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Abstract

Scope—This study evaluated the capacity of dietary catechin (C), quercetin (Q) and the 

combination of both (CQ), to attenuate adipose inflammation triggered by high fructose (HFr) 

consumption in rats and by tumor necrosis factor alpha (TNFα) in 3T3-L1 adipocytes.

Methods and results—In rats, HFr consumption for 6 wk caused dyslipidemia, insulin 

resistance, reduced plasma adiponectin, adiposity, and adipose tissue inflammation. Dietary 

supplementation with 20 mg/kg/d of C, Q and CQ improved all these parameters. In 3T3-L1 

adipocytes, C and Q attenuated TNFα-induced elevated protein carbonyls, increased pro-

inflammatory cytokine expression (MCP-1, resistin), and decreased adiponectin. The protective 

effects of C and Q on adipose inflammation are in part associated with their capacity to: i) 

decrease the activation of the mitogen activated kinases (MAPKs) JNK and p38; and ii) prevent 

the downregulation of PPARγ. In summary, C and Q, and to a larger extent the combination of 

both, attenuated adipose pro-inflammatory signaling cascades and regulated the balance of 

molecules that improve (adiponectin) or impair (TNFα, MCP-1, resistin) insulin sensitivity.

Conclusion—Together, these findings suggest that dietary Q and C may have potential benefits 

in mitigating MetS associated adipose inflammation, oxidative stress, and insulin resistance.
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INTRODUCTION

The metabolic syndrome (MetS) is a complex of interrelated metabolic abnormalities 

including hyperglycemia, dyslipidemia and hypertension, and constitutes a significant risk 

factor for insulin resistance, type 2 diabetes (T2D) and cardiovascular disease [1–3]. 

Fructose consumption has been shown to decrease insulin sensitivity, promote dyslipidemia, 

oxidative stress, and inflammation in rodent models of MetS and in humans [4–7]. 

Moreover, fructose consumption is proposed to contribute to increased visceral adiposity [8–

10].

Increased visceral adiposity promotes adipose tissue dysfunction and plays a significant role 

in the development of MetS. In this regard, adiposity causes an increase in adipose tissue 

pro-inflammatory cytokines such as tumor necrosis factor alpha (TNFα), monocyte 

chemoattractant protein 1 (MCP-1), resistin, interleukin 6, among others and decrease 

release of the insulin sensitizing hormone adiponectin [11]. TNFα is a major activator of 

inflammatory signaling cascades in adipose tissue, including the mitogen-activated protein 

kinases (MAPKs) p38 and c-jun N-terminal kinase (JNK), and downstream of transcription 

factor activator protein-1 (AP-1). Activation of these pathways leads to the transcription of 

pro-inflammatory cytokines which contribute to a cycle of chronic inflammation [12]. 

Furthermore, JNK downregulates the nuclear receptor peroxisome proliferator-activated 

receptor γ (PPARγ), a major regulator of glucose and lipid metabolism in adipocytes [13]. 

Taken together, the events associated with adiposity contribute to inflammation in MetS and 

impairment of insulin signaling.

Recent studies have shown the potential benefits of consumption of flavonoids or 

flavonoids-rich foods or beverages in attenuating adipose inflammation and insulin 

resistance in experimental models of MetS [14, 15]. Catechin (C) and quercetin (Q) are 

among the major flavonoids in plant foods, including beverages such as tea, red wine, and 

cocoa. Flavonoids have a common structure that consists of 2 aromatic rings (A and B) 

linked by a 3-carbon chain usually organized as an oxygenated heterocyclic ring (C ring) 

[16, 17]. Catechin belongs to the flavan family characterized by two benzene rings and a 

dihydropyran heterocycle with a hydroxyl group on carbon 3 (Fig. 1). On the other hand, 

quercetin is a flavonol characterized by (3,3ʹ,4ʹ,5,7-pentahydroxyflavone (Fig. 1). Quercetin 

(0.1% w/w in diet) has been shown to reduce inflammatory cardiovascular risk factors in 

transgenic models of cardiovascular disease [18]. On the other hand, consumption of daily 

green tea containing 582.8 mg of catechins for 12 wk decreases waist circumference and 

visceral adiposity in T2D patients [19]. In addition, both in vivo [20] and in vitro [21], the C 

isomer (−)-epicatechin, inhibits adipose inflammation and mitigates insulin resistance in 

high fructose-induced MetS in rats and in 3T3-L1 adipocytes treated with TNFα. 

