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Pathological alterations of renal function in insulin-

dependent diabetes have been attributed to numerous

factors, including adenosine. This study examined the

expression levels of adenosine receptors (ARs) in the

kidney of the streptozotocin-induced diabetic rat. In

the diabetic kidney A1-AR mRNA levels increased 1.7-

and 2.8-fold in cortex and medulla, respectively. This

was accompanied by increased A1-AR protein levels in

membranes of kidney cortex (1.5-fold) and medulla

(threefold). A1-AR immunoreactivity increased strongly

along medullar tubules especially in the collecting

duct. The levels of A2a-AR mRNA increased twofold

in diabetic kidney cortex but remained unchanged in

medulla; however, A2a-AR protein levels increased

more than threefold in cortex. Immunohistochemistry

showed increased A2a-AR immunoreactivity in luminal

membranes of cortical collecting ducts and in epithelial

cells of preglomerular vessels. There were no signifi-

cant changes in A2b-AR expression in diabetic kidney

except in medullar membranes, where the receptor

protein content decreased by 60%. A3-AR mRNA levels

in diabetic kidney remained unchanged, but mem-

brane-associated A3-AR protein levels increased by 70%

in diabetic kidney cortex and decreased by 80% in me-

dulla. These changes in ARs genes expression, receptor

protein content, and cellular and tissue distribution,

correspond to abnormalities characteristic of the dia-

betic kidney, suggesting involvement in pathogenesis

of diabetic nephropathy. (Am J Pathol 2005,

167:315–325)

Kidney disease is one of the leading hallmarks of human

diabetes. It is characterized by persistent proteinuria,

hypertension, and progressive loss of renal function.1

These changes are preceded by glomerular hyperfiltra-

tion, which is an early symptom in the development of

diabetic nephropathy.2,3 Pathological changes of renal

function in insulin-dependent diabetes have been attrib-

uted to numerous factors, including impaired action of

angiotensin II, NO, prostaglandins, and adenosine.4–7

Adenosine in the kidney plays a broad regulatory role

including modulation of renal blood flow, glomerular fil-

tration rate, hormone and neurotransmitter release, trans-

port function, and urine flow.8 Therefore, any changes in

its action may significantly affect function of this organ.

Adenosine is formed both in the extra- and intracellular

space and exerts its physiological effect by coupling to

cell-surface receptors, namely A1, A2a, A2b, and A3.9

The affinity for adenosine varies between receptors; thus

its activation depends on adenosine concentration. The

level of adenosine depends on its metabolism and trans-

port across plasma membranes. Our previous studies

showed that, except for ENT2, the expression level of

nucleoside transporters in kidney of diabetic rats was not

altered.10 Moreover, the expression level of adenosine

kinase in the diabetic kidney was greatly reduced, sug-

gesting that the turnover of the adenosine-AMP metabolic

cycle might be impaired under diabetic conditions.11

The present studies were designed to examine the

expression level of adenosine receptors (ARs) in diabetic

kidney. The results show zone-dependent alterations in

expression level of ARs in diabetic kidney. These results

may support the hypothesis on involvement of changes in

ARs in diabetic kidney disease.

Materials and Methods

Experimental Diabetes

Diabetes was induced in Male Wistar rats (200 to 240 g)

fed an Altromin C 1000 diet (Altromin GmbH, Lage, Ger-

many) by a single intravenous injection of streptozotocin
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(STZ) at 75 mg/kg body weight. STZ was dissolved in 10

mmol/L citrate buffer, pH 4.5. Control rats (hereafter re-

ferred to as normal rats) were injected with citrate instead

of STZ. On days 1, 5, 10, and 14 after STZ injection, blood

glucose levels were measured from tail blood. Only rats

with a glucose level of 20 to 30 mmol/L were used for

subsequent experiments. To discriminate the impact of

the diabetic milieu on AR expression levels from the

possible direct effect of STZ, on day 10 after STZ treat-

ment the rats were injected with insulin (long-acting, 10

U/kg) once a day for 4 days. During the insulin treatment

blood glucose levels were measured from tail blood once

a day. On day 14, rats (Table 1) anesthetized with Inactin

(100 mg/kg of body weight) were killed by decapitation,

and the kidneys were removed and cooled in 4°C saline.

Tissue Sampling and RNA Extraction

The kidneys were placed on glass (chilled on ice), sliced,

and dissected on cortex and medulla (medulla contained

outer and inner strip) under a stereomicroscope. The

separated tissue was frozen in liquid nitrogen. Typically,

15 minutes elapsed between kidney removal and immer-

sion of separated kidney zones in liquid nitrogen. Total

RNA was extracted from frozen tissues with the use of

Total RNA Prep Plus kit (A&A Biotechnology, Gdansk,

Poland) and stored at �80°C.

Real-Time Polymerase Chain Reaction (PCR)

Analysis

The levels of AR transcripts were analyzed by real-time

PCR performed in a Light Cycler 2.0 (Roche, Mannheim,

Germany) using the Light Cycler DNA SYBR Green I kit.

