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Abstract

The beneficial effects of the polyphenolic compound piceatannol (PC) has been reported for 

metabolic diseases, antiproliferative, antioxidant, and anti-cancer properties. Despite its beneficial 

effects on inflammatory diseases, little is known about how PC regulates inflammatory responses 

and adipogenesis. Therefore, this study was designed to determine the effects of PC on the 

inflammatory response and adipogenesis. The effect of PC on splenocytes, 3T3-L1 adipocytes, 

and RAW264.7 macrophages was analyzed by flow cytometry, qRT-PCR, morphometry, and 

western blot analysis. PC induced apoptosis in activated T cells in a dose-dependent manner 

using stimulated splenocytes and reduced the activation of T cells, altered T cell frequency, 

and interestingly induced the frequency of regulatory T (Treg) cells as compared to controls. 

PC suppressed the expression of TNF-α, iNOS, IL-6R, and NF-κB activation in RAW264.7 

macrophages after lipopolysaccharides (LPS)-induction as compared to the control. Interestingly, 
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PC altered the cell morphology of 3T3-L1 adipocytes with a concomitant decrease in cell volume, 

lipid deposition, and TNF-α expression, but upregulation of leptin and IL-1β. Our findings 

suggested that PC induced apoptosis in activated T cells, decreased immune cell activation and 

inflammatory response, and hindered adipogenesis. This new set of data provides promising hope 

as a new therapeutic to treat both inflammatory disease and obesity.
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1. Introduction

Piceatannol (PC) (3,4′,3′,5-trans-trihydroxystilbene) is a stilbene and a resveratrol analog, 

which is commonly found in red grapes, wines, passion fruit, Japanese knotweed, and 

Asian legumes [1,2]. Although resveratrol has beneficial effects on chronic diseases, it 

has poor bioavailability and rapid metabolism [3]. To overcome this issue, several analogs 

of resveratrol, including PC, have been studied to determine their effect on inflammatory 

diseases. Studies have reported that PC has exhibited anti-cancer, anti-inflammatory, and 

antioxidant activities [2,4,5], but the mechanism is not clear. In addition to this, it has been 

reported that PC mediates tumor necrosis factor-α (TNF-α) mediated inflammation and 

inhibits the production of prostaglandin 2 (PGE2), and nitric oxide (NO) by modulating 

transcription factor nuclear factor kappa B (NF-κB) and CCAAT-enhancer-binding proteins 

(C/EBP) in RAW264.7 macrophage cell lines [6]. Recently, it was shown that PC exerts 

anti-obesity effects in mice through modulating adipogenic proteins and gut microbiota 

[7]. Further, PC inhibits adipogenesis by modulating mitotic clonal expansion and insulin-

dependent signaling in the early phase of adipocyte differentiation [8]. However, the 

mechanism of how PC exerts its anti-inflammatory effects and modulates adipogenesis 

remains to be fully determined.

Inflammation is considered a protective mechnism of the body, in which the immune 

system defends the body from harmful agents like bacteria and viruses. If inflammation 

persists for a long time, it causes chronic inflammation and is related to the production 

and secretion of several pro-inflammatory mediators. These mediators are associated with 

abnormal perturbation of the native immune response from normal homeostasis and play 

a crucial role in promoting various types of organ injuries and diseases [9]. Chronic 

inflammation leads to many autoimmune diseases such as inflammatory bowel disease 

(IBD), Type 1 Diabetes (T1D), and obesity and is currently a growing health concern around 

the world. Thereby, chronic inflammation should be controlled appropriately in time to 

protect from various diseases. To date, available drugs that suppress inflammation have 

limited efficacy with many side effects, thereby identifying new natural anti-inflammatory 

agents for the treatment of inflammatory disorders is a provocative area of therapeutic need. 

Towards achieving this goal, PC possesses various pharmacological attributes, including 

anti-inflammatory properties, and it has been used for the treatment of several disease 

conditions including cancer, liver injury, and skin diseases [3,10,11].
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Various immune cells, including T cells and macrophages play a key role in the regulation 

of inflammation as well as being responsible for controlling autoimmune diseases. Towards 

this end, macrophages are one of the most dominant and widely distributed inflammatory 

cells associated with the initiation and regulation of acute and chronic inflammatory 

responses [12]. Lipopolysaccharide (LPS), which is the major component of the outer 

membrane of Gram-negative bacteria, are important for triggering a cascade of processes 

related to inflammatory immune responses mediated by toll-like receptor (TLR) signaling. A 

previous study demonstrated that PC treatment suppressed the secretion of proinflammatory 

cytokines and NO synthesis in RAW264.7 macrophage cells after LPS induction [13].

