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Metabolic aspects of neonatal rat islet hypoxia tolerance
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Introduction

Glucose-induced insulin secretion is determined by sig-

nals generated from the glycolytic pathway and in the

mitochondria, and depends on glucose metabolism itself

that initiates these signals. Glucose metabolism in insulin-

secreting beta cells is mostly aerobic and depends on the

presence of oxygen to be perfect. In the native pancreas,

islets of Langerhans are highly oxygenated through an

extensive islet vascular glomerular-like network of capil-

laries [1] and two predominant, distinct blood-flow pat-

terns [2], as well as a very high blood-flow rate [3] that

increases after stimulation with glucose [4] This may

reflect the oxygen requirement of islets and their conse-

quent sensitivity to hypoxia. Glycolysis and mitochondrial

metabolism including oxidative phosphorylation might be

changed or negatively affected by hypoxia with the out-

come of reduction of glucose-stimulated insulin secretion,

which is the net result of glucose metabolism. In this

study, the glucose metabolism was followed in isolated rat

islets cultured in different hypoxic conditions. This is

especially pertinent for the field of islet transplantation.

Islet isolation and purification are known to cause a rapid

onset of hypoxia [5]. Recent studies have shown that pan-

creatic ischemia, including cold ischemia, can negatively

influence both the quality and function of isolated islets

[6]. In isolated islets, which depend only on diffusion for

oxygen supply, consumption of oxygen results in external

to internal oxygen concentration gradients that expose

the islet to hypoxic or even anoxic conditions and causes
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Summary

Sensitivity of pancreatic islets to hypoxia is one of the most important of the

obstacles responsible for their failure to survive within the recipients. The aim

of this study was to compare the in vitro hypoxia tolerance of neonatal and

adult rat islet cells and to study the glucose metabolism in these cells after

exposure to hypoxia. Islet cells from both age categories were cultured in dif-

ferent hypoxic levels for 24 h and insulin secretion and some metabolites of

glucose metabolism were analysed. Glucose-stimulated insulin secretion

decreased dramatically in both cell preparations in response to the decrease in

oxygen level. The reduction of insulin secretion was more detectable in adult

cells and started at 5% O2, while a significant reduction was obtained at 1%

O2 in neonatal cells. Moreover, basal insulin release of neonatal cells showed

an adaptation to hypoxia after a 4-day culture in hypoxia. Intracellular pyru-

vate was higher in neonatal cells than in adult ones, while no difference in lac-

tate level was observed between them. Similar results to that of pyruvate were

observed for adenosine triphosphate (ATP) and the second messenger cyclic

adenosine monophosphate (cAMP). The study reveals that neonatal rat islet

cells are more hypoxia-tolerant than the adult ones. The most obvious meta-

bolic observation was that both pyruvate and lactate were actively produced in

neonatal cells, while adult cells depended mainly on lactate production as an

end-product of glycolysis, indicating a more enhanced metabolic flexibility of

neonatal cells to utilize the available oxygen and, at the same time, maintain

metabolism anaerobically.
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necrosis in the islet core, which consists mainly of insu-

lin-secreting beta cells [7,8]. The expanded clinical appli-

cation of islet transplantation is still limited by the large

requirement for donor tissue. This need for large num-

bers of donor islets is directly related to the failure of

transplanted insulin-secreting beta cells to survive in the

recipients because of their sensitivity to hypoxia, and

caused by the pro-apoptotic stresses present both during

isolation and early post-transplantation period [9,10].

Regarding hypoxia-tolerance, we hypothesize that neona-

tal islets may be more advantageous than adult islets and

therefore may prove to be more suitable source for islet

transplantation. A higher resistance of fetal islets to ische-

mia has been early described [11]. Emamaullee et al. [10]

reported a natural resistance of neonatal porcine islets to

hypoxia-induced apoptosis. We also assume that the

underlying reasons for their higher tolerance may be

found in the glucose metabolic pathway.

In this study, in addition to insulin secretion under

hypoxic conditions, we compared the islet cellular levels

of pyruvate and lactate as glycolysis results, the oxida-

tive phosphorylation product ATP and the signal trans-

duction members cAMP and calcium between neonatal

and adult rat islet cells cultured in different hypoxic

conditions.

