1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Funct Foods. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
J Funct Foods. 2015 April 1; 14: 210-214. doi:10.1016/j.jff.2015.01.036.

Decaffeinated Green Tea and Voluntary Exercise Induce Gene
Changes Related to Beige Adipocyte Formation in High Fat-Fed
Obese Mice*

*kk
C,

Sudathip Sae-tan®™, Connie J. RogersP, and Joshua D. Lambert®
aDepartment of Food Science, The Pennsylvania State University, University Park, PA 16802

bDepartment of Nutritional Sciences, The Pennsylvania State University, University Park, PA
16802

¢Center For Molecular Toxicology and Carcinogenesis, The Pennsylvania State University,
University Park, PA 16802

Abstract

We have previously reported that decaffeinated green tea extract (GTE) in combination with
voluntary exercise (Ex) reduces metabolic syndrome in high fat-fed C57BL/6J mice. Here, we
examined for the first time the effect of treatment with 77 mg/g GTE, EX, or both (GTE + Ex) on
genes related to the conversion of white adipose tissue (WAT) to brown fat-like adipose tissue
(BLAT) in this model. GTE+Ex induced genes related to lipolysis (hormone sensitive lipase [3.0-
fold] and patatin-like phospholipase domain-containing protein 2 [2-fold]), mitochondrial -
oxidation (NADH dehydrogenase 5 [2.3-fold], cytochrome B [2.0-fold], and cytochrome C
oxidase Il [1.9-fold increase]), and adipose tissue browning (peroxisome proliferator-activated
receptor-y coactivator-1a [1.8-fold], bone morphogenetic protein 4 [2.6-fold], and phosphatase
and tensin homolog [2.6-fold]) in visceral WAT compared to HF-fed mice. These results suggest
that GTE+Ex function in part by inducing the conversion of WAT to BLAT and provides novel
mechanistic insight into this combination.

* Abbreviations: Bmp4, bone morphogenetic protein 4; EGCG, (-)-epigallocatechin-3-gallate; Ex, voluntary exercise; GTE,
decaffeinated green tea extract; HF, high fat diet; Lipe, hormone sensitive lipase; LF, low fat; mt-Co3, cytochrome C oxidase subunit
I11; mt-Cyth, cytochrome B; mt-Nd5, NADH dehydrogenase 5; PGC1a, proliferator-activated receptor-y coactivator-1a; Pnpla2,
patatin-like phospholipase domain-containing protein 2; PPARYy, peroxisome proliferator-activated receptory; PRDM16, PR domain
containing 16; Pten, phosphatase and tensin homolog; Srebf1, sterol regulatory element-binding protein-1c; Ucpl, uncoupling
protein-1
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1. Introduction

Obesity is a risk factor for chronic disease (Flegal, Carroll, Ogden, & Curtin, 2010). We and
others have previously reported that green tea (Camellia sinensis, Theaceae) and its major
polyphenol (-)-epigallocatechin-3-gallate (EGCG) have obesity preventive effects (Huang
et al., 2009; Zhang et al., 2012). Many mechanisms have been proposed to explain the anti-
obesity effects of green tea including modulation of pancreatic lipase, inhibition of de novo
lipogenesis, and enhanced fatty acid oxidation (Grove, Sae-tan, Kennett, & Lambert, 2012;
Lee, Kim, Kim, & Kim, 2009; Sae-Tan, Grove, Kennett, & Lambert, 2011).

More recently, it has been shown that combination treatment with green tea and exercise
results in greater obesity preventive activity in high fat-fed mice (Murase et al., 2005; Sae-
Tan, Rogers, & Lambert, 2014). Gene expression analysis showed that combination
treatment increased expression of genes related to lipid oxidation and decreased expression
of genes related to de novo lipogenesis in both skeletal muscle and the liver. To date, there
has been no investigation of the effect of this combination on markers of lipolysis, de novo
lipogenesis, and energy utilization in adipose tissue.

