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1Islets in a pelletized environment are subjected to conditions in which they lack access to both 

oxygen and media-a condition that more rightly qualifies as ‘ischemic’ due to the lack of 

nutrient supply, rather than ‘hypoxic’, which specifies only lack of oxygen. For the purpose of 

this paper, however, pelletized islets will be referred to as ‘hypoxic’ and the specific molecular 

effects of hypoxia, rather than ischemia, will be focused on.    
 

Effects of Variant Levels of Hypoxic Stress on Human Pancreatic Islets 

 

Abstract 

The objective was to measure the effects of varying time points of pellet-induced hypoxic1 

exposure on human pancreatic islets through viability and function as compared to normoxic 

conditions.  Hypoxic conditions were induced by storing the islets in pelletized conditions by 

which the islets lacked proper access to both oxygen and media.  The islets were cultured for 

varying time points and then allowed to recover.  The effects were measured upon immediate 

normalization of conditions as well as 24 or 48 hours later. When the islets were subjected for 

12 hours, they showed an inability to recover through lack of both viability and function. The 

islets exposed to hypoxic conditions for only 4 hours were unable to recover any function, 

though no significant detriment to their viability was detectable. This would suggest that even 

as little as four hours of hypoxic exposure causes a naturally irreversible molecular change that 

damages cell function, even if no detectable lack of viability is present.  

 

Introduction 

Type 1 Diabetes is characterized by an autoimmune dysfunction directed at the -cells of the 

pancreas resulting in lack of insulin production. Without insulin the body is unable to break 

down glucose and thus experiences dangerously high levels of hyperglycemia. Type 1 Diabetes 

affects as many as three million Americans and accounts for roughly $14.9 billion in healthcare 

each year. There is currently no way to prevent or cure Type 1 Diabetes.  Most patients are 

treated by closely monitoring their insulin and blood-glucose levels and administering insulin 

injections to counter-act imbalances. This treatment is not a cure, and thus patients still run the 

risk of experiencing detrimental effects such as kidney failure, blindness, nerve damage, heart 

attack, stroke and pregnancy complications.12 Pancreatic Islet Transplantation is another, 

potentially more-long term, treatment for patients. Recent successes in transplanting 

pancreatic islets has made it an increasingly popular treatment, however during procurement 

and postransplantation, the islets face compromising environments which require further 

investigation. Most transplanted islets show a decline in function and viability over time after 

engraftment. A five year follow up study by Shapiro at Edmonoton in 2000 showed only 80% of 

transplant patients as insulin independent at 1 year, less than 50% at 2 years, and just 10% at 

five years.7 12,00 islets/kg of body weight (about 850,000 islets for a 70 kg human) are required 

to produce insulin independence.  This is equivalent to the islets obtained from two or more 

human cadavers. This lack of yield can be attributed, in part, to the quality of the donor 

pancreas, but has the potential to be improved if environmental and mechanical factors can be 

alleviated.4  Persistence of a sufficient amount of useful -cells is difficult to achieve due to the 



less than ideal conditions they are exposed to during procurement and transplantation. As a 

result, over 50% of transplanted islets are immediately lost upon or before transplantation.9 

Pancreatic islet conditions are biologically, highly metabolic both through OCR and 

glucose oxidation.  These processes result in ATP production and insulin secretion.  In normal 

conditions, there exists 1 capillary for every endothelial cell, exposing islets to a pO2 of about 40 

mmHg.  During procurement and transplantation, however, they are exposed to periods of 

warm and cold ischemia as well as stressful mechanical situations.  In some cases, islets are 

transported as pellets which causes hypoxic stress through oxygen gradients.  In pelletized 

conditions the islets experience an inner pO2 gradient of about 40 mmHg which increases with 

the square of the diameter of the islets.  A pO2 gradient also exists throughout the media 

surrounding the pellet in which availability of O2 to the pellet decreases with excess media.  

Hypoxic conditions are damaging not only because of the lack of oxygen, but also because the 

islets cannot eliminate the O2 radicals that are formed during stress.  The islets face further 

potential damage after transplantation. It has been shown that tissue factor and monocyte 

chemotactic protein 1 increase IBMR (instant blood-mediated inflammatory reaction) which. 