Material and methods

Islet isolation

Islets from adult Lewis rats (300–350 g) were isolated by

pancreatic distension as described earlier [12]. Briefly, after

opening the peritoneal cavity, the distal end of the bile duct

was clamped near the duodenum with a metal clip. The

proximal common bile duct was cannulated near the liver

hilus with a 22-G catheter. The pancreas was distended by

injection of 10 ml collagenase solution (Serva, Heidelberg,

Germany, 0.78 PZ U/mg, 1 mg/ml), carefully removed,

washed, freed from fat, and transferred into a digestion

tube in which the volume was completed to 10 ml with

collagenase solution. The digestion tube was incubated for

15 min in a shaking water bath at 37 �C. The digest was

passed through a wire mesh filter with 350 lm pore size,

washed several times with ice-cold Hanks’ buffered salt

solution (HBSS) containing 10% FCS. Islets were separated

using Nycodenz (Nycomed, Oslo, Norway) with gradients

of 1.095 and 1.08 g/ml, and RPMI as an uppermost layer.

For isolation of islets from neonatal rats, seven pancre-

ases from 7- and 8-day-old Lewis rats were digested by

shaking in 6 ml of collagenase warmed up to 37 �C

(1 mg/ml) for 5 min. These seven pancreases were

digested together as a single digestion unit. The digestion

was stopped by filling the 15-ml tube with ice-cold

Ca-Mg-free HBSS containing 10% fetal calf serum. The

digest was washed several times with the same solution.

Islets were separated with discontinuous density gradient

using Nycodenz (Nycomed) with gradients of 1.09, 1.08,

and RPMI 1640 as an uppermost layer.

Dissociation of islets to single cells

Pure islets from each isolation were further hand-picked,

counted and incubated at 37 �C for 3 min in 2-ml

Ca-Mg-free HBSS containing 0.2 mg/ml EDTA and 1 mg/

ml glucose. No further enzymes were used so as to ensure

avoidance of damage to the cells that may decrease their

viability and count. Islets were then aspirated five to six

times using a 19-G needle, washed with the culture med-

ium and distributed to different groups. The applied

EDTA/mechanical digestion was adequate to allow disrup-

tion of the intact islet structure. The small remaining cell

clusters were left to dissociate within 1 day of preculture.

Islet cell culture

For insulin-secretion experiments, single cells belonging

to 10 islets were cultured at 37 �C with 5% CO2 with

0.5 ml/sample of RPMI-1640 medium (Invitrogen,

Karlsruhe, Germany) at 5.6 mmol/l glucose supplemented

with 10% fetal calf serum. Cells were cultured on cell

culture membrane inserts made from polyethylene

terephthalate (PET, Falcon, Becton Dickinson, USA). For

the other experiments, cells from about 30 islets were

used. The PET membranous inserts have pore sizes of

0.4 lm to allow gas exchange between the cultured cells

and the surrounding environment. The inserts were

installed in their 24-well culture plates (Falcon). Islet cells

were cultured for 3 days at 37 �C. This preculture period

was under conditions of normal oxygen availability. On

the 3rd day of culture, the medium was changed with a

fresh medium, in which the oxygen concentration was

adjusted to reach a test concentration. To adjust this

concentration, sterile nitrogen gas was bubbled at room

temperature into the medium and the oxygen concentra-

tion was controlled using the oxygen meter (oxi 320;

WTW, Weilheim, Germany). The applied test oxygen

concentrations were: 1% (7.6 mmHg), 3% (22.8 mmHg),

5% (38 mmHg), 7% (53.2 mmHg), 10% (76 mmHg),

and 21% (air). Islet cells were then cultured under one or

the other of the different oxygen concentrations for 24 h

in either basal medium containing 5.6 mmol/l glucose or

stimulatory medium containing 16.7 mmol/l glucose.

