipette as previously  described46. siRNA-DUSP1 
working solution was administered in the same way one day after BCG infection, and mice were treated every 
6 days. Mice were sacrificed on day 21, and the concentrations of TNF-α and IL-1β in peripheral blood were 
determined at terminal timepoint using ELISA. Lung tissues were collected, fixed and stained with haematoxylin 
and eosin (H&E) as previously described, before performing immunohistochemical analysis, imaging of the sec-
tions using a microscopic camera system, and calculation of the percentage of positive area per image using the 
Halo data analysis system.

Ethics statement. All animal experiments complied with the ARRIVE guidelines and were carried out 
following US National Institutes of Health Guidelines for the Use and Care of Laboratory Animals (NI Pub-
lications No. 85–23, revised 1985) and Use of Laboratory Animals and the Chinese Legislation on Laboratory 
Animals. The animal experimental protocol in this study complied with the Animal Management Rules of the 
Chinese Ministry of Health (document no. 55, 2001) and was approved by the Research Ethics Committee of the 
Institutional Animal Care and Use Committee of Ethics Committee of Sichuan Lilaisinuo (Experiment License: 
LLSN-2022002).

Statistical analysis. Statistical tests were conducted with GraphPad Prism v8.0 (GraphPad Software, USA). 
All results were described as mean ± SD and were derived from 3 biological replicates. The difference between 
the 2 groups was compared by one-way ANOVA.

Table 3.  The sequence of small interfere RNA.

siRNA Sense (5’-3’) Antisense(5’-3’)

&1 GUG CCC UGA ACU ACC UUA ATT UUA AGG UAG UUC AGG GCA CTT 

&2 CCA CUC AAG UCU UCU UUC UTT AGA AAG AAG ACU UGA GUG GTT 

&3 GCU CCU UCU UCG CUU UCA ATT UUG AAA GCG AAG AAG GAG CTT 

NC UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT 
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Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).

Received: 25 October 2022; Accepted: 13 February 2023

References
 1. WHO. Global Tuberculosis Report 2021. (2021)
 2. Khawbung, J. L., Nath, D. & Chakraborty, S. Drug resistant Tuberculosis: A review. Compar. Immunol., Microbiol. Infect. Dis. 74, 

101574. https:// doi. org/ 10. 1016/j. cimid. 2020. 101574 (2021).
 3. Awuh, J. A. & Flo, T. H. Molecular basis of mycobacterial survival in macrophages. Cell Mol. Life Sci. 74, 1625–1648. https:// doi. 

org/ 10. 1007/ s00018- 016- 2422-8 (2017).
 4. Fatima, S., Kumari, A., Das, G. & Dwivedi, V. P. Tuberculosis vaccine: A journey from BCG to present. Life Sci. 252, 117594. https:// 

doi. org/ 10. 1016/j. lfs. 2020. 117594 (2020).
 5. Zhai, W. et al. The immune escape mechanisms of mycobacterium tuberculosis. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms2 00203 

40 (2019).
 6. Nagata, S. Apoptosis by death factor. Cell 88, 355–65. https:// doi. org/ 10. 1016/ s0092- 8674(00) 81874-7 (1997).
 7. Nagata, S. Apoptosis and clearance of apoptotic cells. Annu. Rev. Immunol. 36, 489–517. https:// doi. org/ 10. 1146/ annur ev- immun 

ol- 042617- 053010 (2018).
 8. Cargnello, M. & Roux, P. P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. 

Microbiol. Mol. Biol. Rev. 75, 50–83. https:// doi. org/ 10. 1128/ mmbr. 00031- 10 (2011).
 9. Cao, X. et al. Cadmium induced BEAS-2B cells apoptosis and mitochondria damage via MAPK signaling pathway. Chemosphere 

263, 128346. https:// doi. org/ 10. 1016/j. chemo sphere. 2020. 128346 (2021).
 10. Nunes-Xavier, C. et al. Dual-specificity MAP kinase phosphatases as targets of cancer treatment. Anticancer Agents Med. Chem. 

