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Abstract

Adenosine signaling is involved in glucose metabolism in hepatocytes and myocytes in

vitro. However, no information is available regarding the effect of adenosine on glucose

metabolism in vivo. Thus, we examined how extracellular adenosine acts on glucose metab-

olism using mice. Subcutaneous injections of adenosine (10, 25, and 50 mg/kg bodyweight)

dose-dependently increased blood glucose levels, with the peak occurring at 30 min post

injection. At 30 min after adenosine injection (25 mg/kg bodyweight), glycogen content in

the liver, but not the skeletal muscle, was significantly decreased. Hepatic glycogen deple-

tion by fasting for 12 h suppressed the increase of blood glucose levels at 30 min after aden-

osine injection. These results suggest that adenosine increases blood glucose levels by

stimulating hepatic glycogenolysis. To investigate the effect of adenosine on the adrenal

gland, we studied the glycogenolysis signal in adrenalectomized (ADX) mice. Adenosine

significantly increased the blood glucose levels in sham mice but not in the ADX mice. The

decrease in hepatic glycogen content induced by adenosine in the sham mice was partially

suppressed in the ADX mice. The level of plasma corticosterone, the main glucocorticoid in

mice, was significantly increased in the sham mice by adenosine but its levels were low in

ADX mice injected with either PBS or adenosine. These results suggest that adenosine pro-

motes secretion of corticosterone from the adrenal glands, which causes hepatic glycogen-

olysis and subsequently the elevation of blood glucose levels. Our findings are useful for

clarifying the physiological functions of adenosine in glucose metabolism in vivo.

Introduction

Blood glucose, which is used as the energy source for the entire body, is constantly regulated.

During fasting, the liver is the main organ that produces glucose via glycogenolysis and gluco-

neogenesis to maintain a normal level in the blood. When the glycogen pool in the liver is

exhausted, energy metabolism shifts from glucose to lipid metabolism [1].

Adenosine is an extracellular and intracellular molecule associated with energy metabolism

[2], which is transported across cell membranes by nucleoside transporters. Physiological

states involving the accumulation of extracellular adenosine include hypoxia [3] and exercise
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[4]. Extracellular adenosine is a signaling molecule that activates four different adenosine

receptors (A1, A2a, A2b, and A3) which are categorized as G protein-coupled receptors. A1

and A3 inhibit adenylate cyclase activity via the Gi protein and decrease intracellular cyclic

AMP (cAMP), a second messenger. In contrast, A2a and A2b stimulate adenylate cyclase activ-

ity via the Gs protein, which results in an increase in intracellular cAMP levels [5]. Adenosine

receptors exist in various tissues, such as the liver, skeletal muscle, and adipose tissues [6], indi-

cating that adenosine signaling controls many physiological reactions.

Adenosine receptors are associated with the regulation of energy metabolism in multiple

tissues. For example, 8-cyclopentyl-1,3-dipropylxanthine, an A1 antagonist, modulates insu-

lin-induced lipogenesis and epinephrine-induced lipolysis in isolated rat adipocytes [7]. A2b

enhances cholesterol and triglyceride synthesis in the liver of ApoE knockout mice fed a high-

fat diet [8]. These studies suggest that signaling through adenosine receptors is involved in

lipid metabolism both in vitro and in vivo.

Adenosine receptors also participate in the regulation of glucose metabolism. Activation of

A1 by the selective agonist N6-cyclopentyladenosine increases insulin-stimulated glucose

uptake in isolated rat muscles [9]. Adenosine and 50-N-ethylcarboxamidoadenosine (NECA),

a non-selective agonist of adenosine receptors, stimulates glycogenolysis and gluconeogenesis

in isolated rat hepatocytes [10]. In terms of glucose metabolism, there are several in vitro stud-

ies that show the effects of adenosine and adenosine receptors. However, the role of adenosine

in glucose metabolism in vivo has not been elucidated.

In this study, we investigated the effect of adenosine on glucose metabolism in mice. Herein

we report that adenosine affects glucose metabolism in vivo by stimulating hepatic glycogenol-

ysis, partially through the secretion of corticosterone from adrenal glands.

Materials and methods

Experimental animals

Male 6-week-old C57BL/6J and C57BL/6N mice were obtained from CLEA Japan (Tokyo,

Japan) and were housed in groups in cages at 23–25˚C and 50%–60% humidity under a 12-h

light/12-h dark cycle (lights on 08:00–20:00) with access to food and drinking water ad libitum.

