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Abstract

The transplantation of human pancreatic islets is a therapeutic possibility for a subset of type 1 

diabetic patients who experience severe hypoglycemia. Pre- and post-transplantation loss in islet 

viability and function, however, is a major efficacy-limiting impediment. To investigate the effects 

of inflammation and hypoxia, the main obstacles hampering the survival and function of isolated, 

cultured, and transplanted islets, we conducted a comprehensive metabolomics evaluation of 

human islets in parallel with dynamic glucose-stimulated insulin release (GSIR) perifusion studies 

for functional evaluation. Metabolomics profiling of media and cell samples identified a total of 

241 and 361 biochemicals, respectively. Metabolites that were altered in highly significant manner 

in both included, for example, kynurenine, kynurenate, citrulline, and mannitol/sorbitol under 

inflammation (all elevated) plus lactate (elevated) and N-formylmethionine (depressed) for 

hypoxia. Dynamic GSIR experiments, which capture both first- and second-phase insulin release, 

found severely depressed insulin-secretion under hypoxia, whereas elevated baseline and 

stimulated insulin-secretion was measured for islet exposed to the inflammatory cytokine cocktail 

(IL-1β, IFN-γ, and TNF-α). Because of the uniquely large changes observed in kynurenine and 

kynurenate, they might serve as potential biomarkers of islet inflammation, and IDO on the 

corresponding pathway could be a worthwhile therapeutic target to dampen inflammatory effects.
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Introduction

The transplantation of human islet cells is the only current cell-based therapy that has been 

proven to provide insulin independence in patients with type 1 diabetes (T1D). With long-

term safety and efficacy demonstrated in T1D patients complicated by severe hypoglycemia, 

this therapeutic approach is likely to become an approved clinical treatment in the US1–4. 

While this is one of the safest and least invasive transplant procedures and with considerable 

progress made in the cell processing procedure5 and resulting clinical outcomes4, efficacy is 

still limited due to loss of islet viability and function during pre- and post-transplantation 

periods6–8. Throughout this process, including the cold ischemia period in the cadaveric 

donor, the islet isolation procedure itself, the culture before transplantation, and the period 

immediately after transplantation, islets are exposed to various unfavorable environmental 

conditions, whereby hypoxia and inflammation have been identified as the main ones.

Islets, which are highly sensitive to low oxygen conditions, are subjected to hypoxia even 

before isolation due to organ ischemia and loss of physiological oxygen delivery, and 

prolonged ischemic times increase the corresponding damage9, 10. Inflammatory conditions 

can also be initiated at this early stage, as islets are isolated from cadaveric donors and are 

exposed to the corresponding unfavorable conditions. The enzymatic and mechanical 

stresses employed during the isolation process further exacerbate these two conditions11. 

The isolation and purification process of human islets is a five to seven hour multi-step 

procedure needed to extract the islets that represent only about 1–2% of the total pancreatic 

tissue volume. The islet preparation is then kept in culture for 24 to 72 hours to allow for the 

required quality controls and for the initiation of immunosuppressive therapy in the 

recipient. Following transplantation, islets are exposed to the elevated blood glucose levels 

of the recipients, which is known to be detrimental (glucotoxicity)12, 13. Furthermore, 

immediately post-transplantation, there is a significant loss of islet mass and function due to 

the inflammatory response mounted by the recipient14 as well as the hypoxia resulting from 

the oxygen diffusion limitations15 due to insufficient vascularization16 and lack of active 

nutrient transport. In avascular islets, hypoxia resulting from oxygen diffusion limitations is 

a major factor limiting viability and functionality. For example, when isolated islets are 

cultured under normoxic conditions (atmospheric oxygen, 21% O2), larger islets tend to 

show central necrosis, which becomes more severe after exposure to hypoxic culture 
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conditions17–20. Until revascularization, which occurs only after several days, transplanted 

islets have to rely on passive nutrient diffusion and have to survive in a tissue environment of 

only about 5% oxygen21 (typical tissue oxygen levels; the average oxygen concentration in 

arterial and venous blood being 130 and 54 µM22 corresponding to ~12% and 5%) – a 

significant hurdle to overcome.