The transcriptional factor NF-κB is regarded as a master regulator of several inflammatory 

genes [14]. After activation, NF-κB initiates the expression of pro-inflammatory genes 

and further extremely accumulates various pro-inflammatory mediators, including TNF-α, 

interleukin (IL)-1β, IL-6, and NO [15,16]. Inhibiting the activities of NF-κB can effectively 

attenuate inflammatory conditions and decreases the progression of the disease. Further, 

TNF-α secreted from macrophages and T cells infiltrate adipose tissue, thereby increase the 

risk factors for obesity-related metabolic disorders [6]. However, a study reported that PC 

significantly suppressed the expression of both TNF-α and IL-6 in NIH3T3-L1 cells [13]. 

Further, PC represents anti-lipolytic function, which is crucial since obesity is related to 

the potential increase in basal lipolysis [17,18]. Despite numerous beneficial effects, little is 

known about how PC affects the inflammatory response and adipogenesis.

In this present study, we investigated the effects of PC on the inflammatory response and 

modulation of adipocyte function using splenocytes, RAW264.7 macrophages, and NIH3T3-

L1 cells by in vitro analysis.

2. Materials and methods

2.1. Splenocyte single cell isolation and PC treatment

Wild-type C57BL/6J male mice (7 weeks of age) were purchased from Jackson Laboratories 

(Bar Harbor, ME) and housed in the animal facility at the University of Tennessee Health 

Science Center (UTHSC). The mice were kept with a normal 12:12 h light/dark cycle with 

ad libitum access to food and water for a week to acclimate them to the animal facility 

under humidity and temperature-controlled conditions. Experiments were performed under 

an approved protocol (# 20–0169) by the University of Tennessee Health Science Centre 

(UTHSC) Institutional Animal Care and Use Committee (IACUC). After euthanization, 

spleens were collected from the mouse and dissociated by a Stomacher (Seward Stomacher® 

80) to make single-cell suspensions. Red blood cells (RBCs) were removed by RBC lysis 

buffer (Cat. No. 00–4333–57, Invitrogen, Waltham, MA). After RBC lysis, cells were 

centrifuged at 300 × g for 8 min, the supernatant was discarded, and the cells were 

suspended in Roswell Park Memorial Institute (RPMI)‒1640 medium (Cat. No. 10–041-CV, 

Corning, NY) containing 10 % fetal bovine serum (FBS) (Cat. No. 25–550 H, Genesee 

Scientific, San Diego, CA). Initially, a day before the experiment, individual 6-well plates 

were coated with anti-CD3 antibody (5 μg/mL; clone: 145–2C11, Catalog No. 100360, 

BioLegend, San Diego, CA) and kept overnight at 4°C. In the experiment, single-cell 

suspensions of splenocytes were seeded in each well of the 6-well plates (1.5 × 106 cells/
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well). The cells were treated with an anti-CD28 antibody (1 μg/mL; Clone: 37.51, Cat. 

No. 102116, BioLegend, San Diego, CA) along with 10 μM PC (Cat. No. 1554/10; R&D 

Systems, Minneapolis, MN) or without (control) and incubated for 72 h at 37°C, 5 % CO2 

incubator. PC is safe and we did not notice any cytotoxicity in our in vitro experiments.

2.2. RAW264.7 and NIH3T3-L1 cell culture and treatment

RAW264.7 mouse macrophage cells (ATCC TIB-71) were cultured in Dulbecco’s modified 

essential medium (DMEM) (Cat. No. 8921008. Corning, NY) media supplemented with 10 

% heat-inactivated FBS, penicillin/streptomycin (100 U/mL/100 μg/mL) (Cat. No. 15140–

122, Gibco, Waltham, MA) and maintained at 37°C, in 5 % CO2 incubator. Media was 

replaced every 48 h for the duration of the experiment. In all experiments, RAW264.7 

macrophages were treated in the presence or absence (control) of 10 μM PC added with 100 

ng/mL lipopolysaccharide (Cat. No. L4391, Sigma, St. Louis, MO) for 24 h.

3T3-L1 (ATCC-CL-173) preadipocyte cells were cultured and maintained in DMEM 

supplemented with L-glutamine (2 mM) (Cat. No. 25030–081, Gibco, Waltham, MA), 

sodium pyruvate (1 mM) (Cat. No. 11360–070, Gibco, Waltham, MA), penicillin/

streptomycin (100 U/mL/100 μg/mL), and 10 % fetal calf serum (FCS) (Cat. No. 26010–

066, Gibco, Waltham, MA). Preadipocytes were passaged upon reaching 70 % confluence. 

