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Objective: This study aims to elucidate the apoptotic mechanism induced by doxycycline (Dox) in human microglial clone 3 (HMC3) 
cells infected with the Brucella suis S2 strain, with the goal of identifying potential therapeutic targets for neurobrucellosis.
Methods: The expression of calreticulin (CALR) at both the protein and mRNA levels was assessed using Western blot analysis and 
reverse transcription-quantitative polymerase chain reaction (RT-qPCR), respectively, following exposure of HMC3 cells to varying 
concentrations and treatment durations of Dox. Apoptosis rates were determined via flow cytometry. To investigate the involvement of 
the inositol-requiring enzyme-1 (IRE1)/Caspase-12/Caspase-3 pathway, CALR protein levels were analyzed through Western blot after 
a 12-hour treatment with 160 μM Dox. Endoplasmic reticulum (ER) stress and intracellular calcium (Ca²⁺) concentrations were 
evaluated using fluorescent staining. The same parameters were measured in B. suis S2-infected HMC3 cells following treatment with 
160 μM Dox.
Results: Treatment with 160 μM Dox for 12 hours resulted in a reduction in CALR protein levels and the induction of apoptosis in 
HMC3 cells. The downregulation of CALR activated the IRE1/Caspase-12/Caspase-3 signaling pathway, leading to apoptosis. Similar 
apoptotic effects were observed in B. suis S2-infected HMC3 cells following Dox treatment.
Conclusion: Dox promotes apoptosis in B. suis S2-infected HMC3 cells by suppressing CALR expression and activating the IRE1/ 
Caspase-12/Caspase-3 signaling pathway. These findings suggest that CALR regulation may serve as a potential therapeutic target for 
neurobrucellosis.
Keywords: apoptosis, Brucella suis S2 strain, doxycycline, HMC3, IRE1/Caspase-12/Caspase-3 pathway

Introduction
Human brucellosis, caused by Brucella spp., is a zoonotic disease that can affect multiple organ systems.1 In severe 
cases, patients may exhibit musculoskeletal or neurological complications.2 Central nervous system (CNS) involvement 
frequently manifests as meningitis, encephalitis, brain abscesses, and demyelinating lesions.3 Neurobrucellosis often 
results in chronic infections with an increased risk of recurrence, posing significant health risks.4 These manifestations 
are closely associated with the role of microglia in CNS infections.1

Microglia, derived from erythromyeloid progenitor cells in the yolk sac, function as resident macrophages within the 
CNS.5 They contribute to immune defense by secreting pro-inflammatory cytokines and chemokines, playing a crucial 

Infection and Drug Resistance 2025:18 2005–2020                                                         2005
© 2025 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                          

Open Access Full Text Article

Received: 18 November 2024
Accepted: 14 April 2025
Published: 23 April 2025

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


role in the clearance of dead neurons and the response to pathogenic infections.6,7 Macrophages represent primary target 
cells for Brucella.8 Within host macrophages, Brucella resides in membrane-bound compartments known as Brucella- 
containing vacuoles (BCVs), where it evades immune responses by preventing fusion with lysosomes. Additionally, 
Brucella interacts extensively with the endoplasmic reticulum (ER) to establish a vacuolar niche conducive to intracel-
lular replication.9 During this process, Brucella can inhibit apoptosis to facilitate persistent infection.8 However, the 
molecular mechanisms underlying Brucella-mediated regulation of microglial apoptosis through ER interactions remain 
largely unexplored.

The ER is critical for protein synthesis and processing, lipid metabolism, and calcium homeostasis.10 Bacterial 
infections can induce ER stress, characterized by the accumulation of misfolded or unfolded proteins.11 Brucella 
establishes intracellular infections, in part, by modulating ER stress-mediated apoptosis.12 To mitigate ER stress, host 
cells activate the unfolded protein response (UPR), which involves three key receptors: inositol-requiring enzyme-1 
(IRE1), PKR-like ER kinase (PERK), and activating transcription factor-6 (ATF6).11 Among these, IRE1 represents the 
most evolutionarily conserved UPR signaling pathway and plays a pivotal role in Brucella-induced, ER stress-associated 
apoptosis.13 Caspase-12, a key regulator of ER stress-induced apoptosis,14 is activated through IRE1 and subsequently 
triggers downstream apoptotic effectors, including Caspase-9 and Caspase-3.15

Calreticulin (CALR), a multifunctional chaperone protein primarily localized in the ER regulates ER stress by 
maintaining calcium homeostasis.16 Additionally, CALR has been implicated in apoptosis regulation in bacterially 
infected microglia.17 Previous studies have demonstrated that Brucella suis S2 strain inhibits apoptosis in human 
microglial clone 3 (HMC3) cells by increasing CALR expression.18,19 B. suis S2, a live vaccine strain that underwent 
spontaneous attenuation, was first isolated in 1952 from the fetus of an aborted pig.20,21 Its virulence in humans is 
evidenced by symptoms such as fatigue and excessive perspiration in infected individuals.21 In addition to preventing 
host cell apoptosis, B. suis S2 suppresses the host inflammatory response by inhibiting the NF-κB signaling pathway and 
the NLRP3 inflammasome, thereby promoting its long-term survival within host cells.21–23 However, the relationship 
between CALR levels and apoptosis mediated by the IRE1α/Caspase-12/Caspase-3 pathway in Brucella-infected 
microglia remains unexplored. Given these molecular interactions, further investigation into the effects of antibiotic 
treatment on apoptosis in Brucella-infected microglia is warranted.