After acclimatization to a normal diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) for 2

weeks, the mice were used in experiments. In the fasting condition to induce hepatic glycogen

depletion, mice were starved for 12 h. In the adrenalectomized (ADX) mouse experiment,

mice were ADX or sham operated on under pentobarbital anesthesia. Following all proce-

dures, mice were observed in a warm environment until they are fully recovered from anesthe-

sia. We observed the postoperative mice once daily for the 2 weeks and confirmed that there

were no signs of pain, infection or dehiscence. The recovery period was 2 weeks and saline was

given during this time.

The study was carried out in accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. All animal experi-

ments were approved by the Animal Care and Research Ethics Committee of the Tokyo Uni-

versity of Agriculture (Permission No. 270127).

Adenosine treatment

Mice were divided into groups based on glucose levels in whole blood collected from the tail

vein using LIFE CHECK (EIDIA Co., Ltd., Tokyo, Japan). The mice were subcutaneously

injected with adenosine (Wako Pure Chemicals Industries, Ltd., Osaka, Japan) dissolved in

phosphate-buffered saline (PBS). The same volume of PBS was injected as a control. Post
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injection, glucose levels in whole blood were measured from the tail vein. The area under the

curve (AUC) was calculated from glucose levels during the experiment.

Plasma hormone analysis

For analysis of adrenocorticotropic hormone (ACTH), catecholamine, and corticosterone lev-

els, whole blood was obtained from mice at post injection of 25 mg/kg bodyweight (bw) aden-

osine. Plasma samples were separated by centrifugation in the presence of EDTA, snap-frozen

and stored at −80˚C until analysis. ACTH, catecholamine, and corticosterone concentrations

were measured with EIA kits (ACTH: Phoenix Pharmaceuticals, Inc., CA, USA; catechol-

amine: Abnova, Taipei City, Taiwan; and corticosterone: Yanaihara Institute Inc., Shizuoka,

Japan). Plasma insulin levels were measured with mouse insulin sandwich ELISA kit (Shi-

bayagi Co. Ltd., Gunma, Japan).

Glycogen assay

The liver and quadriceps of mice were powdered under liquid nitrogen, and extracted in 0.3 M

perchloric acid. Following the addition of 5 N hydrochloric acid, the suspensions were incu-

bated at 100˚C for 2 h. After neutralization with 5 N sodium hydroxide, the supernatant was

recovered by centrifugation. The glycogen content in the supernatant was measured as glycosyl

units [11] using the Glucose CII test kit (Wako Pure Chemicals Industries, Ltd.).

Glucose-1-phosphate (G1P) assay

Quantification of hepatic G1P was performed by a colorimetric assay using a kit (BioVision

Inc., CA, USA). Briefly, the liver were powdered under liquid nitrogen, and quantified accord-

ing to the manufacturer’s instructions.

Cholesterol assay

The adrenal glands were powdered under liquid nitrogen, then extracted in chloroform/meth-

anol (2:1, v/v). After overnight incubation, the supernatant after centrifugation was dried

under nitrogen and then 0.3 N potassium hydroxide solution in ethanol was added for the

saponification reaction (incubated at 65˚C for 20 min). The samples were re-extracted with

chloroform/methanol and dried under nitrogen before dissolving in 10% triton X-100 in

2-propanol. The cholesterol levels of the samples were analyzed with a total cholesterol assay

kit (Wako Pure Chemicals Industries, Ltd.).

Histology of the adrenal gland

The adrenal glands were frozen in liquid nitrogen-cooled isopentane with OCT compound

(Sakura Finetek Japan, Tokyo, Japan). After cutting 10 μm sections with a cryostat (Leica

Microsystems GmbH, Wetzlar, Germany), lipid droplets were stained with Oil Red O (Sigma-

Aldrich, St Louis, MO, USA) and nuclei were counterstained with hematoxylin (Muto Pure

Chemicals Co., Ltd, Tokyo, Japan).

