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Grape seed extract prevents skeletal muscle
wasting in interleukin 10 knockout mice
Bo Wang1, Guan Yang2, Xingwei Liang1, Meijun Zhu2 and Min Du1*
Abstract

Background: Muscle wasting is frequently a result of cancers, AIDS, chronic diseases and aging, which often links to
muscle inflammation. Although grape seed extract (GSE) has been widely used as a human dietary supplement for
health promotion and disease prevention primarily due to its anti-oxidative and anti-inflammative effects, it is unknown
whether GSE affects muscle wasting. The objective is to test the effects of GSE supplementation on inflammation and
muscle wasting in interleukin (IL)-10 knockout mice, a recently developed model for human frailty.

Methods: Male IL-10 knockout (IL10KO) C57BL/6 mice at 6 weeks of age were assigned to either 0% or 0.1% GSE
(in drinking water) groups (n = 10) for 12 weeks, when skeletal muscle was sampled for analyses. Wild-type C57BL/6
male mice were used as controls.

Results: Tibialis anterior muscle weight and fiber size of IL10KO mice were much lower than wild-type mice. IL10KO
enhanced nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling and inflammasome formation
when compared to wild-type mice. Phosphorylation of anabolic signaling was inhibited, whereas muscle specific
ubiquitin ligase, AMP-activated protein kinase (AMPK) and apoptotic signaling were up-regulated in IL10KO mice.
GSE supplementation effectively rectified these adverse changes in IL10KO muscle, which provide an explanation
for the enhanced muscle mass, reduced protein degradation and apoptosis in GSE supplemented mice compared
to IL10KO mice without supplementation.

Conclusion: GSE supplementation effectively prevents muscle wasting in IL10KO mice, showing that GSE can be
used as an auxiliary treatment for muscle loss associated with chronic inflammation and frailty.
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Background
Muscle wasting is frequently a consequence of cancers,
AIDS, immobilization and fasting [1]. During ageing,
there is a gradual loss of muscle mass and a diminished
capacity to reverse that loss, resulting in weakness and
frailty [2,3]. Currently, there are few options to prevent or
slow down muscle wasting and, thus, there are compelling
reasons to develop new medicines or nutritional remedies
that can maintain skeletal muscle mass [3].
Muscle wasting is frequently associated with chronic

inflammation [4,5]. Polyphenolic compounds are known
for their anti-oxidative and anti-inflammatory effects, and
have preventive or therapeutic effects on a number of
metabolic diseases including obesity, diabetes, hyperchol-
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esterolemia, cardiovascular diseases and cancer [6-12].
Resveratrol, the best studied polyphenol, improves mito-
chondrial function, muscle strength and endurance
capacity by activating silent mating type information
regulation 2 homolog 1 (SIRT1) and AMP-activated
protein kinase (AMPK) [13,14]. However, up to now,
the role of polyphenolic compounds in inflammation
and muscle wasting has not been defined. Grape seed
extract (GSE) is a by-product of the winery and grape
juice industry, which is rich in polyphenolic compounds
[15]. Consistently, GSE is known for its anti-oxidative and
anti-inflammatory effects [16,17], and alleviates oxidative
stress in skeletal muscle [18], which prompted us to
examine the role of GSE in preventing muscle wasting.
Interleukin 10 knockout (IL10KO) mice is a recently

proposed model for studying low-grade inflammation,
multisystemic decline and frailty [19]. IL10KO mice show
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accelerated muscle loss and weakness [20], and also
chronic inflammation, ideal for assessing inflammation
associated muscle wasting and frailty [19,21]. Using this
mouse model, the objective of this study is to test the
effectiveness of GSE in preventing muscle loss in IL10KO
mice and further explore underlying mechanisms.