Doxycycline (Dox), a second-generation tetracycline antibiotic, exhibits broad-spectrum antibacterial activity against 
both Gram-positive and Gram-negative bacteria and is well tolerated in clinical use.24 As a result, Dox is recommended 
as the preferred treatment for chronic brucellosis and neurobrucellosis.25 In addition to its antibacterial properties, Dox 
exerts non-antibiotic effects, including apoptosis induction, anti-inflammatory activity, and immunosuppressive 
properties.26,27 Recent studies have highlighted the role of Dox in activating the caspase family cascade to induce 
apoptosis, as well as its capacity to act as an ER stress inducer.27,28 However, the regulatory effect of Dox on ER stress- 
related apoptosis in Brucella-infected microglia remains largely unexplored.

In this study, HMC3 cells were treated with varying concentrations of Dox for different durations to determine the 
optimal conditions for apoptosis induction. Subsequently, Dox was administered to normal HMC3 cells, as well as CALR 
knockdown and overexpression cell lines, to assess its ability to induce apoptosis via the IRE1/Caspase-12/Caspase-3 
pathway through CALR suppression. Based on these findings, it was concluded that Dox induces apoptosis in B. suis S2- 
infected HMC3 cells through a similar mechanism.

Materials and Methods
Antibodies and Lentivirus
Primary antibodies against phosphorylated inositol-requiring enzyme-1 (p-IRE1; Ser724, #GR271918-30), cleaved- 
Caspase-3 (#GR297363-10), cleaved-Caspase-12 (#GR3306653-9), GAPDH (#GR200347-16), and CALR 
(#GR3252549-6) were obtained from Abcam (Cambridge, UK). Primary antibodies against IRE1 (#I09262562), and 
cleaved-Caspase9 (#I05053421) were purchased from Wanlei Biotechnology (Shenyang, CHN). IRDye® 800CW-labeled 
goat anti-rabbit IgG (#C81210-05) was purchased from Li-COR (Lincoln, USA). CALR and sh-CALR lentivirus were 
acquired from Hanbio Biotechnology (Shanghai, CHN).
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Cell Culture
HMC3 cells were obtained from Kelei Biotechnology (Shanghai, CHN) and authenticated using short tandem repeat 
(STR) profiling. Cells were maintained in complete Dulbecco’s modified Eagle medium (DMEM; Gibco, Shanghai, 
CHN) supplemented with 12% fetal bovine serum (FBS; Gibco, Grand Island, USA) and 1% penicillin streptomycin 
(Solarbio, Beijing, CHN). Cultures were incubated at 37 °C in a humidified atmosphere containing 5% CO₂. Upon 
reaching 70% confluency in 10 cm dishes, HMC3 cells were washed twice with phosphate-buffered saline (PBS; 
Hyclone, Shanghai, China) and subcultured at a 1:4 ratio.

Bacteria
The B. suis S2 strain was preserved at the Ningxia Clinical Pathogenic Microorganisms Laboratory (Yinchuan, CHN). 
The strain was resuscitated and incubated in tryptic soy broth (TSB; Hope Biotech, Qingdao, China) at 35 °C with 5% 
CO₂ for 3–4 days. Single colonies were subsequently selected and transferred to 10 mL of TSB, followed by incubation 
in a rotary shaker at 180 rpm and 37 °C for 48 hours. The bacterial culture was then harvested by centrifugation at 
4500 rpm for 5 minutes, washed twice with PBS, and resuspended. The bacterial density was determined using 
turbidimetry. All experiments involving B. suis S2 were conducted in a Biosafety Level 2 (BSL-2) facility at the 
Ningxia Clinical Pathogenic Microorganisms Laboratory, adhering strictly to laboratory biosafety regulations.

In vitro Bacterial Infection Experiments
HMC3 cells were seeded at a density of 2.5 × 10⁵ cells per 10 cm dish in an antibiotic-free culture medium. Following 
a previously established protocol, cells were infected with B. suis S2 at a multiplicity of infection (MOI) of 50 for 
2 hours, until reaching 70% confluence. Subsequently, cells were washed three times with cold PBS to remove 
extracellular B. suis S2 and collected for further experiments.

In vitro Dox Treatment
Dox (MedChem Express, Monmouth Junction, USA) was dissolved in PBS to prepare a 10 mm stock concentration and 
stored at −80 °C. For experimental treatments, Dox was diluted to the required concentrations in the culture medium. 
Upon reaching 70% confluence, HMC3 cells were exposed to 40 μM Dox for different durations (6, 12, and 24 hours).29 

Additionally, a separate set of HMC3 cells was treated with varying concentrations of Dox (20, 40, 80, and 160 μM) for 
12 hours.30 Furthermore, HMC3, HMC3-CALR, and HMC3-sh-CALR cell lines were treated with 160 μM Dox for 
12 hours. B. suis S2-infected HMC3 cells were also exposed to 160 μM Dox for 12 hours.

Intracellular Colony Counting
Cells from each experimental group were collected and centrifuged at 1000 rpm for 5 minutes, followed by two washes 
with PBS to remove any extracellular B. suis S2. To lyse the cells, a 0.1% Triton X-100 solution was applied for 
10 minutes at room temperature, followed by vortexing for 10 seconds. The lysates were subsequently diluted 100-fold in 
PBS, and 100 µL of the diluted samples were plated onto TSB agar using sterile applicator sticks. The plates were 
incubated at 37 °C for 3 to 4 days, after which colony-forming units (CFU) were counted. The number of intracellular 
bacteria (CFU/mL) was calculated using the formula: (number of colonies × dilution factor) / 0.1 mL.

