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development in streptozotocin-induced 
and db/db mouse models of type 1 and 
type 2 diabetes, respectively, while ex-
erting antiapoptotic, antiinflammatory, 
proliferative and angiogenic effects 
within the islets (7).

Since prolonged treatment with EPO 
can increase the hematocrit and provoke 
thrombosis, we have studied an EPO 
analogue, ARA290 (8). This 11 amino 
acid peptide lacks hematopoietic action, 
binds to the IRR and protects a num-
ber of tissues in response to injury (9). 
A recent phase 2 clinical trial evaluating 
ARA290 in patients with type 2 dia-
betes and painful neuropathy showed 
that ARA290 significantly reduced 
hemoglobin A1c  (Hb  A1c) levels as well 
as neuropathic symptoms (10). In an 
effort to explore the mechanism of action 
of ARA290 in diabetes, we now report 
effects of ARA290 on different aspects 
of glucose homeostasis in spontaneously 
diabetic Goto-Kakizaki (GK) rats (2) 
compared with nondiabetic controls.

Erythropoietin (EPO) is a cytokine 
that regulates hematopoiesis mediated 
by its binding to the erythropoietin 
receptor (EPOR), that is present also in 
nonerythroid tissues, including pancre-
atic islets (5). In addition to its hemato-
poietic action, EPO has been shown to 
exert antiinflammatory, antiapoptotic 
and cytoprotective effects in a wide 
variety of cell types by binding to the 
innate repair receptor (IRR) which is 
a heteromer of EPOR and CD131, the 
β common receptor (6). EPO treatment 
has been shown to protect against diabetes 

INTRODUCTION
Impaired β-cell function and insulin 

secretion play a primary role in type 2 
diabetes (1,2). Although the mechanisms 
behind impaired insulin secretion may 
reside in inherited defects related to β-cell 
development and metabolism, immuno-
logical events such as low-grade inflam-
mation and apoptosis may also contribute 
to β-cell dysfunction. Indeed, increased 
expression of cytokines and chemokines 
has been demonstrated in pancreatic islets 
of patients with type 2 diabetes as well as 
in animal models of the disease (3,4).
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with 3.3 mmol/L glucose followed by 
10 min with 3.3 mmol/L glucose plus 
10 ng/mL ARA290, then for 30 min 
with 16.7 mmol/L glucose in absence 
or presence of 10 ng/mL ARA290, then 
for 15 min KCl 30 mmol/L in absence or 
presence of 10 ng/mL ARA290, followed 
by 30 min 3.3 mmol/L glucose only. 
Samples were collected every 2 min and 
stored at –20°C until insulin was ana-
lyzed by radioimmunoassay.

Glucose Oxidation
After overnight culture in RPMI, 

GK rat islets were preincubated for 
30 min in KRB buffer supplemented 
with 3.3 mmol/L glucose. Ten islets were 
placed in glass incubation vials with 
either 3.3 mmol/L or 16.7 mmol/L glucose 
in 100 μL KRB (pH 7.4), with or without 
10 ng/mL ARA290 and also containing 
1 μCi D-[U-14C]glucose (PerkinElmer). 
Incubation vials were then placed in 
20 mL scintillation bottles containing 
1.5 mL water and sealed with a rubber-
membrane equipped cap under 95% 
O2, 5% CO2 and incubated for 2 h in 
37°C in a water bath. The incubation 
was terminated by injecting through the 
rubber membrane 100 μL of 0.05 mmol/L 
antimycin in 70% ethanol, followed 
by 250 μL of hyamine in the scintilla-
tion bottles and 100 μL of 0.4 mmol/L 
sodium phosphate buffer, pH 6.0, in the 
incubation vials. The 14CO2 was allowed 
to absorb overnight into the hyamine. 
Incubation vials were discarded and 
5 mL of scintillation liquid (Ultima Gold, 
Perkin Elmer) were added in the scin-
tillation bottles. Radioactivity in 14CO2 
was measured with a Liquid Scintillator 
Analyzer (Tricarb 1900-TR, Packard), and 
results were expressed as pmoles glucose 
oxidized/islet per 2 h.

ATP Determination
After preincubation as above, batches 

of 20 islets were incubated for 1 h in 
300 μL KRB with either 3.3 mmol/L or 
16.7 mmol/L glucose, and with or without 
10 ng/mL ARA290, at 37°C in a shaking 
water bath. ATP levels were measured 
using the ATP Bioluminescence Assay Kit 

Islet Experiments
Islets were isolated from W and GK 

rats by collagenase digestion of the exo-
crine pancreas as previously described 
(12). Islets were separated using a Hist-
opaque gradient and picked up under a 
stereomicroscope and cultured overnight 
in RPMI 1640 medium supplemented 
with 11 mmol/L glucose, 2 mmol/L 
glutamine, 10% heat inactivated FCS, 
100 IU/mL penicillin, and 0.1 mg/mL 
streptomycin at 37°C, under a 95% O2, 
5% CO2 atmosphere.