Methods
Animals and diets
All animal procedures were approved by the Washington
State University Animal Care and Use Committee. Wild-
type (WT) C57BL/6 and homozygous IL-10 deficient
mice (B6.129P2-Il10tm1Cgn/) were initially purchased
from Jackson Lab (Bar Harbor, ME, USA) and then bred
under pathogen-free (SPF) conditions in the Experimental
Animal Laboratory Building at Washington State Univer-
sity. Mice had free access to food (a standard rodent diet)
and drinking water. IL10KO female mice at 6 weeks of
age were randomly assigned into 2 groups (n = 10 for each
group), receiving either 0 or 0.1% GSE (g/ml in drinking
water, equal to ~0.2 mg/g body weight/day) for 12 weeks;
WT female mice aged 6 weeks were used as controls.
Water was changed daily to avoid the possible oxidation
of functional compounds in GSE. There was no difference
for the amount of water and diet consumed among these
groups. Similar dosages of GSE have been used in previ-
ous studies [22,23]. GSE used in this study is a commercial
GSE product (Gravinol-S) purchased from OptiPure
Chemco Industries Inc. (Los Angeles, CA). Per company
product specification sheet, it contains a minimum 95%
flavonols, of which 82% are oligomeric proanthocyanidins
(OPCs), and 12% being the highly active monomeric
OPCs. The composition of GSE was further analyzed by
mass spectrometry in our lab and the major components
include catechin monomer 7.3%, dimer 35.8%, trimer
38.6%, tetramer 12.8%, pentamer 5.4%, and trace amount
of hexamer.

Sampling
Mice were anaesthetized by fluorine inhalation before
euthanization by cervical dislocation. Intact Tibialis an-
terior was isolated from hind legs, weighed before fixing
for paraffin embedding. Gastrocnemius muscle was
isolated and frozen in liquid nitrogen and then stored
under −80°C until analyses.

Antibodies and chemicals
Antibodies against nuclear factor kappa-light-chain-
enhancer of activated B cells (NFκB) p65 (#4764),
phospho-p65 (#3033), Akt (4691), phospho-Akt (#Ser473),
AMPKα (#6707), phospho-AMPKα (#4188), mammalian
target of rapamycin (mTOR) (#2983), phospho-mTOR
(#5536) were purchased from Cell Signaling (Danvers,
MA). NACHT, LRR and PYD domains-containing protein
3 (NLRP3) antibody (PA1665) was purchased from Boster
Biological Technology (Fremont, CA). IRDye 800CW
goat anti-rabbit secondary antibody and IRDye 680 goat
anti-mouse secondary antibody were bought from LI-
COR Biosciences (Lincoln, NE). Caspase-1 Fluorometric
Assay Kit (#K110-100) was purchased from Bio Vision
(Milpitas, CA). Apoptosis Kit TACS® XL DAB (diamino-
benzidine) Kit (#4810-60-K) was purchased from R&D
system (Minneapolis, MN).

Immunoblotting analysis
Immunoblotting analyses were conducted according to
the procedures previously described [24]. Membranes were
visualized by Odyssey infrared imaging system (LI-COR
Biosciences). Density of bands was quantified and then
normalized according to the β-tubulin content.

Quantitative real time PCR
Total mRNA was extracted from Gastrocenemius muscle
using Trizol reagent (Invitrogen, Carlsbad, CA), treated
with deoxyribonuclease, and reverse transcribed into
cDNA using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). Real time-PCR was performed on a CFX
ConnectTM Real-Time PCR detection system (Bio-Rad)
using SYBR Green RT-PCR kit from Bio-Rad. The fol-
lowing cycle parameters were used: 34 three-step cycles
of 95°C, 20 sec; 55°C, 20 sec; and 72°C, 20 sec. Primer
sequences and their respective PCR fragment lengths
were as follows: IL-1β (77 bp), forward 5′- TCGCTCAG
GGTCACAAGAAA-3′ and reverse 5′-CATCAGAGG
CAAGGAGGAAAAC-3′ ; IL-18 (89 bp), forward 5′-
ATGCTTTCTGGACTCCTGCCTGCT-3′ and reverse
5′- GGCGGCTTTCTTTGTCCTGATGCT-3′; tumor
necrosis factor (TNF)α (67 bp), forward 5′- TGGGA
CAGTGACCTGGACTGT-3′ and reverse 5′- TTCGG
AAAGCCCATTTGAGT-3′ ; 18S (110 bp) forward 5′-
TGCTGTCCCTGTATGCCTCT-3′, and reverse 5′-TG
TAGCCACGCTCGGTCA-3′. After amplification, a
melting curve (0.01°C/sec) was used to confirm product
purity, and agarose gel electrophoresis was performed
to confirm that only a single product of the right size
was amplified. Relative mRNA content was normalized
to 18S rRNA content.

