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Abstract

Erythropoietin, discovered for its indispensable role during erythropoiesis, has been used in the

therapy for selected red blood cell disorders in erythropoietin-deficient patients. The biological

activities of erythropoietin have been found to extend to non-erythroid tissues due to the

expression of erythropoietin receptor. We previously demonstrated that erythropoietin promotes

metabolic activity and white adipocytes browning to increase mitochondrial function and energy

expenditure via peroxisome proliferator-activated receptor alpha and Sirtuin1. Here we report that

AMP-activated protein kinase was activated by erythropoietin possibly via Ca2+/calmodulin-

dependent protein kinase kinase in adipocytes as well as in white adipose tissue from diet induced

obese mice. Erythropoietin increased cellular Nicotinamide adenine dinucleotide via increased

AMP-activated protein kinase activity, possibly leading to Sirtuin1 activation. AMP-activated

protein kinase knock down reduced erythropoietin mediated increase in cellular oxidative function

including the increased oxygen consumption rate, fatty acid utilization and induction of key

metabolic genes. Under hypoxia, adipocytes were found to generate more reactive oxygen species,

and erythropoietin reduced the reactive oxygen species and increased antioxidant gene expression,

suggesting that erythropoietin may provide protection from oxidative stress in adipocytes.

Erythropoietin also reversed increased nicotinamide adenine dinucleotide by hypoxia via

increased AMP-activated protein kinase. Additionally, AMP-activated protein kinase is found to

be involved in erythropoietin stimulated increase in oxygen consumption rate, fatty acid oxidation

and mitochondrial gene expression. AMP-activated protein kinase knock down impaired

erythropoietin stimulated increases in antioxidant gene expression. Collectively, our findings
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identify the AMP-activated protein kinase involvement in erythropoietin signaling in regulating

adipocyte cellular redox status and metabolic activity.
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1. Introduction

Erythropoietin (EPO) binds to its cell surface receptor, EpoR to promote early erythroid

progenitor cell survival, proliferation and differentiation. EPO is produced in the adult

kidney and regulated by hypoxia inducible factor (HIF). However, EPO signaling is not

restricted to the erythroid lineage and can be found in many non-hematopoietic cells

including endothelial, muscle, adipocytes, cardiovascular and renal tissue (Noguchi et al.,

2008; Teng et al., 2011). EPO stimulation of mitochondrial biogenesis in part by

enhancement of Peroxisome proliferator-activated receptor-gamma coactivator ((PGC)-1α)

was suggested to mediate its cardioprotective activity (Carraway et al., 2010). EPO activity

has also been reported for other non-hematopoietic tissues including brain protection against

ischemia, enhanced neural progenitor production and anti-inflammatory effect (Sakanaka et

al., 1998; Shingo et al., 2001; Tsai et al., 2006). Recently, a metabolic effect of EPO

signaling in adipocytes was reported to provide protection against diet-induced obesity,

increase glucose tolerance and mitochondrial function (Teng et al., 2011; Wang et al.,

2013b). However, the detailed mechanism by which EPO regulates energy expenditure and

metabolic activity still remains open for investigation. Although EPO was reported to

promote metabolic activity of adipocytes via increasing Sirt1 and PGC-1α activity (Wang et

al., 2013b), the involvement of other pathways in EPO/EpoR signaling in adipocytes

remains largely unknown.

AMP-activated protein kinase (AMPK), a serine/threonine kinase, is an evolutionarily

conserved energy metabolic sensor and an important regulator of energy homeostasis.

AMPK can be activated to block body weight gain and increase fatty acid oxidation by

inducing transcription regulators involved in energy homeostasis such as peroxisome

proliferator-activated receptor alpha (PPARα) and peroxisome proliferator-activated

receptor gamma (PPARγ) co-activator 1α (PGC-1α) (Canto and Auwerx, 2009; Giri et al.,

2006; Hardie, 2007; Lage et al., 2008; Rodgers et al., 2005; Towler and Hardie, 2007).

AMPK activator, metformin and thiazolidinediones have shown important therapeutic

benefits in the treatment of type 2 diabetes and metabolic syndrome (Fryer et al., 2002;

Hardie, 2007; Zhou et al., 2001). AMPK is also implicated in the appearance of brown

features and increased mitochondrial activity in white adipose tissue (WAT) via regulating

or interacting with factors such as PR domain containing 16 (PRDM16), a master regulator

of brown fat determination and uncoupled protein 1 (UCP1), a key regulator of brown fat

thermogenesis (Ahmadian et al., 2011; Bostrom et al., 2012; Kajimura et al., 2008; Seale et

al., 2008; Seale et al., 2011; Sun et al., 2011). In addition, AMPK also regulates Sirt1,

another metabolic sensor and a Nicotinamide adenine dinucleotide (NAD+) dependent type

III deacetylase sirtuin, that activates PGC-1α and various substrates including PPARγ
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(Canto and Auwerx, 2009; Canto et al., 2009). We previously demonstrated that EPO

enhances AMPK activity in C2C12 myoblasts, which may mediates the EPO effect to

promote slow muscle fiber specification (Wang et al., 2013a). EPO is also reported to trigger

AMPK activity, leading to enhanced phosphorylation of β common receptor (βCR) and

endothelial nitric oxide synthase (eNOS) to stimulate NO production and, ultimately,

angiogenesis (Su et al., 2012). However, how EPO triggers AMPK activity is still largely

unknown so far.