Furthermore, we previously observed increased adipose tissue inflammation in high 

fructose-fed rats which was mitigated by chronic administration of red wine, may be 
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attributed in part to its polyphenols content [15]. Importantly, food normally contains a 

variety of flavonoids that may act synergistically in the prevention of adipose tissue 

inflammation and insulin resistance. We hypothesized, that supplementation with C and Q 

and in particular both compounds could attenuate adipose inflammation in high-fructose diet 

induced MetS. Thus, this study investigated the effect of dietary C and Q, two abundant 

flavonoids in fruits and vegetables, and the potential synergistic action of both flavonoids to 

mitigate MetS-associated adipose tissue inflammation. We assessed if dietary chronic 

supplementation with C, Q and the combination of both flavonoids, could prevent adipose 

tissue inflammation and impaired insulin sensitivity associated with chronic high fructose-

feeding in rats. The underlying protective action of C and Q were investigated in vitro using 

3T3-L1 adipocytes.

MATERIALS AND METHODS

Materials

Fructose was purchased from Saporiti Labs., Buenos Aires, Argentina. 3T3-L1 cells were 

obtained from the American Type Culture Collection (Rockville, MA, USA). Cell culture 

media and reagents were obtained from Invitrogen Life Technologies (Carlsbad, CA, USA). 

Antibodies for heterogeneous nuclear ribonucleoprotein A1 (sc-32301), JNK (sc-572), p-

JNK (sc-6254), PPARγ (sc-7273), MCP-1 (sc-1785), TNFα (sc-1351), visfatin (sc-46439), 

β-tubulin (sc-5274); and the oligonucleotide containing the consensus sequence for PPAR 

were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody for adiponectin 

(ADI-905-714-100) was obtained from Stressgen (Farmingdale, NY, USA); p-p38 (9211) 

was obtained from Cell Signaling Technology (Danvers, MA, USA), and resistin (AB 

3371P) was from Millipore (Billerica, MA, USA). PVDF membranes were obtained from 

BIO-RAD (Hercules, CA, USA) and Chroma Spin-10 columns were from Clontech (Palo 

Alto, CA, USA). The ECL Western blotting system was from Pierce (Thermo Scientific, 

Rocford, IL, USA). The oligonucleotides containing the consensus sequence for AP-1 and 

the reagents for the electrophoretic mobility shift assays (EMSA) were from Promega 

(Madison, WI, USA). Quercetin, (+)-catechin, TNFα, β-actin, and all other reagents were 

from the highest quality available and were purchased from Sigma (St. Louis, MO, USA).

Animal studies

All animals studies were conducted in accordance with the Guiding Principles in the Care 

and Use of Animals of the US National Institute of Health. All procedures were approved by 

the Institutional Animal Care and Use Committee of the School of Medical Science, 

University of Cuyo (Protocol approval N° 36/2014). Thirty-day-old male Wistar rats, 

weighing 100–130 g were housed during the experimental period of 6 wk under conditions 

of controlled temperature (21–25°C) and humidity with a 12 hour light/dark cycle.

Rats were randomly assigned to the following 5 groups (6 rats per group): a control group 

(Ctrl), a HFr group that received 10% (w/v) fructose solution in drinking water, and three 

groups in which HFr rats received diets supplemented with either (+)-catechin (C), quercetin 

(Q) or both catechin and quercetin (CQ) in doses of 20 mg/kg body weight of each. 

Flavonoids were added to standard chow, which was prepared three times a week adjusting 
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flavonoids amount according to the weight of the animals. All groups were fed the same 

standard chow rat diet (Gepsa-Feeds, Buenos Aires, Argentina) and water ad libitum. The 

dose of flavonoids was chosen based on previous studies in experimental models of MetS 

[14, 20, 22].

Food intake and liquid consumption were recorded twice per week. After 6 wk of dietary 

interventions, and after an overnight fast, rats were weighed and anesthetized with ketamine 

(50 mg/kg) and acepromazine (1 mg/kg). Blood was collected from the abdominal aorta into 

heparinized tubes. Plasma was obtained after centrifugation at 1,000 × g for 15 min at 4°C. 