The reaction mixture contained 2 �l of Master Mix, 1 pmol

of each primer (Table 2), and 1 �l of cDNA. As negative

controls water and yeast tRNA were run with every PCR

assay. To provide a control for quantitation of the PCR

products, melting curve analysis was performed. The

ratio of �-actin and AR was calculated for each sample.

Analysis of the data was done using Light Cycler soft-

ware 4.0.

Preparation of Protein Extracts

The appropriate tissue was thawed, minced with razor

blade, and homogenized in 3 vol of 50 mmol/L Tris-HCl,

pH 7.2, 1 mmol/L dithiothreitol, 0.2 mmol/L Pefabloc SC,

and 5 �mol/L leupeptin in a glass homogenizer with a

power-driven Teflon pestle. The homogenate was centri-

fuged at 1000 � g for 15 minutes. The resulting super-

natant was collected and centrifuged at 50,000 � g for 45

minutes. The resulting supernatant was stored at �20°C

as the cytosolic fraction. The sediment from the 50,000 �

g centrifugation was washed twice by suspension in ho-

mogenization buffer. The pellet was finally suspended in

homogenization buffer containing 0.2% Triton X-100 and

homogenized. The resulting suspension was used as the

membrane fraction. The purity of obtained fractions was

assessed based on measurements of marker enzymes.

Recovery of lactate dehydrogenase activity in the cyto-

solic fraction was 85 to 90% as compared to the whole

homogenate. The activity of alkaline phosphatase in the

membrane fraction was enriched 5.5-fold. The enrich-

ment factor for lactate dehydrogenase activity in the

membrane fraction was in the range of 0.1- to 0.2-fold.

Enzyme Assays

The phosphohydrolase and adenosine deaminase (ADA)

activities were measured spectrophotometrically with 100

�mol/L AMP as substrate according to a previously de-

scribed procedure.12 All enzyme assays were done un-

der conditions in which the product formation was linear

with time and with the amount of added protein. The

enzyme activities were measured at 25°C. The activity of

ecto 5�-nucleotidase (ecto 5�-NT) was calculated by

subtracting those rates measured in the presence of

0.1 �mol/L �,�-methylene adenosine diphosphonate

(AOPCP), which is a specific inhibitor of ecto 5�-NT,13,14

from those measured in the absence of AOPCP. The

phosphohydrolase activity measured in the presence of

0.1 �mol/L AOPCP was considered as nonspecific.

Western Blot Analysis

Protein levels of ARs were examined by immunoblotting.

An equivalent amount of protein from tissue extracts was

mixed with loading buffer, boiled for 3 minutes, and sub-

jected to 12% sodium dodecyl sulfate (SDS)-polyacryl-

amide gel electrophoresis (PAGE). The separated pro-

teins were electrophoretically transferred to Immobilon

polyvinylidene difluoride transfer membrane (Millipore

Sp. z.o.o., Warsaw, Poland). The membrane was incu-

bated at 4°C (overnight) with 3% bovine serum albumin in

Tris-buffered saline. The membrane was then cut hori-

zontally at the appropriate position (based on positions of

prestained molecular mass markers) and incubated with

appropriate primary antibodies for 6 hours. After being

washed with Tris-buffered saline, membrane was incu-

Table 1. Summary of Data Characterizing the Three Experimental Groups of Rats

Parameter Normal rats Diabetic rats Diabetic rats treated with insulin

Body weight (g) 215 � 8.2 183 � 11.5* 189 � 14.0*
Kidney weight (g/100 g body wt) 1.11 � 0.13 1.25 � 0.17 1.30 � 0.15
Blood glucose (mmol/L) 6.1 � 0.7 24.5 � 2.8* 7.8 � 1.1

Values are mean � SD (for normal and STZ-treated rats, n � 15; for diabetic rats treated with insulin, n � 5).
*P � 0.001 versus normal rats.
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bated with alkaline phosphatase-conjugated secondary

antibodies. Membrane-bound antibodies were visualized

with 5-bromo-4-chloro-3-indoyl phosphate and nitro blue

tetrazolium. The developed bands were quantified by

using the Gel Doc 2000 system, and relative amounts

(normalized to reference protein) were compared using

the computer program Quantity One. The 14-3-3 protein

was used as a reference protein for Western blots per-

formed on cytosolic fractions. Up to 14 days after STZ

administration the level of the 28-kd band of p14-3-3

remained unchanged in diabetic kidney compared to

normal kidney (not shown). For blots performed on whole

homogenates and membrane fractions, �-actin was used

as reference protein. Primary rabbit polyclonal antibodies

to A1-AR (A-268), and blocking peptide for A-268 were

from Sigma-Aldrich Sp. z o.o. (Poznan, Poland). Rabbit

polyclonal antibody to A2b-AR (AB1589P) and blocking

peptide were from Chemicon Int. (Temecula, CA). Goat

polyclonal antibodies to �-actin (1–19), A2a-AR (R-18),

A3-AR (C-17), p14.3.3 (K-19), and corresponding block-

ing peptides were from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA).

