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A B S T R A C T   

Background and purpose: Selective peroxisome proliferator-activated receptors (PPARs) are widely used to treat 
metabolic complications; however, the limited effect of PPARα agonists on glucose metabolism and the adverse 
effects associated with selective PPARγ activators have stimulated the development of novel pan-PPAR agonists 
to treat metabolic disorders. Here, we synthesized a new prenylated benzopyran (BP-2) and evaluated its PPAR- 
activating properties, anti-inflammatory effects and impact on metabolic derangements. 
Experimental approach: BP-2 was used in transactivation assays to evaluate its agonism to PPARα, PPARβ/δ and 
PPARγ. A parallel-plate flow chamber was employed to investigate its effect on TNFα-induced leukocyte- 
endothelium interactions. Flow cytometry and immunofluorescence were used to determine its effects on the 
expression of endothelial cell adhesion molecules (CAMs) and chemokines and p38-MAPK/NF-κB activation. 
PPARs/RXRα interactions were determined using a gene silencing approach. Analysis of its impact on metabolic 
abnormalities and inflammation was performed in ob/ob mice. 
Key results: BP-2 displayed strong PPARα activity, with moderate and weak activity against PPARβ/δ and PPARγ, 
respectively. In vitro, BP-2 reduced TNFα-induced endothelial ICAM-1, VCAM-1 and fractalkine/CX3CL1 
expression, suppressed mononuclear cell arrest via PPARβ/δ-RXRα interactions and decreased p38-MAPK/NF-κB 
activation. In vivo, BP-2 improved the circulating levels of glucose and triglycerides in ob/ob mice, suppressed T- 
lymphocyte/macrophage infiltration and proinflammatory markers in the liver and white adipose tissue, but 
increased the expression of the M2-like macrophage marker CD206. 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; BP-2, benzopyran––2-(ethyl 4’-methylheptenoate)-6-(p-fluorobenzyloxy)-2-(methyl)- 
benzodihydropyran; BSA, bovine serum albumin; CAM, cell adhesion molecule; CVD, cardiovascular disease; DMSO, dimethylsulfoxide; FFAs, free fatty acids; HDL-c, 
HDL-cholesterol; HUVEC, human umbilical venous endothelial cells; ICAM-1, intercellular adhesion molecule-1; MCP-1/CCL2, monocyte chemoattractant protein-1; 
MD, molecular dynamics; MetS, Metabolic syndrome; PPAR, peroxisome proliferator-activated receptor; RXR, 9-cis-retinoic acid receptor; SEM, standard error of the 
mean; siRNA, small interfering RNA; T2D, type 2 diabetes; TNFα, tumor necrosis factor-α; TZDs, thiazolidinediones/glitazones; VCAM-1, vascular cell adhesion 
molecule-1; WAT, white adipose tissue. 
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Conclusion and implications: BP-2 emerges as a novel pan-PPAR lead candidate to normalize glycemia/trigly
ceridemia and minimize inflammation in metabolic disorders, likely preventing the development of further 
cardiovascular complications.   

1. Introduction 

Metabolic syndrome (MetS) is characterized by the simultaneous 
occurrence of a cluster of cardiovascular risk factors and has a high 
prevalence in western countries. MetS is multifactorial and is associated 
with the development of type 2 diabetes (T2D), cardiovascular disease 
(CVD) and cancer, among others [1]. There is evidence to support that 
MetS is linked to low-grade systemic inflammation [2], the main driver 
of premature atherosclerosis, which, in turn, is the principal contributor 
to the pathogenesis of myocardial and cerebral ischemic disorders. 

Peroxisome proliferator-activated receptors (PPARs) are members of 
the nuclear hormone receptor superfamily of transcription factors, and 
are one of the most valuable targets for treating diabetes and hyper
triglyceridemia, which are both associated with MetS development [3]. 
Three isoforms of PPAR [PPARα (NR1C1), PPARβ/δ (NR1C2) 88 and 
PPARγ (NR1C3)] have been described. Upon activation by endogenous 
ligands (fatty acids and derivatives) or synthetic agonists (fibrates and 
thiazolidinediones), PPARs heterodimerize with 9-cis-retinoic acid re
ceptors (RXRs) to control the expression of multiple target genes 
involved in adipogenesis, lipid and glucose metabolism and metabolic 
homeostasis, as well as cell growth, differentiation and apoptosis [4,5]. 
The known involvement of PPARs in the control of inflammatory pro
cesses has placed them in the spotlight as targets to regulate inflam
mation, vascular function and vascular remodeling [6]. Notably, PPAR 
ligands inhibit the activation of inflammatory gene expression and can 
suppress proinflammatory transcription factor signaling pathways in 
vascular and inflammatory cells [6,7]. 

Dual- or pan-PPAR agonists have been demonstrated to be more 
potent than selective PPAR agonists in correcting both lipid and glucose 
homeostasis in T2D and MetS [8,9]. Results from clinical trials have, 
however, revealed important adverse effects caused by PPARγ-selective 
agonists or dual-PPAR agonists with predominant PPARγ activation that 
have led to withdrawal of these drugs from the market, or their 
restricted use. Most of the side effects are, nevertheless, either 
drug-specific (off-target) or related to excessive PPARγ activation [3, 
10]. Notably, several studies have found that moderate rather than 
strong PPARγ activation mitigates its adverse effects and improves its 
therapeutic profile [10–12]. 

PPARβ/δ is involved in free fatty acid catabolism and glucose 
metabolism, and exerts anti-inflammatory effects when activated [4]. 
While no PPARβ/δ agonists are currently available for clinical use, 
preclinical studies have proven the beneficial effects of PPARβ/δ acti
vation in hepatic steatosis, obesity, dyslipidemia, T2D, inflammation 
and leukocyte recruitment [13–15]. Although full PPARβ/δ activation 
has been associated with carcinogenic and angiogenic properties in ro
dents [4,5], dual- or pan-PPAR agonists with partial PPARβ/δ and/or 
PPARγ activation may hold promise as safer therapeutic agents. 

Against this background, we recently identified and characterized a 
potent dual-PPARα/γ agonist––the natural prenylated benzopyran pol
ycerasoidol (BP-1) [16]. BP-1 behaves as a full PPARα and PPARγ acti
vator and exhibits anti-inflammatory activity through inhibition of 
tumor necrosis factor (TNF)α-induced mononuclear cell-endothelium 
interactions [16]. 

In an attempt to find safer and more effective dual PPARα/γ or pan- 
PPAR agonists, and based on our previous studies with BP-1 [16], we 
have synthesized nearly a hundred different compounds. From them, a 
new prenylated benzopyran––2-(ethyl 4’-methylheptenoate)− 6-(p-flu
orobenzyloxy)− 2-(methyl)-benzodihydropyran (BP-2), displayed in 
vitro activity on human PPAR (α, β/δ and γ) receptors. Therefore, we 
also evaluated its potential anti-inflammatory effects on TNFα-induced 

endothelial dysfunction and the underlying mechanisms involved. 
Finally, we have investigated its effectiveness in vivo in improving 
cardiometabolic derangement in obese/diabetic mice. 

