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Abstract

Therapeutically targeting B cells has received great attention in the treatment of B-cell 

malignancies and autoimmune diseases. The B-cell activating factor (BAFF) is critical to the 

survival of normal and neoplastic B cells, and excess production of BAFF contributes to 

autoimmune diseases. Resveratrol, a natural polyphenolic compound, has a positive effect on 

the treatment of autoimmune diseases. However, how resveratrol affects BAFF-stimulated B-

cell proliferation and survival is poorly understood. Here, we show that resveratrol increased 

autophagosome formation and ATG5/LC3-II levels and decreased p62 level, promoting autophagic 

flux/autophagy and thereby suppressing the basal or human soluble BAFF (hsBAFF)-stimulated 

proliferation and survival of normal and B-lymphoid (Raji) cells. This is supported by the findings 

that inhibition of autophagy with 3-methyladenine (3-MA, an inhibitor of Vps34) or ATG5 shRNA 

attenuates resveratrol-induced autophagy and -reduced proliferation/viability in B-cells. Inhibition 

of mTOR with rapamycin or knockdown of mTOR potentiated resveratrol-induced autophagy 

and inhibition of hsBAFF-stimulated B-cell proliferation/viability, while overexpression of wild-
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type mTOR conferred resistance to the actions of resveratrol. Similarly, inhibition of Akt with 

Akt inhibitor X or ectopic expression of dominant negative Akt reinforced resveratrol-induced 

autophagy and inhibition of hsBAFF-stimulated B-cell proliferation/viability, whereas expression 

of constitutively active Akt conferred resistance to the actions of resveratrol. Taken together, these 

results indicate that resveratrol induces autophagy impeding BAFF-stimulated proliferation and 

survival via blocking the Akt/mTOR signaling pathway in normal and neoplastic B cells. Our 

findings highlight that resveratrol has a great potential for prevention and treatment of excessive 

BAFF-elicited aggressive B-cell disorders and autoimmune diseases.
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1. Introduction

The B-cell activating factor (BAFF), also known as BLYS, CD257, DTL, TALL-1, THANK, 

TNFSF13B, TNFSF20, and ZTNF4, is a cytokine of the tumor necrosis factor (TNF) 

ligand family, which is expressed in B cells and is important for the proliferation and 

differentiation of B cells [1–4]. Insufficient production of BAFF links to immunodeficiency, 

while excessive expression of BAFF leads to autoimmune disorders in mice and humans 

[5,6]. Many studies have shown that BAFF and its receptors have crucial impacts on 

peripheral B-cell survival and maturation [4], immune responses and the pathogenesis of 

autoimmune disorders, including rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE), and Sjogren’s syndrome (SS) [7–9]. Therapeutically targeting B cells has received 

great attention in fighting against autoimmune diseases and B-cell malignancies such as non-

Hodgkin lymphomas and chronic lymphocytic leukemia. Of note, Rituximab, a monoclonal 

antibody targeting CD20 on the surface of B cells, has been clinically used for treatment 

of certain autoimmune diseases and cancer [10]. However, how to combat excessive BAFF 

induction of B cell-related autoimmune diseases and cancer remains a challenge. Hence, it is 

important to identify new interventions to manage excess BAFF-induced hyper-activation of 

B cells.

Autophagy is a highly-conserved homeostasis mechanism from yeast to human that delivers 

damaged organelles and unwanted cellular contents to the lysosome for degradation and 

recycling [11]. Evidence indicates that autophagy is indispensable in regulating the survival 

and development of lymphatic cells [12–14]. In certain circumstances, autophagy can be 

adaptive to stress and promote cell survival, while under other conditions, it can contribute 

to cell death [15]. The serine/ threonine (Ser/Thr) protein kinase mTOR (mechanistic of 

mammalian target of rapamycin) controls cell growth, proliferation, survival, migration, and 

differentiation [16]. mTOR has two complexes, namely mTOR complexes 1/2 (mTORC1/2) 

[16]. mTORC1 senses cellular stresses, including DNA damage and energy deprivation, 

regulating cell metabolism [17]. Importantly, as a regulator of autophagy, mTORC1 notably 

inhibits the initiation of autophagy when growth factors and nutrients are present [18]. 

Akt is an effector of phosphoinositide-3-kinase (PI3K), and dysfunction of Akt relates 

to the pathogenesis of a wide range of diseases such as cancer [19], diabetes and 
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autoimmune diseases [20,21]. Recently we have shown that excessive human soluble BAFF 

(hsBAFF) activates the Akt/mTOR pathway and inhibits autophagy, leading to increased 

cell proliferation and survival in B cells [22]. Resveratrol is a polyphenolic compound 

naturally derived from grape, mulberry, nuts and red wine, and its trans isomer is the most 

biologically active, with anti-inflammatory, antioxidant, and antiaging properties [23,24]. 

Numerous reports have indicated that resveratrol regulates cell proliferation and survival 

in various cells by inhibiting Akt/mTOR and/ or activating autophagy [25–27]. Especially, 

resveratrol has been found to reduce and ameliorate the progression of autoimmune diseases, 

such as SLE, RA and psoriasis, in animal and human studies [23]. This prompted us to 

determine whether resveratrol has any impact on BAFF-activated B-cell proliferation and 

survival by mediating Akt/mTOR-mediated autophagy.

Here we demonstrate that resveratrol induces autophagy impeding hsBAFF-activated cell 

proliferation and survival via inhibiting the Akt/ mTOR pathway in primary murine B 

lymphocytes and neoplastic B-lymphoid (Raji) cells. The results provide new insights into 

the mechanism of how resveratrol executes its action against excessive BAFF-induced B-cell 

disorders and autoimmune diseases.

2. Materials and methods

2.1. Reagents

Anti-CD19 magnetic fluorobeads-B was obtained from One Lambda (Canoga Park, CA, 

USA). Refolded human soluble BAFF (hsBAFF), a recombinant form of the extracellular 

domain of the BAFF synthesized in Escherichia coli, was generated by this group [28]. 

Resveratrol and 3-methyladenine (3-MA) were bought from Sigma-Aldrich (St. Louis, MO, 

USA). Rapamycin was supplied by ALEXIS (San Diego, CA, USA), whereas Akt inhibitor 

X was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bafilomycin A1 was from 

Millipore (Bedford, MA, USA). Fetal bovine serum (FBS) and RPMI 1640 medium were 

from Gibco (Rockville, MD, USA). One Solution Cell Proliferation Assay kit and Annexin-

V-FITC/Propidium Iodide (PI) Apoptosis Detection kit were purchased from Promega 

(Madison, WI, USA) and Vazyme Biotech Company (Nanjing, China), respectively. 

