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INTRODUCTION 
 
Systemic lupus erythematosus (SLE), a chronic 
autoimmune disease, involves multiple organs and 
systems and influences patients on health and life 
severely [1]. With recent advances in understanding of 
the underlying pathology, utilizing targeted biological 
agents in SLE patients properly has resulted in a 
significant improvement in prognosis. Nonetheless, the  

 

search for new therapeutic strategies is relentless 
because of the occurrence of refractory disease [2]. 
Mesenchymal stem cells (MSCs) are identified as 
promising and alternative cells because of their self-
renewal, pluripotent differentiation ability and low 
immunogenicity [3]. Previous study showed that 
allogenic MSC transplantation (MSCT) seemed to be a 
safe and effective therapeutic strategy in refractory SLE 
[4]. Further studies showed that syngeneic MSCT was 
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ABSTRACT 
 
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease involving multiple organs and systems. 
Mesenchymal stem cells (MSCs) from SLE patients have demonstrated defects such as impaired growth, 
senescence phenotype and immunomodulatory functions. Some studies have suggested the close connection 
between inflammation microenvironment and cellular senescence. In the current study, we detected cytokines 
levels in bone marrow supernatant by the quantitative proteomics analysis, and found the expression of 
HMGB1 was remarkably increased in bone marrow from SLE patients. Senescence associated-β-galactosidase 
(SA-β-gal) staining, F-actin staining and flow cytometry were used to detect the senescence of cells. After 
stimulation of HMGB1 in normal MSCs, the ratio of SA-β-gal positive in BM-MSCs was increased, the 
organization of cytoskeleton was disordered, and TLR4-NF-κB signaling was activated. Finally, Ethyl pyruvate 
(EP) (40 mg/kg and 100 mg/kg, three times a week), a high security HMGB1 inhibitor, was injected 
intraperitoneally to treat MRL/lpr mice for 8 weeks. We demonstrated that EP alleviated the clinical aspects of 
lupus nephritis and prolonged survival of MRL/lpr mice. In the meantime, EP reversed the senescent phenotype 
of BM-MSCs from MRL/lpr mice. HMGB1 could be a promising target in SLE patients, and might be one of the 
reasons of recurrence after MSCs transplantation. 
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ineffective [5]. Our and other group reported that BM-
MSCs from SLE patients showed characteristics of 
senescence, appearing increased Senescence asso-
ciated- β-galactosidase (SA-β-gal) activity, cell cycle 
arrest, disordered F-actin distribution and reduced 
ability of regulating Treg [6]. Reversing senescence of 
SLE MSCs pretreated with rapamycin in vitro could 
alleviate the clinical symptoms of lupus nephritis and 
prolong survival in MRL/lpr mice [7]. These studies 
revealed that senescent BM-MSCs might be associated 
with the pathogenesis of SLE. It reminded us to 
discover the senescence mechanism of BM-MSCs 
thoroughly.  
 
Microenvironmental inflammatory factors may 
participate in the process of cellular senescence [8]. 
According to recent researches, a long list of pro-
inflammatory cytokines, including tumor necrosis 
factor-α (TNF-α), interferon-γ (IFN-γ) and so on, are 
capable of inducing cellular senescence and bone 
defects in aging [9]. Our previous study showed that 
TNF-α had a negative impact on osteogenic dif-
ferentiation of MSCs via the NF-κB signaling pathway 
[10]. Sun et al found that leptin and neutrophil 
activating protein 2, the top 2 upregulated factors in 
SLE serum, played a major role in promoting MSCs 
senescence by activating PI3K/Akt pathway [11]. It 
suggested that the senescence of BM-MSCs in SLE 
could be attributed to the bone marrow microenviron-
ment inflammatory factors. 
 
Therefore, our present work was to probe the key factor 
in bone-marrow microenvironment on senescence of 
BM-MSCs. We analyzed bone-marrow ingredients 
difference between SLE patients and healthy controls 
by proteomics. On this basis, we further discovered the 
effect of inflammation in bone-marrow micro-
environment on senescence of BM-MSCs in SLE and 
the underlying mechanism. The study helps us to open 
new perspectives for MSCT treatment of SLE.  
 
RESULTS 
 
HMGB1 was elevated in bone marrow supernatant 
from SLE patients 
 
To discover the crucial factor in bone marrow 
microenvironment which was involved in MSCs 
senescence we collected bone marrow supernatant from 
SLE patients and healthy controls. Our proteomics 
results showed that expressions of multiple inflam-
matory cytokines were abnormal in bone marrow 
supernatant of SLE patients, including HMGB1, IFN-γ, 
and so on (Figure 1A). To verify the data from 
proteomics results, bone marrow supernatant level of 
HMGB1 was measured by ELISA, and the elevated 

expression of HMGB1 was also detected in SLE 
patients, compared to the healthy control (Figure 1B). 
 
Bone marrow supernatant from SLE patients led 
MSCs to senescence via HMGB1/TLR4/NF-κB 
signaling pathway 
 
To further determine the effects of SLE bone marrow 
microenvironment on senescence of BM-MSCs, bone 
marrow supernatant was collected and used to stimulate 
BM-MSCs. Our results showed there were more SA-β-
gal-positive cells in BM-MSCs when treated with bone 
marrow supernatant from SLE patients, interestingly, 
which could be reversed by a neutralizing anti-HMGB1 
monoclonal antibody (Figure 2A, 2B). Furthermore, 
Immunofluorescence analysis showed that the 
distribution of F-actin in BM-MSCs was disordered 
after treatment with bone marrow supernatant from SLE 
patients (Figure 2C). The G1 phase was induced when 
normal BM-MSCs were treated with bone marrow 
supernatant from SLE patients by cell cycle analysis 
(Figure 2D, 2E). Western blotting analysis showed that 
expressions of cell cycle relation proteins, p53 and p27 
were high in BM-MSCs treated by SLE bone marrow 
supernatant (Figure 2F). Anti-HMGB1 mAb treatment 
in SLE bone marrow supernatant did not lead to any 
significant changes in F-actin distribution and G1 phase. 
TLR4, one of HMGB1 receptors, can modulate MSCs 
function, trigger intracellular signaling pathways, and 
lead to the induction of inflammatory cytokines [12]. To 
discover the mechanism of bone marrow supernatant in 
the senescence of MSCs from SLE patients, we 
examined the expression of components of TLR4/NF-
κB pathway. As shown in Figure 2F, bone marrow 
supernatant from SLE patients promoted the expression 
of TLR4 and its proteins expressed by its downstream 
regulated genes, p-IRAK1 and p-p65 (Figure 2F, 2G). 
These results confirmed that inflammatory micro-
environment played facilitation to senescence of BM-
MSCs, and HMGB1 had great significance. 
 