Histochemical staining and image analysis
Muscle tissue sections (5 μm) were deparaffinized, rehy-
drated, and used for Masson’s trichrome staining [25],
which stains muscle fibers red, nuclei black, and collagen
blue. Muscle fiber sizes were measured using the ImageJ
software (National Institute of Health, Baltimore, MD)
and at least 400 muscle fibers per animal were measured
(8 images per section and 5 sections at 50 μm interval
per mice). To measure the apoptotic level of skeletal
muscle cells, 8 images per section and 2 sections per
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mice were stained by Apoptosis Kit. Normal cells were
stained blue and apoptotic cells were black. All images
were analyzed at 200 × magnification.

Statistical analysis
All data were analyzed using the GLM procedure of SAS
(SAS Inst. Inc., Cary, NC), pairwise comparison was per-
formed using fisher’s LSD procedure. Arcsine transform-
ation was applied on percentage data before analysis. Mean
values and standard errors of the mean were reported.
P < 0.05 was considered significant.

Results and discussion
IL10KO reduced weight gain when compared to WT
mice, and GSE supplementation improved weight gain
of IL10KO (Figure 1A). The Tibialis anterior muscle
weight of IL10KO mice was lower than that of control
mice, while GSE supplementation attenuated muscle loss
in IL10KO mice (Figure 1B). We further compared the
muscle structure among these treatments. As shown by
Trichrome staining, IL10KO mice had smaller average
fiber diameter (Figure 1C) and more abundant small
Figure 1 GSE prevented the Tibialis anterior muscle weight loss and t
(A) Body weight of mice aged 6 weeks and 18 weeks. (B)Tibialis anterior mus
muscle. (E) Muscle fiber size distribution. (Bars with different letters differ sign
muscle fibers (Figure 1E). However, the muscle fiber size
distribution of GSE treated mice was almost the same as
control mice and no difference in average fiber size was
detected between these two groups. Microscopically, the
muscle fibers in GSE treated mice and control mice were
round and larger than those of IL10KO mice without
supplementation (Figure 1D). These data clearly show
that GSE, despite a low dose, was effective in preventing
muscle loss in IL10KO mice. These data are consistent
with a study showing that epigallocatechin-3-gallate, a
major polyphenolic component in green tea, was effective
in preventing cancer cachexia in mice [26].
Both ubiquitin –proteasome pathway and apoptosis

contribute to skeletal muscle wasting with age [27]. Muscle-
specific ubiquitin ligases, muscle atrophy F box (MAFbx)
and muscle RING finger 1 (MuRF1), are crucial regulators
of myofibrillar protein breakdown [28]. To figure out how
GSE prevented muscle wasting in IL10KO mice, the protein
content of atrogin-1/MAFbx was measured. As expected,
GSE supplementation reduced atrogin-1/MAFbx content in
IL10KO to a level identical with WT mice (Figure 2A).
In addition to protein degradation, apoptosis leads to
he reduction in muscle fiber diameters in IL10 knockout mice.
cle weight. (C) Average muscle fiber diameter. (D) Trichrome staining of
ificantly, P < 0.05; n = 10; mean ± SE).



Figure 2 GSE reduced ubiquitin ligase and caspase-3 expression in IL10 knockout mice. (A) Atrogin-1/Mafbx content by immunoblotting.
(B) Pro-caspase 3 and activated caspase 3 contents by immunoblotting. (Bars with different letters differ significantly, P < 0.05; n = 10; mean ± SE).
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the loss of muscle fibers and myogenic cells. Therefore,
the activation of caspase 3, a primary executing caspase,
was further analyzed. The content of pro-caspase 3 and
activated-caspase 3 were dramatically increased in
IL10KO mice, GSE supplementation reduced caspase 3
content (Figure 2B). Furthermore, 3.2% of nuclei under-
went apoptosis in IL10KO mice, but apoptotic nuclei
were hardly detectable in either GSE treated or WT
mice (Figure 3). Aggregated, these data show that GSE
supplementation strongly counteracted apoptosis and
protein degradation in skeletal muscle of IL10KO mice.
Protein kinase B (Akt) signaling negatively regulates

