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Abstract. Systemic lupus erythematosus is a connective tissue 
disease characterized by autoimmune inflammation, which 
leads to specific and nonspecific immune disorders with the 
formation of various autoantibodies by activated B cells. 
B‑cell‑activating factor (BAFF) is secreted by macrophages 
and activated T cells, and is responsible for the prolifera-
tion, maturation and differentiation of B cells. However, the 
mechanism of BAFF involvement in lupus nephritis (LN) 
remains unclear. The aim of the present study was to inves-
tigate the association between BAFF and phosphoinositide 
3‑kinase/protein kinase B/mammalian target of rapamycin 
(PI3K/Akt/mTOR) signaling in order to elucidate the patho-
genesis of LN. In the present study, 18 patients with LN and 
20 controls were included. The clinical data were analyzed and 
plasma levels of BAFF were measured using an ELISA. The 
mRNA and protein levels of BAFF, phosphorylated (p)‑PI3K, 
p‑Akt and p‑mTOR in kidney tissues were measured using 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) and western blotting. Plasma BAFF levels were 
significantly increased in patients with LN compared with 
the controls (P<0.001). mRNA and protein levels of BAFF, 
p‑PI3K, p‑Akt and p‑mTOR in kidney tissue were significantly 
increased in patients with LN compared with the controls (all 
P<0.001). mRNA and protein levels of BAFF in the kidney 
tissues of patients with LN were positively correlated with 
the levels of p‑PI3K, p‑Akt and p‑mTOR. The results of the 
present study revealed a correlation between BAFF and the 
PI3K/Akt/mTOR signaling pathway, and it is hypothesized 
that they are involved in the pathogenesis of LN.

Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune 
disease that can cause multiorgan and multisystemic damage 
through the production of various autoantibodies, and the 
development of lupus nephritis (LN) is one of the most impor-
tant factors influencing prognosis in SLE (1‑3). A number of 
factors, including genetic, hormonal, environmental and pres-
ence of drugs, can influence the development of LN, which 
leads to breakdown of immune tolerance and organ dysfunc-
tion (3). Although the precise pathogenesis of LN remains to 
be elucidated, numerous clinical and animal experiments have 
demonstrated that B cells serve an important function in the 
pathogenesis of LN (4‑6).

B‑cell‑activating factor (BAFF), member of the tumor 
necrosis factor superfamily, is an important B cell‑prolifera-
tion and maturation factor, and is secreted by a variety of cell 
types including monocytes, malignant B cells, macrophages, 
neutrophils and activated T lymphocytes (7‑9). BAFF can act 
by binding a transmembrane activator coupled with a calcium 
modulator, a cyclophilin ligand interactor transmembrane 
activator and a calcium signal‑modulating cyclophilin ligand 
interactor, the BAFF receptor (BAFF‑R) or the B cell matura-
tion protein, which are expressed on stimulated B cells (10). 
The binding of BAFF to a receptor induces the proliferation 
and differentiation of B cells, which serves a vital role in 
immunoglobulin class switching (11). Excessive amounts of 
BAFF result in an abnormal autoimmune response mediated by 
activated B cells (12). In addition, the overexpression of BAFF 
not only causes B cell proliferation, but also produces a lupus 
erythematosus‑like syndrome in mice; however, the develop-
ment of lupus can be delayed in the SLE‑spontaneous mouse 
model if the mice are treated with a BAFF inhibitor (13‑15).

The phosphatidylinositol 3‑kinase (PI3K) P110δ isoform 
enhances the BAFF‑mediated cellular survival and matura-
tion of B cells  (16), and this result indicates an important 
role for the PI3K/protein kinase B (Akt) signaling pathway 
in response to BAFF stimulation. Mammalian target of 
rapamycin (mTOR) is a serine‑threonine kinase that is the 
main downstream target of PI3K/Akt. mTOR can regulate a 
variety of cellular responses in mammalian cells, including 
cellular growth, energy availability and protein synthesis (17). 
PI3K/Akt/mTOR activation serves a vital role in the signaling 
pathways involved in the inhibition of apoptosis, cell prolifera-
tion and expression of inflammatory cytokines (18). Previous 
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studies have demonstrated that the PI3K/Akt/mTOR signaling 
pathway and BAFF/BAFF‑R mediated signaling is involved 
in the pathogenesis of collagen‑induced arthritis rats (19,20). 
It is unknown whether BAFF is involved in the development 
of LN via regulation of the PI3K/Akt/mTOR pathway. The 
present study investigated the association between BAFF and 
PI3K/Akt/mTOR signaling in order to investigate the patho-
genesis in LN.