11, 109–132 (2011).
 11. Chen, H. F., Chuang, H. C. & Tan, T. H. Regulation of dual-specificity phosphatase (DUSP) ubiquitination and protein stability. 

Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms2 01126 68 (2019).
 12. Theodosiou, A. & Ashworth, A. MAP kinase phosphatases. Genome Biol. https:// doi. org/ 10. 1186/ gb- 2002-3- 7- revie ws3009 (2002).
 13. Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect. Biol. https:// doi. org/ 10. 1101/ 

cshpe rspect. a0016 51 (2009).
 14. Yang, H., Hu, J., Chen, Y. J. & Ge, B. Role of Sirt1 in innate immune mechanisms against Mycobacterium tuberculosis via the 

inhibition of TAK1 activation. Arch. Biochem. Biophys. 667, 49–58. https:// doi. org/ 10. 1016/j. abb. 2019. 04. 006 (2019).
 15. Xin, Y. et al. Inhibition of miR-101-3p protects against sepsis-induced myocardial injury by inhibiting MAPK and NF-κB pathway 

activation via the upregulation of DUSP1. Int. J. Mol. Med. https:// doi. org/ 10. 3892/ ijmm. 2021. 4853 (2021).
 16. Li, Y., Xu, S., Xu, Q. & Chen, Y. Clostridium difficile toxin B induces colonic inflammation through the TRIM46/DUSP1/MAPKs 

and NF-κB signalling pathway. Artif. Cells Nanomed. Biotechnol. 48, 452–462. https:// doi. org/ 10. 1080/ 21691 401. 2019. 17098 56 
(2020).

 17. Yang, J. et al. DUSP1/MKP-1 regulates proliferation and apoptosis in keratinocytes through the ERK/Elk-1/Egr-1 signaling pathway. 
Life Sci. 223, 47–53. https:// doi. org/ 10. 1016/j. lfs. 2019. 03. 018 (2019).

 18. Bermúdez-Muñoz, J. M. et al. Dual-specificity phosphatase 1 (DUSP1) has a central role in redox homeostasis and inflammation 
in the mouse cochlea. Antioxidants (Basel) https:// doi. org/ 10. 3390/ antio x1009 1351 (2021).

 19. Boulares, A. H. et al. Role of poly(ADP-ribose) polymerase (PARP) cleavage in apoptosis. Caspase 3-resistant PARP mutant 
increases rates of apoptosis in transfected cells. J. Biol. Chem. 274, 22932–40. https:// doi. org/ 10. 1074/ jbc. 274. 33. 22932 (1999).

 20. Siddiqui, W. A., Ahad, A. & Ahsan, H. The mystery of BCL2 family: Bcl-2 proteins and apoptosis: An update. Arch. Toxicol. 89, 
289–317. https:// doi. org/ 10. 1007/ s00204- 014- 1448-7 (2015).

 21. Xu, X., Lai, Y. & Hua, Z. C. Apoptosis and apoptotic body: Disease message and therapeutic target potentials. Biosci. Rep. https:// 
doi. org/ 10. 1042/ bsr20 180992 (2019).

 22. Kim, J. K., Silwal, P. & Jo, E. K. Host-pathogen dialogues in autophagy, apoptosis, and necrosis during mycobacterial infection. 
Immune Netw. https:// doi. org/ 10. 4110/ in. 2020. 20. e37 (2020).

 23. Yuk, J. M. et al. Role of apoptosis-regulating signal kinase 1 in innate immune responses by Mycobacterium bovis bacillus Calmette-
Guérin. Immunol. Cell Biol. 87, 100–7. https:// doi. org/ 10. 1038/ icb. 2008. 74 (2009).