For differentiation into adipocytes, 3T3-L1 cells were grown to confluency, at this point 

media was replaced with DMEM supplemented with, L-glutamine (2 mM), sodium pyruvate 

(1 mM), penicillin/streptomycin (100 U/mL/100 μg/mL), 10 % FBS and a cocktail of insulin 

(10 μg/mL) (Cat. No. I0516, Sigma-Aldrich, St. Louis, MO), 3-isobutyl-1-methylxanthine 

(IBMX) (500 μM) (Cat. No. PHZ1124, Invitrogen, Waltham, MA), and dexamethasone 

(1 μM) (Cat No. AAA1759003, Thermo Fisher Scientific, USA). After 48 h, the media 

was replaced with DMEM with L-glutamine, sodium pyruvate, penicillin/streptomycin, and 

10 % FBS as used as differentiation media and insulin (10 μg/mL) for another 48 h. 

The media was further replaced and the cells were maintained in DMEM supplemented 

with L-glutamine, sodium pyruvate, penicillin/streptomycin, and FBS as in the previous 

concentration and insulin (2.5 μg/mL) until full differentiation. At day 7, the adipocytes 

were treated with 10 μM PC or without (control). Cell morphology and accumulation 

of lipid droplets inside the cells were documented with an AMG EVOS FL inverted 

microscope from Life Technologies. Cell morphological parameters including cell area, 

perimeter, and circularity were quantified from phase contrast images by ImageJ software 

(NIH) (Number of cells, n = 45 in each dish).

2.3. Annexin V/PI apoptosis assay

Splenocytes were pretreated with PC (10 μM or 50 μM) for 72 h after anti-CD3 and anti-

CD28 stimulation as described above. For detection of apoptosis, stimulated splenocytes (1 

×106) were stained with annexin V-conjugated to Alexa Fluor 488 and propidium iodide (PI) 

by using annexin V/dead cell apoptosis kit (Cat. No. V13242, Invitrogen, Waltham, MA). 

Briefly, cells were suspended in 100 μL of annexin-binding buffer and incubated with 5 μL 

of annexin V and 1 μL of 100 μg/mL PI working solution for 15 min at room temperature 

RT. After incubation, 400 μL of annexin-binding buffer was added and the stained cells were 

analyzed by Novocyte flow cytometer (Agilent Technologies, Santa Clara, CA).
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2.4. Flow cytometry

Compensation beads, isotype controls, and fluorescence-conjugated antibodies were 

purchased from either BD Bioscience (San Diego, CA) or Biolegend (San Diego, CA). 

For each experimental study, freshly isolated cells were pelleted and resuspended in 80 

μL of ice-cold flow cytometry staining buffer (FACS buffer), PBS (Cat. No. 10010–031, 

Gibco, Waltham, MA) containing 1 % fetal bovine serum (FBS). Later, the cells from each 

well in triplicate were stained with 5 μL of the manufacturer’s recommended dilutions of 

either respective fluorescence-conjugated antibodies or their respective controls at 4°C for 

40 min. We used the following fluorescently labeled mouse monoclonal antibodies for flow 

cytometry: APC-conjugated anti-CD4 (clone: GK1.5), FITC-conjugated anti-CD8 (clone: 

53–6.7), PE-conjugated anti-CXCR3 (clone: CXCR3–173), PE-conjugated anti-FoxP3 

(clone: MF-14), APC-conjugated anti-IL-6R (clone: D7715A7), PE-conjugated anti-iNOS 

(clone: W16030C), APC-conjugated anti-TNF-α (clone: MP6-XT22). For intracellular 

staining (ICS) of FoxP3, IL-6R, iNOS, and TNF-α, the cells were re-suspended in BD 

Cytofix/Cytoperm solution for 20 min. The cells were again washed with BD perm/wash 

solution after storage at 4°C for 10 min. Intracellular staining, incubation, and analysis of 

IL-6R, FoxP3, iNOS, and TNF-α were performed according to the manufacturer’s protocol 

at RT (dark) for 30 min. Afterward, cells were washed with FACS buffer and resuspended 

in 300 μL of FACS buffer. The quantification of fluorescent signals was measured using a 

Novocyte flow cytometer (Agilent Technologies, Santa Clara, CA), and expressed relative to 

isotype controls.

