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ABSTRACT
Background: Apoptosis is one of the crucial processes related to pathogenesis and disease sever-
ity in systemic lupus erythematosus (SLE). Previous studies have reported changes in protein levels
in the sera andplasmaof SLEpatients. The capacity of these serummolecules to induce the apopto-
sis of circulating cells remains unclear. The present study investigates the effect of SLE patients' sera
on the apoptosis of mononuclear cells and explores serum and plasma proteins related to apop-
toticmechanisms. Methods: Peripheral bloodmononuclear cells (PBMCs) fromhealthy individuals
were isolated and H2O2 concentrations and incubation time points for optimal stimulation of cell
death were determined. The PBMCs were treated with sera from SLE patients (N=12) and healthy
individuals (N=12) with or without H2O2 induction. The level of cell death and apoptosis in both
the early and late phaseswas examined by stainingwith trypan blue and annexin-V/PI, respectively.
Finally, the altered serum and plasma proteins from SLE patients reported in previous publications
were comprehensively collected, their associations with apoptotic mechanisms were analyzed us-
ing the STRING bioinformatics tool, and their increased serum levels in SLE patients were validated
by ELISA assay. Results: We applied 0.2mMH2O2 for 48 hours as a chemical inducer of apoptosis in
PBMCs. After the intervention, PBMCs exposed to SLE serum had significantly increased cell death
and early- and late-phase apoptosis compared with those exposed to the sera of healthy controls
both with and without H2O2 induction (p < 0.05). Moreover, STRING analysis revealed that 14 of
the 45 collected proteins from SLE patients' sera and plasma in several previous proteomics stud-
ies were intimately associated with the apoptotic process and regulation of apoptosis, including
high mobility group box chromosomal protein 1 (HMGB1), interleukin-6 (IL-6), and clusterin (CLU).
Finally, the level of serum IL-6, one of the candidate altered proteins in SLE patients, was found to
be significantly increased compared with healthy controls (p < 0.05). Conclusions: The serum of
SLE patients can influence the death of mononuclear cells through the early and late phases of
apoptosis. Furthermore, SLE patients' sera was found to contain 14 altered proteins involved in the
process of apoptosis, possibly as crucial factors for the progression of SLE.
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INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic mul-
tisystem autoimmune disease that affects various or-
gan systems through an abnormal immune response
that leads to multi-organ damage and failure. SLE
is a prototypic systemic autoimmune disease with a
high rate of incidence, prevalence, and mortality in
the global population1,2. The pathogenesis of SLE
includes several factors, such as genetic susceptibil-
ity, environmental chemicals, radiation, and infec-
tion, resulting in the production of autoreactive an-
tibodies from self-tolerance defects. These autoan-
tibodies can bind to nuclear self-antigens and fur-
ther activate the complement cascade, leading to in-
flammation and progression to an active state in pa-
tients3,4. Moreover, the increased amount of nuclear

self-antigens has been found to be a crucial factor in
the development of SLE disease severity. One mech-
anism in the formation of nuclear antigens bound
to antibodies, such as Ro/SSA, La/SSB, and single-
and double-stranded deoxyribonucleic acid (DNA) au-
toantigens in SLE patients, was found to result from
the process of cell apoptosis5,6.
Apoptosis as a process of programmed cell death that
has an essential role in the elimination of dysfunc-
tional or abnormal cells and is involved in the devel-
opment and maintenance of homeostasis in the hu-
man body. This process is initiated by several factors
through extrinsic or intrinsic pathways, leading to the
activation of the caspase enzyme cascade and further
modification of biochemical and morphological fea-
tures of the cells. Apoptosis is generally character-
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ized by cell shrinkage, chromatin condensation, DNA
fragmentation, phosphatidylserine (PS) externaliza-
tion, and cell membrane blebbing7,8. Changes in cell
morphology that occur during apoptosis result in the
exposure of nuclear antigenswithin the cells to the im-
mune system, activation of an immune response, and
development of autoimmunity. However, apoptosis
is regulated by various related genes and can be elim-
inated by phagocytic cells, especially monocytes and
macrophages, which can alter the process5,6.
Recent reports established that SLE patients have an
accelerated rate of cell apoptosis and defective clear-
ance of apoptotic debris by phagocytosis. These apop-
totic process abnormalities are also intimately corre-
lated with the progression of disease severity. Patients
with SLE were found to have an increased apoptotic
rate in mononuclear cells (lymphocytes and mono-
cytes) compared with healthy individuals and exhib-
ited delayed clearance of these apoptotic cells in circu-
lating blood9–11. Moreover, it has been suggested that
soluble components in the sera of SLE patients rep-
resent important factors that influence the apoptotic
process in leukocytes and result in an increased num-
ber of circulating nuclear antigens that are available
to induce an immune response in these patients12,13.
Furthermore, the levels of various serum proteins in
SLE patients have been demonstrated to be altered
when compared with healthy individuals, and some
of these proteins may have an inducing effect on cell
apoptosis, which has a role in the pathogenesis and
exacerbation of SLE. The present study investigates
whether the sera of SLE patients can accelerate the
apoptotic process inmononuclear cells, bothwith and
without chemical induction of apoptosis by reactive
oxygen species (ROS). The study also explores the
altered proteins in SLE patients and their potential
as candidate serum factors involved in the apoptotic
mechanisms associated with disease development.