Batch-Incubation Experiments
After the overnight culture, the islets 

were preincubated for 30 min at 37°C in 
Krebs-Ringer bicarbonate buffer solution 
(KRB), supplemented with 2 mg/mL 
bovine albumin, 10 mmol/L HEPES and 
3.3 mmol/L glucose, pH 7.4. After prein-
cubation, batches of three islets were incu-
bated for 60 min in a shaking water bath 
at 37°C in 300 μL of KRB with either 3.3 or 
16.7 mmol/L glucose. In both conditions, 
islets were treated with or without addi-
tion of 1, 5 or 10 ng/mL ARA290. When 
effects of ARA290 on the insulin secretion 
pathway was analyzed, KRB with either 
3.3 mmol/L or 16.7 mmol/L glucose 
was supplemented with 0.25 mmol/L 
diazoxide ± 30 mmol/L KCl to analyze 
proximal or distal effect of ARA290 on the 
ATP-sensitive potassium (KATP) channels, 
or with 10 μmol/L PKA inhibitor H89, or 
5 μmol/L nimodipine to block the L-type 
of Ca2+ channels. After incubations, ali-
quots of the media were taken for radio-
immunoassay of insulin (11).

Islets Perifusion
After overnight culture in RPMI, GK rat 

islets were preincubated for 30 min in KRB 
buffer supplemented with 3.3 mmol/L 
glucose. Batches of 50 islets were 
layered between two layers of bio-gel 
(Bio-Rad) in a perifusion chamber and 
perifused at a flow rate of 200 μL/min, 
at 37°C, with KRB and 3.3 mmol/L 
glucose for 20 min prior to the start of 
collecting samples. To determine the 
dynamic response of insulin secretion, 
the islets were first perifused for 20 min 

MATERIALS AND METHODS

ARA290
The nonhematopoietic erythropoietin 

analogue ARA290 consists of 11 amino 
acids (MW 1258 daltons) (8), and was 
supplied by Araim Pharmaceuticals. 
It was dissolved in phosphate buffered 
saline (PBS) at a concentration of 2 mg/mL 
and kept at 4°C for up to 4 wks.

Animals
Diabetic Goto-Kakizaki (GK) rats, 

originating from Wistar rats, were 
bred in our department (2). Normal 
Wistar (W) rats were purchased from 
a commercial breeder (B&K Universal) 
and used as nondiabetic controls. All 
animals were about six weeks old and 
with body weights 100 to 150 g when 
treatment was initiated. They were 
kept at 22°C on a reversed 12-h light–
dark cycle with free access to food, 
except when fasted overnight as noted 
below. The study was approved by the 
Laboratory Animal Ethics Committee 
of Karolinska Institutet (N333/09). All 
in vivo experiments were performed in 
a blinded manner. Rats were treated 
over 4 wks with ARA290 by a once daily 
subcutaneous (s.c.) injection at a dose 
of 30 μg/kg bodyweight or PBS. Blood 
samples for determination of glucose 
were taken after a small tail incision and 
analyzed every week before morning s.c. 
injection of either ARA290 or placebo 
(Accu-Check Aviva, Roche Diagnostics). 
During the experimental period, body 
weights were measured weekly.

Tolerance Testing
Prior to treatment and after 2 and 

4 wks, intraperitoneal (IP) glucose toler-
ance tests (IPGTT; 2 mg glucose/g BW) 
were performed in overnight fasted 
rats. Additionally, plasma samples were 
collected at 0 and 30 min for insulin 
analyses using radioimmunoassay (11). 
IP pyruvate tolerance (IPPTT; 2 mg 
sodium pyruvate/g BW) and s.c. insulin 
tolerance (SCITT; 0.5 mU insulin/g BW) 
tests were carried out in overnight fasted 
GK rats.
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ARA290 treatment had no effect on 
fasting plasma glucose levels in GK 
rats (Figures 1A–C). Moreover, in the 
insulin sensitivity test (SCITT; Supple-
mentary Figure 3A) and the IP pyruvate 
tolerance test, (IPPTT; Supplementary 
Figure 3B) performed after 4 wks, results 
were similar in ARA290-treated and 
placebo groups, suggesting that altered 
extrahepatic and hepatic insulin sensitivity 
do not contribute to the improvement in 
plasma glucose levels.