In this study, we demonstrate a novel action of endogenous EPO in WAT to facilitate energy

expenditure by regulating AMPK via Calcium/calmodulin-dependent protein kinase kinase

(CaMKK). EPO alters cellular nicotinamide adenine dinucleotide (NADH) and NAD+ levels

and modulates NAD+/NADH ratio through regulating AMPK activity, which may lead to

increased Sirt1 activity. EPO mediated activation of AMPK also contributes to energy

expenditure and reduction of hypoxia induced oxidative stress of adipocytes. These effects

of EPO in adipocyte may account for the beneficial metabolic effects of EPO.

2. Materials and Methods

2.1 Animal studies

C57BL/6 mice (4 weeks; NCI-Frederick) were maintained under a 12-hour light/dark cycle

with free access to food and drinking water except as indicated for paired-fed mice. For pair-

fed study, because foods are voluntarily took in animals but not forced to be given, the

intake becomes same when the animals would finish all amounts given. Therefore, amounts

of foods are given according to amounts took by animals having lesser intake. The animal

group having lesser intake is used as “control” and the animal group given the same amount

is called as “pair-fed”. In this study, one group of EPO treated mice had free access to food

while the other was pair-fed to the ad libitum intake of the EPO treated mice. Food intake

was measured before the pair-fed study in the EPO treated mice and the quantity given to

pair-fed mice was constantly adjusted to that of the EPO treated mice. Mice were fed normal

chow (NC) NIH-07 diet (Zeigler Brothers) or high fat diet (HFD) (60 kcal% fat) D12451

(Research Diets Inc.) as indicated and separated into different groups. EPO treatment (3,000

Units/kg; 3 times/week for 2.5 to 5 weeks as indicated, Epoetin alpha, Amgen

Manufacturing, Thousand Oaks, CA) is administrated via subcutaneous injection. The

control and paired-fed mice were injected with PBS as vehicle control. The Animal Care and

Use Committee of the National Institute of Diabetes and Digestive and Kidney Diseases

approved all animal procedures and studies were conducted in accordance to National

Institutes of Health guidelines.

2.2 Cell Culture

Adipocyte differentiation of 3T3-L1 fibroblast cells (ATCC) was induced as described

(Teng et al., 2011). At the beginning of differentiation induction, cells were treated with

EPO, at 5 units/ml (U/ml) or at the dosage indicated, or with vehicle (PBS). 3T3-L1

adipocytes were differentiated with EPO treatment for 9 days. For hypoxia study, the 3T3-

L1 adipocytes were cultured in normoxia (21% O2) or hypoxia (2% O2) condition for 24

hours or 48 hours or indicated time with or without EPO treatment. PGC-1α expression
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vector was purchased from Origene and transfected into 3T3-L1 adipocytes using

Lipofectamine ™2000 (Invitrogen).

2.3 NAD+/NADH determination Assays

NAD+ and NADH levels were determined according to instructions provided with the

NAD+/NADH assay kit purchased from Biovision. Briefly, wash cells with cold PBS. Pellet

cells for each assay in a micro-centrifuge tube and extract with NADH/NAD+ Extraction

Buffer and transfer the extracted NADH/NAD+ supernatant into a labeled tube. To detect

total NADt (NADH and NAD+), transfer 50 μl of extracted samples into labeled 96-well

plate. To detect NADH, NAD+ needs to be decomposed before the reaction. To decompose

NAD+, aliquot 200 μl of extracted samples into eppendorf tubes. Heat to 60°C for 30 min.

Cool samples on ice. Quick spin the samples to remove precipitates if precipitation occurs.

Transfer 50 μl of NAD+ decomposed samples into labeled 96-well plate. Prepare a NAD+

Cycling Mix for each reaction and add 100 μl of the mix into each well of NADH Standard

and samples. Incubate the plate at room temperature for 5 Min. Add 10 μl NADH developer

into each well. Let the reaction cycling at room temperature for 1 to 4 hrs or longer. Read

the plate at OD 450 nm. The reactions can be stopped by adding 10 μl of Stop Solution into

each well. For unspiked samples, apply the sample readings to NADH standard curve. The

amount of NADt or NADH in the sample wells can then be calculated. NAD+/NADH Ratio

are calculated as: (NADt – NADH)/ NADH.