Immunohistochemistry

The sections (4 �m) of formalin-fixed, paraffin-embedded

renal samples were deparaffinized in xylene and rehy-

drated in graded ethanols. Endogenous peroxidase was

blocked by incubation of the sections in 3% hydrogen

peroxide. To improve antibody penetration the samples

were treated for 10 minutes by microwaves. The sections

were then incubated for 1 hour with the primary antibody

diluted in phosphate-buffered saline (PBS) containing 1%

bovine serum albumin. The polyclonal anti-A1-AR and

anti A2a-AR antibodies were diluted 1:1000 and 1:200,

respectively. After washes in PBS, the sections were

treated with the visualization LSAB2 Kit (DakoCytomation,

Glostrup, Denmark) according to the manufacturer’s pro-

cedure. This kit (K0675) contained the biotinylated sec-

ondary antibodies, peroxidase-conjugated streptavidin

and the AEC chromogenic substrate. The tissues were

counterstained with Mayer’s hematoxylin. Microscopic

observations were performed with a standard Olympus

BX50 light microscope.

Statistical Analysis

The statistical analysis was performed using the Statistica

5PL statistical package (StatSoft). Statistical significance

was determined using the t-test. P values less than 0.05

were considered as significant.

Results

The AR protein levels in kidney extracts were analyzed by

Western blot. The specificity of used antibodies was ex-

amined by using blocking peptides (immunogens). The

data presented in Figure 1 indicate that antibody to A1-

Figure 1. The protein bands recognized by antibodies to ARs in rat kidney
homogenates. Kidney homogenates were prepared and the equivalent of 50
�g (for analysis of A1-AR and A2b-AR) or 80 �g (for analysis of A2a-AR and
A3-AR) protein was subjected to Western blot analysis (lane 1) as described
in Materials and Methods. On lane 2 blots performed in the presence of
respective blocking peptides are shown.

Table 2. Sequences of Primers Used in Real-Time PCR

Entity GenBank accession number Primers Amplified fragment (bp)

A1 GI:8392860 CAACTTCTTCGTCTGGGTGCTGC 404
CTTCATCGATGGGAGGCTTAGGC

A2a GI:19923696 CATCTTCTCCCACAGCAATCC 420
GGGGCAAACTCTGAAGACCATG

A2b GI:8392863 GCTGCTGCCCTGTGAAGTGTC 397
AAGTCCCGGTTCCTGTAGGCA

A3 GI:6978452 GCTGTTGGGGTGCTGGTCATAC 401
ATGACAACCAGGGGGATGAGGA

�-Actin GI:424775962 GAAATCGTGCGTGACATTAAG 511
CTAGAAGCATTTGCGGTGGA
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AR, A2a-AR, A2b-AR, A3-AR recognized in kidney ho-

mogenates the protein band of 37, 45, 52/32, and 53 kd,

respectively. In the presence of adequate blocking pep-

tide there was no staining of these bands; therefore, we

assumed that these protein bands represent the respec-

tive ARs.

Expression Level of Adenosine A1 Receptor

(A1-AR)

To evaluate the impact of diabetes on expression level of

ARs in rat kidney, we examined the AR mRNA and protein

levels in kidneys of normal and STZ-induced diabetic

rats. The changes in AR mRNA level were evaluated

based on results from real-time PCR performed on cDNA

transcribed from RNA isolated from whole kidney and

kidney cortex and medulla (Table 2).

On day 10 after STZ administration, there was a sig-

nificant increase in the mRNA level of A1-AR in diabetic

kidney (Figure 2A). In diabetic animals the level of A1-AR

mRNA was raised 1.7- and 2.8-fold in kidney cortex and

medulla, respectively. Administration of insulin to diabetic

rats for 4 days resulted in normalization of A1-AR mRNA

levels (Figure 2A). The increase of A1-AR mRNA level

was accompanied by elevated receptor protein level.

Immunoblot analysis indicated that the protein level of

A1-AR (37-kd protein band) increased in homogenates of

whole diabetic kidney and kidney medulla 1.5- and 2.1-

fold, respectively. A slight increase of A1-AR protein in

homogenates of diabetic kidney cortex was also ob-

served, but it did not reach statistical significance. Treat-

ment of diabetic rats with insulin resulted in normalization

of the A1-AR protein level (Figure 2B).