Western Blot Analysis
HMC3 cell lines were seeded into 10 cm culture dishes at a density of 1 × 10⁶ cells per dish in complete culture medium. 
After the cells reached approximately 85% confluence, protein expression levels of CALR, IRE1/p-IRE1, cleaved 
Caspase-12, cleaved Caspase-3, and cleaved Caspase-9 were analyzed using Western blotting. Cells were detached via 
trypsinization, collected by centrifugation at 1000 rpm for 5 minutes, and lysed for total protein extraction following the 
manufacturer’s instructions (Whole Protein Extraction Kit, KeyGEN, Nanjing, China). The lysates were centrifuged at 
13,500 rpm for 40 minutes at 4 °C, and protein concentrations were determined using the bicinchoninic acid (BCA) 
Protein Quantification Kit (KeyGEN, Nanjing, China).
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Protein lysates (80 μg per lane) were diluted in 5× sodium dodecyl sulfate (SDS) loading buffer and denatured in 
a metal bath at 100 °C for 5 minutes. Proteins were then separated on 8–12% SDS-polyacrylamide gels (SDS-PAGE; 
KeyGEN, Nanjing, China) and transferred onto 0.45 μm polyvinylidene difluoride (PVDF) membranes (Millipore, 
Billerica, USA) via electrotransfer.

To block non-specific binding, membranes were incubated with 5% (w/v) nonfat milk in Tris-buffered saline 
containing 0.1% Tween-20 (TBST) for 2 hours at room temperature. Membranes were then incubated overnight at 4 
°C with primary antibodies (dilution 1:500–1:1000), followed by five washes with TBST (5 minutes per wash).

Next, membranes were incubated with IRDye® 800CW Goat anti-Rabbit IgG (1:7500; LI-COR, Lincoln, USA) at 37 
°C for 1 hour. Target proteins were detected and analyzed using the Odyssey Infrared Imaging System (LI-COR, 
Lincoln, USA).

Experiments were independently repeated three times. The mean optical density (MOD) of each target protein was 
quantified and normalized to GAPDH expression to determine relative protein levels.

Quantitative Real-Time PCR
HMC3 cell lines were seeded into 6 cm culture dishes at a density of 1×105 cells per dish and subjected to Dox treatment 
or B. suis S2 infection upon reaching 70% confluence. Total RNA from each group was extracted using the RNA simple 
Total RNA Kit (TIANGEN, Beijing, CHN) and reverse-transcribed into cDNA using the Transcriptor First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, Waltham, USA). Primers for CALR and GAPDH were synthesized by Sangon 
Biotech (Shanghai, CHN) with the following sequences: CALR, Fwd-5′ CCAACGATGAGGCATACGCTGAG 3′, Rev-5′ 
GCTCCTCGTCCTGTTT-GTCCTTC 3′; GAPDH, Fwd-5’′ CAAGGTCATCCATGACAACTTTG 3′, Rev-5′ 
GTCCACCACCCTGTTGCTGTAG 3′. Primer reaction specificity was verified by melting curve and agarose gel 
analyses. qPCR analysis was conducted using the LightCycler® 480 II Authorized Thermal Cycler (Roche, Basel, 
Switzerland) and the ChamQ SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, CHN). The amplification conditions 
were set as follows: initial denaturation at 95 °C for 30 seconds, followed by 40 cycles of amplification at 95 °C for 
10 seconds, 56 °C for 30 seconds, and 72 °C for 30 seconds. Dissolution curve analysis was performed at 95 °C for 
15 seconds, 60 °C for 60 seconds, and 95 °C for 15 seconds. The melting temperatures (Tm) of the Calr and Gapdh 
amplicons were expected to be 84.5 °C. All RT-qPCR experiments were independently repeated at least four times. The 
relative mRNA expression levels of Calr was quantified using the 2−ΔΔCT CT method, with Gapdh serving as the internal 
reference.

Flow Cytometry Analysis
Annexin V-FITC/PI Analysis
Apoptotic HMC3 cells induced by Dox were stained using a BBcellProbe™ Annexin V-FITC/PI staining kit (BestBio, 
Shanghai, CHN). Dox-treated cells were digested with trypsin (without EDTA) and collected. The cells were then 
washed twice with 2 mL of pre-cooled PBS and resuspended in 400 µL of Annexin V binding buffer at a density of 
1×106 cells/mL. Subsequently, 5 µL of Annexin V-FITC staining solution was added to the cell suspension, which was 
protected from light and incubated at 4 °C for 15 minutes. Finally, 10 µL of propidium iodide (PI) solution was added to 
the suspension. Following a 5-minute incubation, a flow cytometer (BD Biosciences, San Jose, USA) was used to assess 
and quantify the apoptotic rate (%) of HMC3 cells in each experimental group.