Oxygen concentration was also adjusted in the incubator

to be the same as in the medium. After the 24-h culture,

medium was kept in )20 �C until insulin was quantified,

and cells were then disintegrated to determine the intra-

cellular metabolites.
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Biochemical measurements

Insulin-related data were determined by radioimmunoas-

say using kits from Biodata (Italy). Data were normalized

by dividing by the corresponding DNA content value. For

the determination of intracellular metabolites, islets were

disintegrated by Triton X-100 and sonication [13]. ATP,

lactate and pyruvate were measured directly after the cel-

lular disintegration. For calcium and DNA determination,

disintegrated cells were frozen at )20 �C and measured

on the next day.

Determination of ATP

ATP concentrations were determined by bioluminescence

as described by Malaisse et al. [14]. The principle of this

method is the following equation:

In the presence of luciferase from Photinus pyralis

(Sigma), ATP reacts with Photinus pyralis luciferin

(Sigma) to give pyrophosphate and adenylyl luciferin.

The latter is then oxidized by molecular oxygen in the

presence of the same enzyme, yielding CO2, AMP, and

oxyluciferin in the electronically excited singlet state.

Upon relaxation, 0.9 photons of wavelength 562 nm are

emitted per molecule of ATP. The intensity of the emit-

ted light is proportional to the ATP concentration. Lumi-

nescence was measured using the luminometer (Biolumat

LB-9505; Berthold, Wildbad, Germany). The equipment

was programmed to measure the number of photons

released from a sample every 1/10 min for 1 min at

30 �C.

Determination of calcium

Aequorin, a bioluminescent jellyfish protein, exhibits bio-

luminescence that results from calcium-activated photo-

proteins and is used to measure the concentration of free

Ca2+ in a rapid, sensitive and specific manner [15]. Cal-

cium-activated photoproteins emit blue light at a rate

that is highly sensitive to the free calcium ion concentra-

tion, but independent of cofactors such as ATP, oxygen,

or NADH [16]. The 1 mg Aequorin supplied by Sigma

was dissolved in 10 ml water. A standard series was pre-

pared with calcium concentrations ranging from 10 to

200 lmol/l in addition to blank (H2O). Ten ll from the

sample, blank or standard was used. Fifty ll of the

Aequorin solution (that contained 5 lg Aequorin/sample)

were added and the luminescence was measured and inte-

grated for1 min.

Determination of cAMP

Cyclic adenosine monophosphate (cAMP) was deter-

mined quantitatively by the Enzyme Immunoassay (EIA)

kit from DRG Instruments GmbH (Marburg, Germany).

The plate reader Spectramax 340 (Molecular devices,

Sunnyvale, CA, USA) was used for these measurements.

Determination of lactate and pyruvate

Lactate and pyruvate were measured fluorometrically by

the micro-method described by Olsen [17] and Sener and

Malaisse [18]. This method is based on the following lac-

tate dehydrogenase (LDH)-catalysed, reversible reaction

This reaction proceeds rapidly to completion from

right to left at pH 7 in the presence of NADH in excess.

The reaction can be made to proceed in the opposite

direction in the presence of excess of NAD if the pH is

raised. The substrates on either side of the reaction can

be estimated by measuring the change in the concentra-

tion of NADH, which can be determined by its native

fluorescence. Lactate was measured directly after incuba-

tion with Tris buffer (pH 9) containing 2 mg/ml NAD.

Pyruvate was measured indirectly as described by Lowry

et al. [19]. After completion of the reaction, the excess

NADH was destroyed by HCl and the produced NAD

was then transformed in alkaline medium into NADH

that was measured fluorometrically. Fluorescence was

measured with the Perkin-Elmer (LS-3) fluorescence-spec-

trometer. Excitation wavelength was 340 and emission

wavelength 460. All measures were performed at room

temperature.

Determination of DNA

Determination of DNA was performed fluorometrically

[20] by staining with the fluorescent agent propidium

iodide in a hypotonic solution of citrate. Fluorescence

was measured at excitation and emission wavelengths of

520 and 600 nm respectively.

Statistical analysis

The best curve fit for calculations of the standard curve

of different parameters was performed using the software

‘TableCurve 2D’ from Jandel Scientific, CA, USA.