Quantitative real-time RT-PCR

Whole adrenal glands were collected post injections with 0 and 25 mg/kg bw of adenosine,

rapidly frozen in liquid nitrogen, and maintained at −80˚C until use. Total RNA were prepared

from the whole adrenal glands using ISOGENII (NIPPON GENE Co., LTD., Tokyo, Japan).

cDNA was synthesized from total RNA using the PrimeScriptTM RT reagent kit with a gDNA

eraser (Takara Bio Inc, Shiga, Japan). Quantitative real-time RT-PCR was performed using
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TUNDERBIRD SYBR qPCR Mix (TOYOBO Co., Ltd., Osaka, Japan), specific primers of tar-

get genes (Table 1), and Applied Biosystems 7300 (Thermo Fisher Scientific Inc., Waltham,

MA, USA). Amplifications were performed under the following conditions: 1 min at 95˚C, fol-

lowed by 40 cycles of 15 s at 95˚C and 1 min at 60˚C. The mRNA level of target genes was nor-

malized to that of the 36B4 gene.

Statistical analysis

Statistical analysis was performed using SPSS 21.0 (SPSS, Inc., Chicago, IL, USA). Statistical

differences were analyzed using a one-way ANOVA followed by Tukey’s multiple comparison

test or Student’s t-test. Data are expressed as the mean ± standard error of the mean (SEM).

All differences with P-values of p< 0.05 were considered statistically significant.

Results

Effect of adenosine on blood glucose levels

Fig 1 shows the time course of blood glucose levels and AUC in mice after injecting different

doses of adenosine. Until 60 min post injection, adenosine increased blood glucose levels in a

dose-dependent manner (Fig 1A). Blood glucose levels in mice administered 25 and 50 mg/kg

bw adenosine were significantly higher than those in the other groups. Blood glucose levels

peaked 30 min post injection. At 90 min, glucose levels in two adenosine-treated groups (10

and 25 mg/kg bw) decreased to levels similar to those in the control group; however, the high-

est dose group (50 mg/kg bw) retained a significantly higher glucose level than the other

Table 1.

Target Forward primer Reverse primer

StAR 50- GCTCTCTGCTTGGTTCTCAACTG -30 50-TTAGCACTTCGTCCCCGTTC-30

Cyp11b1 50-TCAGGCACAGTGTAGGGAAAAC-30 50-GCTGCAGTCGGTTGAAGTACC-30

SF-1 50-TTACTGGACAGGAGGTGGAGC-30 50-TACGAGGCTGTGGTTGTTCAG-30

36B4 50-GGCCCTGCACTCTCGCTTTC-30 50-TGCCAGGACGCGCTTGT-30

https://doi.org/10.1371/journal.pone.0209647.t001

Fig 1. Effect of adenosine on blood glucose levels. (A) Blood was collected from the tail vein just before injection and at

30, 60, and 90 min post subcutaneous injection of 0, 10, 25, or 50 mg/kg bodyweight adenosine. (B) The AUC was

calculated from glucose levels during the adenosine injection experiment. Values are presented as the mean ± SEM (n = 6).

Groups without a common letter significantly differ (p< 0.05).

https://doi.org/10.1371/journal.pone.0209647.g001
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groups. In addition, adenosine dose-dependently increased the AUC (Fig 1B). In the groups

injected with 25 and 50 mg/kg bw of adenosine, the AUC increased by 1.4- and 1.9-fold, respec-

tively, compared with the control group. Plasma insulin levels increased at the peak 30 minutes

after adenosine injection (S1 Fig). C57BL/6J mice have a spontaneously inactivating Nnt muta-

tion and display glucocorticoid deficiency along with glucose intolerance and reduced insulin

secretion. Therefore, the same treatment was performed on C57BL/6N mice without Nnt muta-

tion, and it was confirmed that there was no difference in animal strain (S2 Fig).

Effect of adenosine on the glycogen content of the liver and skeletal muscle

The glycogen content of the liver and skeletal muscle in mice 30 min after subcutaneously

injecting adenosine (25 mg/kg bw) is displayed in Fig 2. Adenosine significantly decreased gly-

cogen content in the liver compared with the control (Fig 2A). In contrast, no change was

observed in the glycogen content of skeletal muscle between the two groups (Fig 2B).

Effect of adenosine on glycogenolysis after hepatic glycogen depletion

Fig 3 shows the effect of adenosine on glycogenolysis after hepatic glycogen depletion. Blood

glucose levels preinjection were significantly decreased by 12 h starvation (Fig 3A). At 30 min

after injection, 25 mg/kg bw adenosine significantly increased blood glucose levels (Fig 3B)

and decreased hepatic glycogen content in the fed group, but not in the fasting group (Fig 3C).

The hepatic glycogen content was significantly decreased by fasting as compared with feeding

(Fig 3C).