Materials and methods

Patient selection. A total of 18 patients (1 man and 17 women) 
who fulfilled the criteria for LN at Binzhou Medical University 
Hospital (Binzhou, China) and 20 controls were recruited into 
the present study. Individuals (6 men and 14 women) aged 
between 25 and 65 years old who underwent side nephrectomy 
for renal benign tumors were recruited as controls between 
December 2014 and December 2015. Laboratory test data 
including the concentration of complement proteins C3 and 
C4, proteinuria/24 h and presence of antinuclear, anti‑Smith, 
anti‑ribonucleoprotein and anti‑double‑stranded DNA anti-
bodies were collected and are exhibited in Table I. The above 
indexes in the control group were within the normal range. 
Patients and controls included in the present study were 
excluded for primary and secondary nephropathies, including 
Henoch‑Schonlein purpura nephritis, diabetic nephropathy 
and hypertensive nephropathy. The kidney tissue of the patients 
with LN was obtained by renal biopsy. The control tissue was 
normal renal tissue, taken from a site far removed from that 
of the renal tumor. The present study was approved by the 
Ethics Committee of Binzhou Medical University Hospital 
(Binzhou, China). All the subjects were fully informed about 
the characteristics and purpose of the present study, and gave 
informed consent.

Determination of plasma BAFF levels. Plasma BAFF 
levels were detected by ELISA using the human BAFF kit 
(cat. no. BPE10132; Shanghai Langton Biotechnology, Co., 
Ltd., Shanghai, China). According to the manufacturer's 
protocol, the precoated microplate was covered with capture 
antibody and incubated for 2 h following sample addition at 
room temperature. Following four washes, BAFF conjugate 
(200 µl/well) was added and agitated gently on a shaker for 
30 min at room temperature. The absorbance was measured on 
a microplate reader at 450 nm 10 min following the addition of 
the stop solution for terminating the reaction.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Frozen kidney tissue stored 
at ‑80˚C was sectioned (100‑µm thick) on a cryostat. RNA was 
extracted from frozen kidney tissue samples using the RNAiso 
Plus (cat. no. 9108; Takara Bio, Inc., Otsu, Japan), according 
to the manufacturer's protocol. RNA (1  µg) was reverse 
transcribed into cDNA using the PrimeScript™ RT reagent 
kit (cat. no. RR037A; Takara Bio Inc., ). qPCR was carried 
out on a Real‑Time PCR System (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) using the SYBR® Premix Ex Taq™ II 
(cat. no. RR820A, Takara Bio Inc.). Thermocycling conditions 
were as follows: Initial 1 cycle at 95˚C for 30 sec, followed by 
40 cycles at 95˚C for 5 sec and at 60˚C for 30 sec. All PCR 

reactions were performed in triplicate. Primer sequences and 
the annealing temperature of BAFF, phosphorylated (p)‑PI3K, 
p‑Akt, p‑mTOR and reference gene β‑actin are presented 
in Table II. The 2‑ΔΔCq (21) method was used to calculate the 
expression levels of target genes.