METHODS
Recruitment of subjects
The participants included 12 SLE patients, aged be-
tween 20 and 50 years, who were recruited as the
subjects of this study. All the patients had pre-
viously been diagnosed with SLE according to the
criteria of the European League Against Rheuma-
tism (EULAR)/American College of Rheumatology
(ACR). The inclusion criteria were as follows: aged
between 20 and 50 years and diagnosed with SLE ac-
cording to EULAR/ACR criteria within 1month prior
to enrolment in the study. Patients who received im-
munosuppressive drugs, anti-inflammatory drugs, or

had other diseases related to SLE, such as systemic
inflammatory diseases or autoimmune diseases (e.g.,
rheumatoid arthritis, Sjogren’s syndrome), were ex-
cluded from the study. Healthy age- and sex-matched
individuals who had no illnesses and no cognitive or
chronic diseases, namely systemic inflammatory dis-
eases or autoimmune diseases, were recruited as con-
trols. The sample size of the patients and controls
in this study was calculated based on the SLE disease
prevalence inThailand.

Collection of blood and isolation of serum
samples
Blood samples were collected from the median cu-
bital vein of individual participants using standard
venipuncture with aseptic technique. The collection
of blood samples from each SLE patient (N=12) was
performed using vacutainer tubes containing clot ac-
tivator (Becton Dickinson; Franklin Lakes, NJ). The
collection of blood samples from each healthy control
subject (N=12) was conducted using both vacutainer
tubes containing clotting factor and heparin anticoag-
ulant solution (Becton Dickinson; Broken bow, NE)
for further isolation of serum and peripheral blood
mononuclear cells (PBMCs), respectively.
To isolate the serum samples, clotted blood derived
from SLE patients and healthy control subjects was
centrifuged at 1,800 g for 5 minutes. Then, individ-
ual serum samples were carefully collected, aliquoted,
and stored at -80 ◦C until use.

Isolation of PBMCs by Ficoll-Hypaque den-
sity gradient centrifugation
PBMCs were isolated from the peripheral blood of
healthy control subjects using Ficoll-Hypaque den-
sity gradient centrifugation. Briefly, anticoagulated
bloodwas diluted with an equal volume of phosphate-
buffered saline (PBS) (pH 7.4). The diluted blood was
then continuously layered over LyphoprepTM solu-
tion with a density of 1.077 g/mL (Stemcell Technolo-
gies; Vancouver, Canada). This solutionwas promptly
centrifuged at 400 g at 25◦C for 30 minutes. Sub-
sequently, the PBMC interface between the Ficoll-
Paque solution and plasmawas carefully collected and
washed once with PBS via centrifugation at 300 g at
25◦C for 5 minutes. The PBMC pellet was then resus-
pended in a red blood cell (RBC)-lysing buffer (Sigma;
St. Louis, MO) and incubated at 25◦C for 10 minutes
with gentle mixing to lyse any contaminating RBCs.
Thereafter, the decontaminated PBMCs were washed
with PBS twice via centrifugation at 300 g at 25◦C
for 5 minutes, and measurement of cell viability and
PBMC number was performed via hemocytometer-
based trypan blue staining assay.
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Induction of cytotoxicity by H2O2

The isolated PBMCs were plated at a density of
1×105 cells/ml in RPMI medium supplemented with
100 U/ml penicillin G and 100 mg/ml streptomycin
(Sigma; St. Louis, MO), and maintained in a humidi-
fied incubator at 37◦Cwith 5%CO2 for 24 hours. The
cells were then incubated with 0.2, 1, and 5 mM of
H2O2 (Alfa aesar; Lancashire, United Kingdom) in
a humidified incubator at 37◦C with 5% CO2 for 3,
10, 24, or 48 hours. The capacity of H2O2 at various
concentrations to induce PBMC cytotoxicity at each
time point was measured via trypan blue staining as-
say. Untreated cells served as the control.