2. Materials and methods 

2.1. Chemistry 

All the details related to the synthesis of BP-2 are described in the 
Supplementary file. 

2.2. In vitro experiments 

2.2.1. Transactivation assays 
PPAR transcriptional activity was monitored using a human chimera 

PPAR/Gal4 gene reporter luciferase system with COS-7 cells (CRL-1651, 
ATCC, Manassas,VA). The response to BP-2 was compared with the 
following positive controls: WY-14,643 (PubChem CID: 5694) for 
PPARα; GW501516 (PubChem CID: 9803963) for PPARβ/δ; and rosi
glitazone (PubChem CID: 77999) for PPARγ (Sigma-Aldrich). The EC50 
was determined using a concentration range from 0.001 to 10 µmol/L. 
Luciferase activity was normalized to internal control β-galactosidase 
activity. Further details can be found in the Supplementary file. 

2.2.2. Cell culture studies 
All research with human samples in this study complied with the 

principles of the Declaration of Helsinki and also those approved (No. 
2018/076) by the Institutional Ethics Committee of the University Clinic 
Hospital of Valencia (Valencia, Spain). Written informed consent was 
obtained from all volunteers. 

Human mononuclear cells and neutrophils were obtained from buffy 
coats of healthy donors, as described [17]. Human umbilical venous 
endothelial cells (HUVEC) were isolated by collagenase treatment [18]. 
Prior to every experiment, HUVEC were incubated for 24 or 48 h in 
medium containing 0.1 or 1% fetal bovine serum, according to the 
experimental protocol. Further details can be found in the Supplemen
tary file. 

2.2.3. Cytotoxicity studies 
The cytotoxicity of BP-2 was assessed on neutrophils and HUVEC at 

10, 30 and 100 µmol/L by flow cytometry to assess apoptosis and sur
vival [19], using the FITC Annexin V Apoptosis Detection Kit I (BD 
Biosciences, San Jose, CA), as described [20]. Further details can be 
found in the Supplementary file. 

2.2.4. RXRα, PPARα and PPARβ/δ silencing via small interfering RNA 
Confluent HUVEC were transfected with either a control small 

interfering RNA (siRNA) or with RXRα-, PPARα- or PPARβ/δ-specific 
siRNAs (50 nM; GE Healthcare Dharmacon, Inc., Lafayette, CO) using 
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) for 48 h. Western 
blotting was used to confirm the silencing efficiency. Further details can 
be found in the Supplementary file. 

2.2.5. Leukocyte-HUVEC interactions under flow conditions 
Confluent HUVEC were incubated with vehicle – 0.1% dime

thylsulfoxide (DMSO) – or stimulated with TNFα (20 ng/mL, Sigma- 
Aldrich) for 24 h. BP-2 (0.1–100 µmol/L) or vehicle were added to 
plates 24 h prior to TNFα stimulation. Freshly isolated human neutro
phils or mononuclear cells were then perfused across the endothelial 
monolayer as described [21]. Cell adhesion on the surface of the 
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endothelium was visualized and recorded using an inverted microscope 
(Axio Observer A1, ZEISS International, Oberkochen, Germany). 

Next, to investigate the possible involvement of RXRα, PPARα or 
PPARβ/δ in the BP-2-mediated inhibition of TNFα-induced mononuclear 
cell adhesion, confluent HUVEC were transfected with either control, 
RXRα-, PPARα- or PPARβ/δ-specific siRNAs for 48 h. Cells were then 
pretreated for 24 h with vehicle (0.1% DMSO), BP-2 (3 µmol/L), WY- 
14,643 (3 µmol/L) or (GW501516, 1 µmol/L) before stimulation for 
24 h with TNFα (20 ng/mL, Sigma-Aldrich), and mononuclear cell- 
endothelial cell interactions determined [21]. Further details can be 
found in the Supplementary file. 

2.2.6. Determination of endothelial cell adhesion molecule (ICAM-1 and 
VCAM-1) and fractalkine (CX3CL1) expression 

The expression of intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1), and the membrane-bound 
form of fractalkine (CX3CL1) on HUVEC was analyzed by flow cytom
etry. Cells were pretreated for 24 h with BP-2 (3 µmol/L) or vehicle 
(0.1% DMSO) and then stimulated for 24 h with TNFα (20 ng/mL). After 
detachment, HUVEC were incubated with fluorochrome-conjugated 
antibodies against human ICAM-1, VCAM-1 or CX3CL1 (1:10 dilution). 
Cells were then analyzed by flow cytometry and results are presented as 
the mean fluorescence intensity. Further details can be found in the 
Supplementary file. 

2.2.7. Immunofluorescence 
HUVEC were grown to confluence on glass coverslips. In some ex

periments, cells were treated for 24 h with BP-2 (3 µmol/L) or vehicle 
(0.1% DMSO) and stimulated for a further 24 h with TNFα (20 ng/mL). 
Next, cells were washed, fixed, blocked and then incubated with a pri
mary antibodies against human ICAM-1, VCAM-1 or a fractalkine/ 
CX3CL1 (1:200 dilution, Abcam, Cambridge, UK), and then incubated 
with a secondary Alexa Fluor 488-conjugated antibody (1:500 dilution, 
Invitrogen, Life Technologies, Carlsbad, CA). Cell nuclei were counter
stained with Hoechst dye and images were captured with a fluorescence 
microscope (Axio Observer A1, ZEISS International, Oberkochen, Ger
many). Further details can be found in the Supplementary file. 

2.2.8. Quantification of soluble chemokines in cell supernatants 
Human soluble fractalkine/CX3CL1 and monocyte chemoattractant 

protein-1 (MCP-1/CCL2) were determined in the supernatant of HUVEC 
by specific ELISA (R&D Systems, Inc., Minneapolis, MN). Results are 
presented as ng/mL or pg/mL of chemokine in the supernatant. Further 
details can be found in the Supplementary file. 

2.2.9. Flow cytometry analysis of activated p38-MAPK and NF-κB 
The effect of BP-2 on TNFα-induced p38-MAPK and NF-κB activation 

was determined in HUVEC by flow cytometry, as described [22]. HUVEC 
were incubated for 24 h with BP-2 (3 µmol/L) or vehicle (0.1% DMSO) 
and then stimulated for 1 h with TNFα 20 ng/mL. Detached cells were 
fixed and permeabilized, and then incubated with saturated amounts of 
fluorochrome-conjugated antibodies against human p38 MAPK or NF-κB 
p65. Samples were run in a flow cytometer and results are presented as 
the mean fluorescence intensity. Further details can be found in the 
Supplementary file. 