Epididymal adipose tissue was collected, weighed, and stored frozen at −80°C until assayed.

Biochemical determinations

Plasma glucose and triglyceride concentrations were determined by enzymatic colorimetric 

methods using commercial kits (GTLab, Buenos Aires, Argentina). Insulin was measured by 

RIA (Coat-A-Count, Siemens, CA, USA) and insulin resistance was assessed using the 

homeostasis model assessment (HOMA-IR) parameter originally described by Mathew et al. 

[23]. HOMA-IR was calculated using the following formula: HOMA-IR (mmol/L × µU/ml) 

= fasting glucose (mmol/L) × fasting insulin (µU/ml) / 22.5.

Plasma thiobarbituric acid reactive substances (TBARS) were determined as previously 

described [15]. This method is based on the reaction between malondialdehyde, a product of 

lipid oxidation, and thiobarbituric acid. ELISA kits against rat and mouse adiponectin 

(Millipore) were used to determine rat plasma and 3T3-L1 secreted adiponectin levels 

according to manufacturer’s protocol.

Cell culture and treatments

3T3-L1 preadipocytes were differentiated as previously described [21]. Briefly, cells were 

maintained in DMEM containing 25 mM glucose, 10% (v/v) fetal bovine serum, 50 U/ml 

penicillin, and 50 µg/ml streptomycin. Confluent cells were then switched to differentiation 

medium containing 20% (v/v) fetal bovine serum, 20 nM insulin and 1 nM triiodothyronine 

for 48 h. Adipocyte differentiation was induced by treating cells for 48 h in differentiation 

medium supplemented with 0.5 µM dexamethasone, 0.5 mM isobutylmethylxanthine, and 

0.125 mM indomethacin. Then, cells were returned to differentiation medium, exhibiting at 

day 12 a fully differentiated phenotype with massive accumulation of fat droplets. 3T3-L1 

adipocytes were treated with 1 and 10 µM catechin, quercetin or both during 4 h, and 

subsequently treated with TNFα (20 ng/ml) for 15 min-24 h depending on the experiment.

Western blots

Epididymal adipose tissue and cell homogenates were prepared as previously described [15, 

21] and protein concentration was measured using the Bradford method [24]. Aliquots of rat 

and cell homogenates containing 25–40 µg protein were denatured with Laemmli buffer, 

separated by reducing 10–12.5% (w/v) polyacrylamide gel electrophoresis, and 

electroblotted to PVDF membranes. Membranes were blotted for 2 h in 5% (w/v) non-fat 

milk, and subsequently incubated in the presence of the corresponding primary antibodies 

(1:1,000 dilution for all the antibodies except for TNFα (1:500)) overnight at 4°C. After 
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incubation for 90 min at room temperature in the presence of the secondary antibody (HRP 

conjugated) (1:10,000 dilution), the conjugates were visualized and quantified by 

chemiluminescence detection. Densitometry analysis was performed using the US National 

Institute of Health Image 1.66 software (Rasband Wayner et al. Division of Computer 

Research and Technology NIH, Bethesda, Maryland, USA).

Protein carbonyl content

Protein carbonyls were determined as previously described [25] with modifications. Briefly, 

cell lysates were mixed with 12% SDS, derivatized by addition of 20 mM 2,4-

dinitrophenylhydrazine (DNP) in 10% (w/v) trifluoroacetic acid. After pH neutralization, 

proteins were resolved using 4–15% Mini-PROTEAN® TGX™ Gel (BioRad), and then 

transferred to PVDF membranes. Immunoblotting of carbonyl groups was performed using 

an anti-DNP antibodies (Sigma). A duplicate membrane was immunoblotted to measure β-

tubulin content to control for loading.