Annexin V-APC/7-AAD Analysis
To prevent interference from the green fluorescence of the ZsGreen protein in Annexin V-FITC/PI analysis, the Annexin 
V-APC/7-AAD Apoptosis Kit (US Everbright, Suzhou, China) was employed to assess apoptosis in each HMC3 cell line. 
Single-cell suspensions were prepared in accordance with the methodology outlined in Annexin V-FITC/PI Analysis. 
Annexin V-APC (5 µL) and 7-AAD staining solution (10 µL) were added to each 100 μL cell suspension, and the 
mixtures were incubated for 15 minutes at room temperature, protected from light. Immediately afterward, 400 µL of 
Annexin V binding buffer was added to each cell mixture (approximately 4×105 cells), and the apoptotic rate was 
determined by flow cytometry analysis.

https://doi.org/10.2147/IDR.S507193                                                                                                                                                                                                                                                                                                                                                                                                                                                                Infection and Drug Resistance 2025:18 2008

Wang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Results Analysis
Flow cytometry data were analyzed using FlowJo V10 software, with compensation performed using single-stained 
controls. The gating strategy was based on the control HMC3 cells. Cells in the Q1, Q2, Q3, and Q4 quadrants 
corresponded to necrotic, late apoptotic, early apoptotic, and viable cells, respectively. In this study, the apoptosis 
level in each group was calculated as the sum of the Q2 and Q3 quadrants.

ER Staining
HMC3 cell lines were seeded onto round coverslips in 12-well plates at a density of 2×105 cells/well. Each well was 
supplemented with 1 mL of complete medium, and the cells were incubated at 37 °C within 5% CO₂. Upon reaching 70% 
confluence, cells were treated with Dox or infected with B. suis S2. Subsequently, ER staining was performed following 
the manufacturer’s instructions for the Endoplasmic Reticulum Staining Kit-Red Fluorescence (BestBio, Shanghai, 
China).

The BBcellProbe® E04 fluorescent dye was initially diluted 10-fold from the standard solution and then further 
diluted 20-fold with Hank’s Balanced Salt Solution (HBSS; MeilunBio, Dalian, China) to prepare the working solution. 
Immediately afterwards, cells were washed twice with pre-warmed HBSS and stained with 1 mL of pre-heated working 
solution at 37 °C for 30 minutes in the dark. Cells were then fixed with 500 µL of 4% paraformaldehyde for 2 minutes 
and washed twice with pre-warmed HBSS. Finally, nuclei were stained using DAPI, and the coverslips were sealed with 
an anti-fade reagent to prevent fluorescence quenching. ER staining in each experimental group was observed and 
imaged using an FV1000 laser confocal microscope (Olympus, Tokyo, Japan).

Measurements of the Intracellular Calcium Ion Concentration
Each HMC3 cell line was seeded into 96-well plates at a density of 2×104 cells/well, with six replicate wells per group. 
The cell lines were placed in an incubator at 37 °C with 5% CO2. When the cells reached 70% confluency, they were 
treated with Dox or infected with B. suis S2. Intracellular Ca2+ levels were subsequently assessed using the Intracellular 
Calcium Staining Kit (red fluorescence; BestBio, Shanghai, CHN).

The BBcellProbe® F07 fluorescent dye was diluted 500-fold in HBSS to prepare the staining working solution, which 
was added to each well. Cells were incubated for 50 minutes at 37 °C, followed by three washes with pre-warmed HBSS 
for 5 minutes each. Subsequently, 100 µL of HBSS was added to each well, and the cells were incubated for 30 minutes 
at 37 °C. The fluorescence intensity of intracellular Ca2+ was detected using a fluorescence microplate reader (BioTek, 
Winooski, Vermont, USA).

Statistical Analysis
At least three biologically independent replicates were performed for each experiment, and the results were expressed as 
mean ± standard deviation (SD). Statistical analysis of all experimental data was conducted using GraphPad Prism 8.0.2 
software. The normality of the grouped data was assessed using the Shapiro–Wilk normality test, while homoscedasticity 
was evaluated using the Brown-Forsythe test. Differences among groups were analyzed by one-way analysis of variance 
(ANOVA). Throughout the study, p-values ≤ 0.05 were considered indicative of statistically significant differences 
between groups.

Results
The Impact of Dox on CALR Expression and Apoptosis in HMC3 Cells at Different 
Time Intervals
To examine the effects of different durations of Dox treatment on CALR expression and apoptosis in HMC3 cells, cells 
were treated with 40 μM Dox for 0, 6, 12, and 24 hours. Previous findings confirmed that CALR protein levels were 
significantly reduced in HMC3 cells following a 12-hour treatment with 40 μM Dox.18

To determine whether the observed changes in CALR levels occurred at the transcriptional or post-translational level, 
CALR mRNA expression was assessed using RT-qPCR. The results indicated that CALR mRNA expression in the 12- 
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hour treatment group was significantly lower than in the other groups (Figure 1A). Since CALR plays a regulatory role in 
apoptosis, flow cytometry was used to analyze the apoptosis level of cells in each group (Figure 1B).31 Apoptosis levels 
were significantly higher in the 12-hour treatment group compared to the remaining groups (Figure 1C). These findings 
indicate that CALR expression was inhibited, and apoptosis was induced in HMC3 cells following a 12-hour treatment 
with 40 μM Dox.

The Impact of Varying Concentrations of Dox on CALR Levels and Apoptosis in 
HMC3 Cells
Based on the previous experimental findings, the effect of Dox concentration was assessed by treating HMC3 cells with 
varying concentrations of Dox for 12 hours. A prior study confirmed that CALR protein levels were significantly reduced 
following treatment with 160 μM Dox.18 Additionally, RT-qPCR analysis revealed a statistically significant reduction in 
CALR mRNA levels in the 160 μM treatment group compared to the other experimental groups (Figure 2A).