Treatment of the cells with serum samples
After investigating the cytotoxic activity of H2O2 for
the selection of optimal concentration and incuba-
tion time, the PBMCs were treated with serum sam-
ples. Briefly, cells from healthy individuals that were
induced or not induced with 0.2 mM of H2O2 were
incubated with serum samples from SLE patients and
healthy controls in a humidified incubator at 37◦C
with 5% CO2 for 24 hours. Next, the effect of the
SLE patients’ sera on promoting cell death and apop-
tosis was determined and compared with the healthy
control subjects via trypan blue and annexin-V/PI-
staining assay, respectively.

Cell death and total cell number measure-
ment by trypan blue staining assay
Trypan blue staining assay based on a hemacytome-
ter was applied to examine the degree of cell death
and total cell numbers. The isolated PBMCs (1×105

cells/ml) were cultured in RPMI medium containing
the sera of SLE patients and healthy controls with or
without H2O2 induction in a 96-well plate. The cells
were then collected and washed twice with PBS (pH
7.4). After resuspension in PBS, the suspension was
mixed with 0.4% trypan blue solution (Gibco; Grand
Island, NY) and the cells were counted using a hema-
cytometer counting chamber; cells that were stained
by trypan blue represented dead cells. The percent-
age of cell death and total cell number were calculated
using the following formulae:
Cell death (%) = [Number of trypan blue-positive cells
× 100] / Total cell number
Total cell number (cells/ml) = [Number of viable cells×
dilution factor x 104] / 4

Cell apoptosis measurement by annexin-
V/PI staining assay
Todetermine the degrees of both early- and late-phase
apoptosis, annexin-V/PI staining assay followed by

fluorescence was performed. The isolated PBMCs
(1×105 cells/ml) were cultured in RPMImedium that
contained sera from SLE patients and healthy con-
trols with or without H2O2 induction in a 24-well
plate. The cells were collected and washed twice
with PBS (pH 7.4). The cell pellet was resuspended
with annexin-V-FLUOS labeling solution (annexin-
V-fluorescein and PI) (Roche Diagnostics; Rotkreuz,
Switzerland) and incubated at 25◦C for 15 minutes.
The stained cells were later observed under an upright
fluorescence microscope (Optika; Ponteranica, Italy)
with a digital camera. The fluorescence intensity of
fluorescein and PI of 100 individual cells in each con-
dition were measured using Proview software version
x64 (Optika; Ponteranica, Italy).

Data retrieval of serum and plasma pro-
teins
The proteomics data of serum or plasma proteins
from SLE patients were collected from all pub-
lished articles cited on PubMed, MEDLINE, and Sci-
enceDirect databases between 2005 and 2020 using
the search terms “serum/plasma protein of SLE” or
“serum/plasma proteomic data of SLE.” All the serum
or plasma proteins in SLE patients were reported
at abnormal levels (higher or lower) compared with
healthy individuals in the collected proteomics data,
which reported based on name, gene symbol, and
molecular weight.

Biological prediction by bioinformatics
tools
All the altered serum or plasma proteins in SLE pa-
tients collected from the published articles predicted
the biological functions involved in the process of
cell apoptosis using the global network analysis rel-
ative to the gene ontology (GO) terms. The gene
symbols of all collected proteins were submitted with
medium stringency and confidence level (score ≥
0.400) to Search Tool for the Retrieval of Interacting
Gene/Proteins (STRING) version 11.0 (https://string
-db.org).

Interleukin 6 level measurement by
enzyme-linked immunosorbent assay
The levels of IL-6 in the sera of SLE patients and
healthy controls were measured using a human IL-6
duoSet ELISA kit (R & D systems; Minneapolis, MN)
following the manufacturer’s instructions. Briefly,
100 µ l of the working concentration of capture anti-
body was added to a 96-well MaxiSorpTM flat-bottom
plate (Thermo Fisher Scientific; Waltham, MA) and
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incubated overnight at 25◦C. The plate was washed
twice with washing buffer (0.05% Tween-PBS) and
blocked with 1% BSA-PBS at 25◦C for 1 hour. The
plate was then washed twice with washing buffer.
Subsequently, 100 µ l of various standard concentra-
tions of IL-6 and serum samples from SLE patients
(N=12) and healthy controls (N=12) were added to
each well of the microplate. The plate was incubated
at 25◦C for 2 hours and washed twice with washing
buffer. Thereafter, 100 µ l of the working concentra-
tion of the detection antibody was added to the plate,
incubated at 25◦C for 2 hours, and washed twice with
washing buffer. To each well of the plate, we sub-
sequently added 100 µ l of the working dilution of
streptavidin-HRP, incubated at 25◦C in the dark for
20 minutes, and washed twice with washing buffer.
Thereafter, 100 µ l of substrate solution (TMB) was
added to each well and incubated at 25◦C in the dark
for 10 minutes. Finally, 50 µ l of stop solution was
added to each well and the absorbance was examined
at a wavelength of 450 nm using a microplate reader.