In light of these stress factors, we sought to investigate the effects of inflammation and 

hypoxia under basal and hyperglycemic conditions on isolated human islets. We conducted a 

comprehensive metabolomic evaluation of changes in their biochemical composition, in 

parallel with dynamic glucose-stimulated insulin release (GSIR) perifusion studies for 

functional evaluation. Our goal was to understand how an environment of inflammation 

and/or hypoxia during ex vivo culture of isolated human pancreatic islets affects global 

metabolism and response to glucose. A further goal was to attempt to identify biomarkers of 

islet health/potency that could be predictive for long-term survival in vitro and in vivo, by 

comparing islets under culture conditions that mimic detrimental conditions (e.g., hypoxia 

and inflammation). Limited previous studies on metabolomics of diabetes onset, pancreatic 

islets, and β-cells or cell lines have been conducted23–26, as recently summarized27. An 

important limitation of these studies has been the need for several million cells for LC-MS 

type analyses (e.g., >3 million)27, meaning a need of several thousand islets per conditions 

(as an average islet contains around 1,000–2,000 cells). Improved analytics, however, has 

overcome this obstacle. The method employed herein requires ~100,000 cells (i.e., ~100 

islets) and 0.5 mL media per sample. This approach not only decreases the burden of 

procurement of limited human islets, it permits parallel experiments of various experimental 

conditions using a single human donor, while also ensuring sufficient islets for functional 

GSIR studies.

Materials and Methods

Human Pancreatic Islets Isolation and Culture

Human islet samples used for the present comparison were from isolations performed at the 

Human Islet Cell Processing Facility at the Diabetes Research Institute (University of 

Miami, Miller School of Medicine, Miami, FL, USA). The islet isolation protocol, as part of 

the Clinical Pancreatic Islet Transplantation Study, was approved by the Institutional Review 

Board (IRB) of the University of Miami and the FDA. Human pancreases were procured 

from deceased multi-organ donors for whom consent was obtained by accredited Organ 

Procurement Organizations (OPOs) from the donor’s families or next of kin. Islets were 

isolated by using a modification of the automated method28, as described before28–30. This 

study was conducted according to the principles expressed in the Declaration of Helsinki.

Islets isolated from ten cadaveric donors were used for the study. The donor characteristics 

of ten human pancreases used for this study are shown in Table S1 of the Supporting 

Information. Islets from these human pancreases were isolated at the Current Good 

Manufacturing Practice (cGMP) Human Islet Cell Processing Facility of the Diabetes 

Research Institute at the Miller School of Medicine, University of Miami. Islet yield and 

purity were determined by dithizone staining, and islets were counted and scored using a 

standard algorithm for the calculation of 150 µm diameter islet equivalent (IEQ) 
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number31, 32. Islets were cultured in CMRL-1066 medium (Gibco) supplemented with 2% 

human albumin, at 22°C in 5% CO2 humidified incubator overnight prior experimental 

conditions. For the present study, human islet samples from each of the 10 isolations were 

incubated for 24 hours under standard, hypoxic (3% O2)33, 34, or inflammatory conditions 

(cytokine cocktail)35, 36, followed by an additional 24 h under the same conditions with 

either basal (5.5 mM) or high (16 mM) glucose37, 38. Each islet sample was divided into six 

1,000 IEQ aliquots that were cultured in 3 mL culture media in six-well plates. At the end of 

the 24 + 24 h culture, cell and media samples were collected, stored at −80°C, and sent to 

Metabolon (Durham, NC) for analysis. The cytokine cocktail used contained 50 U/mL (0.25 

ng/mL) interleukin-1β (IL-1β), 1000 U/mL (21.5 ng/mL) tumor necrosis factor-α (TNF-α), 

and 1000 U/mL (50 ng/mL) interferon-γ (IFN-γ) (R&D Systems, Inc. Minneapolis, MN). 

From four isolations, additional samples cultured under similar conditions were kept for the 

next day and used for glucose stimulated insulin secretion studies. All islet cells were 

cultured in CMRL-based culture medium.