Figure 1 Effects of varying Dox treatment durations on CALR expression and HMC3 cell apoptosis. (A) Relative CALR mRNA expression in each group. (B) Flow cytometry 
analysis of apoptosis in each group. (C) Apoptosis rate (percentage of cells in Q2 and Q3) in each group. Results are presented as mean ± standard deviation. 
Note: *p < 0.05, **p < 0.01 versus control; #p < 0.05, ###p < 0.001 versus 12-hour treatment. Experiments were repeated three times independently.

Figure 2 Effects of varying Dox concentrations on apoptosis in HMC3 cells and CALR expression. (A) RT-qPCR analysis of relative CALR mRNA expression in each group. 
(B) Apoptotic rate (percentage of cells in Q2 and Q3) in each group. (C) Flow cytometry analysis of apoptosis in different groups. Results are presented as means ± standard 
deviation. 
Note: *p < 0.05, **p < 0.01, ***p < 0.001 versus control; &p < 0.05, &&&p < 0.001 versus 160 μM. Experiments were performed three times independently.
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Apoptosis levels in each group were further evaluated using flow cytometry (Figure 2B), which demonstrated 
a significant increase in apoptosis in the 40 μM, 80 μM, and 160 μM treatment groups relative to the control group. 
Among these, the 160 μM group exhibited the highest level of apoptosis (Figure 2C). Previous findings also confirmed 
that cell viability in the 160 μM treatment group was significantly lower than in the other groups,18 suggesting that 
160 μM Dox exerted some degree of cytotoxicity in HMC3 cells.

Overall, treatment with 160 μM Dox for 12 hours resulted in decreased CALR protein and CALR mRNA levels and 
induced a significant increase in apoptosis.

Dox Inhibits CALR Expression and Elevates Intracellular Free Calcium Concentration 
in HMC3 Cells
To further confirm the ability of Dox to suppress CALR expression, HMC3, CALR-overexpressing (CALR), and CALR- 
knockdown (sh-CALR) cell lines (the latter two constructed in prior experiments) were treated with 160 μM Dox for 
12 hours. Cells from each group were harvested, and CALR protein levels were assessed using Western blot analysis 
(Figure 3A) and RT-qPCR.

Figure 3 Dox regulates intracellular Ca2+ levels and CALR protein expression. (A) Western blot analysis of CALR protein expression in each group. (B and C) 
Quantification of CALR mRNA and CALR protein levels. (D) ER tracker fluorescent dye staining of the ER in each group. (E) Relative fluorescence intensity of intracellular 
Ca²⁺ in each group. Results are presented as mean ± standard deviation. Experiments were performed three times independently. 
Note: *p < 0.05, **p < 0.01, ***p < 0.001 versus HMC3, ##p < 0.01 versus CALR, and &p < 0.05 versus sh-CALR.
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Analysis of relative CALR protein and CALR mRNA expression revealed that both CALR protein and CALR mRNA 
levels in the HMC3+Dox, CALR+Dox, and sh-CALR+Dox groups were significantly reduced compared to their 
respective control groups (Figure 3B and C). Given that CALR is a chaperone protein localized in the ER lumen, ER 
tracker staining was performed to determine whether changes in CALR levels affected ER integrity.32 The results 
demonstrated that fluorescence intensity in the HMC3+Dox and sh-CALR groups was significantly reduced compared to 
the CALR and HMC3 groups (Figure 3D).

As CALR possesses Ca2+-binding properties and is involved in ER calcium homeostasis, intracellular free calcium 
concentration was measured.33 The results indicated that intracellular Ca²⁺ levels in the sh-CALR group were signifi-
cantly higher than in the control group. Additionally, intracellular Ca²⁺ levels were significantly increased in each Dox- 
treated cell line compared to their corresponding control groups (Figure 3E).

Collectively, these findings demonstrate that Dox suppresses CALR protein expression and induce intracellular Ca2+ 

elevation by affecting the ER.

Dox Activates the IRE1/Caspase-12/Caspase-3 Signaling Pathway by Inhibiting CALR 
Expression, Thereby Inducing Apoptosis in HMC3 Cells
Based on the findings in Dox Inhibits CALR Expression and Elevates Intracellular Free Calcium Concentration in HMC3 
Cells, fluorescence intensity in ER-stained cells was reduced following Dox treatment or CALR knockdown. Since CALR 
knockdown has been shown to increase ER stress in cells,16 and IRE1 is a key receptor in ER stress regulation,11 the 
expression levels of key proteins in the IRE1/Caspase-12/Caspase-3 signaling pathway were quantified using Western 
blot analysis (Figure 4A).

The results demonstrated that, compared to the HMC3 group, the CALR group exhibited significantly lower levels of 
p-IRE1, cleaved Caspase-12, cleaved Caspase-9, and cleaved Caspase-3 proteins. Conversely, these protein levels were 
elevated in the sh-CALR group (Figure 4B–E). Additionally, the expression levels of these four proteins were signifi-
cantly higher in the HMC3+Dox, CALR+Dox, and sh-CALR+Dox groups compared to their respective control groups 
(Figure 4B–E).

Given that Dox is known to induce apoptosis in vitro, apoptosis was assessed in each group using flow cytometry 
analysis (Figure 4F), and the apoptosis rate was calculated.27 The results indicated a significant decrease in the 
percentage of apoptotic cells in the CALR group, whereas a notable increase was observed in the sh-CALR group 
compared to the HMC3 group (Figure 4G). Furthermore, apoptosis levels were significantly elevated in the HMC3+Dox, 
CALR+Dox, and sh-CALR+Dox groups relative to their respective control groups (Figure 4G).