The islets also face hypoxic conditions due to poor revascularization after engraftment.  Though 

it is initiated during day one, islets have been shown to experience only 5-10 mmHg 

oxygenation for up to 9 months.  Because glucose stimulated insulin release is impaired below 

12 mmHg, these conditions are enough to cause detrimental, though potentially reversible, 

metabolic changes.6 

 Oxidative phosphorylation, the main producer of ATP, takes place in the 

mitochondria.9,3  As a result, mitochondria consume roughly 85-90% of the oxygen in cells.9 

Long periods of low oxygen levels are sensed by the mitochondria which promote a series of 

changes in the cell that lead the cell to metabolize via non-oxidative glucose metabolism.9,6,4  

Because metabolism in anaerobic conditions is less efficient, these metabolic changes are 

associated with poor islet function and, in some cases, necrotic and pro-apoptotic pathways.4,6,9  

The gateway change is the activation of the main regulator of mitochondrial glucose 

metabolism - the hypoxia-inducible factor 1 (HIF-1).9,3  This heterodimieric transcription factor 

promotes the transcription of over two hundred genes that function to help the cell adapt to 

hypoxic conditions.9 The results of HIF-1 activation are primarily anaerobic glycolysis and 

inhibition of the normoxic mitochondrial aerobic metabolism which includes the TCA cycle and 

oxidative phosphorylation.9,3 This results in decrease or loss of energy production from both the 

electron-transport chain and the Krebs cycle as well as an overproduction of damaging reactive 

oxygen specials which the cell cannot eliminate.9,4 PDK1 is an example of one of many 

metabolites that are transcribed in order to induce these metabolic changes. Increases of PDK1 

act to reduce glucose oxidation by inhibiting PDH activity which shunts pyruvate from the 

mitochondria, preventing it from entering the TCA cycle.9,3 Lactate dehydrogenase (LDH), which 

is also upregulated during hypoxic conditions, then converts excess pyruvate to lactate.3 

Though the rate of anaerobic glycolysis is enhanced due to an increase of phosphofructokinase 

activity, the process is inefficient and causes a major increase in lactate.9,6 This accumulation of 



lactate drops the cellular pH to damaging levels. 9,6  HIF-1 factor also activates genes that 

encode glucose transporters and glycolytic enzymes which function to increase the flux of 

reducing equivalents from glucose to lactate.9  Ultimately, these processes can result in 

irreversible cell damage and death and thus, are main players in the reasoning behind lack of 

transplanted -cell viability.9,4,3,6   

Mitochondrial oxidative phosphorylation plays a key role in cell function and thus, 

glucose-stimulated insulin secretion (GSIS). Cells that have been exposed to hypoxic conditions 

have an inability to regulate glucose homeostasis specifically due to -cells inability to secrete 

insulin in response to glucose. Because of the close relationship between hypoxic conditions 

and islet function capacity, oxygen sensing pathways may modulate insulin release.2 Blood 

glucose levels are normally strictly controlled by insulin release from the pancreatic -cells. In 

this process, an increase in the ATP/ADP ratio causes potassium ion channels to close which 

results in a depolarization of the mitochondrial membrane.  This opens the voltage-gated 

Calcium channels which ultimately lead to GSIS.2 This process requires molecular oxygen 

obtained from the metabolism of glucose to ATP.  Thus, under hypoxic conditions, a lack of 

sufficient ATP production results in a decrease in depolarization of the mitochondria, ultimately 

resulting in decreased GSIS. As explained above, HIF-1 is responsible for regulating the main 

alterations of cellular and tissue oxygen concentration.  Key processes regulated by HIF include 

erythropoiesis, angiogenesis, and cellular energy metabolism. Processes that are impaired by 

HIF (through hypoxic activation) such as glucose uptake, glycolysis, and mitochondrial 

respiration, are necessary steps in -cell GSIS.2 

However, it has also been shown that islets response to hypoxic conditions has been 

speculated to be beneficial and even necessary for increased angiogenesis. Under hypoxic 

conditions, activation of the transcription factor hypoxia-inducible factor 1a (HIF-1a) initiates 

expression of hypoxic-response genes.  These genes activate VEGF which, along with HIF1a 

stimulates angiogenesis in the site of transplant.  This increased vascularization is a necessary 

process in order to ensure normal -cell metabolic function. It has been shown that controlled 

and limited hypoxic preconditioning such as up-regulation of HIF-1a and intermittent exposure 

to hypoxia, can have a positive, protective effect for heart transplants.3  

Recently, there have been some advances in investigations that, if implemented, will 

lead to better islet shipment and transplantation conditions.  One study shows that current islet 

transporting devices that are commercially available, do not prevent anoxia.  Culture media has 

low oxygen solubility, about 2-4% of that in air-that, in combination with concentrated islet 

accumulation is not an ideal shipment condition. However, it was found that a commercially 

available device with an SRM bottom and a gyroscopic container is, thus far, the optimal 

