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Abstract Recent increases in the number of obese indi-

viduals and individuals suffering from lifestyle-related

diseases, such as type 2 diabetes, that accompany obesity

have become a serious social problem. White adipose tis-

sue (WAT) is more than a mere organ for storage of

energy; it is also a highly active metabolic and endocrine

organ that secretes physiologically active substances col-

lectively known as adipokines, including tumor necrosis

factor-a and adiponectin. Dysregulated expression of adi-

pokines in WAT that is hypertrophied by obesity has been

closely associated with the phenomenon of insulin resis-

tance. Therefore, WAT is currently considered to be one of

the tissues that promote lifestyle-related diseases. Reduc-

tion of excess WAT that results from obesity is seen as an

important strategy in preventing and improving lifestyle-

related diseases. This review shows that exercise training

as well as intake of supplements, such as polyphenols, is

one strategy for this, because this regimen can result in

reduction of WAT mass, which affects the expression and

secretory response of adipokines.
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Introduction

Recent changes in human lifestyles, including high-calorie

diets and a lack of physical exercise, have resulted in

increases in the occurrence of obesity [1]. Obesity increa-

ses the risk of so-called lifestyle-related diseases such as

type 2 diabetes and hyperlipidemia, and it is widely known

that obesity and type 2 diabetes are responsible for arte-

riosclerosis [2, 3]. Therefore, strategies for prevention and

improvement of obesity and lifestyle-related diseases are

thought to be an extremely important public health issue.

Many epidemiological studies have shown the pre-

ventive effects of exercise training (TR) and dietary

supplements, including polyphenols, on obesity and life-

style-related diseases; For example, Helmrich et al. [4]

tracked 5,990 male alumni of the University of Pennsyl-

vania and found that, for each 500 kcal increase in energy

expenditure during exercise per week, the risk of devel-

oping type 2 diabetes decreased by 6%. Another study on

21,271 male physicians in the USA over 5 years demon-

strated that the group that exercised to the point of breaking

into a sweat once per week had a lower risk of developing

diabetes [5]. On the other hand, regarding intake of poly-

phenols, such as catechin and procyanidin, subjects who
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maintained habitual catechin-rich tea consumption for

more than 10 years reportedly had a lower percentage of

body fat and a lower waist-to-hip ratio than consumers who

did not [6]. Moreover, a Netherlands cohort study of 4,280

adults showed an inverse relationship between polyphenol

intake over a 14-year period and body mass index (BMI)

increase [7], although BMI varied only slightly with green

tea consumption in 2 Japanese epidemiological studies in

which a negative association was observed between tea

consumption and serum levels of total cholesterol [8, 9]. In

addition, the fact that polyphenols have powerful antioxi-

dative effects implies that they would be effective in

reducing cardiovascular diseases [10, 11]. Reportedly,

polyphenols also inhibit the oxidation of low-density

lipoprotein, identified as a leading cause of arteriosclerosis

[12–14].

The main role of subcutaneous and visceral white adi-

pose tissue (WAT) is supply and storage of energy, which

is carried out by adipocytes within the tissue. Much of the

ingested excess energy is stored within adipocytes in the

form of triglycerides consisting of fatty acids bonded to

glycerol. During exercise, triglycerides within adipocytes

are broken down due to the secretion of catecholamines

(adrenaline and noradrenaline) from the adrenal medulla

and sympathetic nerve peripheries, and the resultant fatty

acids are transported to tissues such as skeletal muscle

(Fig. 1) [15]. However, apart from adipose tissues sup-

plying and storing energy, they also secrete various

humoral factors called ‘‘adipokines’’ that are actively

involved in metabolic reactions. The dysregulated expres-

sion of adipokines due to obesity is known to be closely

related to the onset of lifestyle-related diseases [16–18].

Therefore, WAT is considered to be very important as one

of the tissues that cause lifestyle-related diseases.

This article reviews the effect of TR and the intake of

polyphenols on WAT mass and the expression of adipo-

kines in WAT.