ARs belong to the seven-transmembrane (7TM) recep-

tor family, whose regulation includes internalization into

acidic endosomes followed by either return to the cell

Figure 2. Changes of adenosine A1 receptor mRNA and protein levels in kidney
of diabetic rat. A: Total RNA was extracted from whole normal kidney (KN),
whole diabetic kidney (KD), normal kidney cortex (CN), diabetic kidney cortex
(CD), kidney cortex prepared from diabetic rats receiving insulin for 4 days
(CD�I), normal kidney medulla (MN), diabetic kidney medulla (MD), and kidney
medulla prepared from diabetic rats receiving insulin for 4 days (MD�I). The
level of adenosine A1 receptor (A1-AR) mRNA was analyzed as described in
Materials and Methods. The results normalized to �-actin are presented as
percentage of A1-AR mRNA measured in normal (control) tissues � SD of at
least five experiments. *P � 0.05 relative to control. B: Homogenates were
prepared from analyzed tissues and the equivalent of 50 �g of protein was
subjected to Western blot analysis. The presented blot is representative of those
obtained in three independent experiments. �-Actin was used as a reference
protein. The quantified results of Western blot are presented as percentage of
A1-AR/�-actin ratio measured in normal (control) tissues � SD of at least three
experiments. *P � 0.05 relative to control.

Figure 3. Cellular distribution of adenosine A1 receptor in normal and
diabetic kidney. Membrane (A) and cytosolic (B) fractions from whole
normal kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN),
diabetic kidney cortex (CD), normal kidney medulla (MN), and diabetic
kidney medulla (MD) were prepared as described in Materials and Methods.
The proteins (30 �g and 40 �g of membrane and cytosolic protein, respec-
tively) were separated on 12% SDS-PAGE and immunoblotted with appro-
priate antibodies. The blots were scanned and quantified. C: The quantified
results normalized to appropriate reference protein are presented as percent-
age of A1-AR/(reference protein) measured in normal (control) tissues � SD
of three experiments. *P � 0.05 relative to control.
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surface or degradation.15,16 Therefore, a lack of alteration

of receptor protein content in tissue homogenate does

not necessarily indicate unchanged receptor levels in

plasma membranes. To assess the cellular distribution of

AR, we performed immunoblot analysis on cytosolic and

membrane fractions obtained from whole kidney and kid-

ney zones. Examination of the membrane fractions from

kidney cortex and medulla indicated that the level of

A1-AR protein increased threefold in the membranes

from medulla of diabetic kidney whereas only a 50%

increase in receptor protein was seen in membranes from

kidney cortex (Figure 3). The protein level of A1-AR rose

by 60% in cytosolic fraction from diabetic kidney medulla,

but no increase was seen in the cytosol of diabetic kidney

cortex.

Expression Level of Adenosine A2a Receptor

(A2a-AR)

Evaluation of A2a-AR mRNA levels in the kidney of

diabetic rats indicated that levels of this mRNA in-

creased twofold in cortex but remained unchanged in

kidney medulla. The level of A2a mRNA in kidney of

diabetic rat treated with insulin for 4 days was not

different from that determined in kidney of normal rat

(Figure 4A). Staining of renal samples with the anti-A2a

antibody gave rise to a single 45-kd dominant band

(Figure 1). The amount of A2a-AR protein (45-kd band)

increased greater than threefold in homogenates of

diabetic kidney cortex but did not change in homoge-

nates of medulla. Elevated (2.6-fold) protein levels of

A2a-AR was also detected in homogenates from whole

Figure 4. Adenosine A2a receptor mRNA and protein levels in kidney of
normal and diabetic rat. A: Total RNA was extracted from whole normal
kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN), dia-
betic kidney cortex (CD), kidney cortex prepared from diabetic rats receiving
insulin for 4 days (CD�I), normal kidney medulla (MN), diabetic kidney
medulla (MD), and kidney medulla prepared from diabetic rats receiving
insulin for 4 days (MD�I). The level of adenosine A2a receptor (A2a-AR)
mRNA was analyzed as described in Materials and Methods. The results
normalized to �-actin are presented as percentage of A2a-AR mRNA mea-
sured in normal (control) tissues � SD of at least five experiments. *P � 0.05
relative to control. B: Homogenates were prepared from analyzed tissues,
and the equivalent of 80 �g of protein was subjected to Western blot analysis.
The presented blot is representative of those obtained in three independent
experiments. Protein p14-3-3 was used as a reference. The blots were
scanned and quantified. The quantified results normalized to protein p14-3-3
are presented as percentage of A2a-AR/p14-3-3 measured in normal (control)
tissues � SD of three experiments. *P � 0.05 relative to control.

Figure 5. Cellular distribution of adenosine A2a receptor in normal and
diabetic kidney. Membrane (A) and cytosolic (B) fractions from whole
normal kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN),
diabetic kidney cortex (CD), normal kidney medulla (MN), and diabetic
kidney medulla (MD) were prepared as described in Materials and Methods.
The proteins (50 �g and 70 �g of membrane and cytosolic protein, respec-
tively) were separated on 12% SDS-PAGE and immunoblotted with appro-
priate antibodies. The blots were scanned and quantified. C: The quantified
results normalized to 14-3-3 protein (for cytosol) are presented as percentage
of A2a-AR/p14-3-3 measured in normal (control) tissues � SD of at least four
experiments. For membrane fraction the absolute intensities of A2a-AR bands
were compared. *P � 0.05 relative to control.
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diabetic kidneys. Administration of insulin to diabetic

rats resulted in normalization of A2a-AR protein levels

(Figure 4B). In membrane and cytosolic fractions pre-

pared from diabetic kidney cortex, the protein levels of

A2a-AR increased 3.5- and 2.7-fold, respectively (Fig-

ure 5) whereas in the medulla the level of A2a-AR

protein increased by 75% in membranes and did not

change in cytosolic fraction.