Enhanced chemiluminescence solution was procured by Sciben Biotech Company (Nanjing, 

China). The primary antibodies used were listed as following: phosphorylated-mTOR (p-

mTOR) (Ser2448) (SAB4300178), mTOR (T2949), ATG5 (A2859), microtubule-associated 

protein 1 light chain 3 (LC3, L7543) B, SQSTM1/p62 (P0067) (all from Sigma-Aldrich); 

p-Akt (Ser473) (# 9271), p-Akt (Thr308) (# 9275), p-S6K1 (Thr389) (# 9234), cleaved-

caspase-3 (# 9664), poly (ADP-ribose) polymerase (PARP, #9542) (all from Cell Signaling 

Technology, Beverly, MA, USA); Akt (Sc-5298), survivin (Sc-17779), S6K1 (sc-230) (all 

from Santa Cruz Biotechnology); HA (AT16322), FLAG (AT15428), β-actin (AT10100) 

(all form Sciben Biotech Company). The secondary antibodies used included horseradish 

peroxidase (HRP)-linked goat anti-rabbit IgG (#32460), HRP-linked goat anti-mouse IgG 

(#31430) (all from Pierce, Rockford, IL, USA). Other chemicals of analytical grade were 

bought from local commercial sources.
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2.2. Cell culture

Human B-lymphoid Raji cell line (#CCL-86) was obtained from American Type Culture 

Collection (Manassas, VA, USA), which was used within 10 passages for experiments. 

The cell line used was certified to be negative for mycoplasma by Mycoblue Mycoplasma 

Detector Kit (Vazyme Biotech Company) and authenticated by Short Tandem Repeat 

analysis. For culture, Raji cells were maintained in RPMI 1640 medium supplemented 

with 10 % FBS, 100 U/ml penicillin, 100 U/ml streptomycin and incubated at 37 °C in 

a humidified incubator containing 5 % CO2. To verify the data observed from Raji cells, 

primary B cells were also used in this study. For this, primary murine B lymphocytes 

were isolated from fresh splenic cells of healthy ICR mice using anti-CD19 magnetic 

fluorobeads-B as described [29], and seeded in 96-well, 24-well or 6-well plates for 

experiments. The experimental procedures involving animals in this study were approved by 

the Institutional Animal Care and Use Committee of Nanjing Normal University (Certificate 

NO. 200408), and conducted in compliance with the guidelines set forth by the Guide for the 

Care and Use of Laboratory Animals.

2.3. Recombinant adenoviral vectors and infection of cells

The recombinant adenoviral vectors encoding hemagglutinin (HA)-tagged dominant 

negative Akt (Ad-dn-Akt, T308A/S473A) and constitutively active Akt (Ad-myr-Akt) 

were generously provided by Dr. Kenneth Walsh (Boston University, Boston, MA), 

and adenovirus expressing FLAG-tagged wild-type mTOR (Ad-mTOR) and the control 

adenovirus expressing β-galactosidase (Ad-LacZ) were described previously [30,31]. 

Adenoviral vectors encoding GFP-LC3 fusion protein (Ad-GFP-LC3) was bought from 

Sciben Biotech Company (Nanjing, China). Following infection with the individual 

adenovirus for 24 h at 5 of multiplicity of infection (MOI = 5), Raji cells were used for 

experiments. Ad-LacZ served as a control. HA-and FLAG-tagged expressions for dn-Akt/

myr-Akt and wt-mTOR were determined by Western blot analysis with antibodies to HA 

and FLAG, respectively.

2.4. Lentiviral shRNA constructs, production and infection of cells

Lentiviral shRNAs to mTOR and GFP (for control) were produced and used as described 

previously [32]. To make lentiviral shRNA to ATG5, oligonucleotides containing the target 

sequences were synthesized, annealed and inserted into FSIPPW lentiviral vector [33] via 

the EcoR1/ BamH1 restriction enzyme site. Oligonucleiotides used were: ATG5 sense: 5′-

AATTCCCGCAGTTGAGGCTCACTTTATGTGCAAGAGACATAAAGTGAGCCTCAAC

TGCTTTTTG-3′, anti-sense: 5′-

GATCCAAAAAGCAGTTGAGGCTCACTTTATGTCTCTTGCACA-

TAAAGTGAGCCTCAACTGCGGG-3′. For lentiviral package, the constructed vectors 

were co-transfected together with pMD2G and psPAX2 (Addgene, Cambridge, MA, USA) 

to 293TD cells using MegaTran 1.0 reagent (OriGene Technologies, Rockville, MD, USA). 

The medium containing viral particles was respectively harvested at 48 h and 60 h after 

transfection. Raji cells (~70% confluence) were infected with above lentivirus-containing 

medium twice, followed by treatment with puromycin (2 μg/ml) to eliminate uninfected 

cells, as described previously [32]. After 5 days of culture, cells were used for experiments.
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2.5. Assays for cell proliferation and viability

Raji cells and primary murine B cells, or Raji cells infected with Ad-mTOR, Ad-dn-Akt, 

Ad-myr-Akt and Ad-lacZ, or Raji cells infected with lentiviral shRNAs to mTOR, ATG5 

and GFP, respectively, were seeded in 24-well plates at a density of 3 × 105 cells/well 

(for cell proliferation assay) or 96-well plates at a density of 3 × 104 cells/well (for cell 

viability assay). After overnight culture, cells were treated with 0–120 μM or 0–20 μM of 

resveratrol for 48 h, or pretreated with/without 2.5–10 μM or 10 μM of resveratrol for 1 h 

and then stimulated with/ without 2.5 μg/ml of hsBAFF for 48 h, or pretreated with/without 

100 ng/ml of rapamycin for 2 h or with/without 20 nM of bafilomycin A1, 4 mM of 

3-MA or 20 μM of Akt inhibitor X for 1 h and then treated with 10 μM of resveratrol 

for another 1 h, followed by stimulating with/without 2.5 μg/ml of hsBAFF for 48 h. Each 

treatment had 6 replicates. Finally, cell proliferation and viability were determined with 

a Coulter Counter (Beckman Coulter, Fullerton, CA, USA) and a Victor X3 Light Plate 

Reader (PerkinElmer, Waltham, MA, USA), respectively, as described previously [34]. The 

half maximal inhibitory concentration (IC50) values of resveratrol in Raji cells and primary 

murine B cells were evaluated using the CCK-8 Assay Kit (Sciben Biotech Company), 

following the supplier’s instruction.

2.6. Trypan blue exclusion and apoptosis assay

Raji cells and primary murine B cells were seeded in 24-well plates at a density of 3 × 

105 cells/well (for trypan blue exclusion) or 6-well plates at a density of 2 × 106 cells/well 

(for flow cytometry), respectively. After overnight culture, cells were treated with 0–20 

μM of resveratrol for 48 h, or pretreated with/without 2.5–10 μM of resveratrol for 1 h 

and then stimulated with/without 2.5 μg/ml of hsBAFF for 48 h. Afterwards, the number 

of live cells was determined using trypan blue exclusion, and the percentage of apoptotic 

cells was assessed by annexin-V-FITC/PI staining, followed by flow cytometry using a 

fluorescence-activated cell sorter (FACS) Vantage SE flow cytometer (Becton Dickinson, 

CA, USA).