These findings suggest that Dox induces apoptosis in HMC3 cells via activation of the IRE1/Caspase-12/Caspase-3 
signaling pathway, concomitant with the suppression of CALR protein expression.

Dox Inhibits CALR Expression and Elevates Intracellular Free Calcium Concentration 
in HMC3 Cells Infected With B. suis S2
Previous research demonstrated that infection of HMC3 cells with B. suis S2 at an MOI of 50 for 2 hours significantly 
inhibited apoptosis in these cells.18 To further investigate the effects of Dox in this context, HMC3 cells were infected 
with B. suis S2 (MOI = 50) for 2 hours, followed by treatment with 160 μM Dox for 12 hours. Western blot analysis was 
then performed to assess CALR protein levels (Figure 5A).

Quantification of relative CALR protein expression revealed a significant increase in the HMC3+S2 (2 hours) group, 
whereas a notable reduction was observed in both the HMC3+Dox and HMC3+S2+Dox groups compared to the HMC3 
group. Additionally, CALR levels in the HMC3+S2+Dox group were significantly higher than those in the HMC3+Dox 
group (Figure 5B).

These trends in CALR mRNA expression, assessed via RT-qPCR, were consistent with the protein expression patterns 
observed in the Western blot analysis (Figure 5C). Also, ER staining indicated that the fluorescence intensity of the ER in 
both the HMC3+Dox and HMC3+S2+Dox groups was reduced compared to the HMC3 and HMC3+S2 groups 
(Figure 5D).
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Measurement of intracellular Ca²⁺ fluorescence intensity revealed a substantial increase in intracellular Ca²⁺ levels in 
both the HMC3+Dox and HMC3+S2+Dox groups compared to the other three groups, with the HMC3+S2+Dox group 
exhibiting the highest Ca²⁺ concentration (Figure 5E).

These findings indicate that Dox inhibits CALR expression and elevates intracellular free calcium concentration in 
B. suis S2-infected HMC3 cells.

Figure 4 Dox induces apoptosis in HMC3 cells through activation of the IRE1/Caspase-12/Caspase-3 signaling pathway. (A) Western blot analysis of key proteins in the 
IRE1/Caspase-12/Caspase-3 signaling pathway. (B–E) Relative protein expression levels of p-IRE1, cleaved Caspase-12, cleaved Caspase-9, and cleaved Caspase-3. (F) Flow 
cytometry analysis of apoptosis in different groups. (G) Statistical analysis of the apoptosis rate in each group. Results are presented as mean ± standard deviation. 
Experiments were performed three times independently. 
Note: *p < 0.05, **p < 0.01, ***p < 0.001 versus HMC3, #p < 0.05, ##p < 0.01, ###p < 0.001 versus CALR, and &p < 0.05, &&p < 0.01 versus sh-CALR.
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Dox Induces Apoptosis in B. suis S2-Infected HMC3 Cells Through Activation of the 
IRE1/Caspase-12/Caspase-3 Signaling Pathway
Building upon the findings presented in In Vitro Dox Treatment, further investigations were conducted to elucidate the 
impact of Dox on the IRE1/Caspase-12/Caspase-3 signaling pathway and apoptosis in HMC3 cells infected with B. suis 
S2. Western blot analysis was performed to assess the expression levels of key proteins involved in this pathway 
(Figure 6A).

Relative densitometry analysis revealed that, compared to the HMC3 group, the expression levels of p-IRE1, cleaved- 
Caspase12, cleaved-Caspase9, and cleaved-Caspase3 proteins were markedly elevated in the HMC3+S2 (14 hours), 
HMC3+Dox, and HMC3+S2+Dox groups, whereas these protein levels were significantly reduced in the HMC3+S2 
(2 hours) group (Figure 6B–E). Additionally, the expression levels of p-IRE1, cleaved Caspase-9, and cleaved Caspase-3 
were significantly higher in the HMC3+S2+Dox group compared to the HMC3+S2 (14 hours) group (Figure 6B–E).

Following cell collection, apoptosis levels were assessed using flow cytometry (Figure 6F). Analysis of apoptotic 
rates revealed a decrease in apoptosis in the HMC3+S2 (2 hours) group compared to the HMC3 group. In contrast, 
apoptosis levels were significantly elevated in the HMC3+S2 (14 hours), HMC3+Dox, and HMC3+S2+Dox groups. 
Notably, the percentage of apoptotic cells in the HMC3+S2+Dox group was significantly higher than in the HMC3+S2 
(14 hours) group (Figure 6G).