2.4 Measurement of reactive oxygen species

At the beginning of differentiation induction, 3T3-L1 adipocytes were treated with EPO

(5U/ml) or with vehicle (PBS). 3T3-L1 adipocytes were differentiated with EPO treatment

for 9 days. At the 9th day, 3T3-L1 adipocytes were incubated in normoxia (21% O2) or

hypoxia (2% O2) for 4 hours without or with EPO treatment (5U/ml). Then 3T3-L1

adipocytes were incubated with 5uM CellRox Green (Invitrogen Corp) for 30 min. After

washes, fluorescence was determined at 485/520 nm and normalized to protein

concentration.

2.5 Quantitative Real-time RT- PCR

To follow MIQE guideline (Bustin et al., 2009), total RNA extracted from cells or tissues

using TRIzol (Invitrogen) was treated with Turbo DNase (Ambion) and 2 μg was reverse

transcribed in 40μl volume system (QuantiTect Reverse Transcription Kit (Qiagen)) for

quantitative PCR assays. Displaying the integrity of RNA by checking multiple major rRNA

bands and other high copy RNAs using electrophoresis method. Quantitative real-time PCR

analyses were carried out using gene-specific primers (working concentration at 250nM)

(the sequence of primers were listed in the Table S1) in a 7900 Sequence Detector (PE

Applied Biosystems, Foster City, CA). The PCR running procedure is: 4mins denature at

95°C, followed by 40 cycles of 95°C denature for 30 seconds and 60°C annealing and

extension for 1min. The fluorescent signals were collected for each cycle. Then the data

were analyzed using Applied Biosystems Real-Time PCR analysis software SDS-2.2. For

relative mRNA quantification of all genes (Idh3α, CytC, Cpt-1, Pgc-1α, SOD, Gpx, and
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Catalase), SYBR green real-time RT–PCR was used with normalization to housekeeping

geneS16 as an internal control.

2.6 Western Blotting

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors

(Sigma-Aldrich). Lysates were sonicated for 1 min and centrifuged at 14, 000 × g for 10 min

at 4 °C. Lysates were resolved by 4–20% Tris-glycine SDS/PAGE and transferred to

nitrocellulose membranes. Total AMPKα and p-AMPKα antibodies, total ACC and p-ACC

antibodies (Cell Signaling Technology) and pan acetylated lysine (4G12) antibody and

PGC-1α antibody (Millipore), SOD, Gpx, Catalase and β-actin (Santa Cruz Biotechnology)

were used for Western blotting. Horseradish peroxidase conjugated secondary antibody and

the Amersham ECL Advance Western Blotting Detection System (GE Healthcare Bio-

Sciences Corp) were used. Quantitative analysis was performed by measuring integrated

density with the NIH image J system and normalized with β-actin.

2.7 Oxygen Consumption and fatty acid oxidation

A Seahorse Bioscience XF24-3 Extracellular Flux Analyzer was used to measure the oxygen

consumption rate and fatty acid oxidation. 3T3-L1 adipocytes were seeded in XF24-well

microplates at 2.5 × 104 cells per well. Respiration was measured under different conditions.

To assess fatty acid oxidation, DMEM media containing 11 mM glucose and 0.5 mM

carnitine was employed as an assay media, and sodium palmitate was administered at a final

concentration of 200 μM. All media included 2mM L-glutamine.

2.8 RNAi

For knockdown experiments, siRNAs specific for LKB1 (“Smart Pool” of several siRNAs

selected by Dharmacon) and AMPKα (“Smart Pool” of several siRNAs selected by

Dharmacon) and negative control siRNA: 5′-AAUUCUCCGAACGUGUCACGU-3′

(Thermo Scientific Dharmacon) were transfected into 3T3-L1 adipocytes via DharmaFECT

transfection reagent.

2.9 Statistical analyses

Values are expressed as mean ± SEM. Comparisons between two groups were made using

two-tailed non-paired Student’s t-test. Statistical differences between three or more groups

were evaluated by one-way analysis of variance (ANOVA) with Dunnet’s multiple

comparison post hoc tests at α = 0.05. A P value of italic> 0.05 was regarded to be

statistically significant.

3. Results

3.1. EPO increases AMPK activity in adipocytes

AMPK activation is able to increase fatty acid oxidation and increase the NAD+/NADH

ratio (Canto et al., 2009). To determine if AMPK activity is involved in adipocyte response

to EPO, 3T3-L1 preadipocytes were allowed to differentiate for 9 days and then treated with

EPO. We found EPO stimulation increased AMPKα activity reflected in the two-fold
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increase in the ratio of phosphorylated AMPKα to total AMPKα (p-AMPKα/AMPKα),

while total AMPKα protein levels remained unchanged (Figure 1A).