2.7. GFP-LC3 assay

Raji cells and primary murine B cells, or Raji cells infected with Ad-mTOR, Ad-dn-Akt, 

Ad-myr-Akt and Ad-lacZ, or Raji cells infected with lentiviral shRNAs to ATG5, mTOR 

and GFP, respectively, were seeded in 6-well plates at a density of 2 ×106 cells/well and 

infected with Ad-GFP-LC3. After overnight culture, cells were treated with 0–20 μM of 

resveratrol for 12 h, or pretreated with/without 2.5–10 μM or 10 μM of resveratrol for 1 h 

and then stimulated with/without 2.5 μg/ml of hsBAFF for 12 h, or pretreated with/without 

100 ng/ml of rapamycin for 2 h or with/without 20 nM of bafilomycin A1, 4 mM of 3-MA 

or 20 μM of Akt inhibitor X for 1 h, and then treated with 10 μM of resveratrol for another 1 

h, followed by stimulating with/without 2.5 μg/ml of hsBAFF for 12 h. Afterwards, the cells 

were washed 3 times with PBS, followed by photographing under a fluorescence microscope 

(Leica DMi8, Wetzlar, Germany) and counting the number of LC3 puncta (green) per cell to 

estimate autophagosome formation.
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2.8. Caspase-3/7 activity assay

Raji cells and primary murine B cells were seeded in 96-well plates at a density of 3 

× 104 cells/well. The next day, cells were treated with 0–20 μM of resveratrol for 48 

h, or pretreated with/without 2.5–10 μM of resveratrol for 1 h and then stimulated with/

without 2.5 μg/ml of hsBAFF for 48 h, with 6 replicates of each treatment. The caspase-3/7 

activity was then assayed using Caspase-Glo®3/7 Assay Kit (Promega, Madison, WI, USA), 

following the supplier’s instructions.

2.9. Western blotting

The indicated cells, after treatment, were briefly washed with cold PBS, and lysed on ice in 

the radioimmunoprecipitation assay buffer. Protein levels in the cell lysates were analyzed 

by Western blotting as described [32].

2.10. Statistical analysis

All results were expressed as mean values ± standard error (mean ± SE). Student’s 

t-test for non-paired replicates was used to identify differences between treatment means. 

Group variability and interaction were compared using either one-way or two-way ANOVA 

followed by Bonferroni’s post-tests to compare replicate means. Significance was accepted 

at p < 0.05.

3. Results

3.1. Resveratrol inhibits hsBAFF-stimulated B-cell proliferation and survival

Our previous studies have shown that excess hsBAFF promotes B-cell proliferation and 

survival in part by activating the mTOR pathway, which can be blocked by rapamycin 

(mTOR inhibitor) in Daudi, Raji cells and/or primary murine B cells [29,34]. Here we 

found that treatment with resveratrol (0–120 μM) alone for 48 h dose-dependently inhibited 

cell proliferation of Raji cells and primary murine B cells, with IC50 values of 58.25 

μM (Raji cells) and 57.60 μM (primary murine B cells) (Fig. 1A). Given that human 

physiological concentrations of resveratrol and derived metabolites are between 50 nM 

and 18 μM [35], we chose 0–20 μM of resveratrol to further study the inhibitory effects 

of resveratrol on B-cell proliferation and survival. The results showed that treatment 

with resveratrol alone reduced cell proliferation, viability, and live cell number in a 

concentration-dependent manner, as assessed by cell counting (Fig. 1B), MTS assay (Fig. 

1C) and trypan blue exclusion (Fig. 1D), respectively. Western blot results indicated that 

12-h treatment with resveratrol dose-dependently decreased the expression of survivin and 

increased the cleavages of caspase-3 and PARP in the cells (Fig. 1E and F). The caspase3/7 

activity assay also revealed a dose-dependent activation of caspases 3/7 by resveratrol 

in the cells (Fig. 1G). Next, Raji cells and primary murine B cells were pretreated with/

without 2.5–10 μM of resveratrol for 1 h and then stimulated with/ without 2.5 μg/ml 

of hsBAFF for 12 h or 48 h. The results showed that resveratrol also suppressed hsBAFF-

stimulated cell proliferation (Fig. 1H), viability (Fig. 1I), and live cell number (Fig. 1J) in 

a concentration-dependent fashion. To further understand how resveratrol reduces hsBAFF-

induced cell survival, we investigated the status of resveratrol-induced apoptosis by FACS 
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using annexin-V-FITC/PI staining. The results indicated that treatment with resveratrol 

remarkably reduced the relative number of live cells (Fig. 1K and L) and simultaneously 

elevated the relative number of apoptotic cells (Fig. 1K and M) in hsBAFF-stimulated Raji 

cells and primary murine B cells concentration-dependently (Fig. 1K–M). Meanwhile, we 

also noted that resveratrol treatment decreased the expression of survivin, increased the 

cleavages of caspase-3/PARP (Fig. 1N and O) and activation of caspases 3/7 (Fig. 1P) in 

the cells exposed to hsBAFF. Collectively, our findings support resveratrol as a potent agent 

against excess BAFF-stimulated B-cell proliferation and survival. Since 10 μM of resveratrol 

was able to potently intervene in BAFF-elicited cell proliferation and survival, this dose was 

chosen for further studies, as described below.

3.2. Resveratrol blocks hsBAFF-induced activation of the Akt/mTOR signaling and 
inhibition of autophagy in B cells

Our recent study has shown that hsBAFF suppresses autophagy by activating the Akt/mTOR 

pathway, thereby promoting B-cell proliferation and survival [22]. Next, we investigated 

whether resveratrol inhibits the basal or hsBAFF-stimulated B-cell proliferation and survival 

by induction of autophagy. The number of LC3 puncta is commonly used to evaluate 

the manifestation of autophagosomes [36]. Using GFP-LC3 assay, we observed that in 

the absence of hsBAFF, autophagic vacuoles with GFP-LC3 (in green) were concentration-

dependently increased by resveratrol (Fig. 2A and B), and resveratrol greatly reversed 

hsBAFF-triggered decrease of autophagic vacuoles (Fig. 2E and F) in Raji cells and primary 

murine B cells.

ATG5 is an essential component for the canonical autophagy [37]. LC3 exists in two 

molecular forms: LC3-I and LC3-II, and the conversion of LC3-I to LC3-II is frequently 

used as a surrogate for autophagosome formation, a critical step for autophagy [38]. 