atrogin-1/MAFbx expression and apoptosis [28-30]. To
explore mechanisms associated with the down-regulation
of protein degradation and apoptosis, we analyzed the
phosphorylation of Akt and mTOR. Excitingly, the
phosphorylation of Akt and mTOR was enhanced in
GSE mice (Figure 4A). As a major growth promoting
signaling pathway, the activation of Akt in the muscle
of GSE mice provides an explanation for the increased
Figure 3 GSE reduced apoptotic nuclear number in IL10 knockout mi
point to nuclei stained black, which were undergoing apoptosis, and boxe
letters differ significantly, P < 0.05; n = 10; mean ± SE).
muscle mass in IL10KO mice. We further analyzed
AMPK, because it had been reported that resveratrol
activates AMPK and improves mitochondria function
of skeletal muscle [13,31]. However, we found that
AMPKα phosphorylation was elevated in IL10KO mice
(Figure 4A), whereas GSE supplementation prevented
AMPKα phosphorylation in IL10KO mice. We had
been expecting the opposite. Nevertheless, these data are
consistent with the observation in aging people, where
AMPK basal activity was enhanced [32], due to compro-
mised cellular energetics [33]. Thus, GSE inhibits AMPK
activity through enhancing mitochondrial function and
cellular energetics in muscle, similar to resveratrol [34].
Chronic inflammation is known to inhibit Akt signaling

and induce muscle wasting [35]. As a chronic inflam-
mation model, IL10KO mice suffer from mild inflam-
mation due to IL-10 deficiency. Akt activation and
reduced muscle wasting in GSE mice is likely due to
the anti-inflammatory effects of GSE. To check whether
the protective effects of GSE on IL10KO mice were via
ce. In situ staining of nuclei undergoing apoptosis (Arrows and circles
s point to nuclei stained blue, which were normal). (Bars with different



Figure 4 GSE activated Akt, mTOR and AMPK signaling in IL10 knockout mice. (A) Representative immunoblots of total Akt, AMPKα, mTOR
and their phosphorylated forms. (B) Quantitative data of total and phosphorylated Akt (C) Quantitative data of total and phosphorylated AMPKα
(D) Quantitative data of total and phosphorylated mTOR (Bars with different letters differ significantly, P < 0.05; n = 10; mean ± SE).
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its anti-inflammatory effects, we analyzed the expression
of inflammatory cytokines. As expected, IL10KO mice had
a high level mRNA expression of IL-18, IL-1β and TNFα
when compared to GSE supplemented and control mice
(Figure 5A). In addition, the phosphorylation of p65, a
key mediator of inflammatory NF-κB signaling, was also
Figure 5 GSE reduced inflammation and inflammasome activation in
(B) Caspase 1 activity (C, D) NF-κB p65 phosphorylation by immunoblotting.
(*P < 0.05; n = 10; mean ± SE). (Bars with different letters differ significantly, P <
reduced by GSE in IL10KO mice (Figure 5C), showing
the down-regulation of inflammation.
The maturation and secretion of IL-1β and IL-18 are

tightly regulated by a diverse class of cytosolic complexes
known as the inflammasome, which is associated with
inflammation [36]. Upon activation, NLRP3 aggregates
IL10 knockout mice. (A) mRNA expression of inflammatory cytokines.
(E, F) Pro-caspase 1 and activated caspase 1 contents by immunoblotting.
0.05; n = 10; mean ± SE).
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with cytosolic oligomers with apoptosis-associated speck-
like protein (ASC) to form inflammasome [37], which
then triggers activation of caspase-1. Caspase-1, in turn
cleaves pro-IL-1β and pro-IL-18 to produce mature IL-
1β, and IL-18 [38]. Here, we found that GSE reduced
the contents of NLRP3, pro-caspase-1 and cleaved cas-
pase-1 in IL10KO mice (Figure 5E); consistently, the
activity of caspase-1 was also reduced in GSE muscle
(Figure 5B). Therefore, GSE inhibited inflammation and
the activation of inflammasome in the skeletal muscle
of IL10KO mice, which is likely associated with the
Figure 6 Mechanisms protecting muscle wasting due to GSE supplem
anti-oxidative capacity of GSE because reactive oxygen
species induces the activation of NLRP3 inflammasome
and inflammation [39].

Conclusions
In summary, to the knowledge of authors, for the first
time, we found that GSE supplementation prevents
muscle loss in a muscle frailty model. The beneficial ef-
fects of GSE on muscle loss are likely derived from the
down-regulation of chronic inflammation, which reduces
protein degradation and apoptosis (Figure 6). Therefore,
entation in IL10 knockout mice.
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GSE administration may be used as an auxiliary thera-
peutic treatment or preventive strategy for inflammation
related muscle wasting and frailty.