Effect of adenosine on the adrenal glands

There was no change in the plasma levels of catecholamine at 30 min post injection (S3 Fig).

Representative staining of the adrenal glands with Oil red O at 30 min after 25 mg/kg bw aden-

osine injection is demonstrated in Fig 4A. The amount of lipid droplets were decreased in the

adrenal cortex. The total cholesterol content of the adrenal glands was significantly decreased

by adenosine (Fig 4B).

Effect of adenosine on glycogenolysis signaling in ADX mice

Fig 5 shows the effect of adenosine on glycogenolysis signaling in ADX mice. No change was

observed in the blood glucose levels preinjection (Fig 5A). At 30 min after injection, 25 mg/kg

Fig 2. Effect of adenosine on glycogen content. Glycogen contents of the liver (A) and skeletal muscle (quadriceps)

(B) were measured at 30 min post subcutaneous injection with PBS or 25 mg/kg bodyweight of adenosine. Values are

presented as the mean ± SEM (n = 7–8). � p< 0.05 vs. PBS.

https://doi.org/10.1371/journal.pone.0209647.g002
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bw adenosine significantly increased the blood glucose levels in the sham operated group, but

not in the ADX mice (Fig 5B). Additionally, compared with the sham operated group, the

decrease in glycogen content in the liver induced by adenosine was partly suppressed by ADX

(Fig 5C). The glucose-1-phosphate, which is metabolite of glycogen and mediated by glycogen

phosphorylase, was significantly increased by adenosine injection in both sham operated and

ADX operated mice (Fig 5D). Adenosine significantly increased the levels of plasma corticoste-

rone in the sham operated group; however, corticosterone levels were significantly lower in

both ADX groups injected with either PBS or adenosine (Fig 5E).

Discussion

In this study, we examined the effect of adenosine on glucose metabolism in vivo. When aden-

osine was subcutaneously administered to mice, it increased blood glucose levels and the AUC

in a dose-dependent manner (Fig 1), suggesting that adenosine enhances glucose production

in vivo. To clarify the mechanism by which adenosine elevated blood glucose levels, we focused

on glycogenolysis. Changes in the content of glycogen were measured 30 min after a subcuta-

neous injection of 25 mg/kg bw adenosine as this was the minimum dose at which a significant

change in the blood glucose level was observed. The significant decrease in the glycogen con-

tent in the liver under this condition (Fig 2A) suggests that the enhanced glucose production

induced by adenosine results from the degradation of hepatic glycogen. In contrast to the liver,

no change in the skeletal muscle glycogen content was observed between the control and

Fig 3. Effect of adenosine on glycogenolysis after hepatic glycogen depletion. Mice were fed ad libitum or fasted for

12 h before the experiment. Blood was collected from the tail vein just before injection (A) and at 30 min post

subcutaneous injection with PBS or 25 mg/kg bodyweight adenosine (B). Glycogen content of the liver was measured

at 30 min post injection (C). Values are presented as the mean ± SEM (n = 5–6). Groups without a common letter

significantly differ (p< 0.05).

https://doi.org/10.1371/journal.pone.0209647.g003
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adenosine groups (Fig 2B). Although the activation of the A1 adenosine receptor is known to

stimulate glucose uptake in skeletal muscle [9, 12], our study showed that adenosine affected

neither glycogen breakdown nor synthesis in the muscle at 30 min after injection. To confirm

whether the increase in blood glucose levels induced by adenosine depends on hepatic glyco-

gen content, we examined it under fed or fasted conditions. In the fasted state where glycogen

was depleted, adenosine had no effect on blood glucose levels and hepatic glycogen content

(Fig 3). These results suggest that the increased blood glucose levels induced by adenosine

result from the stimulation of hepatic glycogenolysis.

Hepatic glycogenolysis is regulated by adrenal hormones, such as catecholamines and glu-

cocorticoids, in vivo. Although there was no change in the levels of plasma catecholamine after

adenosine injection (S1 Fig), lipid droplets were decreased in the adrenal cortex (Fig 4A). Fur-

thermore, adenosine injection significantly decreased the level of cholesterol, a precursor of

steroid hormone, in the adrenal glands (Fig 4B). These results suggest that adenosine acts on

the adrenal glands in vivo.