2.3. In vivo experiments 

Animal studies were carried out in compliance with the ARRIVE 2.0- 
Guidelines [23] and in accordance with the EU Directive 2010/63/EU 
for animal experiments. Animal handling and experimental protocols 
were approved by the Animal Experimentation Ethics Committee of the 
University of Valencia (Protocol No. A1469445706311). Six-week-old 
male ob/ob mice (C57BL/6. Cg-Lepob/J) were supplied by Charles 
River Laboratories International (Wilmington, MA). 

Blood samples of 6 h-fasted mice were collected for glucose baseline 

measurement. Mice, randomly divided into three groups (n = 7 per 
group), were daily treated with vehicle (1% hydroxyethyl cellulose, 
Sigma-Aldrich) or with BP-2 at 10 mg/kg or 30 mg/kg, for 15 days by 
oral gavage. The doses of BP-2 were selected based on the results ob
tained in the transactivation assays, previously reported effects of new 
PPAR agonists or standard reference compounds on adipogenesis, lipid 
and glucose metabolism in ob/ob mice [24–27]. After 15 days of treat
ment, mice were anaesthetized by isoflurane inhalation and blood 
samples were collected into heparin or EDTA-containing tubes by car
diac puncture. Plasma samples were obtained and stored at − 80 ºC. 
Liver and epididymal white adipose tissue (WAT) were extracted and 
part of both organs were quickly frozen in liquid N2 for qPCR studies (see 
2.3.3. Determination of mRNA expression by quantitative RT-PCR), and the 
remainder was OCT embedded for cryosectioning and immunofluores
cence studies (see 2.3.2. Histological and immunohistochemical analysis). 
Further details can be found in the Supplementary file. 

2.3.1. Flow cytometry studies 
Saturated amounts of fluorochrome-conjugated monoclonal anti

bodies were added to blood samples. After 30 min-incubation, eryth
rocytes were lysed using a commercial buffer, and samples were run in a 
BD LSRFortessa™ X-20 flow cytometer (BD Biosciences). The gating 
strategy (Fig. S6), as well as all the material used, including the 
fluorochrome-conjugated antibodies, are described in the Supplemen
tary file. 

2.3.2. Histological and immunohistochemical analysis 
Epididymal WAT obtained from the epididymis (visceral fat) and 

liver samples were embedded in OCT (SLEE medical GmbH, Mainz, 
Germany), rapidly frozen in liquid N2, cryosectioned with a cryostat 
microtome (MNT, SLEE medical GmbH), and mounted on microscope 
slides (Trajan Serie 3 Adhesive; Trajan Scientific and Medical, Ring
wood, Australia). 

After fixation and blockage, WAT and liver cross-sections were 
incubated with primary antibodies against mouse CD3 or F4/80 (1:100 
dilution, Abcam) to quantify T-lymphocyte or macrophage infiltration, 
respectively. Samples were then stained with Alexa Fluor 488-conju
gated antibodies (1:1000 dilution, Invitrogen, Life Technologies), 
while cell nuclei were counterstained with Hoechst dye. Fields from 
each section were captured (Axio Observer A1 inverted microscope, 
ZEISS International, Oberkochen, Germany), digitized, and analyzed 
(ImageJ software 1.48 V, Bethesda, MA). Further details can be found in 
the Supplementary file. 

2.3.3. Determination of mRNA expression by quantitative RT-PCR 
Total RNA from murine WAT and liver samples was extracted and 

purified by standard methods. cDNA was amplified with specific primers 
for mouse Tnfα, Mcp-1/Ccl2, Cx3cl1, Cd206, Cpt1a, Pdk4 or Apoc3 using 
a QuantStudio 5 Real-Time PCR (RT-PCR) System and Universal Master 
Mix (All purchased from Applied Biosystems). Relative quantification of 
the different transcripts was determined by the 2− ΔΔCt method with 
Gapdh as an endogenous control and normalized to the vehicle group. 
Further details can be found in the Supplementary file. 

2.3.4. Biochemical assessment 
Levels of total cholesterol, HDL-cholesterol (HDL-c), triglycerides, 

alanine aminotransferase (ALT), aspartate transaminase (AST) and free 
fatty acids (FFAs) were determined using commercial kits, while non- 
HDL cholesterol was calculated (total cholesterol - HDL-c). Glucose 
levels were determined using a glucometer, while insulin and adipo
nectin levels were measured by ELISA assay. The HOMA-IR index was 
calculated (fasting blood glucose × fasting plasma insulin/22.5) [28]. 
Liver triglyceride content was determined by enzymatic measurement of 
glycerol content [29]. All material and further details can be found in 
the Supplementary file. 
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2.3.5. Determination of plasma levels of cytokines and chemokines 
Murine TNFα, MCP-1/CCL2 and fractalkine/CX3CL1 plasma levels 

were measured by ELISA (R&D Systems, Abingdon, UK). Results are 
expressed as pg/mL or ng/mL of cytokine or chemokine in plasma. 
Further details can be found in the Supplementary file. 

2.4. Statistical analysis 

All data are presented as mean ± standard error of the mean (SEM), 
and analysis was performed using GraphPad Prism 6.0 software 
(GraphPad Software, Inc., La Jolla, CA). Differences between two groups 
were determined using an unpaired Student’s t-test (parametric anal
ysis) in data that passed both normality (Kolmogorov-Smirnov test) and 
equal variance (Levene test); otherwise, the non-parametric Mann- 
Whitney U-test was performed. Differences between multiple groups 
were analyzed by one-way analysis of variance (ANOVA) with Bonfer
roni’s post hoc analysis in data that passed both normality and equal 
variance; otherwise, the non-parametric Kruskal-Wallis test followed by 
Dunn’s post hoc analysis was used. Data were considered statistically 
significant when the P value was < 0.05. From previous experience with 
this murine model along with a priori power analysis, we determined 
that a sample size of 7 mice per group would be sufficient to evaluate the 
effects of BP-2 on biochemical parameters. 

3. Results 

3.1. Synthesis of BP-2 

The 2-(ethyl 4’-methylheptenoate)− 6-(p-fluorobenzyloxy)− 2- 
(methyl)-benzodihydropyran (BP-2) (Fig. 1), a polycerasoidol (BP-1) 
analog, was efficiently synthesized in six steps (Fig. S1). Molecular 
modeling studies showed that the phenolic and the carboxylic group of 
BP-2 function as anchoring points on the PPARα, PPARβ/δ or PPARγ 
binding pocket. A detailed description of the synthetic approach, char
acterization of compounds and molecular modeling studies is provided 
in the Supplementary file. 