HMGB1 accelerated the senescence of normal 
BMMSCs by activating TLR4/ NF-κB signaling 
pathway 
 
To further confirm the role of HMGB1 in the senescence 
of MSCs from SLE patients, different concentrations of 
HMGB1(1,10,100,500ng/ml) were used to stimulate BM-
MSCs, which resulted in the activation of TLR4/NF-κB 
signaling pathway and the senescence of BM-MSCs. We 
discovered that HMGB1 promoted TLR4 expression at a 
concentration of 10-100 ng/ml and achieved maximal 
effects at doses of 100-500 ng/ml (Figure 3A, 3B). Thus, 
48 h of treatment with 100 ng/ml of HMGB1 was used in 
the subsequent experiments. Then, we explored the effects 
of HMGB1 on the senescence of BM-MSCs from SLE 
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patients and found that there were more SA-β-gal-positive 
cells in the BM-MSCs from normal persons when treated 
with HMGB1 (Figure 3C, 3D). Furthermore, after 
treatment with HMGB1, the distribution of Factin in BM-
MSCs was disordered (Figure 3E). In addition, G1 phase 
was induced via cell cycle analysis (Figure 3F, 3G). Our 

results showed that HMGB1 could activate the expression 
of TLR4/NF-κB signaling and promoted cellular 
senescence in normal BM-MSCs in vitro, which further 
implied that the TLR4/NF-κB signaling pathway may 
play an essential role in the senescence of SLE BM-
MSCs. 

 

 
 
 
 
 
 
 

 

Figure 1. (A) We collected bone marrow supernatant from normal people and SLE patients. Bone marrow supernatant samples were 
analyzed using a proteomics approach. (B) Elisa showed that HMGB1 expression levels were high in bone marrow supernatant and serum 
of SLE patients. (Bar represents mean ± SD,*P < 0.05 compared with the normal group) (NOR=normal group, SLE=systemic lupus 
erythematosus patients group). 
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TLR4 signaling pathway participated in the 
senescence of BM-MSCs from SLE patients 
 
Previous studies and our experiment results have shown 
that SLE MSCs exhibited signs of senescence [7]. To 
further determine the effects of the TLR4/NF-κB  
 

signaling pathway on MSCs senescence. We next 
studied the expression of components of the TLR4 
signaling pathway in BM-MSCs by western blotting. 
The results showed that expressions of TLR4, p-IRAK1 
and p-p65 were clearly increased in SLE BM-MSCs 
compared to that in normal persons, and degradation of

 
 

 
 
 
 
 
 

Figure 2.  Normal BM-MSCs were treated with bone marrow supernatant from normal persons or SLE patients, or MSCs were cocultured with 
SLE bone marrow supernatant treated with anti-HMGB1 mAb. Five groups were analyzed. (A, B) BM-MSCs were fixed and stained with SA-β-gal. 
(C) MSCs were stained by fluorescein isothiocyanate-conjugated phalloidin. The distribution of F-actin was disordered after treatment with bone 
marrow supernatant from SLE patients by Immunofluorescence. (D, E) Cell viability was assessed by flow cytometry analysis. (F, G) Normal BM-
MSCs were treated with SLE bone marrow supernatant or 100 ng/ml HMGB1, or MSCs were cocultured with SLE bone marrow supernatant 
treated with anti-HMGB1 mAb. Five groups were analyzed. TLR4, p-IRAK1, p-p65, p53 and p27 expressions were analyzed by western blot. 
GAPDH was used as the internal control. (Bar represents mean ± SD,*P < 0.05 compared with the normal group, #P < 0.05 compared with the 
normal group, &P < 0.05 compared with the normal group) (NOR=normal group, SLE=systemic lupus erythematosus patients group). 
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IκBα was induced in SLE BM-MSCs (Figure 4A, 4B). 
Next, TLR4-siRNA was used to knockdown the 
expression of TLR4 in SLE BM-MSCs to clarify the 
correlation between TLR4 signaling and cellular 
senescence. SLE BM-MSCs were transfected with 
TLR4-siRNA#1–4 or control siRNA. After 48 h, the 
levels of TLR4 were evaluated by western blot analysis. 

It was found that TLR4-siRNA#2 significantly knocked 
down the expression of TLR4 compared with the 
control siRNA (Figure 4C, 4D). Furthermore, the ratio 
of SA-β-gal-positive cells (Figure 4E, 4F) and the 
distribution of F-actin (Figure 4G) in BMMSCs from 
SLE patients was effectively reversed after treatment 
with TLR4-siRNA. These results further implied that.

 

 
 
Figure 3. NOR MSCs were cultured at the different concentration (1,10,100,500ng/ml) of HMGB1 for 48 h. (A, B) The expressions of TLR4, 
p-IRAK1, p-p65 and IκBa in MSCs were determined by western blot analysis. GAPDH was used as the internal control. (C, D) BM-MSCs were 
fixed and stained with SA-β-gal. (E)The distribution of F-actin was disordered after treatment with exogenous HMGB1 by 
Immunofluorescence. (F, G) Cell viability was assessed by flow cytometry analysis. (Bar represents mean ± SD,*P < 0.05 compared with the 
normal group, #P < 0.05 compared with the normal group, &P < 0.05 compared with the normal group) (NOR=normal group, SLE=systemic 
lupus erythematosus patients group). 
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Figure 4. (A, B) The expression of TLR4, p-IRAK1, p-p65 and IκBa from SLE compared with normal group were determined by western blot 
analysis. GAPDH was used as the internal control. (C, D) MSCs were depleted of TLR4 by RNAi. The second one was chosen as the best siRNA 
by western blotting. (E, F) MSCs were fixed and stained for SA-β-gal. The number of SA-β-gal-positive cells obviously decreased among 
treated SLE MSCs in comparison with untreated group. (G) MSCs were stained by fluorescein isothiocyanate-conjugated phalloidin. The 
disordered distribution of F-actin was reversed in siTLR4-treated MSCs. (Bar represents mean ± SD,*P < 0.05 compared with the normal 
group, #P < 0.05 compared with the SLE group,) (NOR=normal group, SLE=systemic lupus erythematosus patients group). 
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the TLR4 signaling pathway might play an important 
role in the senescence of SLE BM-MSCs 
 
EP improved the survival rate and lupus nephritis 
by inhibiting the expression of HMGB1 in MRL/lpr 
mice 
 
Previous study revealed that HMGB1 inhibition by a 
specific antibody could ameliorate albuminuria in 
MRL/lpr lupus-prone mice [13]. EP treatment 
significantly reduced circulating levels of HMGB1 in 
animals models and had protective effect [14]. Therefore, 
to further determine the effect of EP on MRL/lpr mice, 
mice were treated with EP according to the experimental 
design (Figure 5A). As expected, the expression of 
HMGB1 declined in serum of Ep-100mg/kg group, and 
the expression of HMGB1 in serum of Ep-40mg/kg group 
decreased moderately (Figure 5B). The survival rates in 
Ep-100mg/kg group were higher than that in saline 
solution-treated group (Figure 5C). The weight of the 
mice in Ep-40mg/kg group and Ep-100mg/kg group 
gradually increased (Figure 5D). The 24-hours urinary 
protein in these two groups were lower than those in 
control group (Figure 5E). In terms of pathology, glo-
merular sclerosis and interstitial fibrosis were ameliorated 
in Ep-100mg/kg group (Figure 5F). These results 
demonstrated EP had a significant therapeutic effect on 
LN by inhibiting HMGB1 in MRL/lpr mice. 
 