Dynamic Glucose-Stimulated Insulin Release (GSIR)

A subset of islets (n = 4; low glucose samples only) were also subjected to dynamic GSIR 

perifusion studies. GSIR perifusion experiments were performed as described before39 using 

a custom built apparatus that allows parallel perifusion in up to eight channels with 

programmable influx (PERI-04, Biorep, Inc., Miami, FL). Briefly, one hundred islets were 

handpicked and loaded in Perspex microcolumns, between two layers of acrylamide-based 

microbeads slurry (Bio-Gel P-4, Bio-Rad Laboratories, Hercules, CA). Perifusing buffer 

containing 125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2, 1.2 mM MgCl2, 25 mM HEPES, 

0.1% bovine serum albumin at 37°C with selected glucose (low = 3 mM; high = 11 mM) or 

KCl (25 mM) concentrations was circulated through the columns at a rate of 100 µL/min. 

After 45–60 min of washing with the low glucose solution for stabilization, islets were 

stimulated with the following sequence: 5 min of low glucose, 20 min of high glucose, 15 

min of low glucose, 10 min of KCl, and 10 min of low glucose. Serial samples (100 µL) 

were collected every minute from the outflow tubing of the columns in an automatic fraction 

collector designed for a multi-well plate format. The sample container harboring the islets 

and the perifusion solutions were kept at 37°C in a built-in temperature controlled chamber. 

The perifusate in the collecting plate was kept at <4°C to preserve the integrity of the 

analytes. Insulin concentrations were determined with a commercially available ELISA kit 

(Mercodia Inc., Winston Salem, NC). Values obtained with the human kit are in mU/L; they 

were converted to µg/L using 1 µg/L = 23 mU/L per the guidelines of the manufacturer.

Metabolomic Analysis

Small molecules were extracted in a methanol solution containing process assessment 

standards as described previously40. The resulting clarified supernatant extract was divided 

into five aliquots, one for each of the four individual LC/MS analyses and one spare, briefly 

evaporated to remove the organic solvent and stored overnight under nitrogen before 

preparation for analysis. The global biochemical profiling analysis was comprised of four 

unique arms consisting of reverse phase chromatography positive ionization methods 

optimized for hydrophilic compounds (LC/MS Pos Polar) and hydrophobic compounds 

(LC/MS Pos Lipid), reverse phase chromatography with negative ionization conditions 
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(LC/MS Neg), as well as a HILIC chromatography method coupled to negative (LC/MS 

Polar)41. All of the methods alternated between full scan MS and data-dependent MSn scans. 

The scan range varied slightly between methods but generally covered 70–1000 m/z.

Experimentally detected metabolites were identified by matching the ion chromatographic 

retention index, accurate mass, and mass spectral fragmentation signatures with a reference 

library consisting of over 3,200 entries created from authentic standard metabolites under 

the identical analytical procedure as the experimental samples42. In-house peak detection 

and integration software was used. The data output from the software was a list of m/z 
ratios, fragmentation spectra, retention indices, and area under the curve (AUC) values. All 

proposed identifications were then manually reviewed and hand curated by an analyst who 

approved or rejected each identification based on the criteria above42.

Statistical Analysis

Two types of statistical analyses were performed: (1) significance tests and (2) classification 

analysis. Standard statistical analyses were performed in ArrayStudio on log-transformed 

data. For analyses not standard in ArrayStudio, the programs R (http://cran.r-project.org/) or 

JMP were used. Following normalization to DNA for cells, log transformation and 

imputation of missing values, if any, with the minimum observed value for each compound, 

ANOVA contrasts with a repeated measures component were used as significance test to 

identify biochemicals that differed significantly (p < 0.05) between experimental groups. An 

estimate of the false discovery rate (q-value) was calculated to take into account the multiple 

comparisons that normally occur in metabolomic-based studies. Classification analyses used 

included principal components analysis (PCA), hierarchical clustering, and random forest. 

For the scaled intensity graphics, each biochemical in original scale is rescaled to set the 

median equal to 1. To visualize interaction networks and biological pathways of the 

significant metabolites we utilized Metabolon’s Metabolync plugin to Cytoscape (http://

cytoscape.org), an open source software platform43.

Results

Metabolomics Data Overview

Human islets from ten different donors were cultured in parallel for 24 h under standard, 

hypoxic (3% O2), and inflammatory conditions (cytokine cocktail of IL-1β, IFN-γ, and 

TNF-α), followed by addition of either basal (5.5 mM) or high (16 mM) glucose to each of 

these for another 24 h (experimental schematic summarized in Supplementary Figure S1). 