3.2. BP-2 exhibits pan-PPAR agonism 

BP-2 was assayed in vitro for PPARα, PPARβ/δ and PPARγ trans
activation activity, using WY-14,643, GW501516 and rosiglitazone as 
reference compounds for hPPARα, hPPARβ/δ and hPPARγ trans
activation, respectively. Used at 10 μmol/L, BP-2 showed full agonism 
for hPPARα, partial agonism for hPPARβ/δ and weak agonism for 
hPPARγ. EC50 values revealed potencies in the low micromolar range. 
By contrast, the natural compound polycerasoidol (BP-1) displayed dual 
full PPARα/γ agonism, with EC50 values within the nanomolar range 
(Table 1). 

Fig. 1. Chemical structure of BP-2, its analog (polycerasoidol, BP-1), and spatial view of its interaction with PPARs using docking studies. Bioactive prenylated 
benzopyrans (A). Spatial view of synthetic BP-2 (blue)/PPARα interaction (B), BP-2/PPARβ/δ (C) and BP-2/PPARγ interaction (D). The names of the residues 
involved in the main interactions are shown in the figure. 
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3.3. Molecular modeling studies 

PPARs have multiple binding points to accommodate a wide range of 
structural ligands owing to their multiple binding points [30]. The 
complexes ligand/PPARα, ligand/PPARβ/δ and ligand/PPARγ were 
model-built and molecular dynamics (MD) simulations were performed 
for BP-2, WY-14,643, GW501516 and rosiglitazone. Docking analysis 
localized BP-2 in the binding pocket (Figs. 1B–D and S2), and MD sim
ulations determined the molecular interactions between BP-2, WY-14, 
643, GW501516 and rosiglitazone with PPARα, PPARβ/δ and/or PPARγ. 
In addition, the MM-GSA free energy decomposition indicated the res
idues of the active site in PPARα, PPARβ/δ and PPARγ (Fig. S3). The 
spatial view of the complex of BP-2 with PPARα in the binding pocket is 
depicted in Figs. 1B and S2A. Simulations obtained for the complex 
showed the relevance of His440, Leu321, and Ser280 for ligand binding, 
which is in agreement with those obtained for WY-14,643 [16]. Other 
residues making significant interactions to stabilize this complex were 
Cys276, Thr279, Met355 and Ile354 (Fig. S3A). While WY-14,643 
showed a stronger interaction with Lys358 (5.4 kcal/mol) than BP-2 
(1 kcal/mol), BP-2 established a stronger interaction with Ile354 and 
Met355 than WY-14,643 (Fig. S3A). Nevertheless, the simulations 
indicated that the spatial ordering adopted by BP-2 is quite similar to 
that of WY-14,643. Simulations obtained for the complex of BP-2 with 
PPARβ/δ in the binding pocket highlighted the relevance of Arg248, 
Cys249, Thr253, Ile327 and His413 for ligand binding (Figs. 1C, S2B and 
S3B), which accords with those reported previously for GW501516 [31]. 
Other residues making significant interactions to stabilize this complex 
were Trp228, Val245, Thr252, Ile290 and Val305 (Figs. S2B and S3B). 
The interaction energy histogram obtained for GW501516 was closely 
related to that obtained for BP-2 (Fig. S3B); however, GW501516 had a 
stronger interaction with His287 and Tyr437 (− 6.86 and 
− 6.93 kcal/mol, respectively) than BP-2 (− 0.4 and − 0.7 kcal/mol, 
respectively). Additionally, the interactions of GW501516 with Val305 
(− 2.9 kcal/mol) and His413 (− 7.3 kcal/mol) were also markedly 
stronger than those exerted by BP-2 (− 1.7 and − 2.5 kcal/mol, respec
tively). These results suggest that GW501516 has a higher affinity for 
PPARβ/δ than does BP-2. Finally, the spatial view of BP-2/PPARγ 
complex in the binding pocket is depicted in Figs. 1D and S2C. MD 
simulations indicated the relevance of Cys285, Arg280, Arg288, Leu330, 
Ile341, and His449 for ligand binding. The spatial ordering adopted by 
BP-2 was quite similar to that obtained for rosiglitazone (Fig. S2C). 

3.4. BP-2 is not cytotoxic to human neutrophils and HUVEC at the 
concentrations tested 

BP-2 was tested at 10, 30 and 100 µmol/L (approximately 10-, 30- 
and 100-fold higher than the EC50 for PPARα agonism, respectively) to 
evaluate its potential cytotoxic effects in freshly isolated human 

neutrophils and primary cultures of HUVEC. No cytotoxic effects were 
observed at any of the tested concentrations (Fig. S4). 

3.5. BP-2 inhibits mononuclear cell adhesion to TNFα-stimulated 
endothelial cells through the down-regulation of ICAM-1, VCAM-1 and 
fractalkine/CX3CL1 expression and through the inactivation of p38 
MAPK/NF-κB 

Whereas BP-2 treatment of HUVEC at a concentration of 3 or 100 
μmol/L had no effect on TNFα-induced neutrophil-HUVEC interactions 
(Fig. 2A), it significantly inhibited mononuclear cell adhesion to HUVEC 
at 3 μmol/L (Fig. 2B), and this inhibition was concentration-dependent 
(Fig. 2C). The IC50 for BP-2 was 0.47 μmol/L, which is ~2 and ~10-fold 
less than the IC50 for rosiglitazone and the natural polycerasoidol BP-1 
(1.1 and 4.9 μmol/L, respectively) [16]. 

This finding prompted us to examine the effect of BP-2 on the 
expression of relevant CAMs (ICAM-1 and VCAM-1) and the membrane- 
bound form of fractalkine/CX3CL1. As expected, TNFα stimulation 
increased ICAM-1, VCAM-1 and fractalkine/CX3CL1 expression on 
HUVEC, as revealed by flow cytometry analysis (Fig. 3A–C). Notably, 
BP-2 treatment diminished the TNFα-induced expression of ICAM-1 by 
20.5% (Fig. 3A), VCAM-1 by 26.9% (Fig. 3B) and fractalkine/CX3CL1 by 
42.5% (Fig. 3C). These findings were confirmed by immunofluorescence 
(Fig. 3E). Moreover, TNFα stimulation of HUVEC led to the generation 
and release of soluble fractalkine/CX3CL1 and MCP-1/CCL2 (Fig. 3D 
and F). While BP-2 treatment significantly lowered the levels of soluble 
fractalkine/CX3CL1 induced by TNFα by 70.3% (Fig. 3D), it had no ef
fect on MCP-1/CCL2 levels (Fig. 3F). 

Accumulating data indicate that MAPK signaling pathways are 
modulated by PPAR ligands [22,32]. To investigate the intracellular 
signaling pathways underlying the inhibitory responses induced of BP-2, 
HUVEC were stimulated with TNFα for 1 h in the presence or absence of 
BP-2 (3 µmol/L, 24 h) before pathway analysis. Results showed that 
BP-2 significantly blunted the TNFα-induced phosphorylation of 
p38-MAPK by 59.3% (Fig. 3G). Activation of MAPK family components 
is associated with the transactivation of NF-κB [33], and its trans
location into the nucleus activates the transcription of genes controlling 
endothelial cell adhesion molecules (CAMs) expression and chemokine 
synthesis [34]. Notably, BP-2 inhibited the activation of NF-κB induced 
by TNFα by 60% (Fig. 3H). 