It was previously believed that there were two types of adipose tissue: white (WAT) and
brown adipose tissue (BAT). WAT stores energy as TAGs; whereas BAT uses stored
triacylglyceride (TAG)s to generate energy mostly in form of heat (Qian et al., 2013).
Recently, a new form of adipose tissue, known as brown fat-like adipose tissue (BLAT), has
been discovered and identified as a potential target for obesity treatment (Wu, Cohen, &
Spiegelman, 2013). WAT and BLAT adipocytes are derived from two distinct populations
of Pax7~ and Myf5~ precursor cells, whereas BAT adipocytes originate from Pax7* and
Myf5* precursors (Wu, Cohen, & Spiegelman, 2013). BLAT adipocytes have more
mitochondria than white adipocytes and respond to cyclic AMP stimulation in a manner
similar to BAT.

Peroxisome proliferator activated receptor (PPARY, gene: Pparg) in concert with PPARYy
coactivator-1(PGC1a, gene: Ppargcla) controls mitochondrial biogenesis and oxidative
metabolism (Bostrom et al., 2012). PR domain containing 16 (PRDM16), a master regulator
of adipocyte differentiation and involved in both white and brown adipogenesis (Koppen &
Kalkhoven, 2010). Transcriptional activation of PPARY in conjunction with PGC1a and
PRDM16 results in increased expression of genes related to mitochondrial biogenesis and
adaptive thermogenesis, including: uncoupling protein 1 (UCP1), NADH dehydrogenase 5
(mtND5), cytochrome B (mtCYTB), and cytochrome C oxidase subunit Il (mtCO3)
(Bostrom et al., 2012; Wu et al., 2012).

Here, we used samples derived from a larger study to investigate for the first time the impact
of the combination of decaffeinated green tea extract (GTE) and voluntary exercise on the
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expression of genes related to conversion of WAT to BLAT in the high fat-fed C57BL/6J
mice.

2. Materials and Methods

2.1 Chemicals and diets

GTE (per g: 312 mg EGCG, 174 mg (-)-epigallocatechin, 177 mg (-)-epicatechin, and 174
mg (-)-epicatechin-3-gallate) was donated by Nature’s Sunshine Products, Inc (Spanish
Fork, UT, USA). Experimental diets were prepared by Research Diets, Inc (New Brunswick,
NJ, USA) as previously described (Sae-Tan, Rogers, & Lambert, 2014).

2.2 Animals and treatment

Samples used here were generated as part of a larger study to examine the effect of green tea
and exercise on high fat diet-induced obesity (Sae-Tan, Rogers, & Lambert, 2014). This
previous report examined changes in the liver and skeletal muscle. The animal experiment
was approved by the Institutional Animal Care and Use Committee (IACUC#37115). Male
C57BL/6J mice (4 wks, Jackson Laboratories, Bar Harbor, ME, USA) had access to food
and water ad libitum. Mice were randomized to low fat diet (LF, 10% energy from fat,
n=12), high fat diet (HF, 60% energy from fat, n=22), HF supplemented with decaffeinated
green tea extract (7.7 g GTE/Kkg diet, n=22), HF plus access to running wheel (Ex, n=22,
Techniplast, Exton, PA, USA), or HF plus GTE and running wheel (GTE+Ex, n=22) (Sae-
Tan, Rogers, & Lambert, 2014). Mice were treated for 16 wk, food deprived for 7 h (7:00-
14:00 h), anesthetized, and killed by exsanguination. Epididymal AT was harvested, rinsed
with saline, and frozen at —80°C.

2.3 Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

Gene expression analysis in the epididymal AT from treated mice was performed by gRT-
PCR as previously described (Sae-Tan, Rogers, & Lambert, 2014). Total RNA was isolated
from epididymal AT by using the RNeasy Lipid Tissue Mini Kit (Qiagen Inc., Alameda,
CA, USA), quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA), and cDNA was synthesized using reverse transcriptase. PCR was
performed using SYBR Green PCR Master Mix (Thermo Scientific) according to the
manufacturer’s protocol and amplified on an ABI Prism 7000 sequence detection system
(Thermo Scientific). mMRNA levels were normalized to GAPDH and fold-changes were
calculated compared to HF-fed mice. The sequences for the primers used are listed in
Supplemental Table 1.

2.4 Statistical Analysis

All plots show the mean + standard error of the mean. Data were analyzed by One-way
ANOVA with Tukey’s post-test. P < 0.05 indicates statistical significance.