Cell and media (supernatant) samples (10×3×2×2 = 120) were collected and subjected to a 

detailed metabolomics analysis, as described in the Methods section. Following data 

acquisition and curation, a total of 241 and 361 compounds of known identity (named 

biochemicals) were identified for media and cells, respectively. Analysis by two-way 

ANOVA with repeated measures identified biochemicals exhibiting significant interaction 

and main effects for experimental parameters of condition (hypoxia, inflammation) and the 

addition of high glucose. Table 1 provides a summary comparison of the biochemicals that 

exhibited statistically significant changes (p < 0.05) for these pairwise comparisons. For 

example, high glucose alone (16 vs. 5.5. mM for the second 24 h of the study) caused a 
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significant change in 23 and 14 metabolite levels in the cells and media, respectively. With 

respect to the control samples under basal (5.5 mM glucose) culture conditions, hypoxia 

significantly altered 92 cellular and 79 media soluble compounds. Conversely, exposure to 

the inflammatory cocktail significantly altered 95 cellular and 40 media soluble compounds, 

when cultured under the same basal glucose levels. Compared to the control samples under 

high glucose conditions, the corresponding numbers are 137 & 42 cellular compounds and 

59 & 59 media soluble compounds for hypoxia & inflammatory conditions, respectively 

(Table 1).

Overall Data Segregation: Principal Component, Hierarchical Cluster, and Random Forest 
Analyses

Principal component analysis (PCA) is a mathematical procedure that allows differences 

across a large set of variables to be represented as a smaller set of ‘principal’ variables44. 

Transformation is done so that the first principal component (PC1) has the largest possible 

variance (i.e., accounts for as much variability as possible), and then each additional 

component has the highest remaining variance possible, while being orthogonal to all 

preceding components. By reducing dimensionality, this transformation allows one to 

visualize how individual samples within a group cluster. In this study, PCA was used to 

assess whether the treatment groups could be segregated based on differences in their overall 

metabolic signature. The first three principal components account for a good portion of the 

variability in the data (35.0 + 21.5 + 6.5 = 63.0% and 24.3 + 17.3 + 8.9 = 50.5% in cells and 

media, respectively), but there was relatively poor separation of control and treatment groups 

(Supplementary Figure S2). Nevertheless, the hypoxic samples did exhibit a modest shift 

along the component 2 and 3 axes (PC2, PC3), particularly for the cell samples.

To provide a different perspective into potential group segregation, hierarchical cluster 

analysis (HCA) was also performed. Results revealed that both cellular and media groups 

segregated primarily by sample identity, rather than treatment conditions; indicating that 

individual differences in metabolic profiles were more powerful classifiers than treatment 

condition (Figure 1). Nevertheless, hypoxia exposed cell samples showed a tendency to 

cluster as highlighted by the accumulation of the corresponding green color-coded samples 

around the middle of the graph for cells in Figure 1. Collectively, these high-level views of 

the data set indicate that overall global metabolic profiles were similar between the study 

groups. Despite the relatively muted shift in global metabolic tissue profiles, there were 

several changes of individual biochemicals that provided insight into injury-associated tissue 

alterations as discussed below.

Random forest analysis (RFA), a statistical tool that utilizes a supervised classification 

technique based on an ensemble of decision trees45, was also performed to aid in the 

identification of such biomarkers that can allow separation among experimental groups. 

Despite the relatively poor group separation in PCA and HCA, RFA identified biochemicals 

that were able to classify the media samples with a surprising degree of accuracy 

(Supplementary Figure S3, left): the predictive accuracy was 83% for all samples (compared 

to a 16.7% random chance expected for a six-group comparison). In these samples, glucose 

and glycolysis-associated biochemicals (e.g., maltose, fructose, and succinate) were 
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important differentiators, as were choline, phosphocholine (choline phosphate), cytidine, and 

uridine. RFA was less accurate in classifying cell samples with an overall predictive 

accuracy of only 35%, and, for the control and hypoxic groups, this analysis failed to 

generate results better than random chance. However, when RFA misclassified cell samples, 

it tended to identify correctly the treatment condition, but not the low or high glucose level 

within that treatment group. The predictive accuracy of RFA for cells exposed to 

inflammatory conditions was much better than random chance across the six-group 

comparison – indicating that inflammation produced a metabolic phenotype distinct from the 

control or hypoxic conditions.