EP improved Treg immune regulation and reversed 
the senescence of BM-MSCs via inhibiting TLR4/ 
NF-κB signaling pathway 
 
In the present study, we examined the influence of EP 
intraperitoneal injection on immune response of 
MRL/lpr mice, especially Treg immune. As shown in 
Figure 6A–6B, the size of spleen was significantly 
reduced in Ep-100mg/kg group. At the same time, EP 
treatment upregulated the number of Treg cells in 
peripheral blood, spleen, lymph nodes (Figure 6C, 6D). 
BM-MSCs from MRL/lpr mice showed senescent 
behavior, characterized by flattened and enlarged cell 
morphology, increased SA-β-gal activity, and cell cycle 
arrest. Interestingly, we observed decelerated cell 
senescence signs in BM-MSCs in Ep-100mg/kg group 
(Figure 6E, 6F). Cell-cycle data showed that BM-MSCs 
from MRL/lpr mice treated by EP displayed a 
significantly lower number of cells arrested in the 
G0/G1 phase compared with the control group (Figure 
6G, 6H). Next, we investigated the expressions of 
TLR4, p-p65, and IκBa in MSCs from MRL/lpr mice, 
normal group and EP-treated group by Western blot 
analysis. We found higher levels of TLR4 and p-p65 in 
MSCs from MRL/lpr mice compared to the EP-treated 
group (Figure 6I, 6J). These results revealed that EP 
might be an effective therapeutic approach to SLE.  

DISCUSSION 
 
MSCs are pluripotent and imunoregulatory cells that are 
considered as a promising new treatment for auto-
immune diseases [15]. Recently, a multicenter clinical 
trial showed MSCT resulted in effective clinical 
response in SLE patients. However, several patients 
experienced disease relapse after 6 months [16]. In this 
study, we firstly demonstrated that inflammatory factor 
HMGB1 in SLE bone marrow microenvironment could 
promote the senescence of MSCs via TLR4/NF-κB 
signaling pathway, and inhibiting HMGB1 by EP could 
improve lupus nephritis and reverse the senescence 
signs of MSCs (Figure 7). Therefore, higher expression 
of HMGB1 could partly explain why SLE patients 
needed to repeat MSCT after 6 months. 
 
MSCs reside in a complex three-dimensional structure, 
which comprises hematopoietic stem cells, bone 
marrow, adipocytes, and so on [17]. The external 
environment could guide MSC biology, gradually 
deteriorate. Abnormity in the MSC microenvironment 
such as chronic inflammation could eventually lead to 
occurrence of adverse manifestations, such as the 
accumulation of fat deposits in bone and muscles, or 
the change of hematopoiesis and autoimmunity [18]. 
Our previous study showed that repeated lipopoly-
saccharide (LPS) stimulation promoted cellular 
senescence in human dental pulp stem cells [19]. It 
was shown that the microenvironment into which 
MSCs were injected was critical and contained 
complex cellular interactions via soluble factors [20]. 
These studies indicated inflammatory cytokines played 
an essential role in the initiation and maintenance of 
cellular senescence, and were responsible for trigger-
ing MSCs senescence. Therefore，bone marrow 
supernatant of SLE patients and normal subjects was 
examined to represent the complicated bone marrow 
microenvironmental factor. There are a variety of 
elements in SLE bone marrow, including cytokines 
and chemokines. Furthermore, our results showed 
exogenous SLE bone marrow supernatant treatment 
could accelerate MSCs senescence. Among these 
raised cytokines, HMGB1 was significantly abnormal 
in bone marrow supernatant of SLE patients. These 
reminded us that HMGB1 in bone marrow micro-
environment might play an important role in SLE 
MSCs senescence. 
 
Recently, HMGB1 has been found to function as a 
potent proinflammatory cytokine [21]. Extracellular 
secreted HMGB1 stimulated senescence-associated 
secretory phenotype (SASP) through TLR4 signaling 
and NF-κB transcriptional activity [22]. HMGB-1, One 
of Damage-associated molecular patterns (DAMPs), 
inhibited the production of IFN-γ-induced the
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Figure 5. (A) 30 MRL/lpr mice were divided into three groups: MRL/lpr mice treated with normal saline, Ep-40mg/kg-treated MRL/lpr mice 
and Ep-100mg/kg -treated MRL/lpr mice. Ep was injected intraperitoneally to treat MRL/lpr mice aged 14 weeks for 8 weeks. (B) The 
expressions of HMGB1 in serum of MRL/lpr mice were examined by Elisa. (C) Survival curves observed that the survival rate of Ep-40mg/kg 
group and Ep-100mg/kg group was higher than that of control group. (D) Three groups MRL/lpr mice were weighed one time two weeks. (E) 
24-hours urinary protein was measured by coomassie brilliant blue method. (F) HE-staining showed that renal pathological changes of 
MRL/lpr mice were significant, including glomerular sclerosis, mesangial cell proliferation, matrix widened, and lymphocytes infiltrating the 
interstitium. However, histopathological changes of other groups were alleviated. (Bar represents mean ± SD,*P < 0.05 compared with the 
control group, #P < 0.05 compared with the control group) (Con=Control group). 
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Figure 6. (A, B) the size comparison of spleen in three groups: MRL/lpr mice treated with normal saline, Ep-40mg/kg-treated MRL/lpr mice 
and Ep-100mg/kg -treated MRL/lpr mice. (C, D) Treg cell analysis in cells obtained from lymph nodes, spleen and peripheral blood. EP 
treatment upregulated the number of Treg cells. (E, F) BM-MSCs from MRL/lpr mice were isolated, then were fixed and stained for SA-β-gal. (G, 
H) Cell viability was assessed by flow cytometry analysis. (I, J) Expressions of TLR4, p-p65, and IκBa in MSCs from MRL/lpr mice, normal group 
and EP-treated group by Western blot analysis. (Bar represents mean ± SD,*P < 0.05 compared with the control group) (Con=Control group). 
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indoleamine-2,3-dioxygenase (IDO) by MSCs [23]. 
However, the influence of HMGB1 on cell function of 
MSCs remained controversial. Exogenous HMGB1 
treatment and transfection with HMGB1 vectors 
promoted MSC migration and differentiate to endo-
thelial cells [24]. HMGB-1 not only attracted MSCs, but 
also enhanced the MSCs proliferation and inhibited 
MSCs to produce IDO [25]. Another group found that 
HMGB1 protein inhibited the proliferation of human 
mesenchymal stem cells and promoted their migration 
and differentiation along osteoblastic pathway [26]. As 
described above, our study found there were more SA-
β-gal-positive cells, disordered distribution of F-actin 
and cell cycle arrest when BM-MSCs were treated with 
bone marrow supernatant from SLE patients. 
Senescence signs could be reversed when HMGB1 was 
inhibited. We found that stimulation of exogenous 
HMGB1 also could promote senescence of MSCs. 
These results further suggested that HMGB1 played a 
functional role in senescence of MSCs. 