2.5. Western blot analysis

RAW264.7 cells were seeded into (0.5 × 106 cells/well) 6-well plates and incubated at 

37°C along with 5 % CO2. After 24 h, cells were treated with 100 ng/mL LPS and with 

or without 10 μM PC. After 24 h of treatment, cells were washed twice with ice-cold 

PBS and lysed in RIPA buffer (Cat. No. J63306, Alfa Aesar, Haverhill, MA) with protease 

and phosphatase inhibitors. The cell lysate was centrifuged to collect the supernatant and 

protein concentration was measured using a BCA protein assay kit (Cat. No. 23225, Thermo 

Fisher Scientific, Waltham, MA). 20 μg of protein from each group were mixed with 4X 

laemmli buffer (Cat. No. #1610747, Bio-Rad, Hercules, CA) and 2-β-mercaptoethanol (Cat. 

No. A15890, Alfa Aesar, Haverhill, MA), then heated at 95°C for 5 min. The protein 

samples were resolved and separated by 10 % sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) (Bio-Rad, Hercules, CA). Proteins were transferred from the 

gel to polyvinylidene fluoride (PVDF) membranes (Cat. No. # 1620174, Bio-Rad, Hercules, 

CA) by using a trans-blot turbo instrument (Bio-Rad, Hercules, CA). Membranes were 

blocked with intercept blocking buffer (# 92760001, LI-COR Biosciences, Lincoln, NE) 

at RT for 2 h and were incubated with anti-NF-κB p50 (1:100, # 8414, Santa Cruz 

Biotechnology, Dallas, TX) and anti-β-actin (1:5000, LI-COR Biosciences, Lincoln, NE) 

primary antibodies overnight at 4°C with continuous shaking. Afterward, the membranes 

were washed with TBS containing 0.2 % Tween 20 (Cat. No. 28360, Thermo Scientific 

Fisher, Waltham, MA) 3 times for 5 min. Then, the membranes were incubated with 

IRDye® 800CW-labeled goat anti-mouse IgG (# 926–32210, LI-COR Biosciences, Lincoln, 

NE), IRDye® 680RD-labeled goat anti-mouse IgG (# 925–68070, LI-COR Biosciences, 

Lincoln, NE), or goat anti-rabbit IgG (# 926–32211, LI-COR Biosciences, Lincoln, NE) 
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secondary antibodies (1:5000) at RT for 1 h. Images were taken with an LI-COR Odyssey® 

DLX imaging system (LI-COR Biosciences, Lincoln, NE) and densitometry analyses were 

performed with LI-COR Image Studio Software (LI-COR Biosciences, Lincoln, NE).

2.6. Oil red O staining and imaging with quantification

Untreated and 24 h PC-treated differentiated NIH3T3-L1 adipocytes were washed twice 

with PBS and fixed with 4 % paraformaldehyde for 15 min at RT. Cells were washed 

with PBS. The fixed cells were stained with freshly diluted Oil Red O (Cat no. 00625, 

Sigma Aldrich) solution for 45 min at RT, followed by washing thrice with distilled water. 

Cells were counterstained with Hematoxylin (Cat no. MAK 194 D, Sigma) and mounted. 

Microphotographs were captured with an Olympus BX43 bright field microscope. The 

greyscale mean intensity of oil red O stain of oil droplets inside the cell was quantified by 

ImageJ (number of an oil droplet, n = 75). The intensity was normalized by the respective 

background.

2.7. Total RNA isolation and quantitative real-time polymerase chain reaction

Differentiated NIH3T3-L1 cells were treated with or without 10 μM PC. Total RNA 

was extracted using Qiazol (QIAGEN, Germantown, MD) following the manufacturer’s 

instructions. The concentration and purity of the total RNA were determined by NanoDrop 

(Thermo Fisher Scientific, Waltham, MA). Total RNA (1 μg) was converted into cDNA 

by iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer’s 

procedure. The mRNA expression of targeted genes including leptin (Forward sequence: 

GCA GTG CCT ATC CAG AAA GTC C, Reverse sequence: GGA ATG AAG TCC 

AAG CCA GTG AC, IDT, Coralville, IA), IL-1β (Forward sequence: TGG ACC TTC 

CAG GAT GAG GAC A, Reverse sequence: GTT CAT CTC GGA GCC TGT AGT G, 

IDT, Coralville, IA), TNF-α (Forward sequence: GGT GCC TAT GTC TCA GCC TCT T, 

Reverse sequence: GCC ATA GAA CTG ATG AGA GGG AG, IDT, Coralville, IA) was 

measured by quantitative PCR (qPCR) using the appropriate primers and iTaq Universal 

SYBR Green Supermix (Bio-Rad, Hercules, CA) with a CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA). GAPDH (QIAGEN, Germantown, MD) was 

used as a reference gene.