Glucose Mediated Changes

Comparison of the metabolomic profiles of the samples cultured in high glucose (HG, 16 

mM) for the second 24 with those maintained at basal (LG, 5.5 mM) level found a number 

of biochemicals with significantly altered levels; however, this subset was a relatively small 

fraction of the overall metabolites identified (5–20%; Table 1). High glucose imparted a 

significant change in 23, 37, and 70 metabolite levels in cells and 14, 28, and 18 in media 

under control, hypoxic, and inflammatory conditions, respectively. As expected, measured 

glucose levels in high glucose (HG) media exhibited an approximate three-fold elevation 

when compared to low (LG) glucose samples (Figure 2, bottom left). Metabolites that 

showed significant changes in both cells and media include: maltose, fructose, and imidazole 

lactate (Figure 2). Exposure of islets to HG resulted in increased levels of maltose and 

maltotriose under all conditions (control, hypoxia, and inflammation). Since these markers 

report on glycogen metabolism, this suggests that some features of glucose processing by 

the islets after glucose stimulation, such as glycogen synthesis, remained intact despite islet 

stress. In addition, elevation of imidazole lactate, a metabolite involved in histidine 

degradation, under HG conditions was also observed. Metabolic sub-families that were most 

strongly affected by exposure to high glucose are summarized in Supplementary Figure S4, 

using metabolic pathway enrichment (PE) values for all pairwise comparisons (i.e., HG vs. 

LG under control, inflammatory cytokine, and hypoxic conditions; data for media samples 

shown).

Inflammation Mediated Changes

To investigate the effects of inflammatory stimuli on human islets, changes in their 

metabolic profiles due to culture in the presence of a cytokine cocktail (IL-β, TNF-α, and 

IFN-γ; 24 + 24 h) was examined. Compared to the corresponding controls, a total of 95 and 

40 metabolites were found to be differentially expressed in cells and in media, respectively 

under low glucose, while 42 cellular and 59 media metabolites were altered under high 

glucose (Table 1). Several of these, such as kynurenine, kynurenate, citrulline, and mannitol/

sorbitol, were consistently and significantly altered (Figure 3); exhibiting the largest fold-

changes of the present study. Some of the main metabolic pathways affected are illustrated 

using the Metabolic Pathway Classification Network view of the metabolomic data for both 

media and cell samples in Figure 4. The metabolic sub-families that were most strongly 

affected are also summarized in Supplementary Figure S5 using metabolic PE values.

Garcia-Contreras et al. Page 7

J Proteome Res. Author manuscript; available in PMC 2018 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Culturing islets with these inflammatory cytokines led to the large accumulation of 

kynurenine and kynurenate in both cell and media samples (Figure 3, Figure 4). These 

metabolites are part of the tryptophan metabolic pathway and are downstream products of 

indoleamine-2,3-dioxygenase (IDO), whose expression is known to be induced by 

inflammatory cytokines including IFN-γ and TNF-α, including in human islets46. Notably, 

these changes occur with associated increases in the detected tryptophan intermediates 3-

indoxyl sulfate and indolelactate, and the concomitant loss of several nicotinamide 

intermediates, including nicotinamide ribonucleotide (NMN), NAD+, and 1-

methylnicotinamide in islet cells (Figure 5). Tryptophan levels, however, were not depleted 

in either the cell or the media samples. Largely parallel results were observed in media 

samples; hence, collectively, these results indicate that inflammatory conditions perturb 

tryptophan metabolism in islets to favor the indole and kynurenine axes, while reducing 

nicotinamide availability. Among other metabolites strongly affected, citrulline was also 

significantly increased under the inflammatory stimulus in both cells and media (Figure 3). 

Citrulline, a component of the urea cycle, is also produced during nitric oxide production by 

nitric oxide synthases, of which the inducible NOS (iNOS) isoform is potently induced by 

IL-147. Additionally, in the polyol pathway, mannitol/sorbitol also increased in both. Note 

that mannitol and sorbitol cannot be distinguished by the MS-based technique used here.