ARA290 Improves a Cell Secretory 
Function in GK Islets

To assess whether ARA290 exerts a 
direct effect on β-cell secretory function, 
which may account for the improved glu-
cose homeostasis in GK rat, we assessed 
effects of ARA290 on insulin secretion by 
performing GSIS experiments on islets 
isolated after 4 wks of ARA290 treatment 
in W and GK rats as well as batch incu-
bations and islets perifusion experiments. 
In islets from ARA290-treated GK rats, 
insulin responses to 16.7 mmol/L glucose, 
in relation to basal (3.3 mmol/L) glucose, 
were significantly increased about two-
fold compared with responses in islets 
from the placebo-treated rats, the fold 
increase in response being 3.8 ± 0.5 versus 
2.0 ± 0.4, respectively (p < 0.05).

Islets isolated from untreated W and 
GK rats were exposed to ARA290 in the 
range of 1 to 10 ng/mL at both 3.3 and 
16.7 mmol/L glucose. In W rat islets, 
ARA290 did not change insulin secre-
tion during either basal or high glucose 
stimulation (Figure 2A). In GK rat islets, 
exposure to ARA290 at basal glucose 
conditions did not enhance insulin secre-
tion, although in the presence of the high 
glucose concentration, 1 ng/mL ARA290 
significantly improved insulin secretion 
2.7-fold compared with 16.7 mmol/L 
glucose alone (Figure 2B). Higher con-
centrations of ARA290 further increased 
insulin secretion.

Islet perifusion experiments showed that 
ARA290 greatly augmented the first phase 
insulin response (control 0.076 ± 0.017 ver-
sus ARA290 0.303 ± 0.184 μU/islet/min at 
34 min, p < 0.01) (Figure 2C). By contrast, 

All supplementary materials are available 
online at www.molmed.org.

RESULTS

ARA290 Prevents Progressive 
Worsening of Glucose Control without 
Affecting Body Weight

Neither GK nor Wistar rats showed 
significant weight differences after 
4 wks treatment with ARA290 com-
pared with placebo (Supplementary 
Figures 1A–B). In W rats, the morn-
ing PG levels did not differ between 
the ARA290-treated and placebo 
groups (Supplementary Figure 1C). 
By contrast, morning PG levels in 
GK rats treated with ARA290 were 
significantly lower after wk 2 com-
pared with placebo (Supplementary 
Figure 1D) Importantly, ARA290 had 
no effect on hematocrit (Supplementary 
Figure 1E).

ARA290 Improves Glucose Tolerance
In GK rats, the total area under 

the glucose curve (AUCs) in IPGTT 
performed at baseline before starting 
treatment (d 0) was similar in both 
ARA290-treated and placebo groups 
(Figures 1A, D). However, glucose 
AUCs in IPGTT were significantly 
lower in ARA290 treatment com-
pared with placebo treatment after 
2 wks (Figures 1B, D) and after 4 wks 
(Figures 1C, D) of treatment. Addition-
ally, hemoglobin A1c as determined by 
mass spectroscopy (see Supplementary 
Materials) was significantly lower in 
the ARA290-treated rats (Figure 1E). 
Furthermore, the insulin response 
during IPGTT after 4 wks (at min 0 
and 30 during IPGTT) was augmented 
in ARA290-treated compared with 
placebo GK rats (from 14.2 ± 1.0 to 
22.8 ± 2.9 mU/L, n = 7, p < 0.05, and 
from 15.5 ± 3.4 to 18.1 ± 2.5 mU/L, n = 7, 
p = 0.2, respectively). In nondiabetic 
W rats, AUCs during IPGTT were sim-
ilar in ARA290-treated and placebo 
groups both at baseline and after 2 and 
4 wks of treatment (Supplementary 
Figures 2A–C).

HS II (Roche Diagnostics) according to 
the manufacturer’s instructions. Biolumi-
nescence was measured after 1-s delay and 
with 1-s integration time, using a GloMax 
96 Microplate Luminometer (Promega). 
Protein concentration in the lysis sus-
pension was determined by the Bradford 
protein assay (Bio-Rad), and results were 
expressed as pmol ATP/mg protein.

Measurements of Cytoplasmic Free 
Ca2+ Concentration, [Ca2+]i

Islets were incubated with 2 μmol/L 
fura-2 AM and changes in [Ca2+]i, that 
is, fluorescence ratio 355/380 nm, 
were analyzed on a microscope con-
sisting of a Zeiss Axiovert 200M with 
a fluorescence imaging system using 
Andor iQ software with an Andor iXon 
DV887DCS-BV camera and a Cairn 
monochromator for excitation (Andor 
Technology plc) (13,14).