 24. Riendeau, C. J. & Kornfeld, H. THP-1 cell apoptosis in response to Mycobacterial infection. Infect. Immun. 71, 254–9. https:// doi. 
org/ 10. 1128/ iai. 71.1. 254- 259. 2003 (2003).

 25. Ma, C. et al. Mycobacterium bovis BCG triggered MyD88 induces miR-124 feedback negatively regulates immune response in 
alveolar epithelial cells. PLoS One 9, e92419. https:// doi. org/ 10. 1371/ journ al. pone. 00924 19 (2014).

 26. Relav, L. & Price, C. A. Regulation of dual specificity phosphatases by fibroblast growth factor signaling pathways in bovine 
granulosa cells. Reproduction 162, 367–374. https:// doi. org/ 10. 1530/ rep- 21- 0270 (2021).

 27. Köröskényi, K., Kiss, B. & Szondy, Z. Adenosine A2A receptor signaling attenuates LPS-induced pro-inflammatory cytokine 
formation of mouse macrophages by inducing the expression of DUSP1. Biochim. Biophys. Acta 1863, 1461–71. https:// doi. org/ 
10. 1016/j. bbamcr. 2016. 04. 003 (2016).

 28. Liu, Y. X. et al. DUSP1 is controlled by p53 during the cellular response to oxidative stress. Mol. Cancer Res. 6, 624–33. https:// doi. 
org/ 10. 1158/ 1541- 7786. Mcr- 07- 2019 (2008).

 29. Wong, H. R., Dunsmore, K. E., Page, K. & Shanley, T. P. Heat shock-mediated regulation of MKP-1. Am. J. Physiol. Cell Physiol. 
289, C1152-8. https:// doi. org/ 10. 1152/ ajpce ll. 00138. 2005 (2005).

 30. Franklin, C. C., Srikanth, S. & Kraft, A. S. Conditional expression of mitogen-activated protein kinase phosphatase-1, MKP-1, is 
cytoprotective against UV-induced apoptosis. Proc. Natl. Acad. Sci. USA 95, 3014–9. https:// doi. org/ 10. 1073/ pnas. 95.6. 3014 (1998).

 31. Shen, J. et al. Role of DUSP1/MKP1 in tumorigenesis, tumor progression and therapy. Cancer Med. 5, 2061–8. https:// doi. org/ 10. 
1002/ cam4. 772 (2016).

 32. Robitaille, A. C. et al. DUSP1 regulates apoptosis and cell migration, but not the JIP1-protected cytokine response, during Respira-
tory Syncytial Virus and Sendai Virus infection. Sci. Rep. 7, 17388. https:// doi. org/ 10. 1038/ s41598- 017- 17689-0 (2017).

 33. Fu, X. H. et al. Dual-specificity phosphatase 1 regulates cell cycle progression and apoptosis in cumulus cells by affecting mito-
chondrial function, oxidative stress, and autophagy. Am. J. Physiol. Cell Physiol. 317, C1183-c1193. https:// doi. org/ 10. 1152/ ajpce 
ll. 00012. 2019 (2019).

 34. Liao, Q. et al. Down-regulation of the dual-specificity phosphatase MKP-1 suppresses tumorigenicity of pancreatic cancer cells. 
Gastroenterology 124, 1830–45. https:// doi. org/ 10. 1016/ s0016- 5085(03) 00398-6 (2003).

 35. Liu, M., Li, W., Xiang, X. & Xie, J. Mycobacterium tuberculosis effectors interfering host apoptosis signaling. Apoptosis 20, 883–91. 
https:// doi. org/ 10. 1007/ s10495- 015- 1115-3 (2015).