RNA isolation and real-time PCR

RNA was extracted from cells using TRIzol reagent (Invitrogen). cDNA was generated 

using high-capacity cDNA reverse transcriptase and the results were normalized to TATA-

Box binding protein (TBP) as previously described [20]. The following primers were used: 

adiponectin primers, GTTGCAAGCTCTCCTGTTCC (forward), 

TCTCCAGGAGTGCCATCTCT (reverse); visfatin primers, 

CTGTGTCTGTGGTCAGCGAT (forward), ACATAACAACCCGGCCACAT (reverse); 

MCP-1 primers GCCCCACTCACCTGCTGCTACT (forward), 

CCTGCTGCTGGTGATCCTCTTGT (reverse); resistin primers 

CAGAAGGCACAGCAGTCTTG (forward), GACCGGAGGACATCAGACAT (reverse); 

TBP primers, CAGCCTTCCACCTTATGCTC (forward), TGCTGCTGTCTTTGTTGCTC 

(reverse).

Electrophoretic mobility shift assay (EMSA)

Nuclear fractions were isolated as previously described [21]. For the EMSA, the 

oligonucleotides containing the consensus sequences for AP-1 and PPARγ were end-

labelled with [γ-32P] ATP using T4 polynucleotide kinase, and purified using Chroma 

Spin-10 columns. Samples were incubated with the labelled oligonucleotide (20,000–30,000 

cpm) for 20 min at room temperature in 1× binding buffer [5× binding buffer: 50 mM Tris-

HCl buffer, pH 7.5, containing 20% (v/v) glycerol, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM 

DTT, 250 mM NaCl, and 0.25 mg/ml poly(dI-dC)]. The products were separated by 

electrophoresis in a 6% (w/v) non-denaturing polyacrilamide gel using 0.5 X TBE (Tris/

borate 45 mM, EDTA 1mM) as the running buffer. The gels were dried and the radioactivity 

quantified in a Phosphoimager 840 (Amersham Pharmacia Biotech. Inc., Piscataway, NJ).

Statistical Analysis

Data were expressed as mean ± SEM. The statistical significance was assessed by one-way 

ANOVA followed by Bonferroni´s Multiple Comparison post-test. GraphPad Prism version 
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5.00 for Windows (GraphPad Software, San Diego, CA, USA) was used for all statistical 

analysis. Differences were considered significant at p<0.05.

RESULTS

In vivo studies

Animal outcome and metabolic variables—To assess the effects of catechin and 

quercetin supplementation on MetS thirty-day-old rats were fed HFr with or without 20 

mg/Kg/d of C, Q, and the combination of both (CQ) during 6 wk. At the end of the study, 

metabolic parameters were determined as shown in Table 1. Daily food consumption was 

comparable among groups, while daily water intake was higher in the HFr groups than in 

Ctrl rats (p<0.01). Similar to previous studies [15, 20] caloric intake was higher in the four 

groups receiving fructose than in the Ctrl group (p<0.05). No differences were observed in 

body weight among groups. However, HFr diet induced significant increase in epididymal 

adipose tissue compared with the Ctrl group, which was markedly alleviated by co-

administration of C, Q and the combination of both compounds (Table 1).

Fructose consumption during 6 wk led to the development of metabolic alterations 

characteristic of MetS. HFr group exhibited increased plasma triglycerides, insulin 

concentrations, and higher index of insulin resistance (HOMA-IR) compared to Ctrl rats. 

The adverse effects of fructose consumption on these metabolic parameters were mitigated 

by C, Q, and CQ supplementation. In addition, HFr-fed rats exhibited increased plasma 

levels of TBARS, a marker of lipid oxidation and lower concentration of adiponectin that 

were significantly alteretd by C, Q and CQ treatment. Moreover, the combination of C and 

Q had stronger effects on triglycerides and TBARS than C and Q individually.

C and Q attenuate epididymal adipose tissue inflammation in HFr-fed rats—To 

evaluate inflammation in adipose tissue we measured protein levels of adiponection, resistin, 

visfatin, TNFα, and MCP1 in epididymal adipose tissue. Concentrations of all these 

cytokines were significantly higher in adipose tissue from HFr-fed rats compared with the 

Ctrl group (Fig. 2). Supplementation with both C and Q caused a significantly greater 

reduction in resistin and visfatin protein levels than C and Q separately. In addition, only C 

supplementation attenuated MCP1 increase, and the combination of both had no further 

effect, suggesting that the combinatorial effect was due to C. C and Q, and to a greater 

extent CQ significantly decreased HFr-mediated TNFα increase. Moreover, adiponectin 

protein expression was lower in HFr-fed rats than in the Ctrl group, while C, Q and the 

combination of both inhibited this decrease (Fig. 2).