Power Spectral Analysis of [Ca2+]i 
Oscillations

All [Ca2+]i data were subjected to 
visual inspection and [Ca2+]i oscillations 
were analyzed using power spectral 
analysis using Matlab (The Mathworks 
Inc.) for analysis of the oscillation 
patterns commonly observed in 
pancreatic islets, partly based on 
SpectralAnalysis (16). The amplitudes 
of fast and slow oscillations were 
calculated as the square root of the 
total power of periods from 6 to 60 s 
(fast oscillation) and 60 to 600 s (slow 
oscillation) respectively (17). Power 
spectral density for fast oscillations was 
calculated by the method of Welsh (18), 
and standard fast Fourier transform 
power spectrum was used for slow 
oscillations. The dominant fast and 
slow periods were obtained from peaks 
in respective power spectrum.

Statistical Analysis
 Statistical analyses were carried out 

with Sigmaplot (2001). The results have 
been calculated as mean ± SEM and com-
parisons of the means have been done 
by unpaired Student t test. P < 0.05 was 
regarded as statistically significant.
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ARA290 Augments the Insulin 
Secretion Pathway

To investigate whether ARA290 has 
effects on the islet KATP channel in the 
insulin secretion pathway, we used 
the KATP channel opener diazoxide. At 
3.3 mmol/L glucose, diazoxide did not 
suppress basal insulin secretion, and 
the stimulation of insulin secretion by 
addition of diazoxide and KCl was not 
significantly modulated by ARA290 
(Figure 4A). However, in the presence of 
16.7 mmol/L glucose, coincubation of 

a beneficial effect of A290 on glucose 
metabolism, we assessed effects of 
ARA290 on islet glucose oxidation and 
ATP production. Under hyperglyce-
mic conditions, ARA290 significantly 
increased glucose oxidation (Figure 3A) 
in GK islets. Treatment by ARA290 for 
1 h also improved ATP production in 
GK islets (Figure 3B). These results sug-
gest that ARA290 has a direct effect on 
glucose metabolism by increasing Krebs 
cycle activity and ATP production by the 
mitochondria.

ARA290 did not exert a significant effect 
on the second phase insulin secretion. 
However, addition of KCl and ARA290 
increased insulin secretion further 
(Figure 2C), suggesting that ARA290 
affects not only the glucose stimulatory 
pathway but also the amplification 
pathway.

ARA290 Improves Islet Glucose 
Metabolism

To address whether improved first 
phase insulin secretion could result from 

Figure 1. Effect of ARA290 on IPGTT in GK rats. (A) Baseline, (B) wk 2, and (C) 4 wks IPGTT in GK rats treated with ARA290 or PBS. (D) Area 
under the curve expressed as mmol/120 min in the IPGTT in GK rats. (E) Hemoglobin A1c percent in ARA290 versus PBS treated rats at 
4 wks. Plasma glucose levels (mmol/L) are represented as means ± SEM. (● ARA290-treated, ○ placebo-treated). *P < 0.05, **P < 0.01.
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ARA290 has an additional effect in 
the insulin secretion pathway that is 
distal of the KATP channels. Indeed, 
when GK islets were coincubated with 
10 ng/mL ARA290 and 10 μmol/L of 
the protein kinase A (PKA) inhibitor 

However, at high glucose concentra-
tions when the KATP channels were 
kept open by diazoxide and were de-
polarized by 30 mmol/L KCl, ARA290 
potentiated the GSIS of GK islets 
(Figure 4B). These results show that 

GK rat islets with 10 ng/mL ARA290 
and 0.25 mmol/L diazoxide neutralized 
the stimulatory effect of ARA290 on 
GSIS (Figure 4B). This suggests that the 
stimulatory effect on GSIS by ARA290 
is mediated through KATP channels. 