Additionally, p62 protein, also called sequestosome 1 (SQSTM1), binds to ubiquitinated 

substrates and LC3, and is degraded along with its cargo, so p62 is commonly considered 

as a marker for execution of autophagy [39]. To verify the above findings, we further 

detected the cellular protein levels of ATG5, LC3-II and p62 using Western blotting. The 

results showed that resveratrol increased ATG5/LC3-II levels and decreased p62 level (Fig. 

2C and D), and attenuated hsBAFF-induced decrease of ATG5/LC3-II and increase of p62 

dose-dependently in Raji cells and primary murine B cells (Fig. 2G and H). Furthermore, 

we also noted that resveratrol suppressed the basal or hsBAFF-stimulated phosphorylation 

of Akt, mTOR and S6K1 dose-dependently in the cells (Fig. 2D, D, G and H), implying 

that resveratrol inhibits the basal and hsBAFF-activated Akt and mTOR/ S6K1 pathway in 

B cells. Taken together, the data imply that resveratrol blocks hsBAFF-induced activation of 

Akt/mTOR signaling pathway and inhibition of autophagy in B cells.

3.3. Resveratrol counteracts hsBAFF-induced inhibition of autophagy, reducing B-cell 
proliferation/viability

To determine whether the inhibitory effect of resveratrol on hsBAFF-sitmulated B-cell 

proliferation/viability is attributed to induction of autophagy, firstly, Raji cells and primary 

murine B cells were pretreated for 1 h with/without 4 mM of 3-methyladenine (3-MA), 

an inhibitor of class III PI3K Vsp34 essential for autophagosome formation [40], then 
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treated with/without resveratrol (10 μM) for another 1 h, and finally stimulated with/without 

hsBAFF (2.5 μg/ml) for 12 h or 48 h. As demonstrated in Fig. 3A and B, pretreatment 

with 3-MA profoundly suppressed resveratrol-induced increase in ATG5 and LC3-II, and 

decrease in p62 and survivin, regardless of absence or presence of hsBAFF. As a result, 3-

MA pretreatment obviously attenuated resveratrol-induced increase of autophagic vacuoles 

(Fig. 3C) and decrease of cell proliferation/viability (Fig. 3D and E). The results support the 

notion that resveratrol represses hsBAFF-induced proliferation/ viability in part by inducing 

autophagy in B cells.

ATG5 plays a vital role in autophagosome formation, so deletion of ATG5 can completely 

inhibit autophagy [37]. To validate the role of autophagy induction in resveratrol’s 

suppression of hsBAFF-stimulated cell proliferation/viability, next, ATG5 expression in Raji 

cells was silenced by ~ 90% (Fig. 3F and G). As expected, regardless of the absence or 

presence of hsBAFF, knockdown of ATG5 attenuated resveratrol-induced increase in ATG5 

and LC3-II, decrease in p62 and survivin (Fig. 3F and G), increase in autophagic vacuoles 

(Fig. 3H), and decrease in cell proliferation/viability (Fig. 3I and J). Taken together, our 

findings demonstrate that resveratrol counteracts hsBAFF-elicited inhibition of autophagy, 

thereby suppressing B-cell proliferation/ viability.

3.4. Resveratrol-induced autophagic flux is critical for its reversing hsBAFF-stimulated 
B-cell proliferation/viability

Increased p62 protein level is related to reduced autophagy flux [41], while decreased 

LC3-II level may link to accelerated autophagic flux [42]. We have observed that hsBAFF-

decreased LC3-II and -increased p62 were reversed by resveratrol in B cells (Fig. 2). To 

understand the role of resveratrol-induced autophagic flux in inhibiting hsBAFF-stimulated 

cell proliferation/viability, bafilomycin A1, an autophagic flux blocker, was employed, 

which can inhibit autophagosome/lysosome fusion, resulting in defective autophagy [43]. As 

predicted, pretreatment with bafilomycin A1 inhibited resveratrol-induced autophagic flux, 

resulting in accumulation of p62 and LC3-II (Fig. 4A and B). Consequently, pretreatment 

with bafilomycin A1 substantially enhanced the basal and resveratrol-induced increase in 

autophagic vacuoles, in the absence or presence of hsBAFF (Fig. 4A–C). Interestingly, 

pretreatment with bafilomycin A1 failed to prevent resveratrol from inhibiting hsBAFF-

promoted cell proliferation/viability, but potentiated resveratrol-induced decrease in survivin 

and cell proliferation/viability in Raji cells and primary murine B cells (Fig. 4A–E). 

The results suggest that the intact autophagic flux induced by resveratrol is critical 

for reversing hsBAFF-evoked B-cell proliferation/viability, whereas blocking resveratrol-

induced autophagic flux may cause more severe cellular stress, leading to further inhibition 

of cell proliferation/ viability.

3.5. Resveratrol reverses hsBAFF-induced inhibition of autophagy, suppressing cell 
proliferation/viability via mTOR-dependent mechanism in B cells

To determine if the inhibitory effect of resveratrol on hsBAFF-stimulated B-cell proliferation 

and viability is attributed to its promotion of autophagy via mTOR-dependent mechanism, 

Raji cells and primary murine B cells were pretreated with/without 100 ng/ml of rapamycin 

(a specific mTOR inhibitor) for 2 h, then treated with/ without 10 μM of resveratrol for 
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another 1 h, and finally stimulated with/without 2.5 μg/ml of hsBAFF for 12 h or 48 h. 

The results revealed that co-treatment with resveratrol/rapamycin more markedly repressed 

the basal and hsBAFF-induced expression in p-mTOR, p-S6K1 and survivin in the cells 

compared to treatment with rapamycin or resveratrol alone (Fig. 5A and B). Of note, the 

basal or hsBAFF-reduced ATG5 and LC3 II protein levels, GFP-LC3 puncta number, as 

well as hsBAFF-elevated p62 expression were more significantly reversed by co-treatment 

with resveratrol/rapamycin than treatment with rapamycin or resveratrol alone (Fig. 5A–

C). In agreement with this, co-treatment with resveratrol/rapamycin also inhibited hsBAFF-

stimulated B-cell proliferation/viability more potently than treatment with resveratrol or 

rapamycin alone (Fig. 5D and E).

To further verify that mTOR-dependent autophagy is associated with resveratrol’s 

suppression of hsBAFF-induced B-cell proliferation/ viability, we conducted mTOR gene 

silencing or overexpressing experiments. Similar to the above treatment with rapamycin, 

depletion of mTOR (by ~ 90%) in Raji cells (Fig. 6a) inhibited the basal or hsBAFF-induced 

activation of mTOR signaling, evidenced by non-detectable p-S6K1 (T389) (an indicator of 

mTOR kinase activity) (Fig. 6A and B). Of importance, knockdown of mTOR markedly 

hindered the basal and hsBAFF-induced decrease of ATG5 and LC3-II, as well as increase 

of p62 and survivin in the cells even without pretreatment with resveratrol (Fig. 6A and 

B). Additionally, as expected, silencing mTOR significantly increased the formation of 

GFP-LC3 puncta, regardless of the presence or absence of hsBAFF or resveratrol (Fig. 6C). 