The effect of TR in reducing the amount of WAT

TR is widely known to reduce the weight of subcutaneous

and visceral WAT in experimental animals and humans.

A dose–response relationship has been observed between
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Fig. 1 Effects of exercise training on the adrenergic receptor-

mediated, adipocyte lipolytic response. When b-adrenergic receptor

(b-AR) binds to an agonist and associates with a stimulatory G

protein (Gs), adenylate cyclase (AC) is activated by Gs a subunit

(Gas) and cyclic AMP (cAMP) is produced. cAMP stimulates cAMP-

dependent kinase (PKA), and hormone-sensitive lipase (HSL) is

phosphorylated and activated. The activated HSL hydrolyzes triglyc-

erides (TG). On the contrary, TG degradation is suppressed by the

inhibition of cAMP production by a2-AR through the inhibitory G

protein a subunit (Gai). Insulin inhibits the lipolytic response via

downregulation of cAMP production by activated phosphodiester-

ase 3B. Exercise training (TR) increases the association efficiency of

the b-AR and Gs, and leads to a reduction in the amount of Gi protein.

As a result, sensitivity and reactivity to b-AR agonists increase. FFA
free fatty acid, IRS insulin receptor substrate, PI3K phosphatidylin-

ositol-3 kinase
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the amount of TR and the amount of WAT mass reduction;

that is, relatively vigorous exercise produces a greater

effect [19]. However, detailed mechanisms that regulate

the dose–response relationship with exercise are not well

understood.

One of the reasons for a TR-induced reduction in WAT

mass might be hypotrophy of mature adipocytes [20–26],

which has been associated with greater adipocyte lipolysis

in exercise-trained subjects than in sedentary controls

[27, 28]. TR increases the association efficiency of the

b-adrenergic receptor (b-AR) and stimulatory G protein,

and decreases the amount of inhibitory G protein in the

lipolytic response under the influence of catecholamines

(Fig. 1) [29, 30]. Therefore, sensitivity and reactivity to

b-AR agonists increase. However, the results of the effects

of TR on the number of adipocytes contained in WAT are

controversial. Some studies, including ours, have shown

that WAT in exercise-trained rodents contains significantly

fewer cells than that in sedentary controls [21, 22, 26] or

tends to do so [20], but some have found no significant

difference in adipocyte numbers [23–25]. The difference in

the starting age for TR appears to influence the effects of

TR on adipocyte numbers, because when TR was started at

a very early stage of a rat’s life (0.7–1.1 weeks of age), it

reduced both adipocyte number and size; however, when

TR was started at 9–27 weeks of age, only adipocyte size

was reduced [21–24]. In fact, in our study, the starting age

of the rats (5 weeks old), corresponding to childhood, was

thought to be important for the reduction of adipocyte

numbers by TR [26]. Nevertheless, additional research is

necessary, because reports state that, even when TR is

started at 5 weeks of age, it does not affect adipocyte

number [25]. The TR-induced reduction in the number of

adipocytes appeared not to be due to apoptosis of mature

adipocytes, but rather to suppressed adipocyte differentia-

tion of stromal-vascular fraction (SVF) cells containing

adipose tissue-derived stem cells (ADSC), which are

present in WAT for differentiation into adipocytes, vas-

cular endothelial cells, and the like [26, 31, 32]. Some of

the possible mechanisms for the TR-induced inhibition of

adipogenesis may be enhanced expression of pre-adipocyte

factor-1, which inhibits adipocyte differentiation [33], and

decreased expression of peroxisome proliferator-activated

receptor c, the master regulator of adipocyte differentiation

[34, 35], through upregulation of the protein level of

hypoxia-inducible factor-1a, which is also reported to

inhibit adipogenesis [36], in SVF cells [26] (Fig. 2). Unlike

the case of adipocyte differentiation, the ability of SVF

cells containing ADSC to differentiate into vascular

endothelial cells appears to be retained after TR [37]

(Fig. 2).