Figure 2. ARA290 increases insulin secretion from GK rat islets. (A) Insulin secretion expressed as μU/islet/h is measured in batch 
incubations of 3 W rat islets. Islets were treated with 1, 5 or 10 ng/mL of ARA290 as indicated with either 3.3 mmol/L G (◻) or 
16.7 mmol/L G (◼). (B) Insulin secretion expressed as μU/islet/h is measured in batch incubations of 3 GK rat islets. Islets were treated 
with 1, 5 or 10 ng/mL of ARA290 as indicated in the graph in either 3.3 mmol/L G (◻) or 16.7 mmol/L G (◼). Results represent means ± 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus 16.7 mmol/L G, ns indicates no statistical difference. (C) Dynamic glucose-stimulated 
insulin secretion is assessed by islets perifusion. Batches of 50 islets were exposed to 3.3 mmol/L G for 15 min, and then for an addi-
tional 15 min to 3.3 mmol/L G alone (○ curve) or plus 10 ng/mL ARA290 (● curve), followed by stimulation with 16.7 mmol/L G alone 
(○ curve) or plus 10 ng/mL ARA290 (● curve) for 40 min, islets were then subjected to an additional stimulation with 30 mmol/L KCL 
for 20 min, finally perifusion medium was changed to 3.3 mmol/L G for an additional 20 min. Results represent means ± SEM.  
*P < 0.05, **P < 0.01 versus control.
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as compared with vehicle-treated islets 
(Figure 5D). We also found increases 
in carbamylcholine- and KCl-induced 
[Ca2+]i in ARA290-treated islets 
(Figures 5E, F). Furthermore, we per-
formed power spectrum analysis for 
the [Ca2+]i oscillation data and observed 
that islets from ARA290-treated GK rats 
displayed an increased frequency in 
slow [Ca2+]i oscillations compared with 
controls (Figures 5A, B, G). The average 
period for slow [Ca2+]i oscillation (slow 
oscillations in Figure 5G) frequency in 
islets from vehicle-treated GK rats was 
178.5 s, whereas the average period in 
islets from ARA290-treated GK rats was 
101.5 s, which corresponded to a 43% 
increase in [Ca2+]i oscillation frequency 
versus the control islets. However, there 
was no difference in amplitude of slow 
[Ca2+]i oscillations between the groups 
(Figure 5H). Also, there was no differ-
ence in frequency and amplitude of fast 
[Ca2+]i oscillations (Figures 5I, J).

ARA290 Treatment Increases 
Intracellular Ca2+ Mobilization after 
Cholinergic Stimulation

 To investigate effects of ARA290 
treatment on Ca2+ mobilization from 
intracellular stores, we studied the direct 
effects of carbamylcholine, a cholinergic 
agonist that activates the acetylcholine 
receptor, on PLC/InsP3-mediated Ca2+ 
release in islets from ARA290-treated GK 
rats as compared with vehicle-treated 
GK rats. We observed an increase in 
peak [Ca2+]i values in ARA290-treated 
islets during stimulation by 200 μmol/L 
carbamylcholine, in the presence or 
in the absence of extracellular Ca2+, as 
compared with the vehicle-treated islets 
(Phase I and Phase III in Figure 6). These 
results were from islets perifused with 
basal glucose (3 mmol/L) and were com-
patible to the increase in [Ca2+]i stimu-
lated by 100 μmol/L carbamylcholine in 
the presence of 16.7 mmol/L glucose in 
ARA290-treated islets (Figure 5E). There 
was no statistically significant difference 
in Ca2+ entry over the plasma mem-
branes between the two groups (Phase II 
in Figure 6).

ARA290 Improves Islet [Ca2+]i 
Oscillations in the GK Rat

Figures 5A and 5B show represen-
tative traces of glucose-stimulated 
[Ca2+]i and [Ca2+]i oscillations in 
isolated islets from GK rats treated 
with the vehicle (PBS) and ARA290, 
respectively. There was no statisti-
cally significant difference between 
the two groups in basal [Ca2+]i in is-
lets perifused with 3 mmol/L glucose 
(Figure 5C). We observed an increase 
in peak [Ca2+]i values, that is, fura-2 
ratio, after 16.7 mmol/L glucose 
stimulation in ARA290-treated islets 

H89, the effect of ARA290 on GSIS was 
abolished (Figure 4C). Altogether these 
results suggest that ARA290 exerts 
its effect on GSIS both on the KATP 
channels and on the insulin amplifi-
cation pathway through PKA. Finally, 
we examined whether the effect of 
ARA290 was dependent on Ca2+ sig-
naling. The effect of ARA290 on GSIS 
was blocked by the addition of the 
L-type Ca channel blocker nimodipine 
(5 μmol/L) (Figure 4D). This suggests 
that improvement of insulin secretion 
by ARA290 involves an entry of Ca2+ 
through the L-type Ca2+ channels.

Figure 3. Effect of ARA290 on glucose metabolism in GK rat islets. (A) After 30 min preincu-
bation of islets in KRB supplemented with 3.3 mmol/L G, glucose oxidation was measured 
in batches of 10 GK islets during incubation for 2 h with 3.3 or 16.7 mmol/L G alone (◻) or in 
the presence of 10 ng/mL ARA290 (◼). Results represent means ± SEM of n = 6 experiments. 
#P < 0.05 versus 3.3 mmol/L G control, *P < 0.02 versus 16.7 mmol/L G control. (B) Islets were 
preincubated for 30 min in KRB supplemented with 3.3 mmol/L G, batches of 20 islets were 
the incubated for 1 h with 3.3 or 16.7 mmol/L G alone (◻) or in the presence of 10 ng/mL 
ARA290 (◼) and ATP content was measured. Results are expressed as pmole of ATP nor-
malized by the total protein content of islets. Results represent means ± SEM of n = 6 experi-
ments. #P < 0.05 versus 3.3 mmol/L G control, *P < 0.05 versus 16.7 mmol/L G control.
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4 wks of treatment in ARA290-treated 
GK rats compared with control.