shipment condition. This preparation can successfully transport up to 400,000 human or 

porcine islets in one device.1   Another successful advancement is the use of encapsulation 

devices to transplant islets. Encapsulation provides benefit by using a semipermeable 

membrane that separates islets from the immune system and protects them from IBMR and 

autoimmune responses of diabetic patients. This would decrease the need for patient 



treatment with immunosuppressants.  The outer membrane of the device also promotes 

microvasculature formation which would increase the islets access to oxygen.11  

Despite these recent successful modifications, it is important to find the boundaries that 

distinguish between hypoxic exposure in which islets have undergone irreversible damage, and 

hypoxic exposure in which islets are still viable and functional. The methods used in this paper 

for measuring OCR and perifusion have been shown to be an accurate measure of the number 

of viable islets in a mixture of both living and dead islets and can be used as a quality 

assessment of islet viability in vitro.8 

 

Materials and Methods 

 

Islet Source and Culture 

Human pancreatic islet isolations IIDP 1124, IIDP 1129 and RHIP 88 were cultured in CMRL 

media supplemented with 5% human serum.   

Induction of Hypoxic Stress Through Pelletized Culture5 

Ischemic conditions were induced through a pelletized state, exposing islets to oxygen and 

nutrient deprivation.  8,000 to 10,000 islets were pelletized in a 1.5 ml centrifuge tube which 

was filled with media, avoiding air pockets.  An equal number of islets were stored in a 10 cm2 

Wilson Wolf vessel as a control. They were filled with media and fitted with a G-Rex bladder cap 

to avoid air pockets. The islets were cultured for either 12 or 4 hours at 37°C before being 

allowed to recover.  Recovery took place in the same conditions as the controls. 

 

Assessment of Islet Viability-OCR/DNA: Measurement of Oxygen Consumption Rate (OCR)5 

Following the timed period of hypoxic stress, the islets and media were mixed to ensure 

homogenous sampling.   Islets were resuspended in warmed, 37°C Media 199 (Mediatech 99-

601-cm).  200 L samples were added, avoiding oxygen bubbles, to each of three titanium OCR 

chambers with magnetic stirring motors (INSTech Laboratoreis, Inc.). Using fiber optic 

technology, changes in light absorbance were measured and used to calculate changes in 

partial oxygen pressure (pO2) versus time using NeoFox viewer software.  This rate, estimated 

from the slope of pO2 versus time, represents the rate in which the contents of the chambers 

consumes oxygen.  This assay, when normalized to the DNA measurement of the total amount 

of tissue, is used to determine the viability and potency of the islets as OCR/DNA (nmol 

O2/min*mg DNA).  

 

Assessment of Islet Viability-OCR/DNA: Measurement of DNA5 

Islets that had been snap frozen were let to thaw at room temperature. The samples were 

sonicated twice at 15% amplitude for 15 seconds using a Sonic Dismembrator Model 500 

(Fisher Scientific), which opens the islets, exposing the DNA.  The samples were then diluted by 

either 10x or 30x using an AT Buffer.   The DNA was evaluated according to the manufacturer 

instructions of Quant-iTTM PicoGreen dsDNA kit (Life Technologies P758). The plate was read 



using SpectraMax M5 plate reader (Molecular Devices and SoftMaz Pro software). This assay 

provides a measurement of the adjusted concentrations of the samples which can be used to 

normalize the oxygen consumption rate data.  

 

Assessment of Islet Function-Perifusion  

Perifusion was performed to obtain a measurement of glucose stimulated insulin secretion 

(GSIS) using a Biorep Technologies Perifusion System (Peri-4.2). Islets were assessed as 

triplicates of 100 islets per condition.  Stimulation went as follows- baseline low glucose with 

2.8 mMol glucose in oxygen saturated Krebs-Ringer Bicarbonate buffer (KRB) for 20 minutes, 

high glucose with 16.7 mM glucose for 40 min, again 20 minute low glucose in oxygen saturated 

KRB with 2.8 mMol, and 15 minutes of KCL stimulation in low glucose.  Perfusate was collected 

at a rate of 100 μl/min in a 96 well plate. An Alpco human ELISA kit was used to test for insulin 

content.  A 6 chamber template was used.  25 ml of standard and sample were added to each 

well of the plate preceeding 200 ml of antibody.  The plates were incubated for one hour at 

room temperature and shaken at 70-90 rpm.  The plates were washed 6 times using the 

assigned wash buffer and 100 ml of TMB substrate was added.  The plate was again incubated 

for 15 min under the same conditions and 100 ml of stop solution was added.  The plates were 

read using Softmax Pro software and a SpectraMax M5 plate reader at 450 nm within 30 

minutes.  Insulin content was normalized against a DNA measurement of each sample as 

detailed above. This assay was used to analyze the function of the human islets conditioned for 

varying hypoxic time points.   