Statistical analysis
Quantitative data were reported as mean ± standard
deviation (SD). Comparison between the two exam-
ined groups was investigated by unpaired Student’s t
test, whereas multiple comparisons were performed
using one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test using SPSS statistical software,
version 25 (IBM; North Castle, NY). A p-value less
than 0.05 was considered statistically significant.

5010

Table 1: Demographics and diseasestatus of healthy controls and SLE patients

Clinical parameters Healthy controls SLE patients

12/0 12/0
36.62± 3.48 39.38± 13.19

-
- 11.92± 7.24
- 3 (25.00%)
- 7 (58.33%)
- 5 (41.67%)
- 2 (16.67%)
- 12 (100.00%)

Demographics
Sex, F/M
Age (years), Mean± SD
Disease status
Duration (years), Mean± SD
Rash, n (%)
Arthritis, n (%)
Nephritis, n (%)
Thrombocytopenia, n (%)
ANA (> 1:80), n (%)
Drug treatment (prednisolone, azathio-
prine, hydroxychloroquine, etc.), n (%)

- 10 (83.33%)

RESULTS
Demographic data of the patients
The study participants consisted of 12 SLE patients
and healthy controls. All the SLE patients had been
previously diagnosed according to the EULAR/ACR
criteria for SLE. In addition, 12 non-pregnant Thai
women with no illness, history of illness, or clinical
manifestations of cognitive or chronic diseases, espe-
cially systemic inflammatory diseases or autoimmune
diseases, were selected as matching comparative con-
trols. The demographic information and disease sta-
tus of the healthy controls and SLE patients at the time
of the study are summarized in Table 1. The data
demonstrated that there were no significant differ-
ences in terms of sex and age between the healthy con-
trol group (all female, 33 – 41 years old) and the SLE
test group (all female, 26 – 53 years old). In all the SLE
patients, themean (range) duration of disease was ap-
proximately 12 years (4 – 20 years). Among the 12 pa-
tients, 3 (25%) had clinical manifestation with rash, 7
(58.33%) had arthritis, 5 (41.67%) had nephritis, and
2 (16.67%) had thrombocytopenia. Moreover, all the
patients (100%) had laboratory results with critical
antinuclear antibody (ANA) titer ofmore than 80, and
10 patients (83.33%) had received drug treatments,
including both steroids (e.g., prednisolone) and nons-
teroidal agents (e.g., azathioprine and hydroxychloro-
quine).
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Figure 1: Optimization of celldeath by H2O2 induction. (A) The isolated PBMCs from healthy individuals were
incubatedwith 0.2, 1, and 5mMof H2O2 . At 3-, 8-, 24-, and 48-hours of incubation, the capacity of H2O2 at various
final concentrations to induce cell death was evaluated byhemocytometer-based trypan blue staining assay. (A)
Representativemicrographs were taken using a phase contrast microscope (original magnification = ×200 in all
panels). (B) Degree of cell death (%) and (C) total cell number (cells/ml) were calculated using the formula de-
scribed in “Materialsand methods.” Each bar represents mean± SD of the data obtained from threeindependent
experiments. *p < 0.05 vs. blank control.
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Figure 2: Effect of serum samples on PMMC cell death. At optimal final concentration (0.2 mM) and time point
(24-hours) of H2O2 induction, the isolated PBMCs from healthy individuals were incubated with serum of SLE pa-
tients (N = 12) and healthy controls (N = 12) with or without H2O2 . The inducing capacity of serum samples in
PBMC cell death were examined by hemacytometer-based trypan blue staining assay. (A) Representative micro-
graphs were taken using a phase contrast microscope (original magnification =×200 in all panels). (B) Degree of
cell death (%) and (C) total cell number (cells/ml) were calculated using the formula described in “Materials and
methods.” Each bar represents mean± SD of the data obtained from twelve independent experiments. *p < 0.05
vs. control; # p < 0.05 vs. 0.2 mM H2O2 ; †= p < 0.05 vs. healthy controls (with or without H2O2).
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Figure 3: Effect of serum samples on PBMC cell apoptosis. At optimal final concentration (0.2 mM) and time
point (24-hours) of H2O2 induction, the isolated PBMCs from healthy individuals were incubated with serum of
SLE patients (N = 12) and healthy controls (N = 12) with or without H2O2 . The induction capacity of serum samples
in each phase of PBMC cell apoptosis was examined by fluorescence-based annexin-V/PI staining assay. (A) Rep-
resentativemicrographs were taken using a fluorescencemicroscope (original magnification =×400 in all panels)
with bright-field, DAPI (nuclei), and annexin-V/PI staining. (B) The degree of cell apoptosis in early, late phase,
and total PBMC cell apoptosis was calculated using the formula described in “Materials and methods.” Each bar
represents mean ± SD of the data obtained from twelve independent experiments. *p < 0.05 vs. control; # p <
0.05 vs. 0.2 mM H2O2 ; †= p < 0.05 vs. healthy controls (with or without H2O2).
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Figure 4: Bioinformatics analysis of the altered proteins in SLE patients. All of the serum/plasma proteins
collected from publication databases between 2005 and 2021 were analyzed the biological process relative to
GO terms using STRING software, version 11.0 (http://string-db.org). The significance of biological functions in-
volved with cell apoptosis (apoptotic process and regulation of apoptosis) of the altered serum/plasma proteins
are highlighted with dotted circles.