The improved glucose tolerance 
observed in ARA290-treated GK rats 
could be due to enhancement of insulin 
sensitivity and/or increased insulin sec
retion. Since there were no significant 

although fasting PG concentrations 
remained normal in both treatment 
groups, IPGTT showed that the glucose 
responses were significantly lower after 
2 and 4 wks of treatment in the ARA290 
group. This was supported by a signifi-
cantly reduced Hb A1c concentration after 

DISCUSSION
The results of these experiments show 

that ARA290 prevents the progressive 
worsening of glucose tolerance that 
occurs in the GK rat, a nonobese model 
of type 2 diabetes characterized by im-
paired insulin secretion (2). Notably, 

Figure 4. Effect of ARA290 on insulin secretion pathway in GK rat islets. (A) Insulin secretion (μU/islet/h) was assessed in batches of three 
islets incubated in 3.3 mmol/L G without ARA290 (◻) or with 10 ng/mL ARA290 (◼) and supplemented with 0.25 mmol/L diazoxide or 
30 mmol/L KCl as indicated in the graph. (B) Insulin secretion (μU/islet/h) was assessed in batches of three islets incubated in 16.7 mmol/L G 
without ARA290 (◻) or with 10 ng/mL ARA290 (◼) and supplemented with 0.25 mmol/L diazoxide or 30 mmol/L KCl as indicated in the 
graph. Results represent means ± SEM of n = 7 experiments. ϕP < 0.02 versus 16.7 mmol/L G control, *P < 0.02 versus 16.7 mmol/L G 
control, ξP < 0.02 versus ARA290, ##P < 0.01 versus diazoxide + KCl, ns indicates no statistical difference. (C) Insulin secretion (μU/islet/h) 
was assessed in batches of three islets incubated for 1 h with 3.3 mmol/L G (◻) or 16.7 mmol/L G (◼) and supplemented with 10 ng/mL 
ARA290 or PKA inhibitor H89 (10 μmol/L). Results represent means ± SEM of n = 5 experiments. **P < 0.01 versus 16.7 mmol/L G, ##P < 0.01 
versus ARA290. (D) Insulin secretion (μU/islet/h) was assessed in batches of three islets incubated for 1 h with 3.3 mmol/L G (◻) or 
16.7 mmol/L G (◼) and supplemented with 10 ng/mL ARA290 or nimodipine (5 μmol/L). Results represent means ± SEM of n = 4 experi-
ments. *P < 0.05 versus 16.7 mmol/L G, ###P < 0.001 versus ARA290.
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differences between ARA290-treated 
and placebo-treated rats regarding their 
responses in the pyruvate tolerance and 
the insulin sensitivity tests, it is not plau-
sible that ARA290 exerts its primary ac-
tion on insulin sensitivity in this model. 
This is further supported by similar fast-
ing plasma insulin levels in treated and 
control rats, suggesting that the analogue 
does not improve glucose homeostasis 
by acting on the liver. Thus, ARA290–
induced improvement of glucose toler-
ance in the GK rat can be accounted for 
by a direct effect on the pancreatic β cells. 
This conclusion is supported by the obser-
vation that islets isolated from GK rats ex-
hibit an increased glucose-induced insulin 
secretion when compared with control.

In pancreatic β cells, glucose stimulates 
insulin secretion by virtue of its metabo-
lism. Following rapid transport through 
the β-cell plasma membrane, the hexose 
is phosphorylated to glucose-6-phosphate, 
and then further metabolized through 
glycolysis and citric acid cycle to yield 
ATP (15). The subsequent increase in the 
cytosolic ATP/ADP ratio leads to closure 
of the ATP-regulated K+ channels, plasma 
membrane depolarization and opening of 
voltage-dependent L-type Ca2+ channels 
(13,14). The resulting increase in [Ca2+]i 
stimulates the exocytosis of insulin gran-
ules (16). Our results show that the effect of 
ARA290 on β cells occurs via an improve-
ment of glucose metabolism as evidenced 
by increased glucose oxidation and ATP 
production. Additional data show that the 
increase in insulin secretion also depends 
on the activation of PKA-dependent path-
ways, that is, the effects of ARA290 occur 
via known insulin secretory pathways.