Many inflammatory signaling pathways participated in 
aging and inflammation, such as NF-κB, mTOR, and 
MAPK [27, 28]. Various of evidences confirmed that 
the HMGB1-mediated inflammation could be mediated 
through TLR2, TLR4 and RAGE. HMGB1 could bind 
to TLR2, TLR4 and RAGE and result in downstream 
signaling pathway activation [29]. TLRs, especially 
TLR4, are highly expressed on MSCs and activation of 
TLR4 can significantly modulate the immunosup-
pressive and anti-inflammatory functions of MSCs [30]. 
HMGB1, released by activated platelets, could mediate 
inhibition of the cell death-dependent migratory 
response through regulating TLR4 on the MSCs [31]. 
HMGB1 and LPS activated TLR4-mediated NF-κB 
signaling pathway and proinflammatory response in 
human pericytes [32]. Other studies have found that 
pro-inflammatory cytokines (eg.IFN-γ, IL-1β) are up-
regulated in SLE patients, which is associated with the 
activation of TLR4 [33]. Our results showed that 
exogenous HMGB1 stimulated TLR4/NF-κB trans- 

 

 
 

Figure 7. BM-MSCs and bone marrow supernatant were isolated from bone marrow of healthy donors and SLE patients. SLE bone marrow 
supernatant led MSCs to senescence via HMGB1/TLR4/NF-κB signaling pathway, HMGB1 had great significance. Ethyl pyruvate (EP), a high 
security HMGB1 inhibitor, was injected intraperitoneally to treat MRL/lpr mice aged 14 weeks for 8 weeks. EP alleviated the clinical aspects 
of lupus nephritis and prolonged survival of MRL/lpr mice, by reversing the senescent phenotype of BM-MSCs from MRL/lpr mice. 
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Table 1. Details of 12 SLE patients. 

Patient Age Disease duration Current treated SLEDAI 

1 27 1 year Pred 12.5mg/day 4 
   HCQ 0.2g/day  
   CTX 0.4g/2 weeks  
2 43 19 years Pred 10mg/day 8 
   HCQ 0.2g/day  
   CTX 0.4g/2 weeks  
3 40 2 years Pred 15mg/day 4 
   HCQ 0.2g/day  
4 23 3 years Pred 15mg/day 4 
   HCQ 0.2g/day  
   MTX 5mg/1 week  
5 31 5 years Pred 7.5mg/day 1 
6 26 9 years Pred 10mg/day 2 
7 13 4 years Pred 12.5mg/day 11 
   HCQ 0.2g/day  
8 25 5 years Pred 15mg/day 16 
   HCQ 0.2g/day  
   CTX 0.4g/2 weeks  
9 25 8 years Pred 10mg/day  8 
   HCQ 0.2g/day  
10 31 6 years Pred 15mg/day 8 
   HCQ 0.2g/day  
11 35 7 years Pred 15mg/day 10 
   HCQ 0.2g/day  
12 23 2 years none 5  

 
 
 
activation activity in MSCs. We also found that 
TLR4/NF-κB activity was involved in senescence of 
MSCs. These provided strong evidence that HMGB1 
enhanced senescence of MSCs by activating the 
TLR4/NF-κB signaling pathway. 
 
Several new strategies have been developed to target 
some specific activation pathways relevant to the 
pathogenesis of SLE. For example, rapamycin treatment 
could reduce mTORC1 and enhance mTORC2 activities 
of lupus, so it has clinical efficacy in SLE [34, 35]. For 
our in vivo experiments, we selected EP that had proved 
to be an effective treatment in a number of autoimmune 
diseases/models [14]. EP could protect cells from 
reactive oxygen damage, down-regulate the expression 
of NF-kB and decrease the secretion of pro-
inflammatory cytokines by inhibiting HMGB1 [36]. 
Several studies have confirmed that EP is a potent 
inhibitor of HMGB1 and represents promising 
intervention in chronic colitis [37]. However, the 
effectiveness of treating SLE  by  targeting  HMGB1 re- 

 
mained controversial. Anti-HMGB1 antibody 
ameliorated albuminuria in MRL/lpr mice [13]. More-
over, Zhang et al. demonstrated the effectiveness of the 
anti-HMGB1 antibody for lupus in BXSB mice [38]. 
Nevertheless, other study indicated that blocking of 
HMGB1 by the neutralizing antibody did not affect 
lupus nephritis in MRL/lpr mice [39]. It was 
particularly gratifying that administration of EP to 
inhibit HMGB1 could significantly decrease expression 
levels of CTLA-4, Foxp3, and IL-10 production after 
burns, regulating Treg immune [40]. Our results 
revealed that 100mg/ kg-EP intraperitoneal injection 
improved Treg immune regulation and reversed the 
senescence of BM-MSCs via inhibiting TLR4/ NF-κB 
signaling pathway. 
 
Taken together, our data showed that HMGB1 in SLE 
bone marrow inflammatory microenvironment could 
promote the senescence of MSCs via TLR4/NF-κB 
signaling pathway, and inhibiting HMGB1 by EP 
could improve lupus nephritis and reverse the 
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senescence signs. Taken with the current data, 
HMGB1 blockade might be a potential target for 
treating human SLE. 
 
MATERIALS AND METHODS 
 
Patients  
 
Twelve SLE patients between 13 and 43 years of age 
(mean 28.25±9.69 years) were enrolled in this study. The 
SLE diagnosis was made based on the criteria proposed 
by the American College of Rheumatology (2009). The 
Systemic Lupus Erythematosus Disease Activity Index 
(SLEDAI) was used to measure the disease activity. All 
patients were categorized as active using a cut off 
SLEDAI score of eight. Twelve healthy subjects were 
used as the normal group. All research subjects were 
females with a similar age distribution (mean 26.58±7.97 
years). All participators gave consent to the study, which 
was approved by the Ethics Committee of the Affiliated 
Hospital of Nantong University. 
 
Proteomics  
 
Bone marrow supernatant samples were analyzed using 
the PEA and the Olink Immuno-oncology panel (Olink 
Bioscience AB). This panel includes 92 proteins. The 
protein analysis is reported as normalized protein 
expression levels (NPX), which are Ct values 
normalized by the subtraction of values for extension 
control, as well as interplate control; the scale is shifted 
using a correction factor (normal background noise) and 
reported in log2 scale. 
 