A standard curve was achieved for every measurement

from each isolation. The number of samples (n) refers to

number of islet isolations and is mentioned in every

figure in the results. From an isolation, six samples were
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cultured under some definite condition and averaged to

give n = 1; Samples were measured in duplicates. The

stimulatory index was calculated as stimulated secretion/

basal secretion, where stimulated and basal secretions

were in response to 16.7 and 5.6 mmol/l glucose respec-

tively. Values were expressed as mean ± SEM. Statistical

analyses were performed by anova followed by Mann–

Whitney test for group comparisons. Unpaired Student’s

t-test was used when anova was not necessary. A P value

of <0.05 was considered statistically significant. All statis-

tical analyses were formulated in line with the guidelines

of and performed using the software Sigmastat (Jandel

Scientific).

Results

Effect of hypoxia on insulin secretion

In adult rat islet cells (Fig. 1a) that were cultured for

24 h in different hypoxic levels [(21%, control), 10%,

7%, 5%, 3% and 1% oxygen], insulin secretion was

dependent on oxygen concentration and decreased when

the latter was reduced. Basal insulin secretion was not

largely affected and reduced from 0.137 ± 0.013 (control)

to 0.099 ± 0.006 lU/lg DNA at 1%O2. Only this value

was significantly lower than that of the control, while

other basal values were not different from the control

one. On the other hand, glucose-stimulated insulin secre-

tion was significantly (P < 0.05, anova) decreased at 5%

oxygen (0.144 ± 0.008 lU/lg DNA) in comparison with

the normoxic value (0.273 ± 0.028 lU/lg DNA), and

further at 3 and 1% O2 (0.129 ± 0.007 and 0.099 ±

0.004 lU/lg DNA respectively). Glucose was able to

stimulate insulin secretion over the basal value except

for that at 3% and 1% O2, where no difference between

basal and stimulated secretions was observed (P > 0.05,

t-test).

A lesser effect of hypoxia on insulin secretion was

observed in neonatal islet cells (Fig. 1b). No statistically

significant difference between control basal and glucose-

stimulated insulin secretions was noticed under different

hypoxic levels until reaching 1% O2, where both basal

(0.094 ± 0.007 lU/lg DNA) and stimulated (0.13 ±

0.01 lU/lg DNA) secretions were significantly lower

than the corresponding normoxic values (0.138 ± 0.009

and 0.338 ± 0.056, respectively). In addition, even at 1%

O2, the glucose-stimulated secretion was significantly

higher than the basal one. However, the stimulatory

index (Fig. 1c) was changed earlier at 3% and 1% O2 in

neonatal rat islet cells. These data suggest a better

function of neonatal islet cells than that of the adult

cells, whose stimulatory index significantly decreased at

7% O2 and downwards, when compared with the control

value.

Another sign of neonatal islet cells having better func-

tion under hypoxia than the adult cells is shown in

Fig. 2, which shows the daily insulin release (at basal glu-

cose concentration) of neonatal and adult islet cells that

were statically cultured for 4 days at different hypoxic lev-

els. After the first hypoxic day, neonatal islet cells cul-

tured at 10%, 7%, 5%, 3% and 1% O2 restored their

insulin release to the normoxic value. All values of insulin

release under hypoxia were similar to the normoxic value

after 4 days, except for that at 1% O2. On the other hand,

adult rat islet cells could not show this adaptation to

hypoxia.
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Figure 1 Basal and glucose-stimulated insulin secretions from pancre-

atic islet cells isolated from adult (a) and neonatal (b) rats and cul-

tured in different hypoxic conditions. (c) Effect of hypoxia on insulin

stimulation index of neonatal and adult rat islets. All insulin-secretion

values were correlated to the DNA content of the same samples. Data

are means ± SE for a number of isolations (n) = 4 in all cases. Statisti-

cal analyses: *significantly lower than the corresponding control value

at normal air; NS, no significant difference between basal and stimu-

lated values.
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Effect of hypoxia on intracellular pyruvate and lactate

levels

Data of neonatal and adult rat islets were compared.