3. Results and Discussion

We and others have previously examined the impact of green tea alone or in combination
with exercise on obesity (Sae-Tan, Rogers, & Lambert, 2014; Zhang et al., 2012). In the
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present study, we examined, for the first time, the impact of treatment with GTE, EX, or the
combination on the expression of genes related to the conversion of WAT to BLAT in high
fat-fed mice.

Analysis of gene expression in the epididymal AT depot showed that GTE+Ex treatment
significantly increased hormone sensitive lipase (Lipe, 3.0-fold) and patatin-like
phospholipase domain containing protein 2 (Pnpla2, 2.0- fold) compared to HF-fed mice
(Fig. 1A and B). These genes encode enzymes that play a critical role in lipolysis and fatty
acid mobilization. Although, a previous study reported that supplementation with EGCG
increased the expression of these genes in AT from high fat-fed mice, the impact of addition
of Ex has not previously been assessed (Lee, Kim, & Kim, 2009). Consistent with these
studies, we observed that GTE alone tended to increase the expression of both genes. We
also found that GTE+EXx increased the expression of sterol regulatory element binding
transcription factor 1 (Srebfl) by 1.8-fold in GTE+EX-treated mice compared to HF-fed
mice (Fig. 1C). This transcription factor plays a key role in de novo lipogenesis, and its
increase by GTE+Ex was counterintuitive (Griffin & Sul, 2004). The ratio of Lipe/Srebfl
mRNA, however, was increased by 65.9% by GTE+EX (Fig. 1D) but no significant change
was observed in GTE- and Ex-treated mice. Our results suggest that the combination favors
lipolysis over lipogenesis in WAT.

An number of studies have focused on the conversion of WAT to BLAT as a treatment
strategy for obesity: exposure to cold or treatment with PPARy agonists have been shown to
induce this conversion (Fisher et al., 2012; Ohno, Shinoda, Spiegelman, & Kajimura, 2012;
Qian etal., 2013; Wu et al., 2012; Wu, Cohen, & Spiegelman, 2013). To date, there have
been no studies on the effect of green tea and exercise on the expression of BLAT-related
genes. BLAT has a larger number of mitochondria than WAT. The expression of mt-Nd5and
mt-Cytb, genes involved in oxidative phosphorylation, was increased in GTE+EX treated
mice by 2.3- and 2.0-fold, respectively (Fig. 2A and B). The expression of mt-Co3 was
significantly increased in GTE+EX treated mice (1.9-fold, Fig. 2C). UCP1 is highly
expressed in BAT and is a marker of the WAT to BLAT conversion (Wu et al., 2012). Ucpl
expression tended to increase in Ex- and GTE+Ex-treated mice, but the effect was not
significant (Fig. 2D). Our results suggest that the effects of the combination of GTE and Ex
on these genes may be due primarily to the Ex.

BMP4 has been reported to play an important role in the conversion of WAT to BLAT in
mice (Qian et al., 2013). BMP4 causes dissociation of the the cytosolic complex between
WNT1 inducible signaling pathway protein 2 and PPARYy transcriptional activator zinc
finger protein 423 (ZFP423). ZFP423 can then translocate into the nucleus and induce
PPARYy transcription (Hammarstedt et al., 2013). The activation of PPARY has been reported
to induce the conversion to BLAT (Ohno, Shinoda, Spiegelman, & Kajimura, 2012). Here,
we report for the first time that expression of Bmp4 was significantly increased by GTE+EX
treatment (2.6- fold, Fig. 3A). The expression of Pparg was increased by 1.8- and 2.1-fold
by Ex and GTE+EX, respectively, compared to HF-fed mice (Fig. 3B). Ppargcla expression
tended to increase in both Ex- (1.3-fold) and GTE+Ex-treated mice (1.8-fold) although this
did not reach statistical significance (Fig. 3C). PGClaq, a transcriptional coactivator of
PPARY has been shown to increase UCP1 expression, mitochondrial biogenesis, and
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oxidative metabolism (Bostrom et al., 2012). Phosphatase and tensin homolog (PTEN) has
been reported to dephosphorylate intermediate molecules in insulin signaling by
counteracting the activity of phosphatidylinositol 3-kinase type I/Akt pathway. Akt-
mediated phosphorylation has been shown to inhibit the transcriptional co-activation activity
of PGCla (Li, Monks, Ge, & Birnbaum, 2007). Pten was increased by 2.0-fold in GTE+EX
treated mice (Fig. 3D).