Western blotting. Frozen kidney tissue samples were 
homogenized in a cold radioimmunoprecipitation assay cell 
lysis buffer (Shanghai Sunred Biological Technology Co., 
Ltd., Shanghai, China) supplemented with a protease and 
phosphatase inhibitor cocktail, and phenylmethane sulfonyl 
fluoride. The crude extract was separated from the debris by 
centrifugation (800 x g; 10 min at 4˚C) and the supernatant 
was separated by centrifugation (14,000 x g; 15 min at 4˚C). 
The cryolysis product was collected and the concentration of 
purified protein was measured by bicinchoninic acid assay 
kit (Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). 
Equal amounts of the protein sample (50 µg) were denatured 
in 4X Laemmli buffer [250 mM tris‑hydrochloride (pH 6.8), 
40% glycerol, 8% SDS, 0.01% bromphenol blue and 20% 
β‑mercaptoethanol] and separated via SDS‑PAGE on 10% 
gels. Following that, the proteins were transferred onto 
a nitrocellulose membrane (GE Healthcare, Chicago, IL, 
USA). Subsequently, the membranes were blocked with 5% 
milk at 4˚C overnight in TBS with Tween‑20 (TBS‑T) and 
probed with the primary antibody in TBS‑T supplemented 
with 5% blocking milk at a dilution of 1:1,000. The primary 
antibodies included: Rabbit anti‑BAFF (cat. no. 19944S; Cell 
Signaling Technology, Inc., Danvers, MA, USA), anti‑p‑PI3K 
p85 (Tyr458; cat. no.  3821S; Cell Signaling Technology, 
Inc.), anti‑p‑AKT (Thr308; cat. no. 4056S; Cell Signaling 
Technology, Inc.), anti‑p‑mTOR (Ser2448; cat. no. 2976S; Cell 
Signaling Technology, Inc.), anti‑GAPDH (cat. no. 2118L; 
Cell Signaling Technology, Inc.; 1:1,000), and incubated for 
2 h at room temperature. An IRDye® 800CW goat anti‑mouse 
antibody (cat. no. 926‑32210; LI‑COR Biosciences, Lincoln, 

Table  I. Clinical characteristics and laboratory results of 
patients with LN.

Clinical characteristic	 Value

Sex, n (male/female)	 1/17
Age range, years	 15‑47
Range of LN duration, months	 1‑26
SLEDAI	 15‑32
Proteinuria range, g/24 h	 0.27‑10.70
Serum C3 range, mg/dl	 16.0‑56.7
Serum C4 range, mg/dl	 1.2‑12.8
ANA reactivity, n (positive/negative)	 18/0
Anti‑dsDNA reactivity, n (positive/negative)	 13/5
Anti‑Sm reactivity, n (positive/negative)	 11/7
Anti‑RNP reactivity, n (positive/negative)	 11/7

LN, lupus nephritis; SLEDAI, systemic lupus erythematosus 
disease activity index; ANA, antinuclear antibody; anti‑dsDNA, 
anti‑double‑stranded DNA antibody; anti‑RNP, anti‑ribonucleopro-
tein antibody; anti‑Sm, anti‑Smith antibody.
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NE, USA; 1:10,000) was used as a secondary antibody 
for 2 h at room temperature. Proteins were visualized at a 
wavelength of 800 nm on an Odyssey Luminescent Image 
Analysis system (LI‑COR Biosciences) and analyzed with 
ImageJ software version 1.37v 51.52 (National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis. SPSS software (version 13.0; SPSS, Inc., 
Chicago, IL, USA) was used to perform all data analyses. 
The results were expressed as the mean ± standard devia-
tion. Differences between the LN and control groups were 
analyzed using a Mann‑Whitney U test. The correlation 
between BAFF and PI3K/Akt/mTOR signaling was deter-
mined using the Spearman's rank correlation coefficient. 
P<0.05 was considered to indicate a statistically significance 
difference.

Results

Clinical characteristics, laboratory results and histological 
parameters of patients with LN. The clinical characteristics and 
laboratory test data of recruited patients with LN are demon-
strated in Table I, and histological parameters are presented in 
Table III.

Plasma levels of BAFF. The plasma levels of BAFF in patients 
with LN were increased significantly compared with the 
controls (584.07±55.57 vs. 207.73±29.77 ng/l; P<0.001; Fig. 1).

Analysis of mRNA expression of BAFF, p‑PI3K, p‑Akt and 
p‑mTOR in kidney tissues by RT‑qPCR. The results of the 
present study demonstrated that the mRNA expression levels 
of BAFF, p‑PI3K, p‑Akt and p‑mTOR in kidney tissue of 
patients with LN were significantly increased compared with 
the controls (all P<0.001; Fig. 2). The mRNA levels of BAFF 
in the kidney tissue of patients with LN were positively corre-
lated with the expression levels of p‑PI3K, p‑Akt and p‑mTOR 
(r=0.751, 0.810, 0.806; all P<0.001; data not shown).