Efficacy of polyphenol intake in reducing WAT mass

In recent years, procyanidin has been reported to increase

the lipolytic response and has been found to possess fat-

burning effects [38]. We have also found that lychee-

derived polyphenol stimulates the lipolytic response in

isolated adipocytes from rats through activation of

TR
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Fig. 2 Schematic model for a proposed mechanism of TR-induced

reduction of adipocyte numbers in white adipose tissue. TR

suppresses adipocyte differentiation of stromal-vascular fraction

(SVF) cells containing adipose tissue-derived stem cells (ADSC) in

white adipose tissue (WAT). Possible mechanisms for the TR-

induced inhibition of adipogenesis may be enhanced expression of

pre-adipocyte factor-1 (Pref-1), and decreased expression of perox-

isome proliferator-activated receptor c (PPARc), through upregulation

of the hypoxia-inducible factor-1a (HIF-1a) level in SVF cells.

However, the ability of SVF cells containing ADSC to differentiate

into vascular endothelial cells is retained after TR
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extracellular signal-regulated kinase [39–41]. There are

also reports that polyphenols inhibit adipogenesis [42–44].

This is reflected in animal studies where polyphenol intake

seems to inhibit the increase of WAT that results from a

high-fat diet (HFD) [43–45]. However, as catechin is

reported to promote adipocyte differentiation in human

bone marrow mesenchymal cells [46], the effect of poly-

phenols on the differentiation of adipocytes remains

debatable. Regarding the effects of polyphenol intake on

exercise, combining TR with intake of catechin-laden tea

extract in animal studies seems to additively inhibit

HFD-induced obesity, increase the duration of endurance

exercise, and increase the utilization of lipids [47]. Fur-

thermore, there are reports that have confirmed an

increased lipid oxidation rate in humans during exercise

with the intake of tea extract [48].

The influence of TR on the WAT inflammatory

response

Recently, obesity has been closely associated with low-

grade chronic inflammatory response [16–18]. Indeed, an

increased number of infiltrating macrophages and dysreg-

ulated expression of some inflammation-related adipo-

kines, such as tumor necrosis factor-a (TNF-a) and

monocyte chemoattractant protein-1 (MCP-1), have been

observed in the WAT of obese mice [49–51]. Adipose

TNF-a expression in genetically obese (ob/ob) mice and

obese patients is increased [51, 52] along with the secretion

of TNF-a, which induces insulin resistance in skeletal

muscles and adipocytes [53–55]. In addition, expression of

the gene for MCP-1 is upregulated in the WAT of ob/ob

mice and HFD-induced obese mice, and overexpression of

MCP-1 in adipocytes promotes macrophage infiltration in

WAT [56, 57]. On the other hand, decreased levels of

adiponectin in addition to decreased expression of the gene

for adiponectin in WAT have been observed in the plasma

of obese patients [58, 59]. Because adiponectin induces

fatty acid oxidation and decreases the concentration of

triglycerides in skeletal muscle and liver, reduction of

adiponectin levels is implicated in the onset of type 2

diabetes [60, 61].

This section mainly describes the effect of TR on the

expression of representative adipokines in WAT (Fig. 3).