Interestingly, ARA290 did not affect glu-
cose concentrations in W rats or stimulate 
glucose-induced insulin release in W islets. 
This may imply that ARA290 specifically 
improves the mechanisms responsible for 
defective insulin secretion in the GK rat. 
In this animal model of type 2 diabetes, re-
duced β-cell mass associated with defective 
insulin secretion is a hallmark of its phe-
notype and can be attributed to several ab-
normalities in the β cell function, similar to 
what is found in human type 2 diabetes (2).

Figure 5. Effect of ARA290 on cytoplasmic free calcium concentrations ([Ca2+]i) in 
pancreatic islets isolated from GK rats. (A) Traces represent dynamics in [Ca2+]i  
changes in islets from placebo-treated rats. (B) Traces represent dynamics in [Ca2+]i  
changes in islets from rats treated with ARA290. Bars above the traces indicate the 
duration of stimulation. 3G and 16.7G indicate 3 mmol/L and 16.7 mmol/L glucose, 
respectively. CCh indicates 0.1 mmol/L carbamylcholine. The displayed traces are 
representative of 13 traces from the placebo-treated rats (n = 4) and 17 traces from 
ARA290-treated rats (n = 4). (C–F) Analysis of changes in [Ca2+]i from (A) and (B). 
(C) Basal [Ca2+]i changes in peak [Ca2+]i values after (D)16.7 mmol/L G, or (E) in response 
to 0.1 mmol/L CCh in the presence of 16.7 mmol/L G and (F) in response to 30 mmol/L 
KCl are represented as mean Δ fura-2 ratio ± SEM. *P < 0.05, **P < 0.01, ns indicates 
no statistical significance. (G–J) Analysis of glucose-stimulated [Ca2+]i oscillation fre-
quency from (A) and (B). (G) Period of [Ca2+]i oscillations >60 s are considered as slow 
oscillations. Glucose-stimulated slow [Ca2+]i oscillation frequency in islets are shown as 
average slow [Ca2+]i oscillation period ± SEM, *P < 0.05. (H) Average slow [Ca2+]i oscil-
lation amplitude ± SEM. (I) Period of [Ca2+]i oscillation between 6 and 60 s are consid-
ered as fast oscillations. Glucose-stimulated fast [Ca2+]i oscillation frequency in islets 
are shown as average fast [Ca2+]i oscillation period ± SEM. (J) Average fast [Ca2+]i 
oscillation amplitude ± SEM.
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To determine how ARA290 treatment 
increases [Ca2+]i oscillation frequency 
in GK rat β cells, we measured changes 
in CCh-stimulated Ca2+ mobilization 
from intracellular stores and Ca2+ influx 
over the plasma membrane. We first 
observed increased amounts of PLC/
InsP3-generated signals in ARA290-
treated islets induced by 0.1 mmol/L 
CCh, a cholinergic agonist, in the pres-
ence of 16.7 mmol/L glucose. We there
after found increased CCh-stimulated Ca2+ 
mobilization from intracellular stores. 
These findings are compatible with 
more releasable Ca2+ in the endoplas-
mic reticulum (ER) pool in β cells after 
ARA290 exposure and may be explained 
by an increased basal Ca2+ influx over 
the plasma membrane in ARA290-treated 
islets (Phase II in Figures 6A, B). These 
results suggest that, in ARA290-treated 
islets, more Ca2+ was available to fill the 
ER pool, and, there was also an increase 
in the ER Ca2+ uptake, which leads to a 
significant increase in the peak [Ca2+]i 
values and an increase in [Ca2+]i oscil-
lation frequency in response to glucose. 
Moreover, to determine whether ARA290 
enhanced depolarization-induced Ca2+ 
influx over plasma membrane, we found 
that ARA290-treated islets displayed a 
39% increase in peak [Ca2+]i values after 
30 mmol/L KCl treatment versus control 
islets (Figure 5D). The latter finding is com-
patible with an increased activity of the 
voltage-activated Ca2+ channels in plasma 
membrane and that, in turn, contributes to 
the enhancement in β cell [Ca2+]i dynamics.

Overall, these experiments demon-
strate for the first time that the enhance-
ment in [Ca2+]i oscillations in pancreatic 
β cells of GK rats treated with the non-
hematopoietic erythropoietin analogue, 
ARA290, is associated with increased 
insulin secretion and improved glucose 
tolerance. ARA290-induced fine tuning 
of the [Ca2+]i signal, that is, increased 
[Ca2+]i oscillation frequency, in GK islets 
may be further explained by activation of 
PLC/InsP3-mediated Ca2+ mobilization 
from intracellular stores and enhance-
ment of membrane depolarization-induced 
Ca2+ influx.