Figure 5 Dox regulates intracellular Ca²⁺ levels and CALR protein expression in B. suis S2-infected HMC3 cells. (A) Western blot analysis of relative CALR protein 
expression. (B) Densitometric analysis of CALR protein levels. (C) RT-qPCR analysis of CALR mRNA expression. (D) ER fluorescent staining detected by laser confocal 
microscopy. (E) Relative fluorescence intensity of intracellular Ca²⁺ in each group. Results are presented as mean ± standard deviation of three independent experiments. 
Note: *p < 0.05, **p < 0.01, ***p < 0.001 versus HMC3; #p < 0.05, ###p < 0.001 versus HMC3+S2 (14 h); &p < 0.05, &&p < 0.01 versus HMC3+Dox.
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Figure 6 Dox induces apoptosis in B. suis S2-infected HMC3 cells through activation of the IRE1/Caspase-12/Caspase-3 signaling pathway. (A) Western blot analysis of key 
proteins in the IRE1/Caspase-12/Caspase-3 signaling pathway. (B–E) Quantification of p-IRE1, cleaved Caspase-12, cleaved Caspase-9, and cleaved Caspase-3 protein levels. 
(F) Flow cytometry analysis of apoptosis in different groups. (G) Percentage of apoptotic cells in each group. (H) Colony formation after culturing cell lysates for 3 days 
(lysates diluted 100-fold). (I) Statistical analysis of intracellular bacterial counts in each group. Results are presented as mean ± standard deviation. 
Note: *p < 0.05, **p < 0.01, ***p < 0.001 versus HMC3; #p < 0.05, ##p < 0.01, ###p < 0.001 versus HMC3+S2 (14 h); &&p < 0.01 versus HMC3+Dox; !p < 0.05 versus HMC3 
+S2 (2 h). Each experiment was repeated at least three times.
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To further investigate the impact of Dox on B. suis S2 replication in HMC3 cells, the number of viable intracellular 
B. suis S2 was determined by CFU counting (Figure 6H). The results demonstrated that the number of viable B. suis S2 
in the HMC3+S2+Dox group was significantly lower than in the other groups, whereas no significant difference was 
observed between the HMC3+S2 (2 hours) and HMC3+S2 (14 hours) groups (Figure 6I).

In summary, these findings indicate that Dox induces apoptosis in B. suis S2-infected HMC3 cells by activating the 
IRE1/Caspase-12/Caspase-3 signaling pathway and inhibits the replication of B. suis S2 in HMC3 cells.

Discussion
Neurobrucellosis, resulting from Brucella infection of the nervous system, constitutes the most severe complication of 
brucellosis.34 CNS involvement by Brucella presents unique challenges due to its chronic nature and tendency for 
recurrent episodes.1 The chronicity and relapses associated with bacterial infection pose unique challenges in the clinical 
management of neurobrucellosis, primarily due to the ability of Brucella to inhibit apoptosis of target cells.8 

Macrophages serve as primary targets of Brucella infection, and within the CNS, microglia—the resident macro-
phages—play a key role in the chronicity of neurobrucellosis.1 Consequently, there is growing interest in therapeutic 
strategies aimed at inducing apoptosis in Brucella-infected microglia, as this approach holds potential for the treatment of 
neurobrucellosis.35

Dox, a broad-spectrum semi-synthetic tetracycline, has long been established as the preferred therapeutic agent for 
neurobrucellosis.36 However, recent attention has shifted towards its non-antibiotic properties, particularly its capacity to 
induce apoptosis, rather than its conventional bacteriostatic or bactericidal effects.27 Despite its widespread use, the 
precise mechanism underlying Dox-induced apoptosis remains completely understood.

In this study, findings indicate that a 12-hour exposure to 160 μM Dox leads to the suppression of CALR mRNA 
expression and the induction of apoptosis in HMC3 cells. Additionally, results demonstrate that treatment with 160 μM 
Dox induces apoptosis in both uninfected and B. suis S2-infected HMC3 cells via activation of the IRE1/Caspase-12/ 
Caspase-3 signaling pathway.

Microglia, the resident macrophages of the CNS, play a critical role in the pathogenesis of neurobrucellosis relapses 
and chronicity.6 Given that macrophages are primary targets of Brucella infection,37 the bacterium can modulate 
microglial function.6 Upon invading the CNS,8,18 Brucella not only stimulates microglia to release pro-inflammatory 
factors but also modulates microglial apoptosis. Studies have shown that Brucella infection of microglia triggers an 
inflammatory cascade, characterized by the release of cytokines such as IL-6, IL-1β, and TNF-α, leading to neurological 
impairment.1 The present study focuses on understanding the regulatory effects of Brucella on microglial activity, which 
contribute to the persistence and relapse of neurobrucellosis.

Brucella resides within macrophages, forming specialized compartments known as BCVs. The bacterium manipulates 
the intracellular environment by preventing BCV-lysosome fusion while promoting interactions with the ER.38 This 
strategy allows Brucella to replicate within the ER and evade macrophage-induced apoptosis.13 Consequently, inducing 
apoptosis in Brucella-infected microglia via ER-targeted therapeutic strategies is crucial for effective neurobrucellosis 
treatment, highlighting the need to elucidate the molecular mechanisms involved.

The ER, the largest organelle for protein synthesis and processing in eukaryotic cells, facilitates the maturation of 
secreted and membrane proteins.39 Within the ER, chaperone proteins play crucial roles in protein folding and 
processing.40 Among these, CALR is a prominent ER chaperone localized in the ER lumen, essential for regulating 
cellular apoptosis and protein folding.41 Previous findings confirmed the anti-apoptotic function of CALR,19 consistent 
with prior studies. For instance, Sun et al demonstrated the protective role of CALR in adiponectin-mediated myocardial 
tissue defense against apoptosis,42 while Jiao et al reported that CALR upregulation conferred resistance to apoptosis in 
synoviocytes affected by rheumatoid arthritis.43

In contrast to these studies, the present research focused on the effects of Dox, a tetracycline antibiotic, on apoptosis 
in normal or Brucella-infected HMC3 cells. Dox is widely recognized for its antibacterial activity against both Gram- 
positive and Gram-negative bacteria and is the first-line treatment for neurobrucellosis and chronic brucellosis due to its 
favorable pharmacokinetics and tolerability.44,45 This study also confirmed that Dox significantly inhibits the replication 
of B. suis S2 in HMC3 cells. However, recent attention has shifted toward its non-antibiotic properties,27 including its 
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ability to induce apoptosis and exert immunosuppressive effects.46 Several studies have demonstrated the apoptosis- 
inducing effects of Dox in melanoma27 and breast cancer cell lines.47 Therefore, this study focused on investigating the 
apoptotic effects of Dox in B. suis S2-infected HMC3 cells.