Expression Level of Adenosine A2b Receptor

(A2b-AR)

Comparison of A2b-AR mRNA levels in kidneys of nor-

mal and diabetic rats indicated slightly increased lev-

els of this mRNA in diabetic kidney (Figure 6). Western

blot analysis performed on whole homogenates

showed two protein bands (52 kd and 32 kd) that

reacted with anti-A2b antibody (Figure 1). We did not

observe any significant alteration of A2b-AR protein

levels (52- and 32-kd bands) in homogenates of whole

diabetic kidney, cortex, or medulla (Figure 6). Immu-

noblot analysis performed on kidney cytosolic fractions

showed that anti-A2b antibody recognized only the

32-kd protein band whereas in membrane fractions

only 52-kd protein band was stained by this antibody

(Figure 7). Evaluation of A2b-AR protein in cytosolic

and membrane fractions of diabetic kidney zones re-

vealed no changes in A2b-AR protein levels in cytoso-

lic fractions and decreased A2b-AR levels in mem-

branes, but the decrease in A2b-AR protein was

statistically significant only in membranes of medulla

(Figure 7).

Figure 6. Adenosine A2b receptor mRNA and protein levels in kidney of
normal and diabetic rat. A: Total RNA was extracted from whole normal
kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN), dia-
betic kidney cortex (CD), kidney cortex prepared from diabetic rats receiving
insulin for 4 days (CD�I), normal kidney medulla (MN), diabetic kidney
medulla (MD), and kidney medulla prepared from diabetic rats receiving
insulin for 4 days (MD�I). The level of adenosine A2b receptor (A2b-AR)
mRNA was analyzed as described in Materials and Methods. The results
normalized to �-actin are presented as percentage of A2b-AR mRNA mea-
sured in normal (control) tissues � SD of at least four experiments. *P � 0.05
relative to control. B: Homogenates were prepared from analyzed tissues,
and the equivalent of 50 �g of protein was subjected to Western blot analysis.
The presented blot is representative of those obtained in three independent
experiments. �-Actin was used as a reference protein. The quantified results
of Western blot are presented as percentage of A2b-AR/�-actin ratio mea-
sured in normal (control) tissues � SD of at least three experiments. *P �

0.05 relative to control.

Figure 7. Cellular distribution of adenosine A2b receptor in normal and
diabetic kidney. Membrane (A) and cytosolic (B) fractions from whole
normal kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN),
diabetic kidney cortex (CD), normal kidney medulla (MN), and diabetic
kidney medulla (MD) were prepared as described in Materials and Methods.
The proteins (30 �g and 40 �g of membrane and cytosolic protein, respec-
tively) were separated on 12% SDS-PAGE and immunoblotted with appro-
priate antibodies. The blots were scanned and quantified. C: The quantified
results normalized to appropriate reference protein are presented as percent-
age of A2b-AR/(reference protein) measured in normal (control) tissues �

SD of at least three experiments. *P � 0.05 relative to control.
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Expression Level of Adenosine A3 Receptor

(A3-AR)

The levels of mRNA for A3-AR in diabetic kidney and its

zones were unchanged compared to kidney of normal

rats (Figure 8A). Western blot analysis of kidney ex-

tracts showed that the anti-A3 receptor antibody rec-

ognized only one 53-kd protein band (Figure 1). A

slight but not statistically significant increase of the

A3-AR protein levels was visible in homogenates of

whole diabetic kidney whereas the increase in A3-AR

protein in cortex of diabetic kidney was statistically

significant (Figure 8B). The protein levels of A3-AR in

kidney isolated from diabetic rat treated with insulin for

4 days was not significantly different from that deter-

mined in kidney of normal rat. Immunoblot analyses

performed on cytosolic and membrane fractions indi-

cated that the amount of A3-AR protein increased by

70% and decreased by 80% in membranes prepared

from diabetic kidney cortex and medulla, respectively

(Figure 9). The decrease in A3-AR protein content in

membranes of diabetic medulla was accompanied by

a 50% increase of the receptor protein level in cytosolic

fraction. In the cortex of diabetic kidney, the levels of

A3-AR in cytosolic fraction decreased by 25%, but this

change was not statistically significant.

ARs Immunohistochemistry

The pattern of AR distribution in kidneys from normal and

STZ-induced diabetic rats was examined on 4-�m-thick

sections. The quality of commercially available antibod-

ies allowed us to investigate the A1 and A2a receptors

only. In sections of normal kidney cortex, the A1-AR

immunostaining was observed in epithelial cells of glo-

meruli, and there was also weak A1-AR labeling of lumi-

nal membranes in distal convoluted tubules (Figure 10).