3.6. BP-2-inhibited mononuclear cell adhesion to dysfunctional 
endothelium is partly governed by RXRα-PPARβ/δ interactions 

Upon ligand binding, PPARs form heterodimers with the 9-cis reti
noic acid receptor (RXRα) and bind to specific DNA regions to regulate 
transcription of genes containing PPAR response elements [21]. As BP-2 
is a pan-PPAR ligand with weak PPARγ activity, we individually 
knocked down the expression of RXRα, PPARα and PPARβ/δ in endo
thelial cells using an siRNA approach to test their contribution to BP-2 
inhibitory effect. Western blotting analysis showed that protein 
expression of RXRα, PPARα and PPARβ/δ in HUVEC was decreased by 
49.3%, 57.8% and 46.6%, respectively, confirming the silencing effi
ciency (Fig. S5). TNFα stimulation of control siRNA-transfected cells 
triggered a significant increase in mononuclear cell arrest, which was 
inhibited by BP-2 (3 µmol/L) or GW501516 (1 µmol/L) by 63.4% and 
46.1% respectively, but not by WY-14,643 (3 µmol/L) (Fig. 4A–C). Of 
note, the BP-2-related responses of mononuclear cells were abolished in 
HUVEC silenced for RXRα (Fig. 4A) and PPARβ/δ (Fig. 4C) expression, 
but not in cells silenced for PPARα (Fig. 4B). Additionally, to further 
asses the siRNA results, we determined the inhibitory effect of BP-2 on 
TNF-α-induced mononuclear cell arrest in the presence of a specific 
PPARα (GW6471) or PPARβ/δ (GSK0660) antagonist (Fig. 4D). This 
inhibitory effect was completely abolished when BP-2 was incubated in 
the presence of the PPARβ/δ antagonist (GSK0660) but not with the 
PPARα antagonist (GW6471). 

Table 1 
Evaluation of agonist activity in a cell-based transactivation assays for human 
PPAR/Gal4 receptors. EC50 values against human PPARα/Gal4, PPARβ/δ/Gal4 
and PPARγ/Gal4 receptors.   

Efficacy (%) at 10 μmol/L EC50 (nmol/L)  

PPARα PPARβ/ 
δ 

PPARγ PPARα PPARβ/ 
δ 

PPARγ 

Polycerasoidol 
(BP-1) 

107 NA† 95 184 NA 84 

BP-2 173 58 26 1294 1718 2480 
WY-14,643 100 NA† NA† 4193 NA† NA†

GW501516 NA† 100 NA† NA† 894 NA†

Rosiglitazone NA† NA† 100 NA† NA 60 

Note. Efficacy: Emax was the maximal PPAR fold-activation relative to 
maximum activation obtained with WY14,643 (10 μmol/L), GW501516 (1 
μmol/L) and rosiglitazone (1 μmol/L) corresponded to 100% in GAL4 chimeric 
hPPARα, hPPARβ/δ and hPPARγ system. NA: not active. 
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3.7. BP-2 improves blood glucose and triglyceride levels in ob/ob mice 

Full PPARγ agonism effects such as those exerted by glitazones 
(TZDs), are associated with numerous adverse events, including body- 
weight gain, in both animal models and humans [4,35]. In vivo admin
istration of BP-2 in ob/ob mice at 10 or 30 mg/kg/d did not provoke 
body-weight gain or variations in food intake (Table 2), but significantly 

improved glycemia (x‾ = 43.7% reduction vs. vehicle) and triglyceride 
levels (x‾ = 68.8% reduction vs. vehicle) at both doses tested (Table 2). 
However, no significant differences were observed in HOMA-IR index, 
or in circulating levels of insulin, adiponectin, total cholesterol, HDL-c, 
non-HDL-c or FFAs (Table 2). 

Analysis of common liver injury markers [36] revealed that BP-2 
treatment significantly diminished (at both tested doses) the activity of 

Fig. 2. BP-2 inhibits TNFα-induced mononuclear cell adhesion to HUVEC under physiological flow in a concentration-dependent manner. Cells were pretreated for 
24 h with BP-2 or vehicle, prior to TNFα stimulation (20 ng/mL, 24 h), and freshly isolated human neutrophils or mononuclear cells were perfused across the 
endothelial monolayers for 5 min at 0.5 dyn/cm2. Neutrophil adhesion was quantified when HUVEC were pretreated with BP-2 at 3 and 100 μmol/L (A); mono
nuclear cell adhesion was quantified when HUVEC were pretreated with BP-2 at 3 μmol/L (B); concentration-response curve for BP-2 at a concentration range from 
0.1 to 100 μmol/L (C). Results are expressed as number of adhered cells/mm2. Values are presented as mean ± SEM of 5–6 independent experiments. * P < 0.05 
relative to the vehicle, †P < 0.05 relative to the TNFα-stimulated cells. 
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Fig. 3. BP-2 suppresses TNFα-induced ICAM-1, VCAM-1 and transmembrane fractalkine/CX3CL1 expression, p38 MAPK/NF-κB activation and the release of soluble 
fractalkine/CX3CL1 in HUVEC. Cells were pretreated with BP-2 (3 µmol/L) or vehicle for 24 h before TNFα stimulation (20 ng/mL, 24 h for A–F or 1 h for G and H). 
Results are expressed as mean fluorescence intensity (MFI) of ICAM-1 (A), VCAM-1 (B) and transmembrane fractalkine/CX3CL1 (C) on HUVEC. Concentration of 
soluble CX3CL1 (D) or monocyte chemoattractant protein-1 (MCP-1/CCL2, F) is expressed as ng/mL or pg/mL, respectively. Phospho-p38 MAPK (G) or phospho-NF- 
κB/p65 (H) are expressed as mean fluorescence intensity (MFI) and representative histograms are also shown. Values are presented as mean ± SEM of 5–7 inde
pendent experiments. * P < 0.05 relative to the vehicle, †P < 0.05 relative to the TNFα-stimulated cells. ICAM-1, VCAM-1 and transmembrane CX3CL1 expression 
were also visualized on HUVEC by immunofluorescence using primary rabbit antibodies against ICAM-1, VCAM-1 or fractalkine/CX3CL1 and an secondary Alexa 
Fluor 488-conjugated goat anti-rabbit antibody (green). Cell nuclei were counterstained with Hoechst (blue) (E). Scale bar = 100 µm. 
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ALT and AST by 43.8% and 43.7%, respectively (at 10 mg/kg/d), when 
compared with the activity in vehicle-administered mice (Table 2). 