Isolation, cell culture and identification of BM-
MSCs from SLE and normal subjects 
 
MSCs were isolated and expanded from iliac crest BM of 
all the SLE patients and normal subjects. Five milliliters 
of heparinized BM were mixed with an equal volume of 
phosphate-buffered saline (PBS) (Gibco, USA). Then, the 
resuspended cells were layered over Ficoll solution (1.077 
g/mL) and centrifuged at 1,000×g for 30 min at 24 °C. 
The mononuclear cells were collected at the interface and 
resuspended in low-glucose Dulbecco Modified Eagle 
Medium (L-DMEM) (Gibco, USA) supplemented with 
10% heat inactivated fetal bovine serum (FBS) (Gibco, 
USA). Then, the cells were plated at a density of 2×107 

cells per 25 cm2 dish and cultured at 37 °C in a 5% CO2 
incubator, and the medium was replaced and non-adherent 
cells were removed after 5 days and every three days 
thereafter. When the MSCs became nearly confluent, the 
adherent cells were released from the dishes with 0.25% 
trypsin (Gibco, USA), and then replanted at a density of 
1×106 cells per 25 cm2 dish.  

Western blotting  
 
Cells were washed twice with cold-buffered PBS and 
were then lysed in RIPA buffer. Equal amounts of protein 
were separated by 10% SDS polyacrylamide gel 
electrophoresis (PAGE) and electrophoretically trans-
ferred to polyvinylidene difluoride (PDVF) membranes. 
Membranes were incubated with primary antibodies 
(1:500) at 4 °C overnight and incubated with horseradish 
peroxidase conjugated mouse anti-rabbit secondary 
antibody for 2 h at room temperature. The blots were 
developed using an enhanced chemiluminescence kit. The 
following primary antibodies were used: TLR4 (anti-
rabbit, Santa Cruz), GAPDH (anti-rabbit, Santa Cruz), β-
actin(anti-rabbit, Sangon Biotech), p-IRAK1 (anti- rabbit, 
Santa Cruz), p-p65 (anti-mouse, Santa Cruz), p65 (anti-
rabbit, Santa Cruz), IκBa (anti-rabbit, Santa Cruz), p53 
(anti-mouse, Santa Cruz), p27 (anti-mouse, Sangon 
Biotech).  
 
SA-β-gal assay  
 
The SA-β-gal activity was determined using a kit from 
the Chemical Company following the manufacturer’s 
instructions (Beyotime, China). MSCs were passaged 
into the 6-well culture plates at a density of 5×104 cells 
per well for 72 h. Then cells were washed twice with 
PBS and fixed with fixing solution for 15 min. After 
incubation with staining SA-β-gal detection solution at 
37°C without CO2 overnight, the slips were washed and 
analyzed under the microscope.   
 
Immunofluorescence assay of the skeleton of MSCs 
 
MSCs were washed twice with PBS and fixed in 4% 
PFA for 1 h. After permeabilization and bloking, they 
were incubated with fluorescein isothiocyanate-
conjugated phalloidin (Thermo Fisher, Waltham, USA). 
The stained cells were then examined by a Zeiss 
Confocal Laser Scanning Microscope.  
 
Flow cytometry  
 
For cell cycle analysis, MSCs collected and fixed with 
70% ethanol at -20°C for 24 h. After being washed with 
PBS and then treated with 100 µg/ml RNase (Sigma, 
USA) for 20 min, cells stained with 50 µg/ml propidium 
iodide (PI) solution (Sigma, USA) for 20 minutes and 
analyzed by the flow cytometry machine (FACS 
Calibur, BD Biosciences, USA). The fraction of cells in 
the G0/G1, S, and G2/M phases were quantified with 
the ModFit LT system. 
 
For Treg cell analysis, Cells obtained from lymph 
nodes, spleen and peripheral blood were blocked with 
anti-CD16/32 and stained with monoclonal anti-mouse 
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CD4 antibody (eBiosciences; San Diego, CA, USA) to 
assess T cell percentages. Treg cells were characterized 
by staining for CD4, CD25 and Foxp3, according to the 
manufacturer’s instructions (Mouse Treg Staining Kit, 
eBiosciences). All data were acquired in a FACSCalibur 
flow cytometer (BD Biosciences Immunocytometry 
Systems, San Jose, CA, USA) and analysed using 
FlowJo X 10.0.7 software. 
 
Elisa  
 
Use a serum separator tube and allow samples to clot 
for 30 minutes before centrifugation for 15 minutes at 
1000g. Aspirate serum and assay immediately or aliquot 
and store samples at ≤ −20 °C. Bone marrow 
supernatant and serum HMGB1 levels were measured 
using a commercially available ELISA kit according to 
the manufacturer’s instructions (Arigo Biolaboratories, 
USA) 
 
Cell transfection 
 
BM-MSCs were seeded 2.5 x 105 cells in 6-cm dish 
with MEM-α medium containing 10% FBS (Gibco) for 
one day. Transient transfection was performed using the 
transfection reagent Lipofectamine 2000 (Invitrogen) 
according to the manufacturer's protocol. The MSCs 
were then transfected with TLR4 small interfering RNA 
(siRNA) (GenePharma Co. Ltd.) and a non-specific 
control siRNA. SiRNA was mixed with Lipofectamine 
transfection reagent in serum-free medium according to 
the manufacturer’s instructions. 
 
Mice and treatments 
 
8-week-old female MRL/lpr mice were obtained from 
Shanghai SLAC Laboratory Animal Institute Co. Ltd. 
MRL/lpr mice (n=30) and BALB/c mice (n=10) were 
maintained in a specific pathogen-free animal facility 
of the Experimental Animal Center in Nantong 
University. The animal experimentation was approved 
by Ethics Committee of Nantong University. The 
mice were intraperitoneally injected with EP (40 
mg/kg or 100 mg/kg) or vehicle control (saline) three 
times per week. MRL/lpr mice were divided into three 
groups. All animal procedures were approved by the 
institute’s Institutional Animal Care and Use 
Committee. 
 
Isolation, culture and identification of BM-MSCs 
from MRL/lpr mice 
 
The BM was flushed out of the femurs and tibias 
removed from MRL/lpr and BALB/c mice using 10 ml 
PBS with 100 U/ml heparin in a syringe. The cells were  

centrifuged at 1000 ×g for 10 min. The cell pellet was 
resuspended in 5 ml L-DMEM supplemented with 10% 
FBS (Gibco, USA) and plated in a 25 cm2 dish to allow 
the MSCs to adhere. Cultures were maintained in a 
humidified atmosphere with 5% CO2 at 37°C. 
 
Albuminuria 
 
24h urine samples were collected from each mouse by 
metabolic cages method once every two weeks. Urinary 
albumin levels were measured using a commercially 
available ELISA kit (BioAssay Systems, Hayward, CA, 
USA) according to the manufacturer’s instructions. 
 