EPO treatment can protect mice from diet induced obesity (DIO) (Teng et al., 2011; Wang et

al., 2013b). To test if EPO can increase AMPK activity in vivo, we treated DIO mice with

EPO and found EPO treatment increased AMPKα phosphorylation in inguinal subcutaneous

white fat tissue (S-WAT) and visceral white fat tissue (V-WAT) (Figure 2B) compared to

vehicle treatment. We previously found that EPO treatment in DIO mice reduces food

intake. To demonstrate that the increase in AMPK activity is beyond that due to the loss of

body weight from decreased food intake, we performed pair-fed studies in DIO mice based

on the amount of food ingested with EPO treatment. Importantly, EPO treatment increased

AMPKα phosphorylation in S-WAT and V-WAT (Figure 2B) but not in vehicle treated and

pair-fed DIO mice, suggesting that EPO effect on increased AMPK activity is not body

weight dependent.

3.2. EPO regulated cellular redox status and PGC-1α acetylation is mediated by AMPK

As a master regulator of metabolic activity, AMPK activity was investigated to determine if

EPO effects are mediated by AMPK. We previously demonstrated EPO increased the

NAD+/NADH ratio (Wang et al., 2012; Wang et al., 2013b). Here, we observed that

inhibition of AMPK activity using AMPK activity inhibitor Compound C partially

attenuated the EPO stimulated increase in NAD+/NADH ratio in 3T3-L1 adipocytes (Figure

2A). As a dominant transcriptional cofactor regulating mitochondrial biogenesis and

metabolic activity in WAT (Bostrom et al., 2012; Lagouge et al., 2006; Seale et al., 2011;

Wu et al., 1999), PGC-1α is activated by its deacetylation (Rodgers et al., 2005). We

observed that EPO treatment of 3T3-L1 adipocytes with overexpressed PGC-1α decreased

acetylation of PGC-1α (Wang et al., 2013b). Sirt1, a family member of sirtuins, is a NAD+

dependent deacetylase and responsible for PGC-1α deacetylation (Rodgers et al., 2005). We

found that in 3T3-L1 adipocyte with PGC-1α overexpression, Compound C treatment also

partially attenuated EPO induced PGC-1α deacetylation (Figure 2B), suggesting that AMPK

may be involved in the EPO activity of modulating NAD+/NADH ratio and regulating

PGC-1α activity. The activity of AMPK downstream molecular acetyl-CoA carboxylase

(ACC) was also increased by EPO as indicated by increased phosphorylation of ACC

(Figure 2C). Compound C impaired the EPO stimulated increase in ACC phosphorylation at

a dose-dependent manner (Figure 2C). These in vivo and in vitro findings link EPO activity

for the first time to AMPK signaling in adipocytes and identify EPO as a novel regulator of

AMPK activity independent of changes in body weight. EPO mediated activation of AMPK

may also explain increased expression and activity of PGC-1α by EPO (Wang et al., 2013b)

since PGC-1α is an AMPK downstream target (Canto et al., 2009; Jager et al., 2007). It is

interesting to note that we used different dosage of EPO combined with Compound C to

stimulate the adipocytes and found that 5U/ml EPO treatment exhibited better effect

compared with increased dosage of 10U/ml, which is consistent with our previously

published observations (Teng et al., 2011; Wang et al., 2013b). However, increased dosage

of Compound C did not display significant impairment of EPO modulated NAD+/NADH

ratio and deacetylation of PGC-1α although increased Compound C showed increased

inhibition of EPO mediated AMPK activity as indicated by abolished phosphorylation of
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AMPK direct target, ACC at a dose-dependent manner. These data suggest that EPO

modulated NAD+/NADH ratio and regulated Sirt1 activity may be partially mediated by

AMPK activity in adipocytes and some unknown pathways could be involved in the EPO

activity in adipocytes.

3.3. CaMKK is involved in the EPO effect on the AMPK activity

Two upstream kinases have been reported to activate AMPK activity, LKB1 and Ca2+/

calmodulin-dependent kinase kinase (CaMKK) (Hawley et al., 2005; Woods et al., 2005;

Woods et al., 2003). In erythroblasts and myoblasts, EPO can stimulate intracellular

cytosolic calcium concentration [Ca2+]i (Miller et al., 1989; Ogilvie et al., 2000). Therefore,

we investigated AMPK activity in the adipocytes treated with EPO in conjunction with

CaMKK inhibitor STO-609 treatment or knock-down of LKB1 (Figure S1A). We found that

activation of AMPK by EPO was impaired by CaMKK inhibition (Figure 3A). However,

knock-down of LKB1 did not affect AMPK activation by EPO (Figure 3A), indicating that

EPO may activate AMPK via CaMKK but not LKB1. We demonstrated that in adipocytes,

EPO enhanced mitochondrial gene expression and cellular oxygen consumption rate (OCR)

(Wang et al., 2013b), which can result in increased mitochondrial activity and metabolic

activity. However, CaMKK activity inhibition also impaired EPO mediated increase in

mitochondria metabolic genes and OCR (Figure 3B and C), but LKB1 knockdown did not

(Figure S1B and C). Taken together, these data indicate that EPO may activate AMPK

possibly via CaMKK but not LKB1 pathway. However, the substrates of CaMKK include

CaMK I and CaMK IV in addition to AMPK (Soderling, 1999), we cannot rule out the

possibility that STO-609 blocked EPO activity may be mediated by some other pathways.