Figure 8. Adenosine A3 receptor mRNA and protein levels in kidney of
normal and diabetic rat. A: Total RNA was extracted from whole normal
kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN), dia-
betic kidney cortex (CD), kidney cortex prepared from diabetic rats receiving
insulin for 4 days (CD�I), normal kidney medulla (MN), diabetic kidney
medulla (MD), and kidney medulla prepared from diabetic rats receiving
insulin for 4 days (MD�I). The level of adenosine A3 receptor (A3-AR) mRNA
was analyzed as described in Materials and Methods. The results normalized
to �-actin are presented as percentage of A3-AR mRNA measured in normal
(control) tissues � SD of at least five experiments. B: Homogenates were
prepared from analyzed tissues, and the equivalent of 80 �g of protein was
subjected to Western blot analysis. The presented blot is representative of
those obtained in three independent experiments. �-Actin was used as a
reference protein. The quantified results of Western blot are presented as
percentage of A3-AR/�-actin ratio measured in normal (control) tissues � SD
of at least three experiments. *P � 0.05 relative to control.

Figure 9. Cellular distribution of adenosine A3 receptor in normal and
diabetic kidney. Membrane (A) and cytosolic (B) fractions from whole
normal kidney (KN), whole diabetic kidney (KD), normal kidney cortex (CN),
diabetic kidney cortex (CD), normal kidney medulla (MN), and diabetic
kidney medulla (MD) were prepared as described in Materials and Methods.
The proteins (50 �g and 70 �g of membrane and cytosolic protein, respec-
tively) were separated on 12% SDS-PAGE and immunoblotted with appro-
priate antibodies. The blots were scanned and quantified. C: The quantified
results normalized to appropriate reference protein are presented as percent-
age of A3-AR/(reference protein) measured in normal (control) tissues � SD
of at least three experiments. *P � 0.05 relative to control.
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The A1-AR labeling of glomeruli decreased slightly in

diabetic kidney concomitant with increased A1-AR immu-

noreactivity of distal convoluted tubules (Figure 10B).

Medullar tubules of normal kidney showed weak A1-AR

staining of luminal membranes whereas in diabetic kid-

ney the A1-AR immunoreactivity increased strongly along

medullar tubules especially in the collecting duct and the

thick ascending loop of Henle (Figure 10D). We did not

observe any significant changes in A1-AR labeling of

preglomerular and postglomerular vessels in diabetic

kidney (not shown).

In normal kidney A2a-AR immunoreactivity was very

weak in both kidney cortex and medulla (Figure 10, E and

G). The expression pattern of A2a-AR in diabetic kidney

changed significantly compared to normal kidney. Immu-

nohistochemistry performed on sections of diabetic kid-

ney cortex showed strong A2a-AR staining in luminal

membranes of the cortical collecting duct (Figure 10F).

There was also a significant increase in A2a-AR immu-

nostaining of glomerular epithelial cells and in glomerular

capillary loops. Increased A2a-AR labeling was also ob-

served in medullar tubules of diabetic kidney, although

principal cells of collecting tubules exhibited both the

luminal and basolateral A2a-AR immunoreactivity (Figure

10H). Density of A2a-AR on epithelial cells of preglomeru-

lar vessels increased significantly in diabetic kidney

whereas postglomerular vessels showed no changes or

mode increases in A2a-AR labeling (Figure 10, J and L).

ADA and 5�-Nucleotidase (5�-NT) Activities in

Kidney Membranes

The degree of AR activation depends on adenosine con-

centration in the nearest vicinity of the receptor. On the

other hand extracellular concentration of adenosine de-

pends on transport processes and metabolism. Our pre-

vious experiments showed that the expression level of

nucleoside transporters in diabetic kidney was not

changed.10 It is assumed that 5�-NT-mediated AMP hy-

drolysis is the primary source of adenosine in the kid-

ney.17 Our measurements showed that activity of ecto

5�-NT increased 4.5-fold in medullar membranes of dia-

betic kidney whereas activity of this enzyme measured in

cortex membranes increased only 40%, which was not

statistically significant (Table 3). However, the nonspe-

cific phosphohydrolase activity increased twofold both in

cortex and medullar membranes of diabetic kidney. Re-

cently, co-localization of ADA and A1-AR on the surface

of epithelial cells was reported.18 Our investigation

showed that ADA activity associated with membranes

increased 1.6-fold in cortex and 2.7-fold in medulla of

diabetic kidney (Table 3). Changes in 5�-NT and ADA

activity were observed only in the membrane fraction of

diabetic kidney but not in cytosol.11

Discussion

In this study we evaluated the impact of early STZ-in-

duced diabetes on ARs in rat kidney. The data presented

here shows complex changes occurring at the level of

gene expression, receptor protein content, and cellular

and tissue distribution. Some of these alterations, as dis-

cussed below, correspond to abnormalities characteris-

tic of the diabetic nephropathy.