Renal histology studies 
 
At the time of euthanization, kidney specimens were 
obtained, fixed in 10% formaldehyde and embedded in 
paraffin. Sections (4 µm thickness) were prepared and then 
stained with haematoxylin and eosin (H&E). The kidney 
sections were coded and examined by two independent 
observers who were blinded to the treatment groups.  
 
Statistical analysis  
 
All data are presented as the mean±standard deviation 
(SD) from at least three independent experiments. All 
statistical analyses were performed using the SPSS 
21.0 software, and the data were analyzed using 
Student’s t test with P<0.05 considered statistically 
significant.  
 
ACKNOWLEDGMENTS  
 
We thank the laboratory members for helpful 
discussions. 
 
CONFLICTS OF INTEREST 
 
All authors declare that they have no conflict of interest. 
 
FUNDING 
 
This work was supported by grants from the Chinese 
National Natural Science Foundation (Nos. 81471603, 
81671616, 81601410, 81771767 and 81801610); 
Science and technology Project of Nantong City, 
Grant/Award Number: MS12017002-4，MS12016007, 
and NS12017001-3. The project of “333 Natural 
Science Foundation” of Jiangsu, Grant/Award Number: 
BRA2016527. Science and technology Project of 
Jiangsu Province, Grant/Award Number: BE2018671. 
Postgraduate Research & Practice Innovation Program 
of Jiangsu Province, Grant/Award Number: KYCX17-
1940 and KYCX18-2410. 



www.aging-us.com 4351 AGING 

REFERENCES 
 
1. Shen B, Feng G, Tang W, Huang X, Yan H, He Y, Chen 

W, Da Z, Liu H, Gu Z. The quality of life in Chinese 
patients with systemic lupus erythematosus is 
associated with disease activity and psychiatric 
disorders: a path analysis. Clin Exp Rheumatol. 2014; 
32:101–07.  PMID:24029416  

2. Basu B, Roy B, Babu BG. Efficacy and safety of rituximab 
in comparison with common induction therapies in 
pediatric active lupus nephritis. Pediatr Nephrol. 2017; 
32:1013–21.  

 https://doi.org/10.1007/s00467-017-3583-x  
PMID:28191596  

3. Fathollahi A, Gabalou NB, Aslani S. Mesenchymal 
stem cell transplantation in systemic lupus 
erythematous, a mesenchymal stem cell disorder. 
Lupus. 2018; 27:1053–64.  

 https://doi.org/10.1177/0961203318768889  
PMID:29631514  

4. Sun L, Akiyama K, Zhang H, Yamaza T, Hou Y, Zhao S, 
Xu T, Le A, Shi S. Mesenchymal stem cell 
transplantation reverses multiorgan dysfunction in 
systemic lupus erythematosus mice and humans. 
Stem Cells. 2009; 27:1421–32.  

 https://doi.org/10.1002/stem.68  PMID:19489103  

5. Gu F, Molano I, Ruiz P, Sun L, Gilkeson GS. Differential 
effect of allogeneic versus syngeneic mesenchymal 
stem cell transplantation in MRL/lpr and 
(NZB/NZW)F1 mice. Clin Immunol. 2012; 145:142–52.  

 https://doi.org/10.1016/j.clim.2012.08.012  
PMID:23041504  

6. Gu Z, Tan W, Feng G, Meng Y, Shen B, Liu H, Cheng C. 
Wnt/β-catenin signaling mediates the senescence of 
bone marrow-mesenchymal stem cells from systemic 
lupus erythematosus patients through the p53/p21 
pathway. Mol Cell Biochem. 2014; 387:27–37.  

 https://doi.org/10.1007/s11010-013-1866-5  
PMID:24130040  

7. Gu Z, Tan W, Ji J, Feng G, Meng Y, Da Z, Guo G, Xia Y, Zhu 
X, Shi G, Cheng C. Rapamycin reverses the senescent 
phenotype and improves immunoregulation of 
mesenchymal stem cells from MRL/lpr mice and 
systemic lupus erythematosus patients through 
inhibition of the mTOR signaling pathway. Aging (Albany 
NY). 2016; 8:1102–14.  

 https://doi.org/10.18632/aging.100925  
PMID:27048648  

8. Lepperdinger G. Inflammation and mesenchymal 
stem cell aging. Curr Opin Immunol. 2011; 23:518–24. 
https://doi.org/10.1016/j.coi.2011.05.007  
PMID:21703839  

9. Sui BD, Hu CH, Zheng CX, Jin Y. Microenvironmental 

Views on Mesenchymal Stem Cell Differentiation in 
Aging. J Dent Res. 2016; 95:1333–40.  

 https://doi.org/10.1177/0022034516653589  
PMID:27302881  

10. Feng X, Feng G, Xing J, Shen B, Li L, Tan W, Xu Y, Liu S, 
Liu H, Jiang J, Wu H, Tao T, Gu Z. TNF-α triggers 
osteogenic differentiation of human dental pulp stem 
cells via the NF-κB signalling pathway. Cell Biol Int. 
2013; 37:1267–75.  

 https://doi.org/10.1002/cbin.10141  PMID:23765556  

11. Chen H, Shi B, Feng X, Kong W, Chen W, Geng L, Chen J, 
Liu R, Li X, Chen W, Gao X, Sun L. Leptin and Neutrophil-
Activating Peptide 2 Promote Mesenchymal Stem Cell 
Senescence Through Activation of the 
Phosphatidylinositol 3-Kinase/Akt Pathway in Patients 
With Systemic Lupus Erythematosus. Arthritis 
Rheumatol. 2015; 67:2383–93.  

 https://doi.org/10.1002/art.39196  PMID:25989537  

12. Delarosa O, Dalemans W, Lombardo E. Toll-like 
receptors as modulators of mesenchymal stem cells. 
Front Immunol. 2012; 3:182.  

 https://doi.org/10.3389/fimmu.2012.00182  
PMID:22783256  

13. Watanabe H, Watanabe KS, Liu K, Hiramatsu S, Zeggar 
S, Katsuyama E, Tatebe N, Akahoshi A, Takenaka F, 
Hanada T, Akehi M, Sasaki T, Sada KE, et al. Anti-high 
Mobility Group Box 1 Antibody Ameliorates 
Albuminuria in MRL/lpr Lupus-Prone Mice. Mol Ther 
Methods Clin Dev. 2017; 6:31–39.  

 https://doi.org/10.1016/j.omtm.2017.05.006  
PMID:28649578  

14. Shen M, Lu J, Cheng P, Lin C, Dai W, Wang F, Wang C, 
Zhang Y, Chen K, Xu L, Zhou Y, Guo C. Ethyl pyruvate 
pretreatment attenuates concanavalin a-induced 
autoimmune hepatitis in mice. PLoS One. 2014; 
9:e87977. 
https://doi.org/10.1371/journal.pone.0087977  
PMID:24498418  