4. Conclusions

We report for the first time that the combination of GTE and Ex alters gene expression in a
manner suggesting conversion of WAT to BLAT. These results in combination with
previous studies demonstrating the ability of green tea to reduce energy absorption and
increase thermogenesis, provide a more complete understanding of the obesity preventive
effects of GTE alone and in combination with exercise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank Drs. Zachary Bitzer, Sarah Forester, Yeyi Gu, and Tongtong Xu, and Ms. Ling Tao for technical
assistance. This study was funded by NIH grant AT004678 (to JDL).

References

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rashach KA, Bostrom EA, Choi JH,
Long JZ, Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, Hojlund K, Gygi SP, Spiegelman
BM. A pgcl-alpha-dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature. 2012; 481:463-468. [PubMed: 22237023]

Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, Wu J, Kharitonenkov A, Flier JS,
Maratos-Flier E, Spiegelman BM. Fgf21 regulates pgc-lalpha and browning of white adipose
tissues in adaptive thermogenesis. Genes & Development. 2012; 26:271-281. [PubMed: 22302939]

Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in obesity among us adults,
1999-2008. Journal of the American Medical Association. 2010; 303:235-241. [PubMed:
20071471]

Griffin MJ, Sul HS. Insulin regulation of fatty acid synthase gene transcription: Roles of usf and
srebp-1c. IUBMB Life. 2004; 56:595-600. [PubMed: 15814457]

Grove KA, Sae-tan S, Kennett MJ, Lambert JD. (-)-epigallocatechin-3-gallate inhibits pancreatic
lipase and reduces body weight gain in high fat-fed obese mice. Obesity (Silver Spring). 2012;
20:2311-2313. [PubMed: 21633405]

Hammarstedt A, Hedjazifar S, Jenndahl L, Gogg S, Grstdnberg J, Gustafson B, Klimcakova E, Stich
V, Langin D, Laakso M, Smith U. Wisp2 regulates preadipocyte commitment and
ppararfuiactivation by bmp4. Proceedings of the National Academy of Sciences of the United States
of America. 2013; 110:2563-268. [PubMed: 23359679]

Huang YW, Liu Y, Dushenkov S, Ho CT, Huang MT. Anti-obesity effects of epigallocatechin-3-
gallate, orange peel extract, black tea extract, caffeine and their combinations in a mouse model.
Journal of Functional Foods. 2009; 1:304-310.

Koppen A, Kalkhoven E. Brown vs white adipocytes: The ppargamma coregulator story. FEBS
Letters. 2010; 584:3250-3259. [PubMed: 20600006]

Lee MS, Kim CT, Kim IH, Kim Y. Inhibitory effects of green tea catechin on the lipid accumulation in
3t3-11 adipocytes. Phytotherapy Research. 2009; 23:1088-1091. [PubMed: 19107849]

J Funct Foods. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sae-tan et al.

Page 6

Lee MS, Kim CT, Kim Y. Green tea (-)-epigallocatechin-3-gallate reduces body weight with
regulation of multiple genes expression in adipose tissue of diet-induced obese mice. Annals of
Nutrition and Metabolism. 2009; 54:151-157. [PubMed: 19390166]

Li X, Monks B, Ge Q, Birnbaum MJ. Akt/pkb regulates hepatic metabolism by directly inhibiting
pgc-lalpha transcription coactivator. Nature. 2007; 447:1012-1016. [PubMed: 17554339]

Murase T, Haramizu S, Shimotoyodome A, Nagasawa A, Tokimitsu I. Green tea extract improves
endurance capacity and increases muscle lipid oxidation in mice. American Journal of Physiology-
Regulatory, Integrative, and Comparative Physiology. 2005; 288:R708-R715.