The MAPKs p38 and JNK are activated by oxidative stress, and play a major role in chronic 

inflammation [26]. Accordingly, we evaluated the effects of C and Q supplementation on the 

activation of this pathway in HFr-fed animals. Fructose consumption caused an increase in 

JNK (Thr183, Tyr185) and p38 (Thr180, Tyr182) phosphorylation. Supplementation with C, 

Q and both compounds simultaneously attenuated p-JNK increase, while C and both 

compounds significantly reduced p38 phosphorylation (Fig. 3).
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In vitro studies

To explore the underling mechanism by which dietary C and Q can attenuate inflammation 

in adipose tissue, we used adipocytes challenged with TNFα as a pro-inflammatory 

stimulus. TNFα is one of the main systemic cytokines that is increased in MetS.

C and Q prevent TNFα-reduced adiponectin secretion—3T3-L1 adipocytes were 

differentiated as indicated in methods and adiponectin concentration is serum was 

determined. Stimulation with TNFα for 24 h significantly reduced adiponectin concentration 

(Fig. 4). In addition, treatment with C and Q (1–10 µM) restored adiponectin concentrations 

in a dose-dependent manner. Moreover, incubation with both compounds at 1 and 10 µM, 

prevented TNFα-mediated decrease in adiponectin and levels were comparable to control 

cells (Fig.4A).

Effects of C and Q on pro-inflammatory and anti-inflammatory cytokines in 

3T3-L1 adipocytes—The capacity of C and Q to modulate mRNA and protein expression 

of adiponectin, resistin, visfatin, and MCP1 in 3T3-L1 adipocytes stimulated with TNFα 

was investigated. After incubation with TNFα adiponectin and visfatin protein levels were 

significantly decreased. On the other hand, MCP1 and resistin protein levels were higher 

than controls. Importantly, incubation of cells with either C, Q or both flavonoids, attenuated 

TNFα-induced adiponectin and visfatin decrease and MCP1 and resistin increase (Fig.5 A). 

A similar pattern for mRNA levels was observed for these cytokines (Fig. 5B).

C and Q decreased TNFα-induced oxidative stress, and MAPKs and AP-1 

activation in 3T3-L1—MAPK/AP-1 pathway is in part activated by oxidative stress and 

contributes to the upregulation of expression of pro-inflammatory cytokines and 

downregulates adiponectin. In order to measure an oxidative stress parameter we evaluated 

the oxidative modification of proteins. TNFα increased protein carbonyl in adipocytes, 

while co-incubation with C, Q and CQ attenuates this increase (Fig. 6 A). In addition, TNFα 

caused 2.1-fold increase of JNK and p38 phosphorylation in differentiated adipocytes (Fig. 6 

B). Incubation with C at 1 and 10 µM, and Q at 10 µM prevented TNFα-induced JNK1/2 

and p38 phosphorylation. No further effects were observed by treatment with both C and Q. 

Downstream of p38 and JNK, TNFα increased AP-1-DNA binding in nuclear fractions 

which peaked after 2 h of treatment (Fig. 6 C). While, Q (1 and 10 µM) did not affect 

TNFα-induced AP-1 activation, co-incubation with C, and the combination of both 

flavonoids at 10 µM decreased AP-1-DNA nuclear binding to a similar extent than Ctrl 

alone, indicating that the combinatorial effect was likely due to C (Fig. 6 C).

C and Q attenuate TNFα-mediated suppression of PPARγ in 3T3-L1 

adipocytes—PPARγ plays a central role in the regulation of inflammation and insulin 

resistance. Incubation with TNFα for 2 h decreased (56%) PPARγ-DNA binding in nuclear 

fractions compared with control cells (Fig. 7). C (1 and10 µM) and Q (10 µM), and to a 

larger extent the combination of both flavonoids at 10 µM increased PPARγ-DNA binding 

(Fig. 7 A). Incubation for 24 h with C (1 and 10 µM), Q (10 µM), and the combination of 

both compounds (1 and10 µM) increased nuclear PPARγ protein levels as compared with 

Ctrl and TNFα-treated cells (Fig. 7 B). Together, these findings establish that C and Q could 
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attenuate adipokine deregulation through the modulation of the MAPKs p38 and JNK, AP-1, 

and PPARγ signaling pathways.