2.8. Statistical analysis

Data are expressed as the means ± standard error of the mean (SEM) for all the experiments. 

Statistical significance was calculated compared to control groups and determined either 

by one-way ANOVA or by Student’s t-tests. p < 0.05 was considered significant. The 

experiments were repeated three times in triplicate.

3. Results

3.1. PC alters the frequency and activation of T cells

It has been shown that activated T cells increased significantly during inflammation and 

contribute to an inflammatory response by releasing several proinflammatory cytokines [19]. 

Further, CD8 T cells secrete proinflammatory cytokines due to the abundance of interferon-

γ producing effector cells [20]. During preliminary studies, we used various doses (1, 5, 10, 
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50, and 100 μM PC) and determined that the 10 μM dose is the most effective and used 

in this study (data not shown). However, 50 μM dose that does not produce toxicity was 

also used for a few experiments in this study. Since naïve, activated, and effector T cells 

regulate inflammation by different mechanisms, we sought to analyze the effect of PC on the 

frequency of stimulated splenocytes. The frequency of both CD4 and CD8 decreased after 

10 μM PC treatment as compared to the control (Fig. 1A and C). However, we noticed a 

significant reduction in the CD8 frequency after PC treatment as compared to stimulation 

alone (13.9 % vs 9.22 %) (Fig. 1A). These results suggest that PC effectively reduces the 

activation of both T cells with a stronger effect in CD8 T cells.

CXCR3, a chemokine receptor facilitates T-cell differentiation and is increased in inflamed 

conditions [21]. We further investigated the frequency of CXCR3 after PC treatment. Our 

results indicated that the frequency of CD8+CXCR3+ was decreased after PC treatment as 

compared with that of stimulated splenocytes alone (Fig. 1B and C). These findings indicate 

that PC reduces the expression of CD8+CXCR3+ after T-cell activation.

3.2. PC induces the frequency of regulatory T cells (Tregs) and apoptosis in activated T 
cells

The increased frequency and function of Tregs during inflammation plays a pivotal role 

in controlling inflammation and evidence suggests that Tregs suppress inflammation by 

suppressing immune response [22]. Thus, we analyzed the frequency of Tregs in the 

splenocytes after PC treatment using flow cytometry. The stimulated splenocytes showed 

an increase in the frequency of Tregs as compared with the control group (Fig. 2A). 

Interestingly, we also noticed that PC further induces the frequency of Tregs as compared to 

the stimulated group alone. We also used a higher dose of 50 μM PC and noticed that Tregs 

were even more increased after PC treatment (Fig. 2A). These results suggest that PC might 

be used for the inhibitory effect on inflammation through the induction of Tregs.

Apoptosis is a key step in reducing the inflammatory immune response, and the number of 

activated T cells decreases significantly during the suppression of inflammation [23]. Thus, 

we also analyzed the effect of PC on apoptosis in activated T cells by flow cytometry. We 

noticed an increase in stimulated T-cell apoptosis after PC treatment as compared to the 

control. We noticed 13.5 % apoptotic cells increased to 28.1 % in the 50 μM PC treated as 

compared to the stimulated group alone (Fig. 2B). After treatment with PC, the frequency of 

apoptotic cells was dramatically increased in a dose-dependent manner. These data indicated 

that PC successfully induces apoptosis in activated T cells as compared to control.

3.3. PC reduces the inflammatory response in LPS-induced RAW264.7 macrophage

Inflammation is a complex response and mounting evidence suggests that TNF-α, IL-6, and 

inducible nitric oxide synthase (iNOS) are over-produced and secreted during a variety of 

inflammatory disorders [24]. Hence, we determined whether PC treatment reduces these 

cytokines in the LPS-induced RAW264.7 macrophage. Our results delineated that after 

LPS treatment, the frequency of TNF-α, iNOS, and IL-6R increased percentages of 46.45 

%, 24.52 %, and 7.23 % respectively (Fig. 3A). PC treatment decreased the frequency of 

TNF-α, iNOS, and IL-6R in the LPS-induced RAW264.7 cell line to 30.39 %, 7.52 %, and 
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4.29 % respectively (Fig. 3A). Thus, PC treatment was able to decrease the responses of 

inflammatory cytokines in the LPS-induced RAW264.7 macrophages.