GK rats, power spectrum analysis found 
that ARA290 treatment increased [Ca2+]i  
oscillation frequency in GK rat β cells. 
Results from the Ca2+ experiments sug-
gest that the enhanced [Ca2+]i dynamics 
in pancreatic β cells, that is, increased 
initial peak [Ca2+]i values and faster 
[Ca2+]i oscillation frequency in response 
to glucose, is a key feature of the in-
creased insulin secretion (17,18) and 
therefore improved glucose tolerance 
after ARA290 treatments in GK rats. The 
improved [Ca2+]i oscillation frequency 
observed in the isolated islets were 
mirrored by increased glucose-induced 
insulin secretion in vivo.

After an initial transient rise in [Ca2+]i  
stimulated by glucose, [Ca2+]i in pan-
creatic islets normally oscillates due 
to a sophisticated interplay between 
Ca2+ entry through voltage-activated 
Ca2+ channels and Ca2+ mobilization from 
intracellular stores. In the present study, 
we aimed at determining whether 
changes in [Ca2+]i dynamics, that is, 
[Ca2+]i oscillations, in pancreatic β cells 
contribute to the significant improve-
ment on insulin secretion and glucose 
homeostasis after ARA290 treatments. 
Although 16.7 mmol/L glucose-induced 
[Ca2+]i oscillations occurred in both 
placebo- and ARA290-treated islets in 

Figure 6. Measurements of Ca2+ mobilization from intracellular stores and Ca2+ influx over 
the plasma membrane. (A) Effects of 0.2 mmol/L CCh on changes in [Ca2+]i in islets from 
GK rats treated with ARA290 compared with placebo treatment. Bars above the traces 
indicate the duration of stimulation. The values 0 CaCl2 and 2.56 CaCl2 indicate 0 mmol/L 
and 2.56 mmol/L CaCl2, respectively. The concentration of CCh is 0.2 mmol/L. Phase I shows 
changes in [Ca2+]i in response to CCh in the absence of extracellular Ca2+. Phase II shows ef-
fects of adding 2.56 mmol/L CaCl2 in the perifusion chamber on changes in [Ca2+]i, indicating 
Ca2+ influx over the plasma membrane. Phase III shows changes in [Ca2+]i in response to CCh 
in the presence of extracellular Ca2+. The displayed traces are representatives of 13 traces from 
the placebo-treated rats (n = 4) and 19 traces from ARA290-treated rats (n = 4). (B) Phase I: 
Average Δ peak [Ca2+]i values, that is, fura-2 ratio, in islets stimulated with CCh in the Ca2+ free 
buffer; Phase II: Average basal Ca2+ influx over the plasma membrane; Phase III: Average 
Δ peak fura-2 ratio in islets stimulated with CCh in the presence of extracellular Ca2+. Data are 
shown as means ± SEM. P values between the two groups (PBS placebo, black bars, versus 
ARA290, red bars) are shown. *P < 0.05, **P < 0.01, N.S. indicates no statistical significance.
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Altogether, these observations mean 
that ARA290 could act on insulin sec
retion by a mechanism involving both 
Ca2+-independent mechanisms through 
the PKA activation and Ca2+-dependent 
mechanisms, the latter supported by 
the fact that the Ca2+ channel blocker 
nimodipine suppressed the effect by 
ARA290 on insulin release.

Our findings are in agreement with 
the recently published study of db/db 
mice treated with rhEPO, resulting in 
improvement of insulin secretion (7). 
However, in this study the authors 
failed to show a direct effect of EPO on 
the β cell secretory function, and rather 
showed that EPO rescued diabetes in the 
db/db mouse by an effect on the prolif-
eration and antiapoptotic mechanisms 
and therefore on β cell mass. The dis-
crepancy in the results may be explained 
by the specific pathophysiologic mecha-
nisms of diabetes in the GK rats, that is, 
that the defect in these rats is not primar-
ily due to an increased rate of apoptosis 
in the pancreatic β cells but rather to 
molecular defects in these cells (2).

CONCLUSION
Treatment with ARA290 significantly 

improved glucose tolerance in diabetic 
GK rats but had no effects on nondia-
betic Wistar rats. The beneficial effect in 
glucose tolerance in GK rats results from 
an increase in insulin release. ARA290 
increases GSIS by a sequence of events 
focused on the β cell that culminates in 
improved glucose oxidation and ATP 
production, reflecting enhanced mito-
chondrial oxidation. This in turn leads 
to KATP channel closure and an increase 
in Ca2+ entry through voltage-dependent 
Ca2+ channels. Further, the mechanism 
behind the increased insulin secretion 
also appears to be mediated by improved 
β cell [Ca2+]i handling and thus of the 
insulin exocytotic machinery.
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