Chen et al. have reported that adenosine promotes steroid hormone synthesis in primary

adrenocortical cells is regulated by at least two distinct pathways, the adenosine -A2A/A2B

adenosine receptors-JAK2-MEK-ERK cascade and the adenosine- A2A/A2B adenosine recep-

tors-PKCμ-MEK-ERK cascade [13]. Additionally, Chen et al also reported that adenosine

increases mRNA expression of steroid synthesis factors, StAR and Cyp11b1, by activation of

these A2A/A2B adenosine receptor signals in primary adrenocortical cells. Based on these

Fig 4. Effect of adenosine on the adrenal glands. (A) Representative Oil red O staining of section from the adrenal

glands at 30 min post subcutaneous injection with PBS or 25 mg/kg bw of adenosine. Scale bar: 100 μm. (B)

Cholesterol contents of the adrenal glands after the subcutaneous injection. Values are presented as the mean ± SEM

(n = 5–6). � p< 0.05 vs. PBS.

https://doi.org/10.1371/journal.pone.0209647.g004
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reports, we analyzed mRNA expression in adrenal gland at post injection of adenosine (S4

Fig). Our data showed that adenosine increased Cyp11b1 mRNA expression in adrenal gland

at 10 min after of injection, suggesting adenosine stimulates hepatic glycogenolysis via activa-

tion of A2A/A2B adenosine receptor signals and secretion of steroid hormones from adrenal

glands in vivo. However, we speculate that the results of mRNA expression at immediately

after of injection was also reflect the influence of other factors (handling of mice, injection

etc.). In addition, since the effect of adenosine injection on other mechanisms (activity of ste-

roid hormone synthase, extracellular secretion etc.) is not clear, research on the more detailed

molecular mechanisms will be required.

Fig 5. Effect of adenosine on glycogenolysis signaling in ADX mice. Blood was collected from the tail vein just before

injection (A) and at 30 min post subcutaneous injection of PBS or 25 mg/kg bw adenosine (B). Glycogen (C) and glucose-

1-phosphate (G1P) (D) contents of the liver and plasma corticosterone levels (E) were measured at 30 min post injection.

Values are presented as the mean ± SEM (n = 5–6). Groups without a common letter significantly differ (p< 0.05).

https://doi.org/10.1371/journal.pone.0209647.g005
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To investigate the effect of adenosine on the adrenal gland, we studied glycogenolysis sig-

naling in ADX mice. Adenosine significantly increased blood glucose levels in the sham oper-

ated group but not the ADX mice (Fig 5B). Additionally, adenosine decreased the hepatic

glycogen content in both groups, but its decrease was smaller in the ADX mice compared with

the sham mice (Fig 5C). This result indicates that ADX partially suppresses adenosine-induced

hepatic glycogenolysis. The levels of plasma corticosterone biosynthesized from cholesterol in

the adrenal cortex were significantly increased in the sham group by adenosine, but its levels

were low in ADX groups injected with either PBS or adenosine (Fig 5D). It is known that corti-

costerone secretion from the adrenal gland is promoted by ACTH secreted from the anterior

pituitary gland. Anand-Srivastava et al. have reported that NECA (a non-selective agonist of

adenosine receptors) promotes ACTH secretion in cultured anterior pituitary cells [14], but

no change in blood ACTH concentration was observed in our experiment (S1 Fig). It has also

been reported that adenosine stimulates steroid hormone synthesis via adenosine A2A and

A2B receptors in primary adrenal cells, suggesting adenosine acts directly on the adrenal

glands in vivo [13]. These results suggest that the injection of adenosine promotes secretion of

corticosterone from the adrenal cortex, which induces hepatic glycogenolysis and subsequently

the elevation of blood glucose levels. However, hepatic glycogenolysis was not completely sup-

pressed in ADX mice (Fig 5C and 5D). The liver produces glucose through glycogenolysis by

glycogen phosphorylase, which is activated by cellular cAMP [15]. Previous studies have

reported that the stimulation of the perfused liver with adenosine promoted glucose produc-

tion [16]. Similarly, NECA elevated glycogenolysis in rat primary hepatocytes [10]. Further-

more, activation of the A2b adenosine receptor promoted hepatic glycogenolysis through

increasing intracellular cAMP levels in vitro [10, 17]. Thus, these reports suggest that adeno-

sine has a direct effect on the liver, and this effect was also demonstrated in ADX mice.

In this study, we have reported that adenosine increased blood glucose levels by stimulating

hepatic glycogenolysis. This stimulation is likely to be caused by a direct effect of adenosine on

the liver, together with an indirect effect via hormone secretion from the adrenal glands. These

findings are useful for clarifying the physiological function of adenosine in glucose metabolism

and the mechanism for maintaining blood glucose levels in vivo.