Meanwhile, silencing mTOR attenuated the basal and hsBAFF-stimulated cell proliferation/

viability, and enhanced the inhibitory activity of resveratrol (Fig. 6D and E). In contrast, 

overexpression of FLAG-tagged wild-type mTOR rendered high resistance to the effect 

of resveratrol (Fig. 6F–J). Together, our observations demonstrate that resveratrol reverses 

hsBAFF-induced autophagy inhibition, inhibiting cell proliferation/viability through mTOR-

dependent mechanism in B cells.

3.6. Resveratrol inhibits Akt activity impeding hsBAFF-induced inhibition of autophagy 
and increase in cell proliferation/viability in B cells

We have observed that resveratrol blocks the basal and hsBAFF-triggered Akt activation in 

B cells (Fig. 2C, D, G, H). To understand the significance of Akt in resveratrol’s hindering 

hsBAFF-induced inhibition of autophagy and increase in cell proliferation/viability in B 

cells, Raji cells and primary murine B cells were pretreated with/without 20 μM of Akt 

inhibitor X for 1 h, then treated with/without 10 μM of resveratrol for another 1 h, and 

finally stimulated with/without 2.5 μg/ ml of hsBAFF for 12 h or 48 h. As demonstrated 

in Fig. 7A and B, pretreatment with Akt inhibitor X and/or resveratrol substantially 

declined the levels of p-Akt, p62 and survivin, regardless of the presence or absence 

of hsBAFF. Meanwhile, the basal or hsBAFF-reduced ATG5 and LC3-II expression, and 

GFP-LC3 puncta were more markedly reversed in the cells co-pretreated with Akt inhibitor 

X/resveratrol than in those pretreated with Akt inhibitor X or resveratrol alone (Fig. 7A–C). 

Moreover, the basal or hsBAFF-promoted cell proliferation/viability was also effectively 

diminished by Akt inhibitor X or resveratrol, and more significant effects were seen in the 

cells co-pretreated with Akt inhibitor X/ resveratrol (Fig. 7D and E).
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Next, Raji cells, infected with Ad-myr-Akt, Ad-dn-Akt and Ad-LacZ, respectively, were 

stimulated with/without hsBAFF (2.5 μg/ml) for 12 h or 48 h post pre-treatment with/

without resveratrol (10 μM) for 1 h. As expected, high levels of HA-tagged Akt mutants 

were detected in Ad-myr-Akt-or Ad-dn-Akt-infected cells, but not in Ad-LacZ-infected 

cells (Fig. 8A). Ectopic expression of myr-Akt or dn-Akt strongly increased or decreased 

the Akt activity, since the basal or hsBAFF-elevated p-Akt was substantially upregulated 

or downregulated (Fig. 8A and B), as evidenced by Western blot analysis. Interestingly, 

expression of dn-Akt reinforced resveratrol’s blocking hsBAFF-evoked activation of Akt, 

decrease of ATG5, LC3-II and GFP-LC3 puncta, and increase of p62 and proliferation/

viability in the cells (Fig. 8A–E). In contrast, expression of myr-Akt rendered great 

resistance to the effects of resveratrol (Fig. 8A–E). Taken together, our results indicate the 

importance of resveratrol’s blocking hsBAFF-activated Akt in impeding hsBAFF-induced 

inhibition of autophagy and increase in cell proliferation/viability in B cells.

4. Discussion

Resveratrol is a natural polyphenolic compound that has positive therapeutic effects on 

cardiovascular diseases, cancer [44], inflammation, and autoimmune diseases [45]. Some 

animal and human studies have shown that resveratrol can ameliorate the progression 

of autoimmune diseases, such as SLE, RA and psoriasis [23]. However, the underlying 

mechanism is still poorly understood. Here, we present evidence that resveratrol suppresses 

hsBAFF-induced cell proliferation and survival by promoting autophagic flux and 

autophagy, which is associated with its inhibition of the Akt/mTOR pathway in normal 

and neoplastic B-lymphoid cells.

In the current study, we firstly showed that resveratrol decreased cell proliferation/viability 

and the protein level of survivin, and increased the cleavages of caspase-3/PARP and 

activation of caspase3/7 dose-dependently (Fig. 1B–G). Subsequently, we identified that 

resveratrol induced apoptotic cell death and inhibited hsBAFF-activated cell proliferation 

and survival in primary murine B lymphocytes and neoplastic B-lymphoid (Raji) cells (Fig. 

1H–P). Since resveratrol elicits cell growth inhibition and autophagic cell death by blocking 

the Akt/mTOR signaling in various human tumor cells [46–49], we next tested whether 

resveratrol suppresses hsBAFF-stimulated B-cell proliferation and survival by inducing 

autophagy. The experiments demonstrated that resveratrol was able to trigger the increase 

in autophagosomes/ATG5/ LC3-II and the decrease in p62 dose-dependently, and reverse 

hsBAFF-elicited diminishment of autophagosome/ATG5/LC3-II and elevation of p62 in Raji 

cells and purified mouse B lymphocytes, as evidenced by using GFP-LC3 assay and Western 

blotting (Fig. 2), suggesting that resveratrol indeed induces autophagy and counteracts 

hsBAFF-induced inhibition of autophagy.

In this study, to elucidate whether resveratrol-induced autophagy plays a vital role in 

reversing hsBAFF-induced inhibition of autophagy and increase of B-cell proliferation/

viability, pharmacological and genetic approaches were utilized. Treatment with 3-MA, 

an inhibitor of Vsp34 that is essential for autophagosome formation [40], prevented 

resveratrol from hindering hsBAFF-induced decrease in ATG5/LC3-II protein levels and 

autophagosomes, as well as increase in p62/survivin and proliferation/viability in Raji cells 
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and primary murine B cells (Fig. 3A–E). Furthermore, knockdown of ATG5 recapitulated 

the effect of 3-MA (Fig. 3F–J). Taken together, these lines of evidence support that 

resveratrol promotes autophagy, counteracting hsBAFF-activated cell proliferation/viability 

in B cells.

When autophagic flux is intact, p62 is degraded in autolysosomes [41]. So, defected 

autophagic flux reduces p62 degradation, causing accumulation of p62 in the cytosol [50]. In 

this study, an underscored fact is that both autophagy and autophagic flux were substantially 

suppressed by excessive hsBAFF stimulation in B cells, as evidenced by obvious decrease in 

ATG5 and LC3-II levels and abnormal increase in p62 in Raji cells and primary murine B 

cells in response to hsBAFF (Fig. 2). Interestingly, resveratrol was able to reverse hsBAFF-

induced inhibition of autophagy by promoting autophagic flux and inducing autophagy (Fig. 