Analysis of protein expression of BAFF, p‑PI3K, p‑Akt and 
p‑mTOR in kidney tissue by western blotting. The protein 
expression levels of BAFF were significantly increased 
compared with the controls, upregulation of p‑PI3K, p‑AKT and 

p‑mTOR was demonstrated in the patients with LN compared 
with the control group (all P<0.001; Fig. 3A and B). The protein 
levels of BAFF in the kidney tissue of patients with LN were 
positively correlated with the expression levels of p‑PI3K, 
p‑Akt and p‑mTOR (r=0.803, 0.738, 0.798; all P<0.001; data not 

Table III. Histological parameters of patients with LN.

ISN/RPS classification	 No. of patients

I	 0
II	 3
III	 2
IV	 10
V	 0
III+V	 2
IV+V	 1

LN, lupus nephritis; ISN/RPS, International Society of 
Nephrology/Renal Pathology Society. The range of the renal tissue 
activity index was 3‑9; the range of the renal tissue chronicity index 
was 0‑3.

Table II. Primer sequences.

	 Primer sequence (5'‑3')	 Annealing
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 temperature, 
Gene	 Forward	 Reverse	 ˚C

β‑actin	 CCTGTACGCCAACACAGTGC	 ATACTCCTGCTTGCTGATCC 	 60
BAFF	 TCTCCGGGAATCTCTGATGC	 TCTTGGTGGTCACCAGTTCAG	 60
p‑PI3K	 TCCCAGGTGGAATGAATGGC	 TTTAGCACCCTTTCGGCCTT	 60
p‑AKT	 GGACAAGGACGGGCACATTA	 CGACCGCACATCATCTCGTA	 60
p‑mTOR	 CTTATGGTGCGGTCCCTTGT	 GGTCACCTGAGGGTGAACTG	 60

p‑PI3K, phosphorylated‑phosphoinositide 3‑kinase; p‑Akt, phosphorylated‑protein kinase B; p‑mTor, phosphorylated‑mammalian target of 
rapamycin.

Figure 1. Plasma levels of BAFF in patients with LN and the control group. 
The data was expressed as the mean ± standard deviation from two indepen-
dent experiments. *P<0.001 vs. the control group. LN, lupus nephritis; BAFF, 
B cell activating factor.
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Figure 2. Reverse transcriptase‑quantitative polymerase chain reaction quantification of (A) BAFF, (B) p‑PI3K, (C) p‑AKT, (D) p‑mTOR mRNA levels in 
kidney tissue of the patients with LN and the control group. The data were expressed as the mean ± standard deviation from two independent experiments. 
*P<0.001 vs. the control group. LN, lupus nephritis; BAFF, B cell activating factor; p‑PI3K, phosphorylated‑phosphoinositide 3‑kinase; p‑AKT, phosphory-
lated‑protein kinase B; p‑mTOR, phosphorylated‑mammalian target of rapamycin.

Figure 3. Evaluation of protein expression in the kidney of patients with LN. (A) Expression of BAFF, p‑PI3K, p‑AKT, p‑mTOR was detected by western 
blot analysis in patients with LN and the control group. (B) Quantified protein levels of BAFF, p‑PI3K, p‑AKT and p‑mTOR. The data was expressed as the 
mean ± standard deviation from two independent experiments. *P<0.001 vs. the control group. LN, lupus nephritis; BAFF, B cell activating factor; p‑PI3K, 
phosphorylated‑phosphoinositide 3‑kinase; p‑AKT, phosphorylated‑protein kinase B; p‑mTOR, phosphorylated‑mammalian target of rapamycin.
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shown). These results indicate a correlation between BAFF and 
PI3K/Akt/mTOR signaling and it is hypothesized that they are 
involved in the mechanism of LN progression.

Discussion

LN is a common and serious complication of SLE, which 
leads to increased mortality and decreased quality of life. The 
mechanism of LN progression involves activation of poly-
clonal B cells. BAFF is important to B lymphocyte survival 
and differentiation. The overexpression of BAFF is correlated 
with the pathogenesis and development of various autoimmune 
diseases, including SLE (22). Furthermore, a large number 
of studies have indicated that the level of BAFF is increased 
significantly in SLE (23,24), implying that it is a therapeutic 
target for SLE (25) and therefore BAFF has been indicated as a 
prognostic marker in SLE. In the present study BAFF levels in 
the plasma were also elevated in patients with LN. In addition, 
the mRNA and protein levels of BAFF were elevated in the 
kidney tissue of patients with LN. These results suggested that 
BAFF may serve a role in kidney damage in patients with LN.