Further study will help to illustrate the relationships among EPO, CaMKK and its

downstream signal pathways including AMPK.

3.4. EPO alleviates the oxidative stress of adipocytes under hypoxia

Obesity is associated with insulin resistance and type 2 diabetes. Adipose tissue in obese

mice is in hypoxia and local hypoxia in adipose tissue increases Endoplasmic reticulum

stress responsive marker genes (Hosogai et al., 2007; Jiang et al., 2011). Hypoxia has been

shown to activate AMPK via the inhibition of mitochondrial respiration or oxidative stress

(Gusarova et al., 2011; Liu et al., 2006; Mungai et al., 2011). It was also reported that

hypoxia can reduce mitochondrial activity and number (Qatanani and Lazar, 2007). In

addition, the mitochondrial respiration and biogenesis are also inhibited by hypoxia (Kim et

al., 2006; Zhang et al., 2007). The number of mitochondria in adipose tissue is also reduced

in obese individuals (Keijer and van Schothorst, 2008). Furthermore, CaMKK-mediated but

not AMP and LKB1 dependent AMPK activation was associated with hypoxia (Gusarova et

al., 2011; Mungai et al., 2011). EPO which is hypoxia inducible, can stimulate intracellular

cytosolic calcium concentration [Ca2+]i in erythroblasts and myoblasts (Miller et al., 1989;

Ogilvie et al., 2000). We have reported that EPO increased oxygen consumption rate under

hypoxia (Wang et al., 2013b). Here, we observed that hypoxia (2% O2) increased AMPK

activity and EPO further elevated AMPK activity as shown by increased AMPKα

phosphorylation under hypoxia (Figure 4A). Interestingly, the intracellular NAD+/NADH

ratio in differentiated 3T3-L1 adipocytes cultured under hypoxia (2%O2) for 24h was

dramatically decreased due to an increase in NADH level (Figure 4B) which is consistent
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with reports of the hypoxia induced increase in intracellular NADH levels by inhibiting

NADH oxidation and thereby decreasing the NAD+/NADH ratio (Di et al., 2010; Nyengaard

et al., 2004). EPO treatment abrogated the increase in NADH level at hypoxia and increased

the NAD+/NADH ratio by about 150% compared with untreated culture at hypoxia (Figure

4B). EPO also increased the NAD+ level that further contributes to the increase in the

NAD+/NADH ratio compared with untreated cultures (Figure 4B). It is possible that the

increased EPO response at hypoxia activates AMPK activity to counteract the obesity and

resultant inhibition of mitochondrial respiration.

Insulin resistance has been associated with the generation of reactive oxygen species (ROS)

and hypoxia can induce ROS production in 3T3-L1 adipocytes (Regazzetti et al., 2009). The

induced systemic oxidative stress in accumulated fat can partially cause dysregulation of

adipocytokines and development of metabolic syndrome (Furukawa et al., 2004). To

investigate if EPO reduces the oxidative stress in adipocytes, we incubated 3T3-L1

adipocytes under hypoxia condition (2% O2) for 4 hours. We then monitored the formation

of ROS using a fluorogenic probe in Live cells (CellRox Green oxidative stress reagent,

Invitrogen). Hypoxia stimulated the generation of ROS and the production of ROS was

reduced by EPO (Figure 4C). Next we investigated the expression of antioxidant enzymes

including superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase in 3T3-

L1 adipocytes cultured under hypoxia for 48h. The expression of these antioxidant enzymes

were down-regulated by hypoxia but elevated by EPO stimulation in 3T3-L1 adipocyte

compared with the 3T3-L1 adipocyte without EPO treatment (Figure 4D). At hypoxia, the

protein levels of these antioxidant enzymes were also higher in EPO stimulated adipocytes

(Figure 4E). The increased oxidative stress in accumulated fat in obese mice was also

reported and recognized as an early instigator of metabolic syndrome (Furukawa et al.,

2004). Here we found that the amounts of antioxidant factor SOD, Gpx and Catalase were

decreased in WAT in DIO mice and that EPO treatment enhanced their protein levels

(Figure 4F). Increased ROS production in excessively accumulated fat may promote ROS in

circulating blood and harmfully affect other organs including skeletal muscle, liver and

cardiovascular system. Here, the demonstrated effects of EPO imply that EPO can alleviate

the oxidative stress in accumulated fat to offset the adverse effect of ROS.