2). To dissect the role of autophagic flux in hsBAFF-stimulated B-cell proliferation/viability 

inhibited by resveratrol, we employed an autophagic flux blocker bafilomycin A1 [43]. The 

results showed that bafilomycin A1 could enhance the basal and resveratrol-induced increase 

in autophagic vacuoles, regardless of the absence or presence of hsBAFF (Fig. 4A–C), but 

could not prevent resveratrol from inhibiting hsBAFF-stimulated cell proliferation/viability. 

Instead, bafilomycin A1 potentiated resveratrol-induced decrease in survivin and cell 

proliferation/viability in Raji cells and purified mouse B lymphocytes (Fig. 4). The results 

suggest that the intact autophagic flux induced by resveratrol is crucial for its reversing 

hsBAFF-promoted B-cell proliferation/viability. It has been shown that bafilomycin A1 can 

inhibit both V-ATPase and Ca-P60A/SERCA-dependent autophagosome/lysosome fusion, 

thus blocking autolysosome acidification and interfering with degradation of unfolded or 

misfolded proteins and other cellular debris in the cells, and also greatly increasing the 

level of intracellular calcium [51]. Likely, blocking autophagic flux with bafilomycin A1 

may cause more severe cellular stress, thus enhancing resveratrol’s inhibition of hsBAFF-

stimulated B-cell proliferation/viability.

Studies have shown that there exists Akt/mTOR dysfunction with abnormal activity in 

several autoimmune diseases [20,21,52,53]. Akt and mTOR have been considered as 

potential therapeutic targets for a variety of lymphoid malignancies and autoimmune 

diseases [54–56]. The Akt/mTOR pathway negatively regulates autophagy [16]. Especially, 

resveratrol may alter the activity of Akt and/or mTOR, even PI3K (upstream of Akt/

mTOR), inducing autophagy under various conditions, and thus affecting cell proliferation, 

survival and apoptosis [57–59]. For example, in T-cell acute lymphoblastic leukemia 

cells, resveratrol promotes cell apoptosis and autophagy by inhibiting Akt/mTOR [57]. 

In human promyelocytic leukemia HL-60 cells, resveratrol triggers apoptotic cell death 

by activating autophagy through suppressing the PI3K/Akt/mTOR signaling pathway [58]. 

However, in contrast, in human nucleus pulposus cells, resveratrol inhibits IL-1β-induced 

apoptosis by activating the PI3K/Akt/mTOR pathway [59]. It has been reported that BAFF 

mRNA and protein levels in patients’ kidney tissues with lupus nephritis are positively 

correlated with the levels of p-Akt and p-mTOR [60]. Our group has shown that BAFF 

contributes to proliferation and survival in cultured B lymphocytes via activating Akt/ 

mTOR pathway [29], and unveiled that BAFF inhibits autophagy contributing to cell 

proliferation and survival by activating the Akt/ mTOR signaling pathway in primary murine 

B lymphocytes and neoplastic B-lymphoid cells [22]. In the current study, we revealed 
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that resveratrol reversed hsBAFF-evoked autophagy inhibition and concurrently suppressed 

hsBAFF-induced activation of Akt and mTOR/ S6K1 in Raji cells and purified mouse B 

lymphocytes (Fig. 2E–H). Pharmacological inhibition of mTOR with rapamycin or depletion 

of mTOR by RNA interference potentiated resveratrol-induced autophagy and resveratrol-

reduced cell proliferation/viability (Figs. 5 and 6), whereas overexpression of wild-type 

mTOR conferred resistance to the actions of resveratrol (Fig. 6). Also, inhibition of Akt 

with Akt inhibitor X or ectopic expression of dn-Akt reinforced resveratrol-affected cell 

autophagy and proliferation/viability, yet expression of myr-Akt conferred resistance to the 

actions of resveratrol (Figs. 7 and 8). All these observations support that resveratrol reverses 

hsBAFF-induced inhibition of autophagy, resulting in inhibition of cell proliferation/ 

viability by suppressing the Akt/mTOR pathway in normal and lymphoma B cells. Since 

resveratrol deactivates the Akt/mTOR pathway inducing autophagy and elevating autophagic 

flux, we think that the major player in resveratrol mitigation of hsBAFF-induced autophagy 

suppression and proliferation/viability in B cells is the Akt/mTOR signaling. This provides a 

clue to understanding how resveratrol inhibits BAFF-induced aggressive B-cell malignancies 

and autoimmune diseases.

It has been reported that apart from the function of LC3 in the development of autophagy, 

the interaction between Beclin 1 and its binding partners (i.e. Bcl-2, Bcl-XL, Mcl-1) 

also regulates initial steps of autophagy [61,62]. The interaction of Bcl-2 with Beclin 1 

suppresses Beclin 1-dependent autophagy by dissociating Beclin 1 from class III PI3K 

complexes [62]. Our recent work has demonstrated that hsBAFF obviously elevates Bcl-2, 

Bcl-xL and Mcl-1 expression in Raji cells, Daudi cells and purified mouse B lymphocytes 

[63]. During this research, we observed that hsBAFF inhibited the expression of p-Beclin 1 

(Thr119) in B cells, and overexpression of a point mutant Beclin 1 (T119E) significantly 

elevated the basal LC3-II expression and autophagosomes’ number, meanwhile Bcl-2 

expression, cell proliferation/viability were declined, thereby resisting hsBAFF-inhibited 

autophagy impeding B-cell proliferation/viability. Further study is needed to address 

whether or how resveratrol affects the binding of Bcl-2 to Beclin-1 in hsBAFF-stimulated B 

cells.

In conclusion, we have demonstrated a role of resveratrol in suppressing excessive 

hsBAFF-induced cell proliferation and survival in normal and neoplastic B-lymphoid cells. 

Mechanistically, resveratrol promotes autophagy and autophagic flux impeding hsBAFF-

stimulated B-cell proliferation and survival via inhibiting the Akt/mTOR pathway (Fig. 9). 