Abbreviations
Akt: Protein kinase B; ASC: Apoptosis-associated speck-like protein; GSE: Grape
seed extract; IL-10: Interleukin 10; KO: Knockout; MAFbx: Muscle atrophy F
box; NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells;
TNFα: Tumor necrosis factor α; AMPKα: AMP-activated protein kinase α;
mTOR: The mechanistic target of rapamycin.

Competing interests
All authors are in agreement with the content of the manuscript and declare
no financial or intellectual conflicts of interests regarding this study.

Authors’ contributions
M. Du and M. J. Zhu conceived the study. M. Du, M. J. Zhu and Bo Wang
designed the trial. Guan Yang performed animal feeding and management.
Bo Wang, Guan Yang and Xingwei Liang sacrificed the mice and collected
samples. Bo Wang performed sample analysis and data analysis. Bo Wang
and M. Du wrote and revised the manuscript. All authors read and approved
the final manuscript.

Acknowledgement
This activity was funded, in part, with an Emerging Research Issues Internal
Competitive Grant from the Agricultural Research Center at Washington State
University, College of Agricultural, Human, and Natural Resource Sciences.

Author details
1Department of Animal Sciences, Washington State University, Pullman,
WA 99163, USA. 2School of Food Science, Washington State University,
Pullman, WA 99164, USA.

Received: 4 November 2013 Accepted: 13 May 2014
Published: 20 May 2014

References
1. Jagoe RT, Lecker SH, Gomes M, Goldberg AL: Patterns of gene expression

in atrophying skeletal muscles: response to food deprivation. FASEB J
2002, 16(13):1697–1712.

2. Mosoni L, Malmezat T, Valluy MC, Houlier ML, Attaix D, Mirand PP: Lower
recovery of muscle protein lost during starvation in old rats despite a
stimulation of protein synthesis. Am J Physiol 1999, 277(4 Pt 1):E608–E616.

3. Glass DJ: Signalling pathways that mediate skeletal muscle hypertrophy
and atrophy. Nat Cell Biol 2003, 5(2):87–90.

4. Beenakker KG, Ling CH, Meskers CG, De Craen AJ, Stijnen T, Westendorp RG,
Maier AB: Patterns of muscle strength loss with age in the general
population and patients with a chronic inflammatory state. Ageing Res
Rev 2010, 9(4):431–436.

5. Li H, Malhotra S, Kumar A: Nuclear factor-kappa B signaling in skeletal
muscle atrophy. J Mol Med (Berl) 2008, 86(10):1113–1126.

6. Robich MP, Osipov RM, Nezafat R, Feng J, Clements RT, Bianchi C,
Boodhwani M, Coady MA, Laham RJ, Sellke FW: Resveratrol improves
myocardial perfusion in a swine model of hypercholesterolemia and
chronic myocardial ischemia. Circulation 2010, 122(11 Suppl):S142–S149.

7. Chen Q, Wang E, Ma L, Zhai P: Dietary resveratrol increases the expression
of hepatic 7alpha-hydroxylase and ameliorates hypercholesterolemia in
high-fat fed C57BL/6 J mice. Lipids Health Dis 2012, 11:56.

8. Tome-Carneiro J, Gonzalvez M, Larrosa M, Yanez-Gascon MJ, Garcia-Almagro FJ,
Ruiz-Ros JA, Garcia-Conesa MT, Tomas-Barberan FA, Espin JC: One-year
consumption of a grape nutraceutical containing resveratrol improves
the inflammatory and fibrinolytic status of patients in primary prevention
of cardiovascular disease. Am J Cardiol 2012, 110(3):356–363.

9. Szkudelska K, Szkudelski T: Resveratrol, obesity and diabetes. Eur J Pharmacol
2010, 635(1–3):1–8.

10. Harikumar KB, Aggarwal BB: Resveratrol: a multitargeted agent for
age-associated chronic diseases. Cell Cycle 2008, 7(8):1020–1035.

11. Hogan S, Canning C, Sun S, Sun X, Kadouh H, Zhou K: Dietary
supplementation of grape skin extract improves glycemia and
inflammation in diet-induced obese mice fed a Western high fat diet.
J Agric Food Chem 2011, 59(7):3035–3041.
12. Metzger BT, Barnes DM, Reed JD: A comparison of pectin, polyphenols,
and phytosterols, alone or in combination, to lovastatin for reduction of
serum lipids in familial hypercholesterolemic swine. J Med Food 2009,
12(4):854–860.