3.4. PC reduces the expression of cytokines and NF-κB in LPS-induced RAW264.7 
macrophage

LPS induction in macrophages leads to the production of several proinflammatory markers, 

including IL-1β, TNF-α, and IL-6 [25]. We analyzed the LPS-induced morphological 

changes in response to PC treatment and noticed an increase in size as well as 

obvious proliferation and several irregular pseudopods, which indicates that LPS-induced 

inflammation leads to abnormal proliferation of RAW264.7 macrophages (Fig. 4A). 

However, PC treatment resulted in the reduction of cell density and attenuated the abnormal 

proliferation (Fig. 4A). These results suggest that PC treatment altered the morphology of 

RAW264.7 macrophages after LPS induction.

NF-κB is considered a ubiquitous transcription factor and regulates the expression of a 

large array of genes that are involved in different processes related to immune as well 

as inflammatory responses [26]. Further, it has been shown that activation of NF-κB 

by LPS induces plenty of proinflammatory mediators [27]. Thus, we investigated the 

possible suppressive effects of PC on the activation of NF-κB in LPS-induced RAW264.7 

macrophages. LPS treatment significantly increased the expression of NF-κB compared to 

the control group (Fig. 4B and C). On the other hand, PC treatment caused a reduction in 

the protein expression of NF-κB when compared with the LPS-alone group (Fig. 4B and 
C). These results suggested that the inhibition of translocation of NF-κB by PC might be 

the mechanism that leads to the suppression of several proinflammatory mediators, including 

TNF-α, IL-6, and iNOS.

3.5. PC alters NIH3T3-L1 cell morphology, lipid accumulation, and gene expression

To assess the effect of PC on adipocytes, we evaluated and compared the cell morphology, 

lipid deposition, and the expression of IL-1β, TNF-α, and leptin in NIH3T3-L1 adipocytes. 

After treating these cells with PC, the cell size was reduced in the PC-treated group which 

was reflected in cell area and perimeter (Fig. 5A and B). Interestingly, PC-treated cells 

became morphologically more round in shape compared to the control group because 

the circularity parameter increased (circularity is the ratio of area to the perimeter). 

Furthermore, in the PC-treated group, the oil droplets were dispersed in the cytoplasm 

whereas the oil droplets are very densely packed and covered the whole cytoplasm in the 

control group (Fig. 5A red and yellow arrows). This difference is further validated by 

measuring the intensity of oil red O on stained bright field images (40X). There was a 

significant reduction in the intensity of oil droplets in the treated cell compared to the 

control (Fig. 5B). Furthermore, the expression of TNF-α was reduced significantly (Fig. 

5C). However, the gene expression for leptin was increased after PC administration and 

IL-1β also showed a similar pattern (Fig. 5C). The results suggested that PC reduced the 

hypertrophy of adipocytes and also decreased inflammation, which may indicate that PC has 

an anti-adipogenic effect.
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4. Discussion

Drug discovery using natural products remains an area of huge opportunity, as there are 

centuries of historical knowledge describing the benefits of nature providing considerable 

remedial and synergistic effects. However, new strategies need to be explored to identify 

new moieties in these compounds and their mechanism of action to promote their 

therapeutic effects. Normally, these natural compounds are safe, have minimal toxicity, and 

are without any adverse side effects. One example is resveratrol, which is widely considered 

an anticancer, anti-oxidant, and anti-inflammatory, but represents low bioavailability and 

rapid metabolism [28]. To overcome this issue, PC, a derivative of resveratrol has been 

reported to have great potential to suppress inflammation [29]. However, the mechanism 

of the suppressive properties of PC is not clear. In this study, we demonstrated that PC 

exhibited multifactorial effects. First, PC increased the frequency of Tregs and T cell 

apoptosis. Second, PC reduced the expression of CXCR3 on T cells, and the levels of 

TNF-α, IL-6R, NF-κB, and iNOS in RAW264.7 macrophages. Third, PC decreased the 

hypertrophy of adipocytes in 3T3-L1 adipocytes.