DISCUSSION

This study demonstrated that rat dietary supplementation with C, Q and to a greater extent 

the combination of both flavonoids attenuated the adverse metabolic effects associated with 

high fructose consumption: insulin resistance, adiposity, and adipose tissue inflammation. In 

3T3-L1 adipocytes, C, Q, and the combination of both, inhibited TNFα-mediated: i- 

activation of MAPK/AP-1 and expression of pro-inflammatory cytokines; and ii- 

downregulation of major modulators of glucose and lipid metabolism (PPARγ and 

adiponectin)

Consumption of high dietary fructose leads to visceral adiposity and insulin resistance in 

humans and in rats, which is associated to local and systemic inflammation [9, 27, 28]. In 

addition, exposure of primary human preadipocytes to high fructose leads to early 

development of lipid vesicles [29]. HFr-fed rats supplemented with C, Q, and the 

combination of both flavonoids, exhibited decreased visceral adipose tissue and reduced 

adipose inflammation. Indeed C and Q supplementation decreased abdominal obesity in 

human and animal models of MetS [22, 30–32]. These protective effects could be attributed 

to decreased lipid absorption [33], increased fat oxidation [34], modulation of signaling 

pathways involved in inflammation, lipid and glucose metabolism, as well as other 

mechanisms [35, 36].

Adipose inflammation is recognized as a contributor to decreased insulin sensitivity. TNFα 

is the main activator of pro-inflammatory signaling cascades, which regulate the 

transcription of pro-inflammatory genes such as TNFα, MCP1, and resistin, leading to a 

self-feeding inflammatory cycle. Secreted by adipocytes, MCP1 contributes to chronic 

inflammation by stimulating macrophage recruitment into the adipose tissue [37]. Resistin is 

proposed to be a pro-inflammatory cytokine linking obesity with insulin resistance [38]. It is 

also considered an important risk factor for cardiovascular disease in T2D patients [39]. We 

observed an increased expression of TNFα, MCP1 and resistin in the adipose tissue from 

HFr-fed rats, and of MCP1 and resistin in TNFα-treated 3T3-L1 adipocytes. Importantly, 

the observed in vivo and in vitro elevation in cytokines was mitigated by C, Q, and CQ. In 

addition, HFr consumption caused an increase in visfatin expression that was attenuated by 

C and Q supplementation, while in 3T3-L1 adipocytes, TNFα decreased visfatin protein 

expression and mRNA levels. C, Q, and the combination of both, prevented these 

alterations. Visfatin expression increases during adipocyte differentiation, and correlates 

with adiposity in obesity and T2D [40]. However, current evidence on the effects of visfatin 

on inflammation and insulin resistance is controversial and contradictory [41, 42]. MAPKs 

p38 and JNK are in part activated by oxidative stress and are contributors to obesity-

associated insulin resistance and inflammation [26, 43, 44]. In our current in vivo and in 

vitro models of adiposity and inflammation we observed high levels of plasma TBARS, cell 

(protein carbonyls) oxidation, and JNK/p38/AP-1 activation, which were mitigated by C,Q 

and CQ supplementation. This is in agreement with previous findings in 3T3-L1 and human 

adipocytes [21, 45]. Overall, the above results support an anti-inflammatory effect for both 
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C and Q which could be in part mediated by their capacity to diminish oxidative stress-

associated JNK/p38/AP-1 activation.

JNK is a negative modulator of insulin signaling in part throughphosphorylation of IRS1 

[44], and through downregulation of PPARγ [46]. PPARγ is essential for adipose tissue 

development and metabolism and for the regulation of insulin sensitivity and lipogenesis. In 

this regard, exposure of 3T3-L1 adipocytes to high-fructose concentrations suppresses 

adiponectin expression [47]. PPARγ also promotes the transcription of adiponectin, which 

modulates glucose metabolism, fatty acid oxidation and exerts anti-inflammatory actions. 