3.8. BP-2 lowers the plasma levels of TNFα in ob/ob mice 

We next tested the potential beneficial effects of BP-2 on the in
flammatory state in ob/ob mice. As BP-2 impaired mononuclear cell 
arrest in vitro, we investigated its impact on circulating T-lymphocyte 
and monocyte subpopulations. No significant differences were found in 
the activation state (CD69 or CD11b expression) of the leukocyte sub
populations in BP-2-treated mice (Fig. 5A–C). Additionally, whereas BP- 
2 treatment significantly lowered the plasma levels of TNFα at 30 mg/ 
kg/d (Fig. 5D), it had no effect on MCP-1/CCL2 or fractalkine/CX3CL1 
plasma levels (Fig. 5E and F). 

3.9. BP-2 suppresses T-lymphocyte and macrophage infiltration in the 
visceral white adipose tissue of ob/ob mice and improves the inflammatory 
status 

Because excess visceral WAT is a known potential independent risk 
factor for the development of metabolic disorders [37,38], we investi
gated the effects of BP-2 on the inflammatory state in the visceral WAT 
of ob/ob mice. BP-2 treatment significantly suppressed the infiltration of 
T-lymphocytes (Fig. 6A and B) and macrophages (Fig. 6C and D) at both 
tested doses. 

In agreement with these observations, RNA analysis of visceral WAT 
showed that BP-2 treatment significantly decreased the mRNA expres
sion of the proinflammatory cytokine TNFα (Fig. 6E), as well as of the 
chemokines MCP-1/CCL2 (Fig. 6F) and fractalkine/CX3CL1 (Fig. 6G). Of 
note, the mRNA expression of CD206, a known marker of anti- 
inflammatory M2-like macrophages [39], was significantly increased 
in visceral WAT at the BP-2 dose of 30 mg/kg/d (Fig. 6H). 

Fig. 4. Silencing of RXRα or PPARβ/δ, but not PPARα, abolishes the inhibitory effect of BP-2 on TNFα-induced mononuclear leukocyte-endothelial cell interactions. 
HUVEC were transfected with control and RXRα- (A), PPARα- (B) or PPARβ/δ-specific (C) siRNAs. At 48 h after transfection, cells were pretreated with BP-2 (3 µmol/ 
L), WY-14,643 (3 µmol/L), GW501516 (1 µmol/L) or vehicle for 24 h and then stimulated for a further 24 h with TNFα (20 ng/mL). Additionally, some HUVEC were 
incubated with a PPARα- (GW6471, 20 µmol/L) or a PPARβ/δ-antagonist (GSK0660, 20 µmol/L). Four hours later, some plates were treated with BP-2 for 24 h and 
then incubated with vehicle or stimulated with TNFα for another 24 h (D). Mononuclear cell adhesion was then quantified. Values are presented as mean ± SEM of 
5–6 independent experiments. * P < 0.05 relative to the respective vehicle group, †P < 0.05 relative to the respective TNFα-stimulated cells. 
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3.10. BP-2 suppresses T-lymphocyte and macrophage infiltration and 
improves inflammation in the liver, but does not alter hepatic triglyceride 
content 

Similar to our findings in visceral WAT, BP-2 treatment of ob/ob mice 
significantly suppressed T-lymphocyte and macrophage hepatic infil
tration at 30 mg/kg/d (Fig. 7A–D). Also, significant decreases in hepatic 
TNFα and MCP-1/CCL2 mRNA expression were detected in BP-2-treated 
mice at 30 mg/kg/d (Fig. 7E and F); however, no changes were observed 
for fractalkine/CX3CL1 mRNA expression (Fig. 7G). Notably the mRNA 
expression of CD206 in the liver of ob/ob mice was again increased after 
BP-2 administration (Fig. 7H). In addition, whereas the circulating levels 
of triglycerides were lower in BP-2-treated ob/ob mice than in control 
ob/ob mice, no differences were found in hepatic triglyceride content 
(Fig. 7I). Nevertheless, BP-2 treatment was found to modulate relevant 
PPAR-related target genes associated with lipid metabolism. Particu
larly, the administration of BP-2 in ob/ob mice at 30 mg/kg/d upregu
lated the hepatic expression of the gene encoding for carnitine 
palmitoyltransferase-1A (Cpt1a, Fig. S7A), an enzyme involved in FA 
oxidation, and downregulated the hepatic expression of the gene 
encoding for apolipoprotein CIII (Apoc3, Fig. S7C), a protein that in
hibits lipoprotein lipase activity. In contrast, no significant differences 
were encountered in the mRNA expression of the gene encoding for 
pyruvate dehydrogenase kinase 4, (Pdk4, Fig. S7B), a target gene for 
PPARγ [40], probably due to the weak agonism displayed by BP-2 on 
this nuclear receptor. 

4. Discussion 

The past few years has witnessed increasing interest in the devel
opment of dual/pan-PPAR agonists as drug candidates to regulate both 
lipid and glucose homeostasis in T2D and MetS, in particular those 
showing partial PPARγ activation, which is associated with fewer 
adverse effects [10–12]. Along this line, we recently described a potent 
dual-PPARα/γ agonist, the natural prenylated benzopyran poly
cerasoidol (BP-1) [16]. This natural product shows low cytotoxicity and 

exerts anti-inflammatory activity through the inhibition of TNFα-in
duced mononuclear cell-endothelial cell interactions [16]. In an attempt 
to develop safer and more effective dual/pan-PPAR agonists, and based 
on polycerasoidol molecular modeling studies [16], here we designed 
and synthesized the new prenylated benzopyran––2-(ethyl 4’-methyl
heptenoate)− 6-(p-fluorobenzyloxy)− 2-(methyl)-benzodihydropyran 
(BP-2)––using a bioisoster approach. BP-2 shares structural features 
with BP-1 including the benzopyran nucleus linked to a short 
side-prenylated chain, and key groups that function as anchoring points 
to the binding domain of PPARα, PPARβ/δ and PPARγ such as the ox
ygen atom at C-6 position and an ester group. Transactivation assays 
revealed that BP-2 activated hPPARα with high efficacy, and also 
moderately and weakly activated hPPARβ/δ and hPPARγ, respectively, 
in comparison with their respective reference drugs. Accordingly, BP-2 
might display lower PPARγ-associated adverse effects than those of 
dual-PPARα/γ agonists with full PPARγ activation. Indeed, BP-2 had no 
significant cytotoxic effect on human neutrophils or on primary cultures 
of human endothelial cells at concentrations up to 77-, 58- or 40-fold 
higher than its EC50 for PPARα, PPARβ/δ or PPARγ agonism, respec
tively. This indicates that the modifications introduced in the BP-1 
structure to obtain BP-2 did not result in enhanced toxicity. 