The observed increases in expression of A1-AR in

medulla of diabetic kidney, especially in the collecting

duct, are in line with enhanced tubular sodium reabsorp-

tion noted in clinical and experimental diabetes. Early

stages of diabetic nephropathy are associated with in-

creased absolute proximal sodium reabsorption, de-

creased fractional sodium reabsorption, and increased

urinary sodium excretion.19,20 Additionally, it has been

reported that stimulation of A1-AR decreases the transtu-

bular voltage in thick ascending limb,21 reduces sodium

and chloride absorption in the loop of Henle,22,23 and

Figure 10. Expression of A1 and A2a ARs in normal and diabetic kidney. Immunohistochemistry in serial sections of normal (A, C, E, G, I, K, M–P) and diabetic
(B, D, F, H, J, L) kidney was performed as described in Materials and Methods. Kidney tissues were stained with antibodies to rat A1 (A–D, M, O) and rat A2a
(E–L, N, P) AR. Immunochemistry performed in the presence of A1-AR and A2a-AR blocking peptides is presented in M and O and N and P, respectively. In normal
kidney expression of A1-AR was visible in glomerular epithelial cells (A, arrow) and in epithelial cells of medullar tubules (C, arrows). In diabetic kidney A1-AR
was up-regulated in epithelial cells of cortical distal convoluted tubules (B, arrow) and medullar tubules (D, arrows). B: Decreased expression of A1-AR was
observed in diabetic glomeruli. The expression of A2a AR was barely visible in serial sections of normal kidney cortex (E) and medulla (G) whereas in diabetic
kidney cortex (F) A2a-AR was up-regulated in epithelial cells of glomeruli (arrow), in glomerular capillary loops (arrow with a simple wide arrowhead), and
in apical membranes of epithelial cells of distal convoluted tubules (arrowhead). H: Immunostaining for A2a-AR was also increased both in luminal (arrow)
and basolateral (arrowhead) membranes of epithelial cells of diabetic medullar tubules. J: The A2a-AR staining was also increased in epithelial cells of
preglomerular vessels of diabetic kidney (arrow). K and L: Only weak A2a-AR labeling of postglomerular vessels was visible (arrow). Scale bars: 50 �m (A–H,
M–P); 10 �m (I–L).

Table 3. The Nonspecific Phosphohydrolase, Ecto 5�-Nucleotidase (Ecto 5�-NT), and Adenosine Deaminase (ADA) Activities in
Kidney Membrane Fractions

Enzyme

Normal kidney (nmol/minute/mg) Diabetic kidney (nmol/minute/mg)

Cortex Medulla Cortex Medulla

Nonspecific phosphohydrolases 55.3 � 13.2 29.3 � 9.7 106.9 � 18.9* 59.7 � 15.7*
Ecto 5�-NT 39.5 � 9.1 6.1 � 2.2 57.1 � 14.2 27.3 � 8.5*
ADA 17.2 � 3.5 7.4 � 2.6 26.7 � 5.1* 19.8 � 4.3*

The enzymatic activities were assayed in kidney membrane fractions of normal and diabetic rats in the presence of 100 �mol/L AMP as described
in Materials and Methods. The values are mean � SD (n � 7).

*P � 0.05 versus normal rats.
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decreases sodium absorption in the inner medullary col-

lecting duct.24 These data suggest that altered sodium

handling in diabetic kidney may be related to overexpres-

sion of A1-AR in the medullar tubules of diabetic kidney.

Another characteristic feature of the diabetic kidney in-

cludes its inability to concentrate urine despite elevated

plasma vasopressin levels.21 Patients with acquired dia-

betes mellitus display reversible resistance to arginine

vasopressin (AVP).25 Evidence from experiments on STZ-

induced diabetic rats indicates that the density of the

renal V2 receptor and the affinity of the receptor for AVP

are not altered in diabetic kidney.26 However, AVP-in-

duced increases in osmotic water permeability and

cAMP accumulation in rat inner medullary collecting duct

have been reported to be inhibited by A1-AR activation.24

Therefore, AVP resistance might be related to increased

density of A1-AR in the collecting duct of diabetic kidney.

Investigation into the possible impact of altered AR

expression levels on the diabetic kidney function raises

the question of adenosine origin in diabetic kidney. In the

kidney multiple pathways exist to produce extracellular

adenosine. Previously, we have demonstrated that the

activity of adenosine kinase, which is considered a very

sensitive control point for adenosine levels in the cell, is

significantly decreased in diabetic kidney.11 This sug-

gests that the turnover of the AMP-adenosine metabolic

cycle might be impaired in diabetic kidney leading to

local increases in adenosine concentration. This assump-

tion is supported by experiments indicating that in the

kidney of diabetic rats adenosine levels were not altered

in the artery but increased significantly in plasma of the

renal vein.27 Extracellular cAMP was recently proposed

to be a significant source of adenosine in the kidney.28

Experiments on cells isolated from collecting ducts

showed that stimulation of adenylyl cyclase leads to in-

creases in extracellular concentration of cAMP, which

was effectively converted to AMP and adenosine.29 Our

data indicate that in kidney of diabetic rat the activity of

ecto 5�-NT increased 4.5-fold in medullar membranes

(Table 3) whereas the overall nonspecific dephosphory-

lating potential of the kidney membrane fraction rose

twofold (Table 3).