Inflammation is considered a pathological cause of various diseases and seriously endangers 

human health around the globe. Immune cells play a key role in maintaining the regulation 

of inflammation and are the mediator for the progression of disease symptoms. Both CD4 

and CD8 T cells are recruited to the sites of inflammation during inflammatory diseases 

[30]. In the present in vitro study, we noticed that PC reduces the frequency of T cells 

in anti-CD3 and anti-CD28 stimulated splenocytes. These findings corroborated the results 

from a previous study where PC inhibited the activation markers in both CD4 and CD8 

T cells [31]. It has been shown that type 1 helper (Th1) cells are elevated during chronic 

inflammation [32], and CXCR3-expressing T cells mediate Th1 inflammatory lymphocytes 

[33]. We also observed that PC decreased the frequency of CXCR3-expressing CD8 T 

cells, which may have resulted from the inhibition of activated T cells. Prior work has 

demonstrated that Tregs were immunosuppressors and suppressed the activation of various 

immune cells, including T and B cells, natural killers, and dendritic cells. Further, an 

increase in Tregs is considered a key regulator of several types of immune response [34]. 

In our study, PC treatment increased the frequency of Tregs, which confirms a previous 

finding that increased Tregs mediate the apoptosis of T cells [35]. Furthermore, the decrease 

in CXCR3+ T cells is also plausible by indirectly inducing Tregs, which is associated with 

the suppression of inflammatory responses to maintain immune homeostasis [36]. We also 

demonstrated that PC induces apoptosis in the activated T cells and further influences the 

functional sub-type of T cell response.

When considering other immune cells, LPS-stimulated RAW264.7 macrophages are used as 

the model for inflammation [37,38]. Inflammation-induced by activated macrophages makes 

both NO and iNOS an important markers for inflammatory response [39]. Our findings 

would suggest that the loss of iNOS expression following exposure to PC in the LPS-treated 

RAW264.7 macrophages may explain the anti-inflammatory effects of PC. In this study, we 

noticed that LPS increased the expression of iNOS in RAW264.7 macrophages as compared 

to the control. Treatment with PC drastically decreased the iNOS expression. Additionally, it 

has been shown that proinflammatory cytokines, such as TNF-α and IL-6R, are responsible 
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for various inflammatory disorders [40]. In confirmation of these prior observations, we 

detected a reduction in both TNF-α and IL-6R in RAW264.7 macrophages treated with PC. 

Taken together, our results corroborate that PC reduces the proinflammatory markers during 

the LPS-induced inflammatory response. Additionally, these findings corroborated previous 

studies that demonstrated the role of PC in decreased expression of proinflammatory 

markers [13,41].

NF-κB is a transcription factor associated with the regulation of several proinflammatory 

genes, including TNF-α, iNOS, IL-6, and IL-1β [42]. Hence, modulation of NF-κB 

activity is considered a crucial target for developing an anti-inflammatory drug. Growing 

evidence suggested that macrophage-mediated inflammatory responses also include the 

NF-κB signaling pathway [43]. In this study, LPS-stimulated macrophages showed a marked 

increase in the expression of NF-κB, as well as a significant increase in the level of 

proinflammatory cytokines, including TNF-α, iNOS, and IL-6R. Conversely, concomitant 

treatment of PC represented an anti-inflammatory effect by decreasing the expression of 

NF-κB and inflammatory markers. In addition, the anti-inflammatory effect of PC has been 

reported in previous studies, thereby providing significant hints regarding the role of PC as 

an anti-inflammatory therapeutic agent [26,44,45].

Adipose tissue stores lipids by enlarging existing adipocytes as well as recruitment of 

new adipocytes so that it can accommodate excess lipids, known as hypertrophy and 

hyperplasia respectively [46]. It has been shown that the anti-adipogenic effect of PC is 

more significant compared to resveratrol [47]. Moreover, the effect of PC in inhibiting 

adipogenesis followed dose-dependently in NIH3T3-L1 adipocytes [8]. One reason for the 

protective effect of PC for negatively regulating adipogenesis is that it reduces various 

proinflammatory markers. In the present study, we demonstrated that PC significantly 

reduced the cell size, oil droplet density, deposition, TNF-α expression. Nonetheless, 

previous studies showed that leptin is directly associated with the inhibition of lipogenesis 

and promotes lipolysis by acting directly on adipocytes [48]. This leptin activity might be 

due to the suppression of the inhibitory action of adenylyl cyclase [49]. Previous studies 

suggested that PC regulates adipocyte differentiation [8,13,17]. By contrast, our study 

investigated the effect of PC after adipocyte differentiation. Interestingly, the outcomes 

depicted that PC diminishes the hypertrophy of mature adipocytes, lipid accumulation inside 

the cell and minimizes the and expression of the proinflammatory gene. Additionally, PC 

alters the adipocyte shape from elongated to a more-round shape which might indicate the 

role of PC on any mechanosensory receptors on mature adipocytes. It has been shown 

that various mechanosensory proteins regulate cell morphology [50]. However, we need 

further investigation to make a definitive conclusion on how PC alters adipocytes after 

differentiation.