Supporting information

S1 Fig. Effect of adenosine on plasma insulin and adrenocorticotropic hormone (ACTH)

levels in mice. Blood was collected at post subcutaneous injection with PBS and 25 mg/kg

bodyweight adenosine. The levels of insulin and ACTH were determined with kits. Values are

presented as the mean ± SEM (n = 5–6).

(TIF)

S2 Fig. Effect of adenosine on blood glucose levels in C57BL/6N mice. (A) Blood was col-

lected from the tail vein just before injection and at 30, 60, and 90 min post subcutaneous

injection of 0, 25, or 50 mg/kg bodyweight adenosine. (B) The AUC was calculated from glu-

cose levels during the adenosine injection experiment. Values are presented as the

mean ± SEM (n = 4).

(TIF)

S3 Fig. Effect of adenosine on plasma catecholamine levels in mice. Blood was collected at

30 min post subcutaneous injection with PBS and 25 mg/kg bodyweight adenosine. The levels

of adrenalin and noradrenalin were determined with the EIA kits. Values are presented as the

mean ± SEM (n = 7).

(TIF)
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S4 Fig. Effect of adenosine on the expression of genes related to the steroidogenesis in the

adrenal glands. The mRNA expression in the adrenal glands were measured at post injection

with PBS and 25 mg/kg bw of adenosine. Values are presented as the mean ± SEM (n = 5–6). �

p< 0.05 vs. PBS.

(TIF)

Author Contributions

Conceptualization: Miki Tadaishi, Yutaro Toriba.

Data curation: Miki Tadaishi, Yutaro Toriba.

Formal analysis: Miki Tadaishi, Yutaro Toriba.

Investigation: Miki Tadaishi.

Methodology: Miki Tadaishi, Yutaro Toriba.

Supervision: Miki Tadaishi, Makoto Shimizu, Kazuo Kobayashi-Hattori.

Validation: Miki Tadaishi.

Visualization: Miki Tadaishi, Yutaro Toriba.

Writing – original draft: Miki Tadaishi, Yutaro Toriba.

Writing – review & editing: Miki Tadaishi, Makoto Shimizu, Kazuo Kobayashi-Hattori.

References
1. Owen OE, Reichard GA Jr, Patel MS, Boden G. Energy metabolism in feasting and fasting. Adv. Exp.

Med. Biol. 1979; 111: 169–188. PMID: 371355

2. Schulte G, Fredholm BB. Signalling from adenosine receptors to mitogen-activated protein kinases.

Cell Signal. 2003; 15: 813–827. PMID: 12834807

3. Thiel M, Chouker A, Ohta A, Jackson E, Caldwell C, Smith P, et al. Oxygenation inhibits the physiologi-

cal tissue-protecting mechanism and thereby exacerbates acute inflammatory lung injury. PLoS Biol.

2005; 3: e174. https://doi.org/10.1371/journal.pbio.0030174 PMID: 15857155

4. Vizi E, Huszár E, Csoma Z, Böszörményi-Nagy G, Barát E, Horváth I, et al. Plasma adenosine concen-

tration increases during exercise: a possible contributing factor in exercise-induced bronchoconstriction

in asthma. J. Allergy Clin. Immunol. 2002; 109: 446–448. PMID: 11897989

5. Sachdeva S, Gupta M. Adenosine and its receptors as therapeutic targets: An overview. Saudi Pharm.

J. 2013; 21: 245–253. https://doi.org/10.1016/j.jsps.2012.05.011 PMID: 23960840

6. Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC. Tissue distribution of adenosine

receptor mRNAs in the rat. Br. J. Pharmacol. 1996; 118: 1461–1468. PMID: 8832073

7. Johansson SM, Lindgren E, Yang JN. Adenosine A1 receptors regulate lipolysis and lipogenesis in

mouse adipose tissue-interactions with insulin. Eur. J. Pharmacol. 2008; 597: 92–101. https://doi.org/

10.1016/j.ejphar.2008.08.022 PMID: 18789919

8. Koupenova M, Johnston-Cox H, Vezeridis A, Gavras H, Yang D, Zannis V, et al. A2b adenosine recep-

tor regulates hyperlipidemia and atherosclerosis. Circulation. 2012; 125: 354–363. https://doi.org/10.