Values were computed as a percentage of the normoxic

values and presented in Fig. 3. At basal glucose concen-

tration, neither hypoxic neonatal nor adult rat islet cells

were largely reduced by reduction in oxygen concentra-

tion. Pyruvate level of neonatal cells was reduced at 1%

O2 to 97.8 ± 12.0% of the control normoxic value, while

basal pyruvate level of the adult cells was reduced at 1%

O2 to 81.4 ± 4.1% of the normoxic value. However, the

reduction was more remarkable in adult cells and signifi-

cantly lower than that of neonatal cells at 3% and 1% O2.

At stimulatory glucose (Fig. 3b), pyruvate level in the

adult hypoxic cells was significantly reduced in response

to the reduction of O2, as compared with that at normox-

ic conditions (anova), while limited nonsignificant effect

was observed in neonatal cells. Consequently, under hyp-

oxic conditions (5%, 3% and 1% O2), the pyruvate levels
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tate comparisons, data were related to

the control value at normal air, which is
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difference between neonatal and adult
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in neonatal cells were significantly higher than that of the

adult cells.

Hypoxia caused a significant increase of lactate level in

neonatal and adult islet cells at both basal and stimula-

tory glucose concentrations. Lactate was higher in hypoxic

adult islet cells at basal glucose level (Fig. 3c) but no dif-

ferences were observed between both at stimulatory glu-

cose concentration (Fig. 3d).

Effect of hypoxia on ATP

Adenosine triphosphate (ATP) decreased significantly in

both neonatal and adult cells at both basal and stimula-

tory glucose concentrations (anova, Fig. 4) in relation to

the corresponding normoxic value. Considering ATP con-

trol level as 100%, basal neonatal and adult islet cell ATPs

decreased at 1% O2, for example, to 65.19 ± 10.67% and

44.90 ± 7.17% of the normoxic values respectively, while

the ATP level at stimulatory glucose concentration

decreased to 48.88 ± 8.15% and only 21.77 ± 2.81% of

the normoxic value in neonatal and adult cells, respec-

tively, at 1%O2. No difference was observed between neo-

natal and adult islet ATP levels at basal conditions.

However, adult cells were more affected by hypoxia at

stimulatory glucose concentration, especially at 3% and

1% O2, where the neonatal ATP level was significantly

higher than the corresponding values for adult cells.

Effect of hypoxia on calcium and cAMP

The change in calcium was not as obvious as that

observed for ATP (Fig. 5). Hypoxia reduced the intracel-

lular calcium. However, the reduction was not significant

when compared with the normoxic value for either neo-

natal or adult cells at both basal and stimulatory glucose

concentrations (anova). Also, no difference was observed

in calcium levels between neonatal and adult cells in

response to hypoxia, when compared with each other.

Cyclic AMP levels, on the other hand, were more

affected by hypoxia. However, this reduction was limited

and insignificant at basal glucose concentration and was

more obvious at stimulatory concentration, where neona-

tal and adult cells’ cAMP decreased at 1% O2, for exam-

ple, to 55.24 ± 10.66% and 23.11 ± 11.40% of the

normoxic value respectively. In comparison to each other,

the cAMP level of neonatal cells was significantly higher

than that of the adult cells at 7%, 3%, and 1% O2.

Discussion

Oxygen supply is important for the function and survival

of isolated and particularly encapsulated tissue [7,8]. In

fact, hypoxia represents a most crucial factor limiting the

function and survival of islet tissue, especially after im-

munoisolation and transplantation. It was the assumption

that there might be differences in hypoxia tolerance

between islets of different age categories. In this study, a

direct comparison of the islet beta cell functions under

different oxygen tensions was performed between neona-

tal and adult islet cells. Moreover, studying the metabolic

pathways may have a biologic importance by elucidating

the biologic strategies of hypoxia adaptation in different

age categories. In this context, it should be mentioned

that the metabolism in beta cells is characterized by some

particularities with the aim of insulin secretion as an end

result. Islet cells have a unique feature that they possess a

transduction system for calorigenic nutrient signals, which

is entirely different from that of other neuromodulators

and peptide hormones. Fuel stimuli must be metabolized

in the beta cell to cause secretion [21–24]. Therefore,

regarding hypoxia, not only its effect under the basal con-

ditions should be studied, but also in combination with

fuel (glucose) stimulation to examine both the basal func-

tion of any cell (to live and survive) and the ability to

perform the main function of a beta cell (insulin secre-

tion in response to glucose).
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In this study, the islet cells were cultured in different