3.5. EPO response requires AMPK in adipocytes

To determine whether AMPK activity is required for EPO stimulation of mitochondrial

activity including both oxygen consumption and fatty acid oxidation, and the relieving effect

from oxidative stress in adipocytes, we knocked down AMPKα (Figure 5A), a catalytic

subunit and primary regulator of AMPK activity in adipocytes (Daval et al., 2005; Lihn et

al., 2004). EPO increased basal oxygen consumption rate (OCR) in 3T3-L1 adipocytes

(Figure 5B). The EPO-stimulated increase in OCR was still evident in the presence of

oligomycin (OM), which uncouples phosphorylation from mitochondrial respiration by

blocking mitochondrial complex V, and with treatment of carbonyl cyanide p-

trifluoromethoxy phenylhydrazone (FCCP), which is used to assess maximal oxidative

phosphorylation capacity. Indeed, knock down of AMPKα in 3T3-L1 adipocytes attenuated

the EPO effect on the increased oxygen consumption rate and fatty acid oxidation (Figure

5B and C). The EPO-driven increased expression of genes related to mitochondrial function,
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including CytC and IDH3a, was prevented by reduction in AMPKα (Figure 5D). EPO

induction of fatty acid utilization gene, CPT-1, and PGC-1α (PPARgc1) gene expression

was also attenuated by decreasing AMPKα (Figure 5D), indicating that EPO activity on

energy expenditure and mitochondrial function is, at least in part, dependent on AMPK

activity in adipocytes. Under hypoxia, the increased expression of antioxidant enzymes

SOD, Gpx and catalase by EPO were impaired by AMPKα knockdown (Figure 5E). These

observations indicate AMPK is an essential mediator of EPO function in adipocytes.

Taken together, these data highlight a potential regulatory mechanism of EPO activity via

regulating the energy sensor AMPK in adipocytes to either regulate metabolic activity or

release the oxidative stress caused by increased ROS in adipocytes.

4. Discussion

In this study, we provide evidence to suggest that in white adipocytes, AMPK

phosphorylation is activated in response to EPO, possibly through the CaMKK pathway, to

modulate the redox status as reflected by changed NAD+/NADH ratio resulting in

stimulation of downstream Sirt1 deacetylation activity and other metabolism related factors

including PGC-1α (Figure 6). AMPK is required for EPO effect including increasing

metabolic activity and reducing oxidative stress in vitro in adipocytes and in vivo in obese

white adipose tissue.

Multiple hormones including IL-6, leptin and adiponectin have been indicated to activate the

AMPK activity in adipose tissue (Kelly et al., 2004; Orci et al., 2004; Wu et al., 2003).

However, our analysis of WAT indicates that expression of these hormones is not affected

by EPO signaling (Teng et al., 2011), suggesting that EPO could activate AMPK through

other pathways. EPO binding in hematopoietic cells induces tyrosine phosphorylation of

several proteins including EpoR itself and possibly calcium channel proteins (Miller et al.,

1989). EPO has also been shown to cause a Ca2+ influx in human erythroblasts, the neuronal

cell line (PC12), vascular endothelial cells and in myoblasts but not in myotubes (Masuda et

al., 1993; Miller et al., 1989; Ogilvie et al., 2000; Vogel et al., 1997). Importantly, our

current study uncovered how EPO activates AMPK in adipocytes as our data showed that

inhibited CaMKK impaired EPO stimulated AMPK activity but knock down of LKB1 did

not have influence on the EPO effect. It is likely that EPO stimulation causes a rapid

calcium influx and increased calcium influx may activate CaMKK activity, leading to

increased AMPK activity. Also, our finding that AMPK mediates EPO activity in

modulating redox status and regulating energy metabolic activity in adipocytes expands the

relationship between EPO signaling and AMPK activity to multiple tissues in addition to our

previously revealed skeletal muscle (Wang et al., 2013a) and suggests a possibly widespread

involvement of EPO in AMPK mediated energy sensing network.

It was demonstrated that EPO regulated Sirt1 activity is involved in PPARα activity in

adipocyte response to EPO (Wang et al., 2013b). EPO regulated Sirt1 activity in adipocytes

may be via changed NAD+ level and NAD+/NADH ratio. However, the mechanism by

which EPO affects NAD+ level and NAD+/NADH ratio remains unknown. Our results here

demonstrated that EPO activated AMPK can increase NAD+ level and change NAD+/
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NADH ratio. This is consistent with the previous report that AMPK modulates NAD+

metabolism to regulate energy metabolism in skeletal muscle (Canto et al., 2009). Obesity is

associated with the formation of hypoxic areas within the adipose tissue. This has been

demonstrated in obese mice (ob/ob and dietary induced obesity) (Furukawa et al., 2004).