Figure 5: The validating level of serum IL-6. The level of serum IL-6 in SLE patients (N = 12) and healthy controls
(N=12)was validatedwith capture anddetection antibodies specific to human IL-6 basedon ELISA assay. Eachbar
represents mean± SD of the data obtained from twelve independent experiments. *p < 0.05 vs. healthy control.
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Table 2: List of altered proteins in serum/plasma of SLE patients retrieved from published database (2005 to
2021) and analysis of biological process using the bioinformatics STRING tool

No. Protein name Gene name Reference Level in SLE Biological process
(Gene ontology)

Apoptotic process Regulation of apoptosis
1 A proliferation-inducing ligand APRIL Koyama T, et al.

(2005) 22
Increased

2 Tumor necrosis factor-α-induced
protein-8 like-2

TNFAIP8L2 Li D, et al. (2009) 23 Decreased

3 High mobility group box chromoso-
mal protein 1

HMGB1 Li J, et al. (2010) 24 Increased

4 Interleukin-33 IL-33 Yang Z, et al. (2011)
25

Increased

5 RANTES (regulated upon activation,
normal T cell expressed and se-
creted)

CCL5 Lu MM, et al. (2012)
26

Increased

6 Serum L-ficolin FCN2 Watanabe H, et al.
(2012) 27

Decreased

7 Interleukin-9 IL-9 Ouyang H, et al.
(2013) 28

Increased

8 Interleukin-37 IL- 37 Ye L, et al. (2014) 29 Increased
9 Growth arrest-specific 6 Gas6 Bakr SI, et al. (2015)

30
Increased

10 Heat shock protein beta-1 (Heat
shock protein 27)

HSPB1 Rai R, et al. (2015) 31 Decreased

11 Tumor necrosis factor receptor su-
perfamily 13C (BLyS receptor 3)

TNFSF13C Duan JH, et al. (2016)
32

Decreased

12 Tyrosine-protine kinase receptor
UFO

Axl Mok CC, et al. (2016)
33

Increased

13 Ferritin FTH1 Increased
Continued on next page
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Table 2 continued
No. Protein name Gene name Reference Level in SLE Biological process

(Gene ontology)
Apoptotic process Regulation of apoptosis

14 Insulin like growth factor binding
protein 2

IGFBP2 Increased

15 Tumor necrosis factor receptor 2 TNFRSF1B Increased
16 C-reactive protein CRP Umare et al.

(2017) 34
Increased

17 Interleukin-6 IL-6 Increased
18 Thrombospondin-4 THBS4 Zhong L, et al. (2017)

35
Increased

19 Properdin CFP Increased
20 Collectin-11 COLEC11 Increased
21 Matrix metalloproteinase 7 MMP-7 Vira H, et al. (2017)

36
Increased

22 Leucine-rich α2-glycoprotein LRG Ahn SS, et al. (2018)
37

Increased

23 BTB domain and CNC homolog 2 BACH2 Zhu Z, et al. (2018) 38 Decreased
24 Serotransferrin TF Madda R, et al.

(2018) 39
Increased

25 Clusterin CLU Decreased
26 Apolipoprotein A1 APOA1 Decreased
27 Apolipoprotein A2 APOA2 Decreased
28 Alpha-2-macroglobulin A2M Increased
29 Transthyretin TTR Decreased
30 Alpha-1-acid glycoprotein 1 ORM1 Increased
31 Alpha-1-acid glycoprotein 2 ORM2 Increased
32 Alpha-1-B glycoprotein A1BG Increased
33 Alpha-1-antitrypsin SERPINA1 Increased
34 Alpha-1-antichymotrypsin SERPINA3 Increased
35 Hemopexin HPX Decreased
36 Hemoglobin beta subunit HBB Increased