https://doi.org/10.1016/j.cimid.2020.101574
https://doi.org/10.1007/s00018-016-2422-8
https://doi.org/10.1007/s00018-016-2422-8
https://doi.org/10.1016/j.lfs.2020.117594
https://doi.org/10.1016/j.lfs.2020.117594
https://doi.org/10.3390/ijms20020340
https://doi.org/10.3390/ijms20020340
https://doi.org/10.1016/s0092-8674(00)81874-7
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1128/mmbr.00031-10
https://doi.org/10.1016/j.chemosphere.2020.128346
https://doi.org/10.3390/ijms20112668
https://doi.org/10.1186/gb-2002-3-7-reviews3009
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1016/j.abb.2019.04.006
https://doi.org/10.3892/ijmm.2021.4853
https://doi.org/10.1080/21691401.2019.1709856
https://doi.org/10.1016/j.lfs.2019.03.018
https://doi.org/10.3390/antiox10091351
https://doi.org/10.1074/jbc.274.33.22932
https://doi.org/10.1007/s00204-014-1448-7
https://doi.org/10.1042/bsr20180992
https://doi.org/10.1042/bsr20180992
https://doi.org/10.4110/in.2020.20.e37
https://doi.org/10.1038/icb.2008.74
https://doi.org/10.1128/iai.71.1.254-259.2003
https://doi.org/10.1128/iai.71.1.254-259.2003
https://doi.org/10.1371/journal.pone.0092419
https://doi.org/10.1530/rep-21-0270
https://doi.org/10.1016/j.bbamcr.2016.04.003
https://doi.org/10.1016/j.bbamcr.2016.04.003
https://doi.org/10.1158/1541-7786.Mcr-07-2019
https://doi.org/10.1158/1541-7786.Mcr-07-2019
https://doi.org/10.1152/ajpcell.00138.2005
https://doi.org/10.1073/pnas.95.6.3014
https://doi.org/10.1002/cam4.772
https://doi.org/10.1002/cam4.772
https://doi.org/10.1038/s41598-017-17689-0
https://doi.org/10.1152/ajpcell.00012.2019
https://doi.org/10.1152/ajpcell.00012.2019
https://doi.org/10.1016/s0016-5085(03)00398-6
https://doi.org/10.1007/s10495-015-1115-3


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2606  | https://doi.org/10.1038/s41598-023-29900-6

www.nature.com/scientificreports/

 36. Ye, P. et al. Dual-Specificity phosphatase 9 protects against nonalcoholic fatty liver disease in mice through ASK1 suppression. 
Hepatology 69, 76–93. https:// doi. org/ 10. 1002/ hep. 30198 (2019).

 37. Qiu, T. et al. DUSP12 protects against hepatic ischemia-reperfusion injury dependent on ASK1-JNK/p38 pathway in vitro and 
in vivo. Clin Sci (Lond) 134, 2279–2294. https:// doi. org/ 10. 1042/ cs201 91272 (2020).

 38. Wang, S. et al. Hepatocyte DUSP14 maintains metabolic homeostasis and suppresses inflammation in the liver. Hepatology 67, 
1320–1338. https:// doi. org/ 10. 1002/ hep. 29616 (2018).

 39. Ye, P. et al. Dual-specificity phosphatase 26 protects against nonalcoholic fatty liver disease in mice through transforming growth 
factor beta-activated kinase 1 suppression. Hepatology 69, 1946–1964. https:// doi. org/ 10. 1002/ hep. 30485 (2019).

 40. Ruan, J. W. et al. Dual-specificity phosphatase 6 deficiency regulates gut microbiome and transcriptome response against diet-
induced obesity in mice. Nat. Microbiol. 2, 16220. https:// doi. org/ 10. 1038/ nmicr obiol. 2016. 220 (2016).

 41. Chen, L. et al. DUSP6 protects murine podocytes from high glucose-induced inflammation and apoptosis. Mol. Med. Rep. 22, 
2273–2282. https:// doi. org/ 10. 3892/ mmr. 2020. 11317 (2020).

 42. Luo, L. J. et al. An essential function for MKP5 in the formation of oxidized low density lipid-induced foam cells. Cell Signal 24, 
1889–98. https:// doi. org/ 10. 1016/j. cells ig. 2012. 05. 017 (2012).