tensions of oxygen. The process of oxidative phosphoryla-

tion is completely oxygen-dependent. Alteration of oxy-

gen level distorts this process and consequently the

cellular energy-state level and the production of ATP

[25]. The action of ATP is exerted at several levels, lead-

ing to control of the activity of ATP-sensitive K+-channel

and thereby the electrical and secretory activities.

In fact, the results show that the effect of hypoxia on

insulin secretion (Fig. 1) was more obvious than on the

other parameters. Insulin secretion was strongly depen-

dent on oxygen supply and showed a continuous reduc-

tion on lowering of the latter. Our results, which related

to the reduction of insulin secretion under hypoxia, are

consistent with that of several previous studies. Hypoxia

is known to reduce insulin secretion and produce a cen-

tral necrosis in islet tissue [25–28]. Hypoxia decreased

gradually the magnitude of both basal and stimulated

secretion. The gradual fashion of changes in the different

metabolites that were studied was a characteristic feature

in response to the gradual lowering of oxygen. The altera-

tions in oxygen tensions are expected to manipulate the

energy-state level of the cell [25], which control the whole

cell functions, including insulin secretion.

The reduction in glucose-stimulated insulin secretion

magnitude was more remarkable under any hypoxic level

than the reduction in basal secretion. This difference may

indicate that oxygen supply plays its major role during

stimulation with glucose, when the metabolism in islet

cells are more active, and that the effect of hypoxia was

more obvious, when higher levels of oxygen supply was

needed. This may indicate also a gradual dependency of

glucose metabolic activity on oxygen. Dionne et al. [27]

reported that basal secretion rate of perifused rat islets

was not different at pO2 of 25 mmHg (3.3% O2) from

that at normoxic pO2, and that there was a slight reduc-

tion at 10 mmHg (1.2% O2), while the maximum effect

was on glucose-stimulated secretion. In this study, the

effect of hypoxia was clearer on the basal secretion, not-

withstanding the fact that the stimulated secretion was

higher in all cases and under all hypoxic levels than the

basal level. This may be attributable to the long-term cul-

ture under hypoxic conditions, which represents another

design of this study in contrast to the short perifusion

system.

Islet cells of the two different ages behaved variably in

response to hypoxia. Neonatal rat islet cells could per-

form their function under hypoxic conditions even at 1%
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Figure 5 Second messengers: effect of

culture for 24 h in different hypoxic

levels on the basal and glucose-stimu-

lated neonatal and adult rat islet cellular

content of calcium and cAMP. All values

were equalized by dividing by the DNA

content of the same samples. To facili-

tate comparisons, data are related to

the control value at normal air, which is

considered as 100%. Data are presented

as mean ± SE of n = 4 islet isolations in

all cases. Statistical analyses: *the differ-

ence between neonatal and adult islet

cell values is significant.
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O2, while adult rat cells stopped their function at 3% O2,

where glucose could not stimulate insulin secretion any

more over the basal value. This study shows that adult

cells are more sensitive to hypoxia than the neonatal

form. Numerous metabolic, ionic and synthetic changes

accompany glucose-induced insulin secretion and may be

part of the stimulus-secretion coupling mechanism or

modulate the same. One or more factors may behave dif-

ferently in islets of different ages, leading to the variable

responses. However, such expected factor(s) should be

related to insulin secretion, oxygen supply and glucose

metabolism. The results of this study show that at low

glucose, most studied metabolites were essentially inde-

pendent of oxygen tension. In consistence with our

results, Ohta et al. [25] reported no change in adenine

nucleotides in nonstimulated islets under hypoxia. The

response to hypoxia of the other metabolites mentioned

above has not been measured in islet cells in earlier

studies.