Continued on next page
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Table 2 continued
No. Protein name Gene name Reference Level in SLE Biological process

(Gene ontology)
Apoptotic process Regulation of apoptosis

37 Haptoglobin HP Increased
38 Ceruloplasmin CP Increased
39 Interleukin-34 IL-34 Increased
40 Fibrinogen beta chain FGB Decreased
41 Apolipoprotein B APOB Increased
42 Aryl hydrocarbon receptor AhR Yu H, et al. (2019) 40 Increased
43 Fms related receptor tyrosine kinase

3 ligand
FLT3LG Yuan X, et al. (2019)

41
Decreased

44 Cytotoxic T-lymphocyte-associated
protein 4

CTLA4 Zhao L, et al. (2020)
42

Decreased

45 C-X-C chemokine receptor type 5 CXCR5 Liao J, et al. (2020) 43 Increased
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Validation of H2O2 induction
The optimal concentration and time point of H2O2

to induce PBMC cell death was initially defined for
further evaluation of its effect on SLE patients’ sera.
The data showed that the degree of cell death was in-
creased by approximately 50% in PMBCs treated with
all concentrations (0.2, 1, and 5 mM) of H2O2 for 24
and 48 hours, and cell death was also markedly in-
creased in a dose-dependent manner compared with
those without the treatment that served as controls in
this study (p < 0.05) (Figure 1A and B). In addition,
all concentrations of H2O2 markedly decreased the
number of cells after 24-hour treatment when com-
pared with the control (p < 0.05) (Figure 1 A and C).
Interestingly, the minimum concentration of H2O2

used in our study (0.2 mM) was able to increase cell
death and decrease the total number of PBMCs fol-
lowing 24 hours of treatment, which was suggested as
the long induction period (Figure 1). Therefore, 0.2
mM of H2O2 was used as the optimal concentration
needed to efficiently induce PBMC cell death in the
long treatment period (24 hours) for all subsequent
experiments.

Effect of SLE patients’ sera on cell death
Using the optimal concentration and induction time
point of H2O2, the effects of SLE patients’ and healthy
individuals’ sera on PBMC death were investigated.
Following 24 hours of treatment, cell deathwas signif-
icantly enhanced in PBMCs treated with serum sam-
ples from SLE patients both with andwithout 0.2-mM
H2O2 induction compared with those of healthy in-
dividuals and without H2O2 induction (control) (p <
0.05). Furthermore, the degree of cell death in PBMCs
treatedwith SLEpatient sera andH2O2 wasmarkedly
higher than in PBMCswith onlyH2O2 induction (p <
0.05) (Figure 2A and B). Meanwhile, total cell num-
bers of PBMCs treated with serum samples from SLE
patients and healthy controls both with and without
H2O2 were not significantly different compared to
PBMCs treated with only H2O2 induction and the
control (Figure 2 A and C).

Effect of SLEpatients’ sera on cellular apop-
tosis
To further determinewhether SLE patients’ sera could
induce cell death via an apoptotic process, the effect
of serum samples from SLE patients compared with
healthy controls in each phase and total PBMC apop-
tosis was investigated using the optimal concentra-
tion and induction time point of H2O2. Following 24

hours of treatment, the degree of total, early-, and late-
phase cell apoptosis in PBMCs treated with SLE pa-
tients’ sera had significantly increased compared with
that of healthy individuals and without H2O2 induc-
tion (control) (p < 0.05) (Figure 3). PBMCs treated
with SLE patients’ sera with 0.2 mM H2O2 induc-
tion were observed to have elevated degrees of total,
early-, and late-phase apoptosis compared with those
of healthy individuals and H2O2 apoptosis inducer (p
< 0.05) (Figure 3).