PI3K acts as a signaling molecule that can regulate 
multiple cellular processes and Akt is a downstream effector 
of PI3K. p‑Akt is frequently formed as a result of PI3K 
activation. A previous study revealed that B cells, under 
the influence of BAFF, lead to prolonged phosphorylation 
of Akt, which serves an essential role in regulating glucose 
metabolism and cell cycle progression  (26). It appears 
that Akt may be a critical component of BAFF‑mediated 
cellular survival and metabolic fitness. In addition, further 
evidence demonstrates that the activation of Akt by BAFF 
stimulation is inhibited by B cells with the PI3K suppres-
sant LY294002 (27,28). Activation of the PI3K/Akt signaling 
pathway is important in the biological function of normal 
and aberrant B lymphocytes in B cell receptor signaling and 
the downstream pathways that regulate cell proliferation, 
maturation and differentiation (29).

mTOR, a serine/threonine kinase, serves a pivotal role in 
numerous cellular processes, including cellular proliferation, 
apoptosis, migration, angiogenesis and protein translation (30). 
A previous study demonstrated that mTOR possesses exten-
sive and diverse physiological functions, particularly in cell 
metabolism (31) and could be more appropriately described as 
an immune regulator (32). BAFF stimulation can result in the 
activation of mTOR (27) and PI3K/Akt signaling is the primary 
pathway that regulates mTOR function in immune cells.

The PI3K/Akt/mTOR pathway contributes to a broad 
range of biological processes including the cell cycle, 
glucose metabolism and protein synthesis. An early study 
demonstrated that B cells with protein kinase C‑β deficiency 
exhibit altered phosphorylation of Akt and restriction of cell 
growth when stimulated by BAFF, and this demonstrated 
the significance of the PI3K/Akt/mTOR signaling pathway 
in BAFF‑mediated B cell growth  (28). PI3K/AKT/mTOR 
signaling can provide B cells with resistance to apoptosis by 
increasing the level of Bcl‑2, leading to decreased cellular 
metabolism in B cells (20).

The present study demonstrated that the expression of 
BAFF was increased significantly in patients with LN. In 
comparison with the controls, the results of RT‑qPCR and 

western blotting demonstrated that the expression levels of 
p‑PI3K, p‑Akt and p‑mTOR increased in patients with LN. 
Furthermore, mRNA and protein levels of BAFF in kidney 
tissue of patients with LN were positively correlated with the 
levels of p‑PI3K, p‑Akt and p‑mTOR. The results of the present 
study indicated that BAFF may be a crucial upstream mediator 
of the PI3K/Akt/mTOR signaling pathway in response to B cell 
activation. The present study demonstrated a correlation between 
BAFF and the PI3K/Akt/mTOR pathway and hypothesized that 
they are involved in the pathogenesis of LN in patients.

In recent years, belimumab, a BAFF inhibitor, has been 
developed which provides a promising, novel avenue for the 
treatment of SLE and contributes to the progress of therapy 
development. Meta‑analysis indicates that combination therapy 
with belimumab and the standard treatment is safer and more 
effective in patients with SLE compared with using the stan-
dard therapy alone (33). Furthermore, the PI3K/Akt/mTOR 
pathway inhibitors were investigated to explore their mode of 
action and therapeutic use against malignant tumors (34‑36) 
and have not been studied in patients with SLE and LN. The 
present study revealed a correlation between BAFF and the 
PI3K/Akt/mTOR pathway in patients with LN. As humans 
were used in the present study, ethically they could not be 
treated with BAFF and PI3K/Akt/mTOR pathway inhibitors. 
Therefore, animal experiments would be required in the future 
to confirm whether BAFF is involved in the mechanism of LN 
through regulation of the PI3K/Akt/mTOR pathway, which 
may provide guidance for the development of novel and effec-
tive therapies for patients with LN.
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