Hypoxia switches cell metabolism from aerobic respiration to anaerobic glycolysis and

inhibits glucose transport (Simon and Keith, 2008). Hypoxia status within the adipose tissue

could also contribute to the development of insulin resistance (Regazzetti et al., 2009). Of

note, we previously found that under hypoxia, EPO modulated cell redox status and

facilitated cellular aerobic respiration to increase oxygen utilization capacity (Wang et al.,

2013b), which may promote energy metabolism and increase the utilization of extra energy,

resulting in increased energy expenditure and body weight loss. These effects may explain

how EPO treatment in mice decreased fat accumulation and offset the adverse effect of

obesity including glucose intolerance and insulin resistance. However, it is possible that

EPO also modulates the cell redox status via other pathways because inhibition of AMPK

activity did not completely abrogate the increase of NAD+/NADH by EPO. It will be

informative to investigate how EPO modulates the cellular redox status and NAD+

metabolism in details.

Oxidative stress, defined as a pathological state characterized by increased ROS production

or decreased ability to detoxify ROS, plays a causative role in tissue injury in many disease

conditions, including cardiovascular disease, neurological disorder, cancers, and aging.

Obesity can induce systemic oxidative stress and increased oxidative stress in accumulated

fat causes dysregulation of adipocytokines and development of metabolic syndrome

(Furukawa et al., 2004). Increased ROS in excessively accumulated fat also causes increased

oxidative stress in blood and has deleterious effects on other organs including the liver,

skeletal muscle and cardiovascular system. It is possible that increased oxidative stress in fat

is important underlying cause of obesity-associated metabolic disorder (Furukawa et al.,

2004). Therefore, how to modulate the redox state and reduce ROS production in adipose

tissue can be used as a potentially useful target to develop new therapies against obesity and

its associated metabolism syndrome. Oxidative stress plays critical roles in the pathogenesis

of various diseases. In the diabetic condition, oxidative stress impairs glucose uptake in

muscle and fat and decreases insulin secretion form pancreatic β cells (Brownlee, 2001;

Maddux et al., 2001; Matsuoka et al., 1997; Rudich et al., 1998). Both oxidative stress and

hypoxia are known to occur in adipose tissue in response to DIO obesity as well as in

genetic models of obesity (Ye et al., 2007). EPO was reported to reduce oxidative stress

damage in heart disease to provide cardio protection (Kim et al., 2008; Li et al., 2006). EPO

also has antioxidant effect in thalassemic blood cells (Amer et al., 2010). In this study, EPO

was found to inhibit ROS production in adipocytes and the adipocyte and WAT expression

of antioxidant enzymes were also increased by EPO. Insulin resistance has been associated

with the generation of ROS. EPO improves insulin resistance (Teng et al., 2011; Wang et

al., 2013b). It is possible that the antioxidant stress effect of EPO mediates the improvement

in insulin resistance in obese mice. AMPK deletion in mice leads to the increased levels of

reactive oxidative species (ROS) and oxidized proteins in erythrocytes (Wang et al., 2010),

indicating that AMPK is essential in maintaining redox homeostasis in erythrocytes (Wang

et al., 2010). AMPK activity can also be triggered by hypoxia through ROS mediated
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activation of CaMKK (Mungai et al., 2011). Here, we demonstrated that inhibition of

AMPK activity partially impaired the antioxidant effect of EPO in adipocytes. These results

indicate that hypoxia due to the obese status in white adipose tissue, may stimulate the ROS

production. Hypoxia may also active AMPK activity that can be further enhanced by EPO.

This contribution of EPO to AMPK activity may mediate the EPO stimulated protection

from the metabolic syndrome caused by increased oxidative stress in accumulated fat.

However, we cannot exclude the possibility that EPO may exert its antioxidant stress effect

independent of AMPK activity to offset the adverse effect of obesity, hypoxia status and

ROS including glucose intolerance and insulin resistance.

In conclusion, the effects of EPO on the prevention from obesity and protection from the

oxidative stress are linked to AMPK activity in adipocytes. These results together with our

previous observations demonstrated that EPO-AMPK-Sirt1-PGC-1α pathway may act as an

energy sensing network to modulate cellular redox state and contribute to energy

homeostasis in adipocytes.
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Figure 1. EPO increases AMPK activity in vitro and in vivo
(A–B) Western blotting to determine total AMPKα (t-AMPK) and phosphorylated AMPKα

protein (p-AMPKα) levels in 3T3-L1 adipocytes treated without (PBS) and with EPO

(5U/mL) at times indicated (A) and in S-WAT and V-WAT from DIO mice with EPO

treatment for 5 weeks (B) (n=4). One-way ANOVA was used in B and other statistics were

performed using Student’s t-test, and bar graphs are mean±s.e.m. In vitro data are means of

three independent experiments. *P bold> 0.05; **P < 0.01
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Figure 2. EPO regulated NAD+/NADH ratio and PGC-1α deacetylation was inhibited by AMPK
inhibitor
(A) NAD+/NADH ratio was determined in 3T3-L1 adipocytes exposed to EPO at indicated

dosage in the absence or presence of AMPK inhibitor Compound C at indicated dosage. (B)