TNF-a

The effect of TR on the expression of TNF-a in WAT is

controversial; For example, the increased expression of the

gene for TNF-a in the mesenteric visceral WAT of HFD-

induced obese mice is reported to have been inhibited by

self-propelled running exercise in a rotating cage over a

period of 6 weeks [62]. Furthermore, in a similar report

combining HFD with TR by treadmill running, there was

no difference in TNF-a gene expression in visceral WAT

between the HFD group that continued TR for 6 weeks and

the group with HFD alone. After a further 6 weeks, how-

ever, the increased expression of the gene for TNF-a due to

HFD was attenuated by TR [63]. We have reported a

decrease in the TNF-a protein content in the epididymal

WAT of lean rats as a result of treadmill running for

9 weeks [31, 64]. In contrast, Nara et al. [65] subjected

mice to the combination of a high-sucrose diet and TR that

consisted of self-propelled running, and reported an

increase in TNF-a gene and protein expression in mesen-

teric visceral WAT in comparison with a group that had

only a high-sucrose diet. Recently, Lira et al. [66] observed

an increased amount of TNF-a in the mesenteric visceral

WAT of rats subjected to 8 weeks of treadmill TR. In

addition to these animal studies, decreased TNF-a gene

expression has been observed in investigations of subcu-

taneous WAT in morbidly obese humans with average BMI

of 45.8 kg/m2 who underwent a combination of dietary

therapy and TR such as walking 5 times a week for

15 weeks [67]. However, in another study, no change in

Macrophage

Adipocyte

Intake of high-
calorie diets 
Lack of physical
exercise

TNF-αα
MCP-1
IL-6
Adiponectin

WAT

Fig. 3 Model of the

development of chronic

inflammation in WAT.

Adipocytes begin to grow as a

result of factors such as excess

energy intake and lack of

exercise, and MCP-1 is secreted

from these enlarged cells.

Macrophages infiltrate into

WAT by the action of MCP-1,

and as a result, increased

expression of inflammatory

adipokines [TNF-a, MCP-1, and

interleukin-6 (IL-6)] and

decreased expression of anti-

inflammatory adipokines

(adiponectin) occur in WAT
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expression of the gene for TNF-a was observed in the

subcutaneous WAT of obese adults even when body mass

and body fat were reduced after 12 weeks of aerobic

exercise [68].

MCP-1

Similar to TNF-a, conflicting results have been obtained with

regards to MCP-1. An increase in the gene expression of

visceral WAT in mice with obesity caused by HFD was

reportedly inhibited by TR that consisted of running [62, 63].

We have observed a decrease in MCP-1 protein content in

epididymal, retroperitoneal, and subcutaneous WAT of lean

rats as a result of treadmill running for 9 weeks [64]. Nev-

ertheless, in other studies, changes in MCP-1 gene expres-

sion were observed neither in the subcutaneous or visceral

WAT in rats subjected to 4 weeks of self-propelled running

exercise, nor in the subcutaneous WAT of obese humans

subjected to 12 weeks of aerobic exercise [68, 69]. In addi-

tion, there are also cases in which no significant change in

MCP-1 gene expression was seen in WAT as a result of TR

despite a decrease in TNF-a gene expression [67].

Adiponectin

Increased expression of the gene for adiponectin was observed

in the subcutaneous WAT of obese patients who underwent a

combination of dietary therapy and TR such as walking 5

times a week for 15 weeks [67] or aerobic exercise for

12 weeks [68]. However, no effect of TR on adiponectin gene

expression in subcutaneous WAT was observed in an exam-

ination of obese women who were subjected to exercise on an

exercise bike 5 times a week for 12 weeks despite a reduction

in body fat [70]. We observed an increased expression of the

gene for adiponectin in the visceral and subcutaneous adipo-

cytes of rats as a result of 9 weeks of treadmill running [71].

Unexpectedly, Gollisch et al. [69] reported that short-term

(4 weeks) TR by self-propelled running inhibits HFD-

induced upregulation of the adiponectin gene expression in

the subcutaneous WAT of rats. Interestingly, in the present

study, no effect of TR on expression of the gene for adipo-

nectin in visceral WAT was observed.

The effect of TR on macrophage infiltration

into adipose tissue

Macrophage infiltration has been examined by macrophage

marker gene expression in WAT. In a study of mice sub-

jected to HFD and TR by treadmill running for 16 weeks,

Kawanishi et al. [72] reported that the increased expression

of the macrophage marker F4/80 gene observed in the

group with HFD alone was attenuated by TR. Moreover,

decreased gene expression of CD68 and CD14, also

macrophage markers, as a result of a 15-week combination

of TR and dietary therapy has also been observed in human

studies [67]. Nevertheless, in another study, no changes in

the expression of genes for CD68 and CD14 were observed

in the subcutaneous WAT of obese humans subjected to

12 weeks of aerobic exercise [68].