Hypoxia Mediated Changes

Relative to control conditions, hypoxia (3% O2) caused a considerable portion of the 

identified metabolites to be significantly differentially expressed: 92 and 79 in cells and 

media, respectively with low glucose, and 137 and 59 with high glucose (Table 1). 

Metabolites most significantly altered included lactate, N-formylmethionine, guanosine, and 

putrescine among others (Figure 6). Some of the affected metabolites and metabolic sub-

families are shown in Figure 7, and those most strongly affected are summarized in 

Supplementary Figure S6 using metabolic PE values.

Lactate, a classic marker of hypoxia, spiked in both cells and media indicating that islets 

transitioned to anaerobic glycolysis to produce ATP, resulting in lactate production via the 

action of lactate dehydrogenase to re-oxidize NADH to NAD+. Note that while, β-cells are 

known to have low levels of lactate dehydrogenase to make glucose sensing more 

sensitive48, 49, here, we investigated whole islets. N-formylmethionine, a marker of 

mitochondrial protein turnover, was dramatically decreased, as were more general markers 

of protein turnover, i.e., the N-acetyl amino acids. Relative to control islets, 

monoacylglycerols and diacylglycerols (DAGs) were largely elevated in hypoxic islets (data 

not shown).

Effects on Islet Morphology and Function (GSIR)

While the hypoxic conditions used in this study severely affected islet structure, leading to 

fragmented islets with noticeable loss in insulin content and viability, culture with the 

present cytokine cocktail (IL-1β 50 U/mL, TNF-α 1000 U/mL, and IFN-γ 1000 U/mL for 

48 h) had a relatively modest effect on islet morphology. This is illustrated in Supplementary 

Figure S7, for a representative set of islets stained with diphenylthiocarbazone (dithizone, 

DTZ), which stains islets red by chelating the zinc in the insulin granules of their β-cells.
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In parallel with the metabolomics studies, dynamic glucose-stimulated insulin release 

(GSIR) perifusion was also performed on a subset of islets (n = 4) to evaluate the effects of 

hypoxia and cytokines on the insulin secretion of human islets. With the improvement in 

equipment and analytical techniques, GSIR studies, which were introduced in the early 

1970s50, can now provide robust quantitative characterization of insulin release kinetics, 

including both first- and second-phase response, under fully controllable experimental 

conditions of varying external concentrations of glucose and other segretagogues39, 51–54. 

GSIR is routinely used to assess islet quality and function55. In this study, perifusions were 

performed using an automated perifusion machine (PERI4-02, Biorep) that allows parallel 

assays for up to eight chambers and our standard protocol of low-high-low (3 → 11 → 3 

mM) glucose39, 56. As shown in Figure 8, hypoxia severely depressed the ability of islets to 

secrete insulin in response to a HG challenge, whereas the inflammatory conditions used 

elevated both baseline and stimulated insulin secretions (per unit islet volume; i.e., islet 

equivalent, IEQ), indicating stressed islets. The stimulation index (SI), calculated as the ratio 

of average insulin secretions per unit time at high vs. low glucose, was 4.1 for the control 

islets, in strong agreement with published results for human islets57. Hypoxic islets showed 

an elevated baseline secretion and dramatically reduced ability to respond to high glucose 

challenge (SI of 1.3). Surprisingly, islets under inflammatory conditions exhibited a similar 

stimulation curve although with an overall elevated insulin secretion resulting in a somewhat 

reduced stimulation index (SI of 2.3) (Figure 8).

Discussion

Although islet transplantation is a promising therapeutic option for patients with T1D1–4, 

there is a need to minimize islet cell damage during isolation, pre-transplant culture, and 

immediately following transplantation. A main goal of the present study was to understand 

how an environment of inflammation or hypoxia during ex vivo culture of isolated human 

pancreatic islets affects global metabolic and functional response to glucose. Another 

important goal was to identify potential biomarkers for islet health/potency, as well as for 

inflammation or hypoxia induced damage.

Culture conditions used here were selected based on previous publications looking at 

proteomic or metabolic changes in islets or corresponding cell lines. These studies indicated 

that exposure to stress for at least 24–48 h is needed to cause significant observable changes. 