PGC-1α deacetylation was determined in 3T3-L1 adipocytes with PGC-1α overexpression

exposed to EPO (5U/ml) in the absence or presence of AMPK inhibitor Compound C at

indicated dosage. (C) Total ACC (t-ACC) and phosphorylated ACC protein levels were

determined in 3T3-L1 adipocytes without or with EPO treatment at indicated dosage in the

absence or presence of AMPK inhibitor Compound C at indicated dosage. One-way

ANOVA was used in A, B and C. And the bar graphs are mean±s.e.m. The data are means

of three independent experiments. *P < 0.05; **P < 0.01
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Figure 3. EPO regulated AMPK activity is mediated by CaMKK
(A) Total AMPKα and p-AMPKα protein levels were determined in adipocytes without or

with EPO treatment in the absence or presence of CaMKK inhibitor STO-609 or siRNA

knock-down of LKB1 (LKB1-KD), Ctrl (no siRNA) and negative control siRNA (NC-

siRNA) were used as control for LKB1 knock down. (B) The expression of mitochondrial

genes was determined in adipocytes without or with EPO treatment in the absence or

presence of CaMKK inhibitor STO-609. (C) OCR was determined in adipocytes without or

with EPO treatment (5U/ml) in the absence or presence of CaMKK inhibitor STO-609. One-

way ANOVA was used in A, B and C. And the bar graphs are mean±s.e.m. The data are

means of three independent experiments. *P < 0.05.
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Figure 4. EPO regulates ROS production and expression of Antioxidant gene
(A) Total AMPKα (t-AMPKα) and p-AMPKα protein levels were determined in the

adipocyte under normoxia (21%O2) and hypoxia (2%O2) without or with EPO treatment.

(B) NAD+/NADH ratio, NAD+ and NADH level were shown in 3T3-L1 adipocytes under

normoxia and hypoxia without or with EPO treatment (5U/ml). (C) 3T3-L1 adipocytes were

incubated with CellRox Green for 30 min after being incubated for 4 hours in normoxia or

hypoxia without or with EPO treatment (5U/ml). The fluorescence was measured. Results

are presented as the fold of stimulation compared with control. (D) Antioxidant gene

expression level in 3T3-L1 adipocytes under normoxia and hypoxia without or with EPO

treatment (5U/ml). (E) Western blotting shows SOD, Gpx and Catalase protein levels in in

3T3-L1 adipocytes under normoxia and hypoxia without or with EPO treatment (5U/ml). (F)

SOD, Gpx and Catalase protein levels were determined in white fat tissue from the normal

chow (NC) and high fat diet (HFD) induced obese mice with EPO treatment for 5 weeks.

One-way ANOVA was used in A–D. And the bar graphs are mean±s.e.m. In vitro data are

means of three independent experiments. *P < 0.05; **P < 0.01.
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Figure 5. AMPK mediates EPO effects in adipocytes
(A) Total AMPKα protein level was determined in 3T3-L1 adipocyte with AMPKα knock

down (KD). Ctrl (no siRNA) and negative control siRNA (NC-siRNA) were used as control

for AMPKα knock down. (B–D) OCR (B) of basal and with presence of oligomycin (OM)

and carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP), the fatty acid oxidation

(C) of basal and with the presence of palmitate (PALM) and expression of mitochondrial

genes (D) were determined in adipocytes with knock down of AMPKα without (open bar;

control) and with EPO treatment (5U/ml; closed bar). (E) Antioxidant gene expression was

determined in 3T3-L1 adipocytes with knock down of AMPKα without (open bar; control)

and with EPO treatment (5U/ml; closed bar). One-way ANOVA was used in B–E. And the

bar graphs are mean±s.e.m. The data are means of three independent experiments.*P < 0.05;

**P < 0.01

Wang et al. Page 20

Int J Biochem Cell Biol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. The crosstalk between EPO and important energy sensors
EPO regulated AMPK activity is involved in adipocyte energy metabolism, mitochondrial

function regulation and protection from oxidative stress. EPO regulated AMPK activity

may, at least in part, regulate Sirt1 activity via modulating NAD+/NADH ratio, which

contributes to energy metabolism and mitochondrial function in adipocytes. As the

downstream target of Sirt1 and AMPK, PGC-1α may also be directly regulated by EPO or

via regulating Sirt1 and AMPK activity to promote adipocyte oxidative metabolism,

mitochondrial biogenesis and protection from oxidative stress.
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