As explained above, conclusions have not necessarily

been reached regarding the influence of TR on the

expression of adipokines in WAT. Therefore, further

studies are required.

The effect of polyphenol intake on the WAT

inflammatory response

Animal and human studies have shown that the intake of

polyphenols improves insulin sensitivity [73–75]. To clar-

ify the reason for this, the effects of polyphenols on the

dysregulated expression of inflammation-related adipo-

kines in the WAT of obese animals and humans are being

examined. The intake of acacia-derived polyphenols by

diabetic-model KKAy mice subjected to HFD suppressed

the increase of visceral WAT mass and the dysregulated

expression of TNF-a and adiponectin in epididymal WAT

[76]. Similarly, we have also reported an attenuation of the

increase in epididymal WAT mass and the abnormal

expression of inflammation-related adipokines (TNF-a and

MCP-1) in mice with the intake of lychee-derived poly-

phenols [44]. Recently, tests where adipocytes and mac-

rophages were co-cultured have suggested that an increase

in TNF-a in the WAT of obese mice is a result of increased

expression of TNF-a in infiltrated macrophages rather than

in adipocytes [77]. We have shown that grape seed-derived

polyphenols attenuate the increase in TNF-a and MCP-1

resulting from this interaction with adipocytes and mac-

rophages [78]. A mechanism for the increased expression

of adiponectin from polyphenols has also been identified;

For example, when resveratrol, a type of polyphenol, is

added to 3T3-L1 adipocytes, the expression of adiponectin

increases with signaling through AMP-activated protein

kinase and Akt/forkhead transcription factor 1 [79]. How-

ever, further studies are required, since no improvements in

the features of metabolic syndrome and no changes in

serum adiponectin values have been observed by green tea/

green tea extract intake in studies targeting the obese [80].

Is the effect of TR on adipokines a result of the decrease

in the amount of WAT?

Some studies have found that the expression of adipokines

is closely associated with adipocyte size; For example,

Skurk et al. [81] separated human adipocytes according to
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their volume, and investigated the relationship between

adipocyte size and adipokine secretion. As a result, adi-

pocyte size showed a positive correlation with the ability to

secrete some adipokines, including leptin, interleukin-6,

and MCP-1. Therefore, one of the main reasons for TR-

induced change in adipokine production is thought to be a

reduction in adipocyte size. However, as for adipokine

production, it is unclear whether TR has effects other than

the reduction of adipocyte size.

Adipocytes have been shown to be reactive oxygen

species (ROS) producing cells, and the increased oxidative

stress in WAT resulting from obesity is suggested to be one

of the causes for the dysregulated expression of inflamma-

tion-related adipokines [82]. We have observed that TR

decreases oxidative stress in visceral WAT through

enhanced protein expression of the antioxidant enzyme

manganese-containing superoxide dismutase and reduced

protein expression of the nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase 2 (NOX2) [31, 64]. There are

many reports that acute exercise enhances the generation of

ROS, and that TR establishes a defense system against

oxidative stress in various tissues [83, 84]. Therefore, we

propose that the adaptation caused by exposure to oxidative

stress that is generated during exercise—TR-induced

enhancement of the antioxidant defense system in WAT—

diminishes oxidative stress, which is another reason for

attenuation of the dysregulated expression of inflammation-

related adipokines (Fig. 4). Furthermore, as the intake of

polyphenols attenuates the abnormal expression of inflam-

mation-related adipokines and increased oxidative stress in

WAT resulting from HFD [44] (Fig. 4), the combination of

TR and polyphenol intake can be an effective tool that

suppresses the adipose tissue inflammatory response.

Conclusions

Due to differences in the results experienced by experi-

mental subjects, the effects of TR and polyphenol intake on

WAT are not consistent among reports found in the liter-

ature. On balance, however, the influence is considered to

be positive; thus, the synergistic effects of TR and poly-

phenol intake as preventive and improvement tools for

obesity and lifestyle-related diseases will probably grow in

importance.
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