Also, PPARγ decreases macrophage adipose tissue infiltration and promotes macrophages 

conversion from M1 into an anti-inflammatory M2 phenotype [48]. We observed that TNFα 

downregulated PPARγ, and decreased adiponectin levels in 3T3 adipocytes, effects that 

were mitigated by C and Q. In rats, HFr feeding also caused a decrease in adipose and 

plasma adiponectin levels that was prevented by supplementation with Q, C and the 

combination of both. In line with these findings, we recently observed that (−)-epicatechin, a 

catechin isomer, inhibits TNFα-mediated MAPK activation, PPARγ downregulation, and 

the expression of proteins involved in inflammation in 3T3-L1 adipocytes [21]. Although 

the positive effects of C and Q on PPARγ and adiponectin are consistent, the exact 

underlying mechanisms are still unclear. Several studies report that C and Q 

supplementation promotes adiponectin secretion by PPARγ activation [45, 49, 50], while 

other showed that quercetin enhances adiponectin secretion independently of PPARγ 

activation [51].

Catechin and quercetin are among the most abundant flavonoids present in the human diet, 

and to date there are no studies evaluating the interaction of these two flavonoids on adipose 

inflammation in animal models of diet-induced MetS. Some in vitro studies have shown a 

synergistic effect of catechin and quercetin on the inhibition of collagen-induced platelet 

aggregation and platelet adhesion [52]. C and Q also synergistically inhibit angiotensin II-

induced redox-dependent signaling pathways in vascular smooth muscle cells from 

hypertensive rats [53], while no synergistic effects were observed in pulmonary vascular 

smooth muscle [54]. Other study that evaluated the anti-proliferative effects of quercetin, 

catechin and epicatechin in three different cancer cell lines, showed that only quercetin 

possess anti-proliferative activity [55], suggesting that these compounds may have different 

mechanisms of action. In this regard, dietary flavonoids could exert additive and/or 

synergistic effects through one or more signaling and transcriptional mechanisms [50]. We 

observed both additive and synergistic effects between C and Q. Differences in C and Q 

effects in the in vivo and in vitro models could be due to their in vivo conversion metabolites 

which can have higher or lower activities than the parent compounds.

Our current findings suggest that dietary C and Q, and to a greater extent the combination of 

both flavonoids, can mitigate MetS-associated visceral adipose tissue accumulation and 

adipose inflammation, improving metabolic parameters related to insulin sensitivity. In vitro 

studies (3T3-L1 adipocytes) suggest that these beneficial effects can be in part due to the 

ability of C and Q to attenuate adipokine deregulation through the modulation of the 

MAPKs p38 and JNK, AP-1, and PPARγ signaling pathways. Diets rich in C and Q may 

have a preventive impact in the development of MetS as a consequence of their capacity to 
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regulate cell redox status and to exert anti-inflammatory actions. The selection of dietary 

elements (e.g. fruit, vegetables) enriched in particular flavonoids, could help design diets 

with beneficial effects on MetS development.
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AP-1 activator protein 1

C catechin

Ctrl control

CQ catechin and quercetin

HFr high fructose

JNK c-jun N-terminal kinase

MAPK mitogen-activated protein kinase

MCP-1 monocyte chemoattractant protein 1

MetS metabolic syndrome

PPARγ peroxisome proliferator-activator receptor gamma

Q quercetin

ROS reactive oxygen species

TBARS thiobarbituric acid reactive substances

TNFα tumor necrosis factor alpha

T2D type 2 diabetes
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Figure 1. Chemical structure of C and Q
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Figure 2. Effects of C and Q on adipocytokine protein expression in epididymal adipose tissue 
from high fructose-fed rats

Proteins involved in metabolic regulation and in inflammation were measured in rats fed 

control diets without (Ctrl) or with (HFr) 10% (w/v) fructose in the water, or HFr diets 

supplemented with catechin (C), quercetin (Q) or both (CQ) (20 mg/Kg/d). Adiponectin, 

visfatin, MCP1, resistin, and TNFα protein levels were determined in epididymal adipose 

tissue. Bands were quantified and results were referred to β-actin as loading control, and 

expressed relative to control values. Data represent means ± SEM of 6 rats per group. 