Hyperfiltration is a leading hallmark of early diabetes

resulting in progressive diabetic nephropathy. The hemo-

dynamic phenotype of early diabetes has been attributed

to abnormalities of renal vessels and glomerular vascu-

lature. Several factors such as altered function of calcium

and potassium channels, lack of insulin action, elevated

levels of atrial natriuretic peptide and locally produced

renal angiotensin have been implicated in the afferent

arteriolar dilation and efferent arteriolar constriction ob-

served in the early state of diabetes, contributing to glo-

merular hyperfiltration.30 The data presented in this re-

port show increased expression of A2a-AR in the cortex

of diabetic kidney.

Immunohistochemistry analysis revealed that A2a re-

ceptor levels increased significantly in glomeruli and in

renal preglomerular arteries whereas in postglomerular

vessels only modest increases in the density of A2a-AR

were visible. This was accompanied by a lack of signifi-

cant changes in the density of A1-AR in renal vessels.

Such a distribution pattern of ARs in diabetic kidney is in

accordance with data from micropuncture studies that

indicate reduced resistance of afferent arterioles in dia-

betic rats31 and from videometric measurements that

show increased diameter of afferent arterioles in kidneys

from diabetic rats.32 On the other hand, the hypersensi-

tivity of renal vasculature to vasoconstrictive action of

adenosine was observed in diabetic rats.33 This phenom-

enon may be related to observations in our study of

increased levels of A3-AR in plasma membranes of the

diabetic kidney cortex. It has been demonstrated that

stimulation of A3-AR in vascular smooth muscle cells

decreases cAMP levels.34 Moreover, it appears that the

A3-AR expression levels are critical for adenosine’s effect

on cellular cAMP levels.35 It is difficult to assess the

impact of changes in renal A3-AR distribution on the

diabetic kidney because the function of this receptor in

the kidney remains enigmatic. Altered vasoconstriction in

response to administration of contrast media is a major

adverse event in patients with impaired renal function. In

particular, patients with diabetes mellitus are highly vul-

nerable to a prolonged decrease of renal blood flow.36 It

has been demonstrated that administration of adenosine

A1-selective antagonists in both animals and humans

restores renal blood flow and prevents contrast media-

induced acute renal failure.37 Moreover, involvement of

A3-AR in ischemia-induced renal failure has been re-

ported recently.38 This study showed that an A3-AR

antagonist given before renal ischemia protected renal

function whereas an A3-AR agonist significantly wors-

ened renal ischemic-reperfusion injury. Furthermore, it

appears that A3-AR activation must be coupled with an

ischemia-reperfusion insult to have a detrimental effect

on renal function because stimulation or inhibition of

A3-AR in normal conditions did not affect kidney function.

These results were confirmed by studies on genetically

manipulated mice, which showed that mice lacking

A3-AR are protected from ischemic or myoglobinuric re-

nal failure.39

Alteration of renal handling of inorganic phosphate

occurs in the early onset of experimental diabetes and in

diabetic patients, resulting in renal phosphate leak-

age.29,40 Most of the renal phosphate reabsorption takes

place in the proximal tubule, but the final regulation of

urinary phosphate excretion appears to occur in the cor-

tical and medullar collecting tubule.41 Our results indi-

cate increased expression of A2a-AR in epithelial cells of

cortical and medullar collecting tubules, suggesting that

cAMP levels might be raised by Ado action on A2a re-

ceptors in diabetic kidney. On the cellular level increased

cAMP by activating protein kinase A triggers a phosphor-

ylation cascade that leads to inhibition of phosphate

transport.42 However, the lack of insulin action that inhib-

its cAMP accumulation and glucose-induced raise in

cAMP levels cannot be excluded. On the other hand,

increased cAMP levels caused by insulin deficiency and

hyperglycemia may become the intrarenal source of

adenosine.

It becomes apparent that multiple alterations are in-

volved in the pathogenesis of diabetic nephropathy.

Therefore, to develop effective therapeutic strategies, it is
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necessary to obtain detailed knowledge of changes that

occur in the diabetic kidney. Our results show that the

expression level and distribution pattern of ARs are sig-

nificantly altered in the diabetic kidney. Because adeno-

sine is considered an autocrine factor that controls renal

metabolism and function, alterations in ARs may signifi-

cantly contribute to diabetic nephropathy. The presented

evidence may be of clinical relevance and lead to the

development of more targeted treatment with the use of

specific AR agonists and antagonists. It seems that at

least the A1 receptor antagonists are useful as therapeu-

tic tools to prevent contrast media-induced renal failure in

diabetic patients.37 However, it should be stressed that

the functional significance of some AR alterations ob-

served in our studies remains speculative, and further

studies will be necessary to resolve these questions.
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