Our results suggest that resveratrol may be a promising agent for prevention and treatment 

of BAFF-elicited aggressive B-cell disorders and autoimmune diseases.
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Abbreviations:

3-MA 3-methyladenine

Akt protein kinase B (PKB)

ATG autophagy-related

BAFF B-cell activating factor of the TNF family

BLyS B lymphocyte stimulator

FACS fluorescence-activated cell sorter

FBS fetal bovine serum

GFP green fluorescent protein

IC50 half maximal inhibitory concentration

LacZ β-galactosidase

LC3 microtubule-associated protein 1 light chain 3

mTOR mammalian target of rapamycin

mTORC mTOR complexes

PBS phosphate buffered saline

PI propidium iodide

PI3K phosphatidylinositol 3′-kinase

RA rheumatoid arthritis

S6K1 ribosomal p70 S6 kinase 1

SLE systemic lupus erythematosus

SS Sjögren ‘s syndrome

TALL-1 TNF and apoptosis ligand-related leukocyte-expressed ligand-1

THANK TNF homologue that activates apoptosis, nuclear factor κB, and c-

Jun NH2-terminal kinase
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Fig. 1. 
Resveratrol attenuates hsBAFF-stimulated B-cell proliferation and survival. Raji cells and 

primary mouse B cells were treated with resveratrol (0–120 μM) for 48 h (for IC50 and 

growth inhibition assay), or with resveratrol (0–20 μM) for 12 h (for Western blotting) or 

48 h (for cell proliferation, viability and/or apoptosis assays), or pretreated with/without 

resveratrol (2.5–10 μM or 10 μM) for 1 h and then stimulated with/without hsBAFF 

(2.5 μg/ml) for 12 h or 48 h. (A) IC50 values and growth inhibition were determined 

using CCK-8 Assay Kit. (B, H) The relative proliferation was evaluated by cell counting. 
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(C, I) The relative viability was detected by MTS assay. (D, J) The relative number of 

live cells was estimated by trypan blue exclusion assay. (E and N) Total cell lysates 

were subjected to Western blotting with indicated antibodies. The blots were probed for 

β-actin as a loading control. Similar results were obtained in at least five independent 

experiments. (F, O) The relative densities for survivin, cleaved-caspase-3, cleaved-PARP to 

β-actin were semi-quantified using NIH image J. (G, P) Caspase-3/7 activity was determined 

using Caspase-3/7 Assay Kit. (K) The percentages of live (LL), early apoptotic (LR), late 

apoptotic (UR) and necrotic cells (UL) were determined by FACS using annexin-V-FITC/PI 

staining. The results from a representative experiment are shown. (L, M) Quantitative 

analysis of live and apoptotic cells by FACS assay. All data were expressed as mean ± 

SE (n = 3 for F, L, M. O; n = 6 for A-D, G, H-J, P). Using one-way ANOVA, ap < 0.05, 

difference vs control group; bp < 0.05, difference vs 2.5 μg/ml hsBAFF group.
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Fig. 2. 
Resveratrol blocks hsBAFF-induced activation of Akt/mTOR signaling and inhibition of 

autophagy in B cells. Raji cells and primary mouse B cells infected with/without Ad-GFP-

LC3 were treated with resveratrol (0–20 μM) for 12 h, or stimulated with/without hsBAFF 

(2.5 μg/ml) for 12 h following pretreatment with/ without resveratrol (2.5–10 μM) for 1 

h, respectively. (A, E) Representative GFP-LC3 puncta imaging (in green) in the cells was 

shown by using GFP-LC3 assay. Scale bar: 2 μm. (B, F) The number of GFP-LC3 puncta 

per cell was quantified. (C, G) Total cell lysates were subjected to Western blotting with 

indicated antibodies. The blots were probed for β-actin as a loading control. Similar results 

were obtained in at least five independent experiments. (D, H) The relative densities for 

p-Akt (Ser473) to Akt, p-mTOR (Ser2448) to mTOR, p-S6K1 (Thr389) to S6K1, and ATG5, 

LC3-II, p62 to β-actin were semi-quantified using NIH image J. All data were expressed as 

mean ± SE (n = 3 for D, H; n = 6 for B, F). Using one-way ANOVA, ap < 0.05, difference vs 
control group; bp < 0.05, difference vs 2.5 μg/ml hsBAFF group.
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Fig. 3. 
Pharmacological inhibition of autophagy with 3-MA or downregulation of ATG5 attenuates 

the inhibitory effect of resveratrol on hsBAFF-induced B-cell proliferation/viability. Raji 

cells and primary mouse B cells infected with/without Ad-GFP-LC3, or Raji cells infected 

with lentiviral shRNA to ATG5 or GFP (as control) and infected with/without Ad-GFP-LC3, 

respectively, were pretreated with/without resveratrol (10 μM) for 1 h, or pretreated with/

without 3-MA (4 mM) for 1 h and then with/without resveratrol (10 μM) for another 1 h, 

followed by stimulation with/without hsBAFF (2.5 μg/ml) for 12 h (for Western blotting 

and GFP-LC3 assay) or 48 h (for cell proliferation/viability assay). (A, F) Total cell lysates 

were subjected to Western blotting using indicated antibodies. The blots were probed for 

β-actin as a loading control. Similar results were obtained in at least five independent 

experiments. (B, G) The relative densities for ATG5, LC3-II, p62, survivin to β-actin were 

semi-quantified using NIH image J. (C, H) The number of GFP-LC3 puncta per cell was 

quantified by GFP-LC3 assay. (D, I) The relative cell proliferation was evaluated by cell 

counting. (E, J) The relative cell viability was determined by the MTS assay. All data were 

expressed as mean ± SE (n = 3 for B, G; n = 6 for C-E, H-J). Using one-way or two-way 

ANOVA or Student’s t-test, aP < 0.05, difference vs control group; bp < 0.05, difference 

vs 2.5 μg/ml hsBAFF group; cp < 0.05, difference vs hsBAFF/Resveratrol group or hsBAFF/

3-MA group; dp < 0.05, ATG5 shRNA group vs GFP shRNA group.
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Fig. 4. 
Resveratrol-induced autophagic flux is critical for its reversing hsBAFF-stimulated B-cell 

proliferation/viability. Raji cells and primary mouse B cells infected with/without Ad-GFP-

LC3, respectively, were pretreated with/without bafilomycin A1 (20 nM) for 1 h and then 

with/without resveratrol (10 μM) for another 1 h, followed by stimulation with/without 

hsBAFF (2.5 μg/ml) for 12 h (for Western blotting and GFP-LC3 assay) or 48 h (for cell 

proliferation/viability assay). (A) Total cell lysates were subjected to Western blotting using 

indicated antibodies. The blots were probed for β-actin as a loading control. Similar results 

were obtained in at least five independent experiments. (B) The relative densities for LC3-II, 

p62, survivin to β-actin were semi-quantified using NIH image J. (C) The number of GFP-

LC3 puncta per cell was quantified by GFP-LC3 assay. (D) The relative cell proliferation 

was evaluated by cell counting. (E) The relative cell viability was determined by the MTS 

assay. All data were expressed as mean ± SE (n = 3 for B; n = 6 for C-E). Using one-way or 

two-way ANOVA, ap < 0.05, difference vs control group; bp < 0.05, difference vs 2.5 μg/ml 
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hsBAFF group; cp < 0.05, difference vs hsBAFF/Resveratrol group or hsBAFF/Bafilomycin 

A1 group.