1161/CIRCULATIONAHA.111.057596 PMID: 22144568

9. Thong FS, Lally JS, Dyck DJ, Greer F, Bonen A, Graham TE. Activation of the A1 adenosine receptor

increases insulin-stimulated glucose transport in isolated rat soleus muscle. Appl. Physiol. Nutr. Metab.

2007; 32: 701–710. https://doi.org/10.1139/H07-039 PMID: 17622285

10. Yasuda N, Inoue T, Horizoe T, Nagata K, Minami H, Kawata T, et al. Functional characterization of the

adenosine receptor contributing to glycogenolysis and gluconeogenesis in rat hepatocytes. Eur. J.

Pharmacol. 2003; 459: 159–166. PMID: 12524141

11. Lowry OH, Passnneau JV. A Flexible System of Enzymatic Analysis. Academic Press, London; 1972.

12. Vergauwen L, Hespel P, Richter EA. Adenosine receptors mediate synergistic stimulation of glucose

uptake and transport by insulin and by contractions in rat skeletal muscle. J. Clin. Invest. 1994; 93: 974–

981. https://doi.org/10.1172/JCI117104 PMID: 8132783

Adenosine stimulates hepatic glycogenolysis via adrenal glands–liver crosstalk in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0209647 December 21, 2018 10 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209647.s004
http://www.ncbi.nlm.nih.gov/pubmed/371355
http://www.ncbi.nlm.nih.gov/pubmed/12834807
https://doi.org/10.1371/journal.pbio.0030174
http://www.ncbi.nlm.nih.gov/pubmed/15857155
http://www.ncbi.nlm.nih.gov/pubmed/11897989
https://doi.org/10.1016/j.jsps.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23960840
http://www.ncbi.nlm.nih.gov/pubmed/8832073
https://doi.org/10.1016/j.ejphar.2008.08.022
https://doi.org/10.1016/j.ejphar.2008.08.022
http://www.ncbi.nlm.nih.gov/pubmed/18789919
https://doi.org/10.1161/CIRCULATIONAHA.111.057596
https://doi.org/10.1161/CIRCULATIONAHA.111.057596
http://www.ncbi.nlm.nih.gov/pubmed/22144568
https://doi.org/10.1139/H07-039
http://www.ncbi.nlm.nih.gov/pubmed/17622285
http://www.ncbi.nlm.nih.gov/pubmed/12524141
https://doi.org/10.1172/JCI117104
http://www.ncbi.nlm.nih.gov/pubmed/8132783
https://doi.org/10.1371/journal.pone.0209647


13. Chen YC, Chen Y, Huang SH, Wang SM. Protein kinase Cμmediates adenosine-stimulated steroido-

genesis in primary rat adrenal cells. FEBS Lett. 2010: 84(21):4442–8.

14. Anand-Srivastava MB, Cantin M, Gutkowska J. Adenosine regulates the release of adrenocorticotropic

hormone (ACTH) from cultured anterior pituitary cells., Mol Cell Biochem. 1989; 89(1): 21–28. PMID:

2550786

15. Vilela VR, de Oliveira AL, Comar JF, Peralta RM, Bracht A. Tadalafil inhibits the cAMP stimulated glu-

cose output in the rat liver. Chem. Biol. Interact. 2014; 220: 1–11. https://doi.org/10.1016/j.cbi.2014.05.

020 PMID: 24911673

16. Buxton DB, Robertson SM, Olson MS. Stimulation of glycogenolysis by adenine nucleotides in the per-

fused rat liver. Biochem. J. 1986; 237: 773–780. PMID: 3026332

17. Harada H, Asano O, Hoshino Y, Yoshikawa S, Matsukura M, Kabasawa Y, et al. 2-Alkynyl-8-aryl-9-

methyladenines as novel adenosine receptor antagonists: their synthesis and structure- activity rela-

tionships toward hepatic glucose production induced via agonism of the A2B receptor. J. Med. Chem.

2001; 44: 170–179. PMID: 11170626

Adenosine stimulates hepatic glycogenolysis via adrenal glands–liver crosstalk in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0209647 December 21, 2018 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/2550786
https://doi.org/10.1016/j.cbi.2014.05.020
https://doi.org/10.1016/j.cbi.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/24911673
http://www.ncbi.nlm.nih.gov/pubmed/3026332
http://www.ncbi.nlm.nih.gov/pubmed/11170626
https://doi.org/10.1371/journal.pone.0209647