Molecular modeling studies revealed that BP-2 displayed its phar
macophoric portions for PPARα in a closely related spatial form to that 
reported for BP-1 [16] and WY-14,643. These studies confirmed that 
Ser280 forms hydrogen bonds with O1 and with the O atom at C-6, 
which establishes BP-2/PPARα complex formation. Furthermore, the 
most hydrophobic portion of BP-2 is located in the same hydrophobic 
portion (Ile317, Leu460, Ile354, and Met355) as for WY-14,643 and 
BP-1 [16], adopting similar spatial arrangements. Interactions of BP-2 
with PPARβ/δ indicate that it spatially locates in the same site as 
GW501516. MD simulations showed that the A ring, which is located in 
the hydrophobic pocket formed by the residues of Val245, Val305 
Val312, leu219 and Ile213, exhibits strong pi-stacking interactions with 
Trp228. Additional relevant interactions for complex stabilization were 
those of the O atom at C-6 with Cys249 and the carbonyl O atom with 
His413. The analysis per residue showed that GW501516 has stronger 
interactions with PPARβ/δ than BP-2, which is consistent with the 
PARβ/δ activation assays showing that GW501516 behaves as a stronger 
ligand than BP-2. In regard to PPARγ, simulations revealed that the most 
relevant amino acids for interactions between BP-2 and PPARγ binding 
domains were His449 and Tyr473, which interacted with the carboxyl of 
the ester group in the prenylated chain and likely act as an anchoring 
point. In addition, the involvement of Arg280, Ile281, Gly284, Cys285, 
Leu330, and Ile341 were also identified. Free energy decomposition 
analysis showed the strongest interactions displayed by rosiglitazone 
with Tyr473, Phe363 and Met364 (Fig. S3C), which could strengthen 
PPARγ activity in accordance with the PPAR transactivation assays. 

PPAR ligands are powerful therapeutic tools in the control of 
different metabolic disorders [8,9], which are a clear risk for athero
sclerosis development and subsequent cardiovascular events [41]. In 
addition, it is widely acknowledged that T2D or alterations in lipid 
metabolism are linked to endothelial dysfunction [8,41,42], a proin
flammatory and prothrombotic phenotype of the endothelium [43]. We 
show that BP-2 inhibits mononuclear cell arrest to the dysfunctional 
(TNFα-stimulated) endothelium in a concentration-dependent manner 
without affecting neutrophil-endothelial cell interactions, suggesting 
that BP-2 might prevent atherosclerosis progression without compro
mising the innate host defense of neutrophils. 

CAMs such as ICAM-1 or VCAM-1, as well as the chemokines frac
talkine/CX3CL1 and MCP-1/CCL2, are linked to mononuclear cell arrest 
[44]. BP-2 significantly reduced TNFα-induced ICAM-1, VCAM-1 and 
transmembrane fractalkine/CX3CL1 endothelial expression and soluble 
fractalkine/CX3CL1 release. In this line, MAPK signaling pathways can 
additionally be modulated by PPAR ligands [4]. In turn, the activation of 
different components of the MAPK family is associated with NF-κB 
transactivation [33], which ultimately activates the transcription of 

Table 2 
Biometric and biochemical parameters in ob/ob mice treated with BP-2 or 
vehicle.   

Vehicle BP-2 (10 mg/kg/ 
d) 

BP-2 (30 mg/ 
kg/d) 

Body-weight gain (g) 3.89 ± 1.16 5.30 ± 0.44 3.97 ± 0.32 
Food intake (g) 68.27 ± 2.79 70.47 ± 2.17 67.64 ± 2.21 
Glycemia (mg/L) 2482.86 

± 342.68 
1310.00 
± 164.09 * 

1405.00 
± 93.91 * 

Insulin (ng/mL) 1.42 ± 0.65 2.37 ± 0.54 3.12 ± 0.95 
HOMA-IR index 25.71 ± 11.68 22.79 ± 5.90 34.78 ± 9.37 
Adiponectin (µg/mL) 5.33 ± 0.38 5.81 ± 0.35 5.29 ± 0.28 
Total cholesterol (mg/ 

L) 
1930.08 
± 158.37 

2203.19 
± 184.23 

2524.91 
± 390.50 

HDL-c (mg/L) 913.05 
± 101.69 

755.19 ± 122.00 842.45 
± 185.32 

Non-HDL-c (mg/L) 1591.57 
± 509.26 

1393.85 
± 160.86 

1894.07 
± 350.48 

Triglycerides (mg/L) 1777.89 
± 361.91 

592.05 
± 86.43 * 

517.49 
± 53.24 * 

FFA (nmol/µL) 0.56 ± 0.13 0.52 ± 0.10 0.56 ± 0.04 
ALT activity (nmol/ 

min/mL) 
592.40 ± 83.63 332.70 

± 34.40 * 
323.90 
± 36.00 * 

AST activity (nmol/ 
min/mL) 

11,472.27 
± 1251.06 

6450.91 
± 1075.45 * 

4751.00 
± 987.28 * 

Note. Parameters were measured after a fifteen-days treatment by oral gavage in 
6-h fasted mice. HOMA-IR index =[fasting glucose (mmol/L) × fasting insulin 
(mU/mL)]/22.5). Non-HDL-c (mg/L) = Total cholesterol (mg/L) – HDL-c (mg/ 
L). Data are presented as mean ± SEM of 5–7 independent experiments. 
* P < 0.05 relative to the vehicle-administered control group. Abbreviations: 
ALT = Alanine Aminotransferase; AST = Aspartate Aminotransferase; FFA =
Free Fatty Acids; HDL-c = High-Density Lipoprotein Cholesterol. 
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genes that encode endothelial CAMs and chemokines [34]. In this re
gard, BP-2 inhibited both p38-MAPK and NF-κB activation induced by 
TNFα. 

A deeper analysis using RNA silencing suggested that the inhibitory 
effect of BP-2 on mononuclear cell-endothelium interactions partly 
required RXRα/PPARβ/δ interactions, as RXRα- or PPARβ/δ-silencing 
reversed the inhibitory effect of BP-2 on mononuclear leukocyte arrest 
to dysfunctional endothelium. These findings are in agreement with 
previous reports from our group and others [15,45,46]. As described for 
BP-1 [16], RXRα/PPARα interactions were not involved in the inhibitory 
effect of BP-2 on this parameter. 