Values having different superscripts are significantly different, p < 0.05, one way ANOVA 

test.
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Figure 3. Effects of C and Q on the activation of the MAPKs p38 and JNK in epididymal adipose 
tissue from high fructose-fed rats

Phosphorylated and total JNK1/2, and p38 protein levels were measured in epididymal 

adipose tissue from rats fed control diets without (Ctrl) or with (HFr) 10% (w/v) fructose in 

the water, or HFr diets supplemented with catechin (C), quercetin (Q) or both (CQ) (20 

mg/Kg/d). Bands were quantified and results expressed as phosphorylated/total protein 

content and expressed relative to control values. Data represent means ± SEM of three-four 

rats per group. Values having different superscripts are significantly different, p < 0.05, one 

way ANOVA test.
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Figure 4. C and Q prevent TNFα-mediated reduced adiponectin secretion from 3T3-L1 
adipocytes

3T3-L1 adipocytes were incubated without or with catechin (C), quercetin (Q) or both 

compounds (Q) (1 and10 µM) for 4 h, and subsequently in the absence or presence of 20 

ng/ml TNFα for further 24 h. Medium adiponectin levels were measured. Data represent 

means ± SEM of three independent experiments. Values having different superscripts are 

significantly different, p < 0.05, one way ANOVA test.
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Figure 5. Effects of C and Q on adipokines proteins and gene expression in 3T3-L1 adipocytes

3T3-L1 adipocytes were incubated without or with catechin (C), quercetin (Q) or both 

compounds (CQ) (1and10 µM) for 4 h, and subsequently in the absence or presence of 20 

ng/ml TNFα for further 24 h. (A) Adiponectin, visfatin, resistin and MCP1protein levels 

were measured by Western blot. Bands were quantified and results were expressed as the 

ratio protein/β-tubulin protein levels, and referred to untreated cell values (1). (B) mRNA 

levels for adiponectin, visfatin, resistin, and MCP-1 were measured by quantitative real-time 

PCR, normalized against TATA-Box binding protein (TBP) and expressed relative to 
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control cells (Arbitrary unit = 1). Data represent means ± SEM of three independent 

experiments. Values having different superscripts are significantly different, p < 0.05, one 

way ANOVA test.

Vazquez Prieto et al. Page 20

Mol Nutr Food Res. Author manuscript; available in PMC 2016 April 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Vazquez Prieto et al. Page 21

Mol Nutr Food Res. Author manuscript; available in PMC 2016 April 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. C and Q prevent TNFα-induced oxidative stress, MAPKs and AP-1 activation in 3T3-
L1 adipocytes

3T3-L1 adipocytes were incubated without or with catechin (C), quercetin (Q) or both 

compounds (CQ) (1 and 10 µM) for 4 h, and subsequently in the absence or presence of 20 

ng/ml TNFα for further 24h to measure protein carbonyls, 15 min (MAPKs) or 2 h (AP-1). 

(A) protein carbonyls were measured as described in methods; (B) phosphorylated and total 

JNK1/2 and p38 protein levels in total cell extracts; (C) AP-1-DNA binding in nuclear 

fractions as determined by EMSA. Bands were quantified and results were referred to 

untreated cell values (Arbitrary unit = 1). For Western blots (B) results were expressed as 
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the ratio phosphorylated/total protein levels. Data represent means ± SEM of three to five 

independent experiments. Values having different superscripts are significantly different, p 

< 0.05, one way ANOVA test.
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Figure 7. C and Q prevent TNFα-induced PPARγ downregulation in 3T3-L1 adipocytes

3T3-L1 adipocytes were incubated without or with catechin (C), quercetin (Q) or both 

compounds (CQ) (1–10 µM) for 4 h, and subsequently in the absence or presence of 20 

ng/ml TNFα for further 2 h (PPARγ-DNA binding) or 24 h (PPARγ). (A) PPAR-DNA 

binding in nuclear fractions as determined by EMSA, and (B) nuclear PPARγ protein levels 

referred to the nuclear content of heterogeneous nuclear ribonucleoprotein (hRNP). (A and 

B) Bands were quantified and results were referred to untreated cell values (Arbitrary unit = 

1). Results are shown as mean ± SEM of three independent experiments. Values having 

different superscripts are significantly different, p < 0.05, one way ANOVA test.
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