15. Liu R, Li X, Zhang Z, Zhou M, Sun Y, Su D, Feng X, Gao 
X, Shi S, Chen W, Sun L. Allogeneic mesenchymal 
stem cells inhibited T follicular helper cell generation 
in rheumatoid arthritis. Sci Rep. 2015; 5:12777.  

 https://doi.org/10.1038/srep12777  PMID:26259824  

16. Wang D, Li J, Zhang Y, Zhang M, Chen J, Li X, Hu X, 
Jiang S, Shi S, Sun L. Umbilical cord mesenchymal 
stem cell transplantation in active and refractory 
systemic lupus erythematosus: a multicenter clinical 
study. Arthritis Res Ther. 2014; 16:R79.  

 https://doi.org/10.1186/ar4520  PMID:24661633  

17. Ferland-McCollough D, Maselli D, Spinetti G, 
Sambataro M, Sullivan N, Blom A, Madeddu P. MCP-1 
Feedback Loop Between Adipocytes and 
Mesenchymal Stromal Cells Causes Fat Accumulation 

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24029416&dopt=Abstract
https://doi.org/10.1007/s00467-017-3583-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28191596&dopt=Abstract
https://doi.org/10.1177/0961203318768889
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29631514&dopt=Abstract
https://doi.org/10.1002/stem.68
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19489103&dopt=Abstract
https://doi.org/10.1016/j.clim.2012.08.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23041504&dopt=Abstract
https://doi.org/10.1007/s11010-013-1866-5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24130040&dopt=Abstract
https://doi.org/10.18632/aging.100925
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27048648&dopt=Abstract
https://doi.org/10.1016/j.coi.2011.05.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21703839&dopt=Abstract
https://doi.org/10.1177/0022034516653589
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27302881&dopt=Abstract
https://doi.org/10.1002/cbin.10141
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23765556&dopt=Abstract
https://doi.org/10.1002/art.39196
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25989537&dopt=Abstract
https://doi.org/10.3389/fimmu.2012.00182
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22783256&dopt=Abstract
https://doi.org/10.1016/j.omtm.2017.05.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28649578&dopt=Abstract
https://doi.org/10.1371/journal.pone.0087977
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24498418&dopt=Abstract
https://doi.org/10.1038/srep12777
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26259824&dopt=Abstract
https://doi.org/10.1186/ar4520
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24661633&dopt=Abstract


www.aging-us.com 4352 AGING 

and Contributes to Hematopoietic Stem Cell 
Rarefaction in the Bone Marrow of Patients With 
Diabetes. Diabetes. 2018; 67:1380–94.  

 https://doi.org/10.2337/db18-0044  PMID:29703845  

18. Kizilay Mancini Ö, Lora M, Shum-Tim D, Nadeau S, 
Rodier F, Colmegna I. A Proinflammatory Secretome 
Mediates the Impaired Immunopotency of Human 
Mesenchymal Stromal Cells in Elderly Patients with 
Atherosclerosis. Stem Cells Transl Med. 2017; 
6:1132–40.  

 https://doi.org/10.1002/sctm.16-0221  
PMID:28194905  

19. Feng X, Feng G, Xing J, Shen B, Tan W, Huang D, Lu X, 
Tao T, Zhang J, Li L, Gu Z. Repeated 
lipopolysaccharide stimulation promotes cellular 
senescence in human dental pulp stem cells (DPSCs). 
Cell Tissue Res. 2014; 356:369–80.  

 https://doi.org/10.1007/s00441-014-1799-7  
PMID:24676500  

20. Prockop DJ. Repair of tissues by adult 
stem/progenitor cells (MSCs): controversies, myths, 
and changing paradigms. Mol Ther. 2009; 17:939–46. 
https://doi.org/10.1038/mt.2009.62  PMID:19337235  

21. Gruber HE, Hoelscher GL, Bethea S, Ingram J, Cox M, 
Hanley EN Jr. High-mobility group box-1 gene, a 
potent proinflammatory mediators, is upregulated in 
more degenerated human discs in vivo and its 
receptor upregulated by TNF-α exposure in vitro. Exp 
Mol Pathol. 2015; 98:427–30.  

 https://doi.org/10.1016/j.yexmp.2015.03.001  
PMID:25746662  

22. Davalos AR, Kawahara M, Malhotra GK, Schaum N, 
Huang J, Ved U, Beausejour CM, Coppe JP, Rodier F, 
Campisi J. p53-dependent release of Alarmin HMGB1 
is a central mediator of senescent phenotypes. J Cell 
Biol. 2013; 201:613–29.  

 https://doi.org/10.1083/jcb.201206006  
PMID:23649808  

23. Lotfi R, Eisenbacher J, Solgi G, Fuchs K, Yildiz T, 
Nienhaus C, Rojewski MT, Schrezenmeier H. Human 
mesenchymal stem cells respond to native but not 
oxidized damage associated molecular pattern 
molecules from necrotic (tumor) material. Eur J 
Immunol. 2011; 41:2021–28.  

 https://doi.org/10.1002/eji.201041324  
PMID:21538978  

24. Meng X, Chen M, Su W, Tao X, Sun M, Zou X, Ying R, Wei 
W, Wang B. The differentiation of mesenchymal stem 
cells to vascular cells regulated by the HMGB1/RAGE 
axis: its application in cell therapy for transplant 
arteriosclerosis. Stem Cell Res Ther. 2018; 9:85.  

 https://doi.org/10.1186/s13287-018-0827-z  
PMID:29615103  

25. Pistoia V, Raffaghello L. Damage-associated molecular 
patterns (DAMPs) and mesenchymal stem cells: a 
matter of attraction and excitement. Eur J Immunol. 
2011; 41:1828–31.  

 https://doi.org/10.1002/eji.201141724  
PMID:21706488  

26. Meng E, Guo Z, Wang H, Jin J, Wang J, Wang H, Wu C, 
Wang L. High mobility group box 1 protein inhibits 
the proliferation of human mesenchymal stem cells 
and promotes their migration and differentiation 
along osteoblastic pathway. Stem Cells Dev. 2008; 
17:805–13. https://doi.org/10.1089/scd.2007.0276  
PMID:18715162  

27. Perl A. Activation of mTOR (mechanistic target of 
rapamycin) in rheumatic diseases. Nat Rev 
Rheumatol. 2016; 12:169–82.  

 https://doi.org/10.1038/nrrheum.2015.172  
PMID:26698023  

28. Perl A. mTOR activation is a biomarker and a central 
pathway to autoimmune disorders, cancer, obesity, 
and aging. Ann N Y Acad Sci. 2015; 1346:33–44.  

 https://doi.org/10.1111/nyas.12756  PMID:25907074  

29. Cho W, Koo JY, Park Y, Oh K, Lee S, Song JS, Bae MA, 
Lim D, Lee DS, Park SB. Treatment of Sepsis 
Pathogenesis with High Mobility Group Box Protein 1-
Regulating Anti-inflammatory Agents. J Med Chem. 
2017; 60:170–79.  