Accordingly, here, islets were cultured for 24 h in basal glucose (5.5 mM) under standard, 

hypoxic (3% O2)33, 34, or inflammatory conditions (cytokine cocktail of IL-1β, IFN-γ, and 

TNF-α)35, 36, followed by an additional 24 h under either basal or high (16 mM) glucose 

(Supplementary Figure S1). We investigated the effect of high glucose because prolonged 

exposure to hyperglycemia is known to impair insulin secretion and induce pancreatic β-cell 

death58, and transplanted islets in T1D recipients are likely to be exposed to these 

conditions. We observed the significant elevation of several metabolites, both in the cell and 

the media samples, following high glucose exposure. Elevation of some of these metabolites 

(e.g., fructose) under high glucose has also been observed in previous studies using the β-

cell line 832/1359, 60. Furthermore, imidazole lactate, a metabolite involved in the histidine 

metabolism, was also upregulated in high glucose conditions. Interestingly, GABA 

concentrations were decreased in cell samples following high glucose conditions. While this 
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is in agreement with observations made by Pizarro-Delgado and co-workers for rat islets61, 

these trends are contrary to those of Wallace and co-workers, who observed increased 

GABA levels in β-cell lines25. Overall, only a limited number of the first- and second-phase 

related metabolite changes summarized in Table 1 of a recent review by Gooding and co-

workers27, which were observed within a couple of hours post-glucose challenge, were 

confirmed here after 24 h high glucose exposure. Further, the adenylosuccinate (S-AMP) 

increase and inosine monophosphate (IMP) decrease reported by Gooding and co-workers in 

the insulinoma cell line 832/13 with 2 h incubation62 were not detected in our study (S-

AMP, not detected; IMP increased, but not significantly in cells, not detected in media). 

These discrepancies may be due to the longer high glucose exposure times used here, as well 

as to the use of human islet versus insulinoma cell lines.

The characterization of the damage caused to pancreatic islets by an inflammatory milieu is 

of obvious interest. To evaluate this, we employed a cytokine cocktail of IL-1β (50 U/mL, 

0.25 ng/mL), IFN-γ (1,000 U/mL, 50 ng/mL), and TNF-α (1,000 U/mL, 21.5 ng/mL) 

previously described in the literature35, 36. All concentrations were well above the 

corresponding median effective concentrations (EC50s), being about 20, 100, and 200-fold 

higher, respectively; hence, a strong inflammatory response was produced, as indicated by 

the considerable changes in the metabolomics signature (Table 1, Figure 4, Figure 5, Figure 

6), even if viability (Supplementary Figure S7) and GSIR (Figure 8) were only moderately 

affected. Modified cytokine cocktails have been employed by other groups, e.g., IL-1β (2 

ng/mL), IFN-γ (100 ng/mL), and TNF-α (100 ng/mL)63. One of our most notable 

observations here is the large, but consistent, perturbations induced by the inflammatory 

milieu in the tryptophan pathway,in particular in kynurenine and kynurenate levels (Figure 

5). The tryptophan/kynurenine pathway is the main route of tryptophan degradation, and it 

generates several metabolites of various activity. Infections are known to activate this 

pathway, which appears to serve both as a direct defense mechanism and as a means of 

modulating the immune response64, 65. Notably, kynurenate is a broad-spectrum, non-

selective glutamate receptor antagonist that is known to have neuroprotective effects, and 

kynurenate analogs are being studied for their neuroprotective effects66 – of particular 

interest here as pancreatic β-cells share a large number of similarities with neuronal cells. 

IDO activation is likely a self-protecting mechanism in several autoimmune disorders66. On 

the other hand, several of the metabolites other than kynurenate are toxic, and it is quite 

likely that the anti-inflammatory effects of IDO activation ultimately acts as a double-edged 

sword66, 67. Along these lines, IDO activation may protect islets from cytotoxic damage in 

the short term, while chronic exposure to various tryptophan metabolites can lead to β-cell 

attrition46. Because of the unique and pronounced metabolic signature of kynurenine and 

kynurenate in our study, these agents might serve as useful biomarkers of inflammation in 

human islets. Our results also suggest IDO as a worthwhile therapeutic target to dampen the 

effects of inflammation in pancreatic islets.