 

Data Analysis 

A student t-test was used to calculate the standard deviation of the results.  

 

Results 

Both isolations, IIDP 1124 and IIDP 1129, were pelletized for 12 hours, analyzed, and allowed to 

recover for 48 hours before they were analyzed again.  Both time points were compared to 

equal samples of islets from the same isolation in normoxic conditions.  As shown in Figure 1a, 

the Normoxic IIDP 1124 sample showed a much higher OCR/DNA consumption rate of 190.3 

nmol O2/min*mg DNA than the hypoxic conditions which showed only 40 nmol O2/min*mg 

DNA when tested immediately after conditioning.  Figure 1b shows that even after a 48 hour 

recovery period the hypoxic islets continued to consume oxygen and a much lower rate of 17.7 

nmol O2/min*mg DNA as compared to the normoxic ones which consumed at 201.5 nmol 

O2/min*mg DNA.  The results of isolation IIDP 1129 showed similar patterns. Immediately after 

hypoxic exposure the OCR/DNA rate was measured at 18.5 nmol O2/min*mg DNA and the 

control at 114.6 nmol O2/min*mg DNA.  After a 48 hour recovery period the hypoxic rate was 

measured at 17.8 and the normoxic at 114.9 nmol O2/min*mg DNA.  In the case of the IIDP 

1129 48 hour hypoxic OCR measurements, so little viable tissue was left that enough tissue 

could not be recovered to produce accurate measurements.  Thus, the measurements were 

standardized to the theoretical amount of DNA that should have remained.  This value is 



enough to show a clear lack of viability, though is not a definitive value due to lack of intact 

tissue.  Either way, in both instances, the normoxic islets showed a much higher oxygen 

consumption rate than the hypoxic islets, which were unable to recover even after a 48 hour 

period.  

The function of the IIDP 1129 isolation, was also measured after recovery.  Figure 4 

shows a typical rate of insulin production from the normoxic islets in comparison to the 

pelletized islets which show complete inability to produce insulin and therefore, complete loss 

of function.   

 The islet isolation RHIP 88 was cultured in an ischemic environment for only 4 hours 

before being allowed to recover.  OCR/DNA measurements were taken immediately after 

exposure and found to be 115.5 nmol O2/min*mg DNA for the hypoxic islets and 126.2 nmol 

O2/min*mg DNA for the normoxic islets as shown in Figure 3a.  Measurements were taken 

again after a 12 hour recovery period in which hypoxic islets were measured at 104.7 nmol 

O2/min*mg DNA and normoxic at 106.2 nmol O2/min*mg DNA shown in figure 3b. There was 

no statistically significant difference in the oxygen consumption rates of the hypoxic and 

normoxic conditions at either the 4 hour period or the 12 hour period.  

The function of the islets at both time points and conditions were also measured.  

Immediately after exposure, the normoxic islets show a much higher rate of insulin production 

as well as response to a glucose stimulant.  The hypoxic islets, show a much lower rate of 

insulin production.  The initial peak is likely due to an initial, uncontrolled release of insulin 

which shows not only a lack of further response to glucose stimulation, but also a gradual 

decrease of insulin presence.  Upon recovery, the normoxic islets, again, show a normal, 

controlled response to glucose stimulant as compared to the hypoxic isles which show 

significant lack of both insulin release as well as detectable presence of insulin as shown in 

Figure 5b.     

 



 

Figure 1a: OCR/DNA results of cell line IIDP 1124 

cultured at 370C under 12 hour hypoxic conditions as 

compared to a normoxic control with standard deviation 

error bars analysis.   

  Figure 1b: OCR/DNA results of cell line IIDP 1124 after 

recovery period at 370C of the 12 hour hypoxic 

condition as compared to the normoxic control with 

standard deviation error bars analysis.   
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Figure 2a: OCR/DNA results of cell line IIDP 1125 cultured 

at 370C under 12 hour hypoxic conditions as compared to 

a normoxic control with standard deviation error bars 

analysis.   

Figure 2b: OCR/DNA results of cell line IIDP 1125 after 

recovery period at 370C  of the 12 hour hypoxic condition 

as compared to the normoxic control with standard 

deviation error bars analysis.   
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Figure 2a: OCR/DNA results of cell line RHIP 88 cultured 

at 370C under 4 hour hypoxic conditions as compared to 

a normoxic control with standard deviation error bars 

analysis.   