5. Conclusion

Our findings strongly demonstrate that PC induces the frequency of Tregs and apoptosis 

in the activated splenocytes. PC also decreases the expression of several proinflammatory 

mediators in immune cells as well as in adipocytes. Additionally, PC regulates adipocyte 

shape, size, and lipid deposition. Taken together, our study reveals the anti-inflammatory, 
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anti-adipogenic, and apoptotic activities of PC. This provides a suitable scope for subsequent 

in vivo investigation of PC to confirm its potential health benefits and utility as a treatment 

modality in various inflammatory diseases and obesity.
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Fig. 1. PC alters the T cell frequency and reduces activated T cells.
Flow cytometry analysis of control stimulated, and 10 μM PC treated spleen cells stained 

with phenotypic markers for T cells (CD4 and CD8) and T cell activation markers CXCR3. 

Panel A represents the percentages of CD4+ T cells (Panel A, lower right quadrant), CD8+ T 

cells (Panel A, upper left quadrant), and CD4+CD8+ T cells (Panel A, upper right quadrant). 

Panel B shows representative experiments for both CD4 +CXCR3 and CD8 +CXCR3 

populations. Panel C represents the percentages of CD4+CD8+ T cells and CXCR3 cells 

that were gated on the CD8 T cell population. Data are representative of one of the three 

biological experiments run in triplicate. The values are shown as mean ± SEM; * *p ≤ 0.01 
(compared to control vs stimulated); * **p ≤ 0.001 (compared to stimulated vs PC).
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Fig. 2. PC induces regulatory T cells (Tregs) and induces apoptosis in activated T cells.
Flow cytometry analysis of control, stimulated, 10 μM & 50 μM PC treated spleen cells, 

respectively, and stained for CD4, FoxP3 antibodies for Tregs and Annexin V/PI staining for 

apoptosis analysis. Panel A represents the changes in the frequency of FoxP3+ cells gated 

on CD4 T cells. Panel B shows the apoptosis analysis by Annexin V/PI staining. Data are 

representative of one of the three biological experiments run in triplicate.
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Fig. 3. Effect of PC on inflammatory mediators in RAW264.7 macrophages.
RAW264.7 macrophages were treated with 10 μM PC and control in presence of LPS 

stimulation. Cells were intracellularly stained with TNF-α, iNOS, and IL-6R antibodies. 

Panel A shows the changes in the frequency of TNF-α, iNOS, and IL-6R in control, LPS, 

and LPS treated with 10 μM PC. Panel B shows the percentages of cells in each group for 

TNF-α, iNOS, and IL-6R. Data are representative of one of the three biological experiments 

run in triplicate. The values are shown as mean ± SEM; ***p ≤ 0.001(compared to control 

vs stimulated vs PC).
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Fig. 4. PC alters the morphology and expression of NF-κB in LPS-induced RAW264.7 
macrophages.Panel
A represents the altered morphology in RAW264.7 cells stimulated with LPS and 10 μM 

PC treatment. Panel B shows the expression of NF-κB in RAW264.7 macrophages treated 

with 10 μM PC or control in presence of LPS induction. Panel C delineates the relative 

protein expression of NF-κB normalized with β-actin. Data are representative of one of the 

three biological experiments run in triplicate. The values are shown as mean ± SEM; * **p ≤ 

0.001(compared to control vs stimulated vs PC).
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Fig. 5. Representation of the alteration in morphology, lipid accumulation, and gene expression 
of 3T3-L1 cells treated with PC.
A) microphotograph (100X) of cell morphology in phase contrast microscope and 

microphotograph (100X and 400X) of oil red O-stained cells in bright field microscope, red 

color represents the lipid accumulation portion inside the cells (Red and yellow arrowheads 

indicate the difference in lipid deposition between control and treated group in different 

microscopic modes). B) Graphical illustration of morphometric analysis such as cellular 

area, perimeter, and circularity (n = 45) and oil red O staining intensity (n = 75). C) 

Relative gene expression of TNF-α, leptin, and IL-1β. Data are representative of one of the 

three biological experiments run in triplicate. The values are shown as mean ± SEM; not 

significant (ns) p > 0.05, *p ≤ 0.05, **p ≤ 0.01; ***p ≤ 0.001.
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