There are relatively limited studies published so far on kynurenine and related compounds in 

islets, but strong upregulation of IDO accompanied by increase in kynurenine has been 

shown in pancreatic islet, in particular by IFN-γ and somewhat less so by IL-1β or TNF-

α46. In general agreement with our observations, a recent study64 has shown that (a) IDO1 

and kynurenine 3-monoxygenase (KMO) expression are potently activated by 
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proinflammatory cytokines (IFN-γ, IL-1β) and glucolipotoxicity respectively and are done 

so more prominently in β-cells than in non β-cells /note that HG here did not affect 

kynurenines/; (b) islet kynurenine/kynurenate production ratio is enhanced following IFN-γ 
and glucolipotoxicity; and (c) acute exposure to kynurenine potentiates GSIR in normal 

islets.

We also observed a significant increase in citrulline, a product of the nitric oxide synthase 

reaction, following culture with the cytokine cocktail. A somewhat similar cocktail of 

cytokines (IL-1β, 1 ng/mL and IFN-γ, 100 U/mL for 18 h) has been shown to not cause 

apoptosis, but possibly preferentially induce a programmed necrotic cell death68. The effects 

of this cocktail on the metabolic profiles of 832/13 cells was also investigated by Collier and 

co-workers and found to strongly induce citrulline, as well as pyruvate, malate, and 

inosine68.

Another somewhat unexpected observation here was the increase in GSIR following 48 h of 

exposure to inflammatory conditions, although some previous publications indicate this 

trend. For example, short term exposure of β-cells to low concentrations (e.g., 0.1 – 20 

ng/mL) of IL-1β has been shown to improve insulin secretion69. This has also been found in 

human islets, but depending on the body-mass index (BMI) of the subject70. An incretin-like 

effect, i.e., that postprandial macrophage-derived IL-1β stimulates insulin, and both 

synergistically promote glucose disposal and inflammation has been shown recently by Dror 

and co-workers71. These may likely support our observed functional results.

Finally, as mentioned, hypoxia is also a major factor limiting viability and functionality in 

avascular islets as islets have to rely on passive transport for nutrient delivery and, among all 

nutrients, diffusion limitations are most severe for oxygen. This is well-illustrated by our 

model15, 39 calculated values shown in Supplementary Figure S8. While tissue oxygen 

concentrations are around 5%21, 22, most of the islet tissue will be exposed to lower oxygen 

concentrations, hence 3% is a reasonable choice and one that has been used by others33, 34. 

For hypoxic islets, levels of N-formylmethionine, an amino acid used for initiation of 

mitochondrial protein synthesis72, were significantly decreased, indicating β-cell death and 

stress73, 74. Further, polyamine metabolites were decreased, albeit only in the media, as a 

result of the oxidative stress75. The effects of (severe) hypoxia (1% O2) for different 

durations (2, 4, 6, 12, and 24 h) in INS-1 cells were investigated relatively recently by NMR 

metabolomics by Tian and co-workers76. Cell viability decreased considerably after 12 to 24 

h of hypoxia (by approximately 15% and 40% at 5% and 1% O2, respectively) even if these 

were single cell cultures and not islet spheroids, where hypoxia in the core is likely to be 

much more severe15. Tian et al. observed decreased creatine-containing compounds and 

increased taurine-containing compounds in pancreatic β-cells at the early (2–6 h) and late 

(12–24 h) stage hypoxia. Herein, human islets exposed to less severe hypoxia exhibited 

similar trends for both cellular and soluble media components, as decreased cellular creatine 

(by 0.77 and 0.66 in LG and HG), but unchanged media creatine (1.10 and 0.84 – not 

significant) and increased taurine levels in media (3.88 and 3.26-fold), but decreased in islets 

(0.68 and 0.57) were observed. Tian et al. also reported decreasing glycerophosphocholine 

levels during early stage hypoxia. This study validated this for islet cell samples (0.71 and 

0.58 for glycerophosphorylcholine, GPC, in LG and HG), but not in media.
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Conclusions

In summary, our results provide, for the first time, a detailed metabolomics insight into the 

pathways altered by hypoxic and inflammatory conditions in whole human islets under both 

basal and hyperglycemic conditions. Since these are the main