CALR protein is known to regulate the phagocytic activity of macrophages in infectious diseases.48 Cockram et al 
demonstrated that Escherichia coli infection enhances microglial phagocytosis by upregulating CALR protein 
expression,17 which is consistent with the present observation that B. suis S2 infection leads to an upregulation of 
CALR protein levels in HMC3 cells.

CALR functions as a Ca2+-binding molecular chaperone primarily localized in the ER,49 where it plays a crucial role 
in maintaining ER Ca2+ homeostasis by modulating Ca2+ transport.50 Based on these findings, this study confirmed that 
treatment with Dox significantly reduces ER fluorescence intensity and increases intracellular Ca²⁺ levels in both 
uninfected and B. suis S2-infected HMC3 cells. However, B. suis S2 infection alone did not induce these effects. The 
reduction in CALR protein levels following Dox treatment in HMC3 cells disrupts ER structure and leads to the 
dissociation of bound calcium. This phenomenon is consistent with the findings of Tayyeb et al, where Calr knockdown 
resulted in increased Ca2+ levels in mouse kidney cells.33

Collectively, these findings underscore the pivotal role of ER homeostasis disruption in mediating Dox-induced 
apoptosis in both uninfected and B. suis S2-infected HMC3 cells.

Building upon the aforementioned results, further investigation was conducted to elucidate the molecular mechanism 
underlying Dox-induced ER-associated apoptosis in both uninfected and B. suis S2-infected HMC3 cells. Bacterial 
infection or physiological damage can trigger ER stress by causing the accumulation of misfolded or unfolded proteins 
within the ER,51 prompting the UPR to reestablish ER homeostasis.52 External stimuli activate sensor11 proteins such as 
IRE1, PERK, and ATF6,11 which initiate the UPR to alleviate ER stress. Among these sensors, IRE1 IRE1 is particularly 
pivotal as it is the most conserved ER stress sensor and plays a crucial role in modulating host cell apoptosis during 
bacterial infection.53

Our findings confirm that B. suis S2 inhibits the activation of the IRE1 protein and subsequently suppresses apoptosis 
in HMC3 cells. This observation aligns with the study by Zhi et al, which demonstrated that B. suis S2 inhibited 
apoptosis in goat trophoblasts by suppressing the IRE1-mediated UPR.54 Similarly, previous reports have shown that 
B. suis 1330 can inhibit apoptosis in human monocytes to facilitate its intracellular survival.55 Notably, while those 
studies primarily focused on the IFN-γ apoptotic pathway, our investigation centers on ER stress-associated apoptosis. 
Conversely, Byndloss et al reported that B. abortus induced placental trophoblast apoptosis through activation of the 
IRE1 pathway,55 suggesting that discrepancies among findings may be attributed to differences in bacterial strains and 
cell lines employed.

Activated IRE1 can subsequently activate Caspase-12,13 which serves as an initiator of the ER stress response and is 
exclusively activated during ER stress.56 Activated Caspase-12 then triggers downstream Caspase-9 and Caspase-3, 
ultimately culminating in apoptosis.57 Our results demonstrate that B. suis S2 sequentially suppresses the activation of 
Caspase-12, Caspase-9, and Caspase-3, thereby inhibiting HMC3 cell apoptosis. This finding is consistent with the study 
by Zhi et al, which reported the inhibition of Caspase-3-dependent apoptosis in trophoblast cells by B. suis S2.54

In light of these results, targeting the IRE1/Caspase-12/Caspase-3 signaling pathway with pharmacological agents 
appears to be a promising strategy for the treatment of neurobrucellosis. Furthermore, we investigated the regulatory 
effects of Dox on ER stress. Prior studies have revealed that Dox induces apoptosis in human skin melanoma cells by 
activating caspases27 and leads to ER expansion by inducing ER stress.28 Although the precise molecular mechanisms 
underlying Dox-induced apoptosis and ER stress remain elusive, our study provides additional evidence that Dox induces 
apoptosis in both normal and B. suis S2-infected HMC3 cells via activation of the IRE1/Caspase-12/Caspase-3 signaling 
pathway. This finding refines the mechanism by which Dox induces apoptosis.

Our study demonstrated that B. suis S2 inhibits the IRE1/Caspase-12/Caspase-3 signaling pathway by upregulating 
CALR expression. More importantly, this study verified that Dox induces activation of the IRE1/Caspase-12/Caspase-3 
signaling pathway through the suppression of CALR protein levels, thereby promoting apoptosis in both uninfected and 
B. suis S2-infected HMC3 cells. A major limitation of this study is the lack of in vivo verification of this mechanism, 
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which warrants further investigation. Additionally, identifying the precise molecular target of Dox on the CALR protein 
would provide valuable insights for future research.

Conclusion
These findings elucidate the mechanism by which Dox induces apoptosis in B. suis S2-infected HMC3 cells, specifically 
through the reduction of CALR levels and activation of the IRE1/Caspase-12/Caspase-3 pathway. This study highlights 
potential therapeutic targets for clinical intervention in neurobrucellosis. In particular, the observed changes in CALR levels 
and its regulation of ER stress-associated proteins provide new insights for identifying effective drugs that interact with this 
pathway. These findings serve as a foundation for the development of pharmacological treatments for neurobrucellosis.
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