Figure 2a: OCR/DNA results of cell line RHIP 88 after 

recovery period at 370C of the 4 hour hypoxic condition 

as compared to the normoxic control with standard 

deviation error bars analysis. 



 
 

 

 

 

 

 

 

 

 

Figure 4: Insulin Rate results of cell line IIDP 1129 after 

12 hour hypoxic exposure and recovery period as 

compared to a normoxic control with standard error bar 

analysis  

Figure 5b: Insulin Rate results of cell line RHIP 88 after 

4 hour hypoxic exposure and recovery as compared to 

a normoxic control with Standard error bar analysis 

 

Figure 5a: Insulin Rate results of cell line RHIP 88 

after 4 hour hypoxic exposure as compared to a 

normoxic control with Standard error bar analysis 



Discussion 

Islet isolations IIDP 1124 and IIDP 1129 show evidence that a hypoxic exposure for a period of 

12 hours is enough to significantly decrease the islets viability.  When the control is compared 

to the 48 hour recovery measurements, it can be concluded that the hypoxic islets were unable 

to recover any viability. In the case of IIDP 1124, the hypoxic islets not only didn’t recover, but 

also decreased in OCR/DNA rate by a significant amount after recovery. Though it is speculated 

that this same pattern occurred in IIDP 1129, the lack of testable islets made this measurement 

tentative.  The function of islet isolation IIDP 1129 after the recovery period is virtually zero, 

showing that these islets have lost all function.  Islet isolation RHIP 88 shows evidence that 

exposure to hypoxic conditions for only 4 hours is not enough to induce any significant loss of 

viability to islets, nor does such exposure cause a loss of viability after a period of recovery. It 

does however, cause an inability of controlled insulin release in response to a glucose 

stimulant.  Thus, though the islets are viable, they are not functional, nor is their function 

recoverable. The damaging processes that occur during hypoxic exposure are irreversible and 

fatal at a hypoxic exposure of 12 hours.  4 hours, however, though not enough to induce any 

notable effect on cell viability, is enough to induce loss of islet function and functional recovery. 

Because these results suggest that there is a time in which molecular changes have caused lack 

of functional response to insulin, but no change in viability is observed, it can also be 

reasonably concluded that testing only islet viability is not a good measure of islet function and, 

more importantly, is not a sufficient prediction of functional success after transplantation. 

This study posed several limitations.  One significant limitation of this study was the 

limited sample size and subsequent limited number of trials. In most cases the data was drawn 

from trials with no more than an n of 3.  Thus, drawing more quantitative conclusions based on 

statistical significance would be difficult. Another limitation is the definitive difference between 

in vitro and in vivo studies.  In vivo studies ultimately present a more realistic environment in 

which analysis can be more applicably conclusive. Because these trials were done in vitro, while 

they can offer conclusions about effects of pelletized shipments during procurement, they are 

not incredibly applicable to situations that occur post-transplantation.  For example, as 

hypothesized by one source in the introduction - it is unclear whether or not a small amount of 

hypoxic exposure occurring only post-transplantation, could actually increase cell viability in 

vivo due to activation of factors that promote angiogenesis.  It could be reasonably concluded, 

however, that even with that compensation, 12 hours of hypoxic exposure under pelletized 

conditions damages the islets beyond what the help of angiogenic stimulation would do in 

vitro.  It is also likely that 4 hours of hypoxic exposure, though islets are still viable, would also 

not be recoverable in vitro due to lack of functional abilities. 

   

Future Implications 

These results serve as the beginning of a time line, showing the extreme results of pelletized 

conditions on pancreatic islet viability and function.  The molecular changes that are present in 

the cell after four hour hypoxic exposure which have caused lack of function but not yet 

viability, should be explored.  Investigation of a period of hypoxic exposure shorter than four 



hours could serve to isolate the time point at which molecular changes are still reversible, if this 

point exists. With sufficient resources the exact point at which islets have undergone 

irreversible changes could be measured.  This point could help determine, on a molecular level, 

a theoretical ‘switch’ that marks the point at which the detriment becomes irreversible.  Thus, 

the length of time of hypoxic exposure could be matched with data such as concentration of 

reactive oxygen species or HIF-1With this time point established, percent oxygen exposure 

could be varied to determine the relative correlation between length of time of exposure and 

percent Oxygen concentration.  This data would help specify islet needs post-transplantation 

and serve to help make predictions of islet success and, ultimately, aid in adjustments that must 

be made in vivo in order to create a workable environment.      
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