Ohno H, Shinoda K, Spiegelman BM, Kajimura S. Ppargamma agonists induce a white-to-brown fat
conversion through stabilization of prdm16 protein. Cell Metabolism. 2012; 15:395-404.
[PubMed: 22405074]

Qian SW, Tang Y, Li X, Liu Y, Zhang Y'Y, Huang HY, Xue RD, Yu HY, Guo L, Gao HD, Liu Y, Sun
X, Li YM, Jia WP, Tang QQ. Bmp4-mediated brown fat-like changes in white adipose tissue alter
glucose and energy homeostasis. Proceedings of the National Academy of Sciences of the United
States of America. 2013; 110:E798-E807. [PubMed: 23388637]

Sae-Tan S, Grove KA, Kennett MJ, Lambert JD. (-)-epigallocatechin-3-gallate increases the
expression of genes related to fat oxidation in the skeletal muscle of high fat-fed mice. Food Funct.
2011; 2:111-116. [PubMed: 21779555]

Sae-Tan S, Rogers CJ, Lambert JD. Voluntary exercise and green tea enhance the expression of genes
related to energy utilization and attenuate metabolic syndrome in high fat fed mice. Molecular
Nutrition and Food Research. 2014; 58:1156-1159. [PubMed: 24375945]

Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, Nuutila P,
Schaart G, Huang K, Tu H, van Marken Lichtenbelt WD, Hoeks J, Enerback S, Schrauwen P,
Spiegelman BM. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human.
Cell. 2012; 150:366-376. [PubMed: 22796012]

Wu J, Cohen P, Spiegelman BM. Adaptive thermogenesis in adipocytes: Is beige the new brown?
Genes & Development. 2013; 27:234-250. [PubMed: 23388824]

Zhang Y, Yu YJ, Li X, Meguro S, Hayashi S, Katashima M, Yasumasu T, Wang JZ, Li KJ. Effects of
catechin-enriched green tea beverage on visceral fat loss in adults with a high proportion of
visceral fat: A double-blind, placebo-controlled, randomized trial. Journal of Functional Foods.
2012; 4:315-322.

J Funct Foods. Author manuscript; available in PMC 2016 April 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Sae-tan et al.

J Funct Foods. Author manuscript; available in PMC 2016 April 01.

Page 7




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sae-tan et al.
4
o)
e
© 37
o o
i
S ,d
O
s
<
= 17
o
E
0_
ST
&
<)
FIGURE 1.

(?)

(C)
d

ab

— ¥
tn =)
1 1

Lipe:Srebf1

(=]

tn
1

0.0-

The effect of GTE, Ex or GTE+EXx on genes related to lipolysis and lipogenesis in the
adipose tissue from high fat-fed mice. Expression of (A) Lipe, (B) Pnpla2, and (C) Sebfl
was determined in the epididymal adipose depot by gRT-PCR. Expression was normalized
to Gapdh. The ratio of Lipeto Srebfl (D) was determined as an indication of lipolysis to

lipogenesis. N = 12 for LF and 22 for other groups. The error bars represent the SEM.
Different superscript letters indicate P < 0.05 by one-way ANOVA with Tukey’s post-test.
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FIGURE 2.
The effect of GTE, Ex or GTE+EXx on genes related to thermogenesis, mitochondrial

function in the adipose tissue of high fat-fed mice. Expression of (A) mt-Nd5,(B) mt-Cytb,
(C) mt-Co3, and (D) Ucpl was determined in the epididymal adipose depot by gRT-PCR.
Expression was normalized to Gapdh. N = 12 for LF and 22 for other groups. The error bars
represent the SEM. Different superscript letters indicate P < 0.05 by one-way ANOVA with
Tukey’s post-test.
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The effect of GTE, Ex or GTE+EXx on genes related to PPARY signaling in the adipose tissue
of high fat-fed mice. Expression of (A) Bmp4, (B) Pparg, (C) Ppargcla, and (D) Pten was
determined in the epididymal adipose depot by gRT-PCR. Expression was normalized to
Gapdh. N = 12 for LF and 22 for other groups. The error bars represent the SEM. Different
superscript letters indicate P < 0.05 by one-way ANOVA with Tukey’s post-test.
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