Systematic analysis of serum and plasma
proteins related to cell apoptosis
All the serum and plasma proteins that were altered
in SLE patients were retrieved from the previous
proteomics studies using literature cited in PubMed,
MEDLINE, and ScienceDirect databases from 2005 to
2021. The data showed that 45 proteins collected in
the serum or plasma of SLE patients were present in
abnormal levels compared with healthy individuals;
the levels of 32 proteins were increased and 13 pro-
teins were reduced, as detailed in Table 2.
For biological analysis of apoptotic processes, all the
collected sera and proteins were submitted to the
STRING tool and the functional categories of these
proteins were subsequently predicted by global net-
work analysis relative to GO terms. The integrative
proteome network created by STRING software re-
ported that 14 altered proteins had biological roles
involved in the apoptotic process (red node) or reg-
ulation of apoptosis (blue node), which consisted
of high mobility group box chromosomal protein 1
(HMGB1), RANTES (regulated upon activation, nor-
mal T cell expressed and secreted) (CCL5), growth
arrest-specific 6 (Gas6), tyrosine protein-kinase re-
ceptor UFO (Axl), tumor necrosis factor receptor
2 (TNFRSF1B), interleukin 6 (IL-6), collectin 11
(COLEC11), aryl hydrocarbon receptor (AhR), tu-
mor necrosis factor α-induced protein 8-like 2 (TN-
FAIP8L2), heat-shock protein beta 1 (heat shock pro-
tein 27, HSPB1), clusterin (CLU), fibrinogen beta
chain (FGB), Fms-related receptor tyrosine kinase
3 ligand (FLT3LG), and cytotoxic T lymphocyte-
associated protein 4 (CTLA4) (Figure 4).

Confirmation of increased IL-6 levels in the
sera of SLE patients
The level of IL-6 in the sera of SLE patients was deter-
mined and compared to healthy controls via ELISA
assay with capture and detection antibodies specific
to human IL-6. The results revealed increased levels
of IL-6 (142.54 ± 25.41 pg/ml) in the sera of SLE pa-
tients compared with healthy controls (21.87 ± 1.61
pg/ml) (p < 0.05) (Figure 5).
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DISCUSSION
Apoptosis is a critical process in the pathogenesis,
severity, and development of several diseases, espe-
cially the autoimmune disease SLE. Apoptosis occurs
normally in the human body to maintain homeosta-
sis via the elimination of dysfunctional or abnormal
cells8. The levels of this process are stimulated by en-
vironmental factors, including ROS, such as H2O2,
which is also involved in the progression of disease
severity. Previous results demonstrated that H2O2

was able to induce the apoptosis of lymphocytes in
SLE patients through oxidative stress mediated by the
depletion of intracellular glutathione; this apoptotic
acceleration also correlated with the severity of the
disease, which is represented by the SLE disease activ-
ity index (SLEDAI) score14,15. Therefore, we applied
H2O2 as an inducer of apoptosis inmononuclear cells
in our present study. The concentration and incubat-
ing time point of H2O2 was optimized for the induc-
tion of apoptosis in mononuclear cells. Our results
demonstrated that 0.2 mM H2O2 could increase the
apoptosis of mononuclear cells by approximately 50%
after incubation for 24 hours (Figure 1 ), which was
consistent with a previous study establishing that ex-
posure of human lymphocytes to low concentrations
of H2O2 (less than 1 mM) could influence apoptosis
in these cells16.
H2O2 is a type of ROS that is recognized as a potent
agent for inducing oxidative stress-mediated apop-
tosis. H2O2 can initiate apoptosis through caspase-
dependent and -independent (apoptosis-inducing
factor; AIF) pathways. Exposing cells to H2O2 re-
sulted in changes to the mitochondria involved in
apoptotic triggers, including the potential loss of mi-
tochondrial membranes to release cytochrome c, sub-
sequent caspase activation, AIF translocation into
the nucleus, initiation of DNA condensation, dam-
age, and finally, apoptosis17,18. Recently, lympho-
cytes were demonstrated to be sensitive to ROS,which
cause apoptosis because the plasma membranes of
lymphocytes are mainly composed of polyunsatu-
rated fatty acids, which are susceptible to oxidiza-
tion by lipid peroxidation19,20. Moreover, H2O2

can diminish the phagocytic capacity ofmacrophages,
which is related to the role of the immune response
in the pathogenesis and severity of SLE15. There-
fore, H2O2 was chosen to trigger PBMC death via the
apoptotic process in this study, and the results showed
efficient induction of H2O2 treatment (Figures 1, 2
and 3). This success was possibly due to the suscepti-
bility of polyunsaturated fatty acids in the cell mem-
branes and initiation of the apoptotic process in these
cells.