 https://doi.org/10.1021/acs.jmedchem.6b00954  
PMID:28001381  

30. Rashedi I, Gómez-Aristizábal A, Wang XH, Viswanathan 
S, Keating A. TLR3 or TLR4 Activation Enhances 
Mesenchymal Stromal Cell-Mediated Treg Induction via 
Notch Signaling. Stem Cells. 2017; 35:265–75. 
https://doi.org/10.1002/stem.2485  PMID:27571579  

31. Vogel S, Chatterjee M, Metzger K, Borst O, Geisler T, 
Seizer P, Müller I, Mack A, Schumann S, Bühring HJ, 
Lang F, Sorg RV, Langer H, Gawaz M. Activated 
platelets interfere with recruitment of mesenchymal 
stem cells to apoptotic cardiac cells via high mobility 
group box 1/Toll-like receptor 4-mediated down-
regulation of hepatocyte growth factor receptor MET. 
J Biol Chem. 2014; 289:11068–82.  

 https://doi.org/10.1074/jbc.M113.530287  
PMID:24567328  

32. Guijarro-Muñoz I, Compte M, Álvarez-Cienfuegos A, 
Álvarez-Vallina L, Sanz L. Lipopolysaccharide activates 
Toll-like receptor 4 (TLR4)-mediated NF-κB signaling 
pathway and proinflammatory response in human 
pericytes. J Biol Chem. 2014; 289:2457–68.  

 https://doi.org/10.1074/jbc.M113.521161  
PMID:24307174  

33. Qu X, Yu X, Liu J, Wang J, Liu J. Pro-Inflammatory 
Cytokines are Elevated in Pregnant Women with 

https://doi.org/10.2337/db18-0044
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29703845&dopt=Abstract
https://doi.org/10.1002/sctm.16-0221
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28194905&dopt=Abstract
https://doi.org/10.1007/s00441-014-1799-7
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24676500&dopt=Abstract
https://doi.org/10.1038/mt.2009.62
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19337235&dopt=Abstract
https://doi.org/10.1016/j.yexmp.2015.03.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25746662&dopt=Abstract
https://doi.org/10.1083/jcb.201206006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23649808&dopt=Abstract
https://doi.org/10.1002/eji.201041324
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21538978&dopt=Abstract
https://doi.org/10.1186/s13287-018-0827-z
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29615103&dopt=Abstract
https://doi.org/10.1002/eji.201141724
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21706488&dopt=Abstract
https://doi.org/10.1089/scd.2007.0276
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18715162&dopt=Abstract
https://doi.org/10.1038/nrrheum.2015.172
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26698023&dopt=Abstract
https://doi.org/10.1111/nyas.12756
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907074&dopt=Abstract
https://doi.org/10.1021/acs.jmedchem.6b00954
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28001381&dopt=Abstract
https://doi.org/10.1002/stem.2485
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27571579&dopt=Abstract
https://doi.org/10.1074/jbc.M113.530287
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24567328&dopt=Abstract
https://doi.org/10.1074/jbc.M113.521161
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307174&dopt=Abstract


www.aging-us.com 4353 AGING 

Systemic Lupus Erythematosus in Association with 
the Activation of TLR4. Clin Lab. 2016; 62:535–44. 
https://doi.org/10.7754/Clin.Lab.2015.150709  
PMID:27215071  

34. Oaks Z, Winans T, Caza T, Fernandez D, Liu Y, Landas SK, 
Banki K, Perl A. Mitochondrial Dysfunction in the Liver 
and Antiphospholipid Antibody Production Precede 
Disease Onset and Respond to Rapamycin in Lupus-
Prone Mice. Arthritis Rheumatol. 2016; 68:2728–39. 
https://doi.org/10.1002/art.39791  PMID:27332042  

35. Lai ZW, Kelly R, Winans T, Marchena I, Shadakshari A, 
Yu J, Dawood M, Garcia R, Tily H, Francis L, Faraone 
SV, Phillips PE, Perl A. Sirolimus in patients with 
clinically active systemic lupus erythematosus 
resistant to, or intolerant of, conventional 
medications: a single-arm, open-label, phase 1/2 trial. 
Lancet. 2018; 391:1186–96.  

 https://doi.org/10.1016/S0140-6736(18)30485-9  
PMID:29551338  

36. Hu X, Cui B, Zhou X, Xu C, Lu Z, Jiang H. Ethyl pyruvate 
reduces myocardial ischemia and reperfusion injury 
by inhibiting high mobility group box 1 protein in rats. 
Mol Biol Rep. 2012; 39:227–31.  

 https://doi.org/10.1007/s11033-011-0730-5  
PMID:21556772  

37. Davé SH, Tilstra JS, Matsuoka K, Li F, DeMarco RA, Beer-
Stolz D, Sepulveda AR, Fink MP, Lotze MT, Plevy SE. Ethyl 

pyruvate decreases HMGB1 release and ameliorates 
murine colitis. J Leukoc Biol. 2009; 86:633–43 

 https://doi.org/10.1189/jlb.1008662  PMID:19454652  

38. Zhang C, Li C, Jia S, Yao P, Yang Q, Zhang Y. High-
mobility group box 1 inhibition alleviates lupus-like 
disease in BXSB mice. Scand J Immunol. 2014; 
79:333–37.  

 https://doi.org/10.1111/sji.12165  PMID:24612327  

39. Schaper F, van Timmeren MM, Petersen A, Horst G, 
Bijl M, Limburg PC, Westra J, Heeringa P. Treatment 
with anti-HMGB1 monoclonal antibody does not 
affect lupus nephritis in MRL/lpr mice. Mol Med. 
2016; 22:12–21.  

 https://doi.org/10.2119/molmed.2015.00176  
PMID:26837069  

40. Huang LF, Yao YM, Zhang LT, Dong N, Yu Y, Sheng ZY. 
The effect of high-mobility group box 1 protein on 
activity of regulatory T cells after thermal injury in 
rats. Shock. 2009; 31:322–29.  

 https://doi.org/10.1097/SHK.0b013e3181834070  
PMID:18665051  

 

 
 
 

https://doi.org/10.7754/Clin.Lab.2015.150709
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27215071&dopt=Abstract
https://doi.org/10.1002/art.39791
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27332042&dopt=Abstract
https://doi.org/10.1016/S0140-6736(18)30485-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29551338&dopt=Abstract
https://doi.org/10.1007/s11033-011-0730-5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21556772&dopt=Abstract
https://doi.org/10.1189/jlb.1008662
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19454652&dopt=Abstract
https://doi.org/10.1111/sji.12165
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24612327&dopt=Abstract
https://doi.org/10.2119/molmed.2015.00176
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26837069&dopt=Abstract
https://doi.org/10.1097/SHK.0b013e3181834070
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18665051&dopt=Abstract