PPARα agonists are clinically used in the treatment of hyper
triglyceridemia and other dyslipidemias associated with elevated levels 
of triglycerides [8]. Our findings of a 15-day treatment study of BP-2 in 
ob/ob mice, an animal model of dyslipidemia and T2D, showed that 
while the drug had no effect on total cholesterol, HDL-c or LDL-c levels, 
it reduced circulating triglyceride levels, likely through its PPARα and 
PPARβ/δ agonism and the subsequent modulation of PPAR-related 
target genes [47]. No PPARβ/δ agonists are currently approved for 
clinical use; however, some potential candidates are under clinical trials 
for T2D and dyslipidemic disorders since PPARβ/δ activation modulates 
glucose and lipid homeostasis [4,48]. Additionally, selective PPARγ 
agonists such as TZD, although potent insulin sensitizers and effective 
drugs for T2D treatment, result in several adverse effects that limits their 

use [4]. In contrast to TZD, BP-2 increased neither body weight nor liver 
triglyceride content [49], but it did improve glycemia without affecting 
the HOMA-IR index, insulin and adiponectin levels. While PPARγ acti
vation has been widely described to improve insulin sensitivity, in 
humans and mice, through the up-regulation of adiponectin which re
sults in an insulin level decrease [4,50,51], selective PPARβ/δ activation 
has been associated to hypoglycemic effects without affecting signifi
cantly insulin levels [4,52,53]. Therefore, our results suggest that BP-2 
through PPARβ/δ activation, caused the observed hypoglicemic effects. 
Furthermore, as hepatotoxicity has been identified as a side effect of 
some TZDs [8], it is encouraging that BP-2-treatment decreased ALT and 
AST levels, both recognized as markers of hepatic dysfunction. 

It is now recognized that, in addition to its energy storage functions, 
adipose tissue is also an endocrine organ that produces and secretes 
several mediators that affect insulin sensitivity and systemic inflam
mation. Both WAT and liver inflammation have been associated with the 
accumulation of proinflammatory macrophages and T-lymphocytes [54, 
55]. We found a decrease in the number of macrophages and T-lym
phocytes in the WAT and liver of ob/ob mice after 15 days treatment 
with BP-2, indicating an improvement in the inflammatory state. Like
wise, tissue mRNA expression of relevant cytokines and chemokines 
were diminished in BP-2-treated animals. TNFα is a key cytokine in 
metabolic disorders and cardiovascular complications [56], and the 
reduction of its plasma levels and mRNA expression in WAT and liver of 

Fig. 5. BP-2 reduces the plasma levels of TNFα in ob/ob mice. Ob/ob mice were daily treated with compound BP-2 (10 or 30 mg/kg, orally) for 15 days. Flow 
cytometry analysis of heparinized whole blood co-stained with specific markers for CD4+ lymphocytes (A), CD8+ lymphocytes (B) and monocytes (C), as well as for 
CD69 (A and B) or CD11b integrin (C). Results are expressed as percentage of positive cells or mean fluorescence intensity (MFI). TNFα (D), MCP-1/CCL2 (E), or 
soluble CX3CL1/fractalkine (F) plasma levels (pg/mL or ng/mL) were measured by ELISA. Values are presented as mean ± SEM of 5–7 independent experiments. 
* P < 0.05 relative to vehicle-treated mice. 
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BP-2-treated ob/ob mice highlights the tempering effect of this 
pan-PPAR agonist on the proinflammatory state associated with 
different metabolic disorders. Interestingly, the decrease of 
MCP-1/CCL2 and the increase of CD206 mRNA expression in WAT and 
liver exerted by BP-2 administration suggests the polarization of mac
rophages from a proinflammatory M1-like phenotype to an 
anti-inflammatory M2-like phenotype, which has been associated with 
both PPARβ/δ and PPARγ activation [47,57]. Of note, M2-like macro
phages might regulate systemic glucose metabolism [39] and protect 
against hepatic fibrosis [58]. 

In conclusion, we have designed, synthesized and pharmacologically 
evaluated in vitro and in vivo a new prenylated benzopyran––BP-2––a 
structural analog of the dual PPARα/γ agonist polycerasoidol BP-1 [16]. 
BP-2 displays pan-PPAR agonism with a strong PPARα-, moderate 
PPARβ/δ- and weak PPARγ-activity, which should minimize any 
PPARγ-related adverse effects. BP-2 exerted anti-inflammatory effects in 
vitro, inhibiting the adhesion of mononuclear cells to the dysfunctional 
endothelium through decreased CAM and fractalkine/CX3CL1 expres
sion via p38MAPK/NFκB activation and RXRα/PPARβ/δ interactions. In 
vivo, T-lymphocyte and macrophage infiltration into adipose tissue and 

Fig. 6. BP-2 suppresses the infiltration of T-lymphocytes and macrophages and the mRNA expression of Tnfα, Mcp-1/Ccl2 and Cx3cl1 in WAT of ob/ob mice, and 
increases the mRNA expression of Cd206. Ob/ob mice were daily treated with compound BP-2 (10 or 30 mg/kg, orally) for 15 days, then WAT was dissected for 
histological examination and RNA extraction. Quantification of CD3+ (A and B) or F4/80+ cells (C and D) per mm2 of WAT cross sections by immunofluorescent 
labeling. Immunoreactivity was visualized using Alexa-fluor 488 secondary antibodies (green) and nuclei were stained with Hoechst dye (blue). Scale bar = 100 µm. 
mRNA expression of Tnfα (E), Mcp-1/Ccl2 (F), Cx3cl1 (G) and Cd206 (H) relative to Gapdh in WAT was analyzed by RT-PCR. Values are presented as mean ± SEM of 
5–7 independent experiments. * P < 0.05 relative to vehicle-treated mice. 
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Fig. 7. BP-2 suppresses the infiltration of T-lymphocytes and macrophages and the mRNA expression of Tnfα and Mcp-1/Ccl2 in liver of ob/ob mice, and increases the 
mRNA expression of Cd206. Ob/ob mice were daily treated with compound BP-2 (10 or 30 mg/kg, po) for 15 days, then the liver was dissected for histological 
examination, RNA and protein extraction and triglyceride content determination. Quantification of CD3+ (A and C) or F4/80+ cells (B and D) per mm2 of liver cross 
sections by immunofluorescent labeling. Immunoreactivity was visualized using Alexa-fluor 488 secondary antibodies (green) and nuclei were stained with Hoechst 
dye (blue). Scale bar = 100 µm. mRNA expression of Tnfα (E), Mcp-1/Ccl2 (F), Cx3cl1 (G) and Cd206 (H) relative to Gapdh in liver was analyzed by RT-PCR. Hepatic 
triglyceride content (I, mg/g) was determined by enzymatic measurement of glycerol content. Values are presented as mean ± SEM of 5–7 independent experiments. 
* P < 0.05 relative to vehicle-treated mice. 
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liver of ob/ob mice was markedly reduced and macrophage polarization 
to an anti-inflammatory M2-like phenotype was observed. Finally, these 
effects were accompanied by improvements in glycemia and circulating 
triglyceride levels, key features in reversing MetS. Based on its 
pan-PPAR activity, our study suggest that BP-2 is a new lead compound 
for the treatment of metabolic disorders including atherogenic dyslipi
demia and cardiovascular disease. 
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