13. Price NL, Gomes AP, Ling AJY, Duarte FV, Martin-Montalvo A, North BJ,
Agarwal B, Ye L, Ramadori G, Teodoro JS, Hubbard BP, Varela AT, Davis JG,
Varamini B, Hafner A, Moaddel R, Rolo AP, Coppari R, Palmeira CM, de Cabo R,
Baur JA, Sinclair DA: SIRT1 Is Required for AMPK Activation and the
Beneficial Effects of Resveratrol on Mitochondrial Function. Cell Metab
2012, 15(5):675–690.

14. Dolinsky VW, Jones KE, Sidhu RS, Haykowsky M, Czubryt MP, Gordon T,
Dyck JR: Improvements in skeletal muscle strength and cardiac function
induced by resveratrol during exercise training contribute to enhanced
exercise performance in rats. J Physiol 2012, 590(Pt 11):2783–2799.

15. Shi J, Yu J, Pohorly JE, Kakuda Y: Polyphenolics in grape seeds-
biochemistry and functionality. J Med Food 2003, 6(4):291–299.

16. Pallares V, Fernandez-Iglesias A, Cedo L, Castell-Auvi A, Pinent M, Ardevol A,
Salvado MJ, Garcia-Vallve S, Blay M: Grape seed procyanidin extract reduces
the endotoxic effects induced by lipopolysaccharide in rats. Free Radic Biol
Med 2013, 60C:107–114.

17. Park JS, Park MK, Oh HJ, Woo YJ, Lim MA, Lee JH, Ju JH, Jung YO, Lee ZH,
Park SH, Kim HY, Cho ML, Min JK: Grape-seed proanthocyanidin extract as
suppressors of bone destruction in inflammatory autoimmune arthritis.
PLoS One 2012, 7(12):e51377.

18. Ding Y, Dai X, Jiang Y, Zhang Z, Bao L, Li Y, Zhang F, Ma X, Cai X, Jing L, Gu J:
Grape seed proanthocyanidin extracts alleviate oxidative stress and ER stress
in skeletal muscle of low-dose streptozotocin- and high-carbohydrate/
high-fat diet-induced diabetic rats. Mol Nutr Food Res 2013, 57(2):365–369.

19. Ko F, Yu Q, Xue QL, Yao W, Brayton C, Yang H, Fedarko N, Walston J:
Inflammation and mortality in a frail mouse model. AGE 2012, 34(3):705–715.

20. Walston J, Fedarko N, Yang H, Leng S, Beamer B, Espinoza S, Lipton A,
Zheng HW, Becker K: The physical and biological characterization of a
frail mouse model. J Gerontol a-Biol 2008, 63(4):391–398.

21. Cesari M, Leeuwenburgh C, Lauretani F, Onder G, Bandinelli S, Maraldi C,
Guralnik JM, Pahor M, Ferrucci L: Frailty syndrome and skeletal muscle: results
from the Invecchiare in Chianti study. Am J Clin Nutr 2006, 83(5):1142–1148.

22. Goodrich KM, Fundaro G, Griffin LE, Grant A, Hulver MW, Ponder MA,
Neilson AP: Chronic administration of dietary grape seed extract
increases colonic expression of gut tight junction protein occludin and
reduces fecal calprotectin: a secondary analysis of healthy Wistar Furth
rats. Nutr Res 2012, 32(10):787–794.

23. Belviranli M, Gokbel H, Okudan N, Basarali K: Effects of grape seed extract
supplementation on exercise-induced oxidative stress in rats. Br J Nutr
2012, 108(2):249–256.

24. Zhu MJ, Ford SP, Means WJ, Hess BW, Nathanielsz PW, Du M: Maternal
nutrient restriction affects properties of skeletal muscle in offspring.
J Physiol 2006, 575(Pt 1):241–250.

25. Bonet Ml F, Oliver J, Fau OJ, Pico C, Fau PC, Felipe F, Fau FF, Ribot J, Fau RJ,
Cinti S, Fau CS, Palou A, Palou A: Opposite effects of feeding a vitamin A-
deficient diet and retinoic acid treatment on brown adipose tissue uncoupling
protein 1 (UCP1), UCP2 and leptin expression. 2000. 0022–0795 (Print).

26. Wang H, Lai YJ, Chan YL, Li TL, Wu CJ: Epigallocatechin-3-gallate
effectively attenuates skeletal muscle atrophy caused by cancer
cachexia. Cancer Lett 2011, 305(1):40–49.