SLE serum has been reported to have the capacity to
stimulate the apoptosis of immune cells, which sub-
sequently increases the levels of nuclear self-antigens
and the disease activity of patients. It is possible that
soluble components in the sera of SLE patients serve
as inducers for the development of disease severity.
In this study, we first confirmed the ability of SLE
patients’ sera to increase early- and late-phase cell
apoptosis in PBMCs with and without H2O2 induc-
tion (Figure 3). The demographics of the SLE pa-
tients and healthy individuals from whom sera were
collected for treatment were not significantly differ-
ent (Table 1). The results revealed that apoptosis
was induced in healthy circulating mononuclear cells
by the components of the SLE patients’ sera; this
process occurred via the externalization of plasma
membrane phosphatidylserine, allowing annexin-V
to bind (early apoptosis) and losemembrane integrity,
and allowing PI to pass through and intercalate into
nucleic acids (late apoptosis)21. The data were con-
sistent with a previous study that demonstrated that
SLE serum was able to alter the morphology of cells
involved in classical apoptosis via the death receptor-
independent pathway 13. Moreover, apoptotic induc-
tion has not been observed in the sera of patients
of other autoimmune diseases, such as rheumatoid
arthritis, systemic vasculitis, or infectious diseases,
which implies the specific capacity of SLE serum to in-
duce cell apoptosis. Furthermore, lupus autoantigens,
which are related to SLE pathogenesis and severity,
have been found in high concentrations on the bleb-
bing surface of apoptotic cells12.
The main component found in the SLE sera was a
protein that was intimately associated with apoptotic
induction and pathogenesis in several diseases, in-
cluding SLE. Abnormal levels of various proteins have
been detected using proteomics studies in the sera and
plasma of SLE patients, especially in the active stage
of the disease. The levels of these proteins in SLE
sera and plasma were found to be altered compared
with the sera and plasma of healthy individuals. In
this study, we collected several serum and plasma pro-
teins in SLE patients that showed abnormal levels in
nearly all of the previous proteomics reports between
2014 and 2020. Data from 12 published articles22–43

indicated that the serum and plasma of SLE patients
had 32 and 13 candidate proteins, respectively, which
were found in increased levels compared with healthy
controls (Table 2 ). In addition, 14 of these serum or
plasma proteins had an intimate relationship with the
apoptotic process and regulation of apoptosis. The al-
tered proteins in SLE serum and plasma that were as-
sociated with both the apoptotic process and the reg-
ulation of apoptosis included HMGB1, TNFRSF1B,
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IL-6, and clusterin. The remaining 14 serum/plasma
proteins were only associated with either the apop-
totic process or regulation of apoptosis (Figure 4 and
Table 2 ). It is possible that these 14 altered proteins
could influence the apoptosis of circulating cells and
the production of lupus autoantigens involved in dis-
ease severity, which should be further investigated.
From the list of candidate proteins in Figure 4, IL-6
was indicated as one of the altered serumproteins that
was intimately involved in the apoptotic process and
regulation of apoptosis. It is thus possible that IL-6 in
the sera of SLE patients has the ability to induce circu-
lating mononuclear cell death and apoptosis, which is
the process for development of SLE severity. Dysreg-
ulation of IL-6 has been associated with disease sever-
ity in the active stage in SLE patients44. The present
study validated the increased levels of serum IL-6 in
SLE patients and the results confirmed that the sera
of SLE patients had higher levels of IL-6 than healthy
controls, suggesting that IL-6 might serve as an im-
portant serum molecule for inducing cell death and
apoptosis in patients. However, our study had a small
sample size of SLE patients for investigating the effect
of patients’ sera on the induction of mononuclear cell
apoptosis compared with healthy individuals. There-
fore, studies with larger numbers of SLE patients and
healthy individuals are needed to make meaningful
conclusions regarding this effect.

CONCLUSIONS
The data from the present study demonstrated that
molecules in serum samples from SLE patients were
able to increase cell death through the early and late
stages of the apoptotic process in mononuclear cells,
including lymphocytes andmonocytes, both with and
without chemical induction of apoptosis using H2O2.
The systematic exploration of altered molecules in
SLE serum or plasma using previous proteomic data
revealed that 14 proteins were present in abnormal
levels in SLE patients compared with healthy indi-
viduals. An intimate association with the apoptotic
process or regulation of apoptosis, established by
bioinformatics analysis, was observed for HMGB1,
RANTES, Gas6, Axl, TNFRSF1B, IL-6, collectin-11,
AhR, TNFAIP8L2, HSPB1, clusterin, FGB, FLT3LG,
and CTLA4. These serum and plasma proteins from
SLE patients might serve as candidate factors for the
induction of cell apoptosis related to the pathogenic
mechanism and severity of SLE.
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