The functional reduction in response to hypoxia was

metabolically expected, as insulin secretion is a result of

glucose metabolism that depends in several of its steps on

oxygen supply. In addition, a logical increase in intracel-

lular lactate level during hypoxia was also expected, and

could already be determined in this study. The lactate

elevation may expose the islet cells to acidic conditions.

The relationship between hypoxia and acidity in the

different tissues is well known [12]. Acidity was reported

to markedly reduce glucose-stimulated insulin secretion.

Thus, hypoxia may exert its effect on insulin secretion

through not only its negative effects on the glucose

metabolism but also through other indirect effects like

the acidic toxicity.

Glucose-stimulated calcium level was found in our

study to decrease in neonatal cells similarly or more than

that in adult cells, although ATP production was higher

than the same in adult cells. A decrease of [Ca2+]i and

impairment of its inflow in neonatal islets were reported

before [29,30]. The normal ATP level in neonatal cells

suggests that the lower levels of calcium are not attribut-

able to an impairment of glucose metabolism as hypothe-

sized previously [31–33], but caused by insensitivity of

KATP channels in neonatal phase as reported by Rorsman

et al. [34], or insensitivity of Ca2+ channels as suggested

by Boschero et al. [29], or a combination of both. We

have, however, used islet cells of relatively old neonatal

rats (7- and 8-day-old neonatal rats). In such cells, glu-

cose metabolism and insulin secretion are nearly as in

adults. Fortunately, Some experiments on adult islets

[35–37] suggest that a rise in [Ca2+]i does not necessarily

trigger secretion, also that secretion can occur indepen-

dently of cytosolic free calcium level, and that there is a

calcium-independent mechanism of exocytosis. Although

high Ca2+ level is essential for insulin secretion, oscilla-

tions in Ca2+ are not necessarily needed for oscillations in

insulin secretion [38]. This may clarify the normal insulin

secretion from neonatal cells in our study.

The effect of hypoxia on increasing lactate level was

similar in neonatal islet cells to that of adult islet cells.

But pyruvate was higher in neonatal than in adult cells.

These results may indicate that LDH is synthesized and

active in neonatal islet cells, and that anaerobic glycolysis

is similar in neonatal and adult islet cells and increase in

response to hypoxia, consistent with a previous study

[33] that reported a higher total and anaerobic rates of

glycolysis in neonatal than in adult islets at normal condi-

tions. On the other hand, pyruvate was higher in neonatal

cells than in adults in response to hypoxia. This indicates

that in adult cells, the anaerobic glycolysis substitutes

gradually the aerobic one. In other words, hypoxia

induces an increase in lactate production, which is

accompanied by a decrease in oxidative metabolism. In

neonatal cells, interestingly, elevated lactate level was

accompanied by a parallel elevation of pyruvate. This may

mean that both aerobic and anaerobic glycolysis are active

at the same time in neonatal cells, on the one hand to

produce a required maximal level of energy for synthetic

and proliferative functions, and on the other hand to

overcome the low availability of oxygen.

This may represent an adaptation of neonatal islet cells

to tolerate hypoxia, which is also reflected by the

observed insulin secretion ability of neonatal islet cells at

more hypoxic levels than the adult cells. Several studies

were aimed at investigating the adaptation of neonatal

tissues to hypoxia. For example, Plunkett et al. [39]

reported some metabolic adaptations to chronic hypoxia

in neonatal myocardium and Kolesnik et al. [40] reported

that intermittent exposure to hypoxia stimulates both

insulin synthesis and secretion by beta cells and activates

de novo formation of beta cells in the acinar tissue. In

this study, adaptation of neonatal cells to hypoxia was

clear in Fig. 2, in which basal insulin release was

decreased within the first day of exposure to hypoxia,

and restored to normoxic values after chronic hypoxia

for 4 days.

In conclusion, the present results indicate that neonatal

rat islet cells are more hypoxia-tolerant and adaptable

than adult islet cells, and that an underlying reason of

that may be found in the active glycolysis that was

detected in neonatal cells.
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