27. Henshall DC, Araki T, Schindler CK, Lan JQ, Tiekoter KL, Taki W, Simon RP:
Activation of Bcl-2-associated death protein and counter-response of Akt
within cell populations during seizure-induced neuronal death. J Neurosci
2002, 22(19):8458–8465.

28. Tong JF, Yan X, Zhu MJ, Du M: AMP-activated protein kinase enhances the
expression of muscle-specific ubiquitin ligases despite its activation of
IGF-1/Akt signaling in C2C12 myotubes. J Cell Biochem 2009, 108(2):458–468.

29. Zhou HL, Li XM, Meinkoth J, Pittman RN: Akt regulates cell survival and
apoptosis at a postmitochondrial level. J Cell Biol 2000, 151(3):483–494.

30. Zhang HM, Rao JN, Guo X, Liu L, Zou T, Turner DJ, Wang JY: Akt kinase
activation blocks apoptosis in intestinal epithelial cells by inhibiting
caspase-3 after polyamine depletion. J Biol Chem 2004,
279(21):22539–22547.

31. Park SJ, Ahmad F, Philp A, Baar K, Williams T, Luo H, Ke H, Rehmann H, Taussig R,
Brown AL, Kim MK, Beaven MA, Burgin AB, Manganiello V, Chung JH: Resveratrol
ameliorates aging-related metabolic phenotypes by inhibiting cAMP
phosphodiesterases. Cell 2012, 148(3):421–433.



Wang et al. BMC Complementary and Alternative Medicine 2014, 14:162 Page 8 of 8
http://www.biomedcentral.com/1472-6882/14/162
32. Thomson DM, Gordon SE: Diminished overload-induced hypertrophy in
aged fast-twitch skeletal muscle is associated with AMPK
hyperphosphorylation. J Appl Physiol (1985) 2005, 98(2):557–564.

33. Thomson DM, Brown JD, Fillmore N, Ellsworth SK, Jacobs DL, Winder WW,
Fick CA, Gordon SE: AMP-activated protein kinase response to
contractions and treatment with the AMPK activator AICAR in young
adult and old skeletal muscle. J Physiol 2009, 587(Pt 9):2077–2086.

34. Desquiret-Dumas V, Gueguen N, Leman G, Baron S, Nivet-Antoine V, Chupin
S, Chevrollier A, Vessieres E, Ayer A, Ferre M, Bonneau D, Henrion D, Reynier
P, Procaccio V: Resveratrol induces a mitochondrial complex I-dependent
increase in NADH oxidation responsible for sirtuin activation in liver
cells. J Biol Chem 2013, 288(51):36662–36675.

35. Dogra C, Changotra H, Wedhas N, Qin X, Wergedal JE, Kumar A: TNF-related
weak inducer of apoptosis (TWEAK) is a potent skeletal muscle-wasting
cytokine. FASEB J 2007, 21(8):1857–1869.

36. Latz E: The inflammasomes: mechanisms of activation and function.
Curr Opin Immunol 2010, 22(1):28–33.

37. Ghiringhelli F, Apetoh L, Tesniere A, Aymeric L, Ma YT, Ortiz C, Vermaelen K,
Panaretakis T, Mignot G, Ullrich E, Perfettini JL, Schlemmer F, Tasdemir E, Uhl M,
Genin P, Civas A, Ryffel B, Kanellopoulos J, Tschopp J, Andre F, Lidereau R,
McLaughlin NM, Haynes NM, Smyth MJ, Kroemer G, Zitvogel L: Activation of
the NLRP3 inflammasome in dendritic cells induces IL-1 beta-dependent
adaptive immunity against tumors. Nat Med 2009, 15(10):1170–U1199.

38. Martinon F, Mayor A, Tschopp J: The Inflammasomes: Guardians of the
Body. Annu Rev Immunol 2009, 27:229–265.

39. Tschopp J, Schroder K: NLRP3 inflammasome activation: The convergence
of multiple signalling pathways on ROS production? Nat Rev Immunol
2010, 10(3):210–215.

doi:10.1186/1472-6882-14-162
Cite this article as: Wang et al.: Grape seed extract prevents skeletal
muscle wasting in interleukin 10 knockout mice. BMC Complementary and
Alternative Medicine 2014 14:162.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals and diets
	Sampling
	Antibodies and chemicals
	Immunoblotting analysis
	Quantitative real time PCR
	Histochemical staining and image analysis
	Statistical analysis

	Results and discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References