 43. Jeffrey, K. L. et al. Positive regulation of immune cell function and inflammatory responses by phosphatase PAC-1. Nat. Immunol. 
7, 274–83. https:// doi. org/ 10. 1038/ ni1310 (2006).

 44. Hsu, S. F. et al. Dual specificity phosphatase DUSP6 promotes endothelial inflammation through inducible expression of ICAM-1. 
Febs. J. 285, 1593–1610. https:// doi. org/ 10. 1111/ febs. 14425 (2018).

 45. Sakaue, H. et al. Role of MAPK phosphatase-1 (MKP-1) in adipocyte differentiation. J. Biol. Chem. 279, 39951–7. https:// doi. org/ 
10. 1074/ jbc. M4073 53200 (2004).

 46. Yang, J. et al. Bmi1 signaling maintains the plasticity of airway epithelial progenitors in response to persistent silica exposures. 
Toxicology 470, 153152. https:// doi. org/ 10. 1016/j. tox. 2022. 153152 (2022).

Acknowledgements
The authors would also like to express their gratitude to EditSprings (https:// www. edits prings. com/) for the 
expert linguistic services provided.

Author contributions
Designing research study: W.L., Z.L., D.Z. Conducting experiments: Z.L., J.W., F.D. Acquiring data: Z.L., J.W., 
F.D., W.L. Analyzing data: Z.L., J.W., W.L. Revising the manuscript: Z.L., J.W., W.L. All authors contributed to 
the article and approved the submitted version.

Funding
This research is funded by the National Natural Science Foundation of China (numbers: 32060799 and 31760724).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 29900-6.

Correspondence and requests for materials should be addressed to W.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1002/hep.30198
https://doi.org/10.1042/cs20191272
https://doi.org/10.1002/hep.29616
https://doi.org/10.1002/hep.30485
https://doi.org/10.1038/nmicrobiol.2016.220
https://doi.org/10.3892/mmr.2020.11317
https://doi.org/10.1016/j.cellsig.2012.05.017
https://doi.org/10.1038/ni1310
https://doi.org/10.1111/febs.14425
https://doi.org/10.1074/jbc.M407353200
https://doi.org/10.1074/jbc.M407353200
https://doi.org/10.1016/j.tox.2022.153152
https://www.editsprings.com/
https://doi.org/10.1038/s41598-023-29900-6
https://doi.org/10.1038/s41598-023-29900-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	DUSP1 mediates BCG induced apoptosis and inflammatory response in THP-1 cells via MAPKsNF-κB signaling pathway
	Results
	BCG infection induces apoptosis in THP-1 cells and promotes the expression of DUSP1 and pro-inflammatory cytokines. 
	Establishment of a model of THP-1 cell infection by siRNA-DUSP1 combined with BCG. 
	Knockdown of DUSP1 reduces BCG-induced apoptosis in macrophages. 
	Knockdown of DUSP1 regulates BCG-induced apoptosis in macrophages via the endogenous apoptotic pathway. 
	Knockdown of DUSP1 regulates BCG-infected macrophages via MAPKsNF-κB signaling pathway. 
	In vivo study of the effects of BCG induced inflammation and the therapeutic potential of targeting DUSP1. 
	Effects of DUSP1 knockdown on protein expression of MAPKsNF-κB signaling pathway in BCG-infected C57BL6J mice lung tissue. 

	Discussion
	Materials and methods
	Cell culture. 
	BCG culture and infection. 
	Construction and transfection of DUSP1 small interfering RNAs. 
	RNA isolation and real-time PCR. 
	Western Blotting. 
	Detection of apoptosis by flow cytometry. 
	Detection of mitochondrial membrane potential (MMP) by flow cytometry. 
	Immunofluorescence assay. 
	Enzyme-linked immunosorbent assay. 
	Transmission electron microscopy. 
	Animal experiments. 
	Ethics statement. 
	Statistical analysis. 

	References
	Acknowledgements