Yao et al. Page 23

Biochem Pharmacol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Pharmacological inhibition of mTOR reinforces the inhibitory activity of resveratrol on 

hsBAFF-induced inhibition of autophagy and increase of cell proliferation/viability in B 

cells. Raji cells and primary mouse B cells infected with/without Ad-GFP-LC3, respectively, 

were pretreated with/without rapamycin (100 ng/ml) for 2 h and then with/without 

resveratrol (10 μM) for another 1 h, followed by stimulation with/without hsBAFF (2.5 

μg/ml) for 12 h (for Western blotting and GFP-LC3 assay) or 48 h (for cell proliferation/

viability assay). (A) Total cell lysates were subjected to Western blotting using indicated 

antibodies. The blots were probed for β-actin as a loading control. Similar results were 

obtained in at least five independent experiments. (B) The relative densities for p-mTOR 

(Ser2448) to mTOR, p-S6K1 (Thr389) to S6K1, and ATG5, LC3-II, p62, survivin to β-actin 
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were semi-quantified using NIH image J. (C) The number of GFP-LC3 puncta per cell 

was quantified by GFP-LC3 assay. (D) The relative cell proliferation was evaluated by cell 

counting. (E) The relative cell viability was determined by the MTS assay. All data were 

expressed as mean ± SE (n = 3 for B; n = 6 for C-E). Using one-way or two-way ANOVA, 
ap < 0.05, difference vs control group; bp < 0.05, difference vs 2.5 μg/ml hsBAFF group; cp 
< 0.05, difference vs hsBAFF/Resveratrol group or hsBAFF/Rapamycin group.
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Fig. 6. 
Knockdown or overexpression of mTOR interferes with the inhibitory activity of resveratrol 

on hsBAFF-induced inhibition of autophagy and increase of cell proliferation/viability 

in B cells. Raji cells, infected with lentiviral shRNA to mTOR or GFP (as control), or 

infected with Ad-mTOR or Ad-LacZ (for control) and infected with/without Ad-GFP-LC3, 

respectively, were pretreated with resveratrol (10 μM) for 1 h, followed by stimulation with/

without hsBAFF (2.5 μg/ml) for 12 h (for Western blotting and GFP-LC3 assay) or 48 h 

(for cell proliferation/viability assay). (A, F) Total cell lysates were subjected to Western 

blotting using indicated antibodies. The blots were probed for β-actin as a loading control. 

Similar results were obtained in at least five independent experiments. (B, G) The relative 

densities for p-S6K1 (Thr389) to S6K1, and ATG5, LC3-II, p62, survivin to β-actin were 

semi-quantified using NIH image J. (C, H) The number of GFP-LC3 puncta per cell was 

quantified by GFP-LC3 assay. (D, I) The relative cell proliferation was evaluated by cell 

counting. (E, J) The relative cell viability was determined by the MTS assay. All data were 

expressed as mean ± SE (n = 3 for B, G; n = 6 for C-E, H-J). Using one-way ANOVA 

or Student’s t-test, ap < 0.05, difference vs control group; bp < 0.05, difference vs 2.5 

μg/ml hsBAFF group; cp < 0.05, mTOR shRNA group vs GFP shRNA group; dp < 0.05, 

Ad-mTOR group vs Ad-GFP group.
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Fig. 7. 
Inhibition of Akt enhances the inhibitory activity of resveratrol on hsBAFF-induced 

inhibition of autophagy and increase of cell proliferation/viability in B cells. Raji cells and 

primary mouse B cells infected with/without Ad-GFP-LC3, respectively, were pretreated 

with/without Akt inhibitor X (20 μM) for 1 h and then with/without resveratrol (10 μM) 

for another 1 h, followed by stimulation with/without hsBAFF (2.5 μg/ml) for 12 h (for 

Western blotting and GFP-LC3 assay) or 48 h (for cell proliferation/viability assay). (A) 

Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-actin as a loading control. Similar results were obtained in at least five 

independent experiments. (B) The relative densities for p-Akt (Ser473), p-Akt (Thr308) to 

Yao et al. Page 27

Biochem Pharmacol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Akt, and ATG5, LC3-II, p62, survivin to β-actin were semi-quantified using NIH image J. 

(C) The number of GFP-LC3 puncta per cell was quantified by GFP-LC3 assay. (D) The 

relative cell proliferation was evaluated by cell counting. (E) The relative cell viability was 

determined by the MTS assay. All data were expressed as mean ± SE (n = 3 for B; n = 6 for 

C-E). Using one-way or two-way ANOVA, ap < 0.05, difference vs control group; bp < 0.05, 

difference vs 2.5 μg/ml hsBAFF group; cp < 0.05, difference vs hsBAFF/Resveratrol group 

or hsBAFF/Akt inhibitor X group.
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Fig. 8. 
Ectopic expression of constitutively active or dominant negative Akt affects the inhibitory 

activity of resveratrol on hsBAFF-induced inhibition of autophagy and increase of cell 

proliferation/viability in B cells. Raji cells, infected with Ad-myr-Akt, Ad-dn-Akt, or Ad-

LacZ (for control) and infected with/without Ad-GFP-LC3, respectively, were pretreated 

with/without resveratrol (10 μM) for 1 h, followed by stimulation with/without hsBAFF (2.5 

μg/ml) for 12 h (for Western blotting and GFP-LC3 assay) or 48 h (for cell proliferation/

viability assay). (A) Total cell lysates were subjected to Western blotting using indicated 
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antibodies. The blots were probed for β-actin as a loading control. Similar results were 

obtained in at least five independent experiments. (B) The relative densities for p-Akt 

(Ser473), p-Akt (Thr308), ATG5, LC3-II, p62, survivin to β-actin were semi-quantified 

using NIH image J. (C) The number of GFP-LC3 puncta per cell was quantified by GFP-

LC3 assay. (D) The relative cell proliferation was evaluated by cell counting. (E) The 

relative cell viability was determined by the MTS assay. All data were expressed as mean 

± SE (n = 3 for B; n = 6 for C-E). Using one-way ANOVA or Student’s t-test, ap < 0.05, 

difference vs control group; bp < 0.05, difference vs 2.5 μg/ml hsBAFF group; cp < 0.05, 

Ad-myr-Akt group or Ad-dn-Akt group vs Ad-GFP group.
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Fig. 9. 
A diagram illustrating how resveratrol inhibits hsBAFF-stimulated B-cell proliferation and 

survival. Resveratrol promotes autophagy and autophagic flux impeding hsBAFF-stimulated 

cell proliferation and survival via inhibiting the Akt/mTOR pathway in normal and 

neoplastic B-lymphoid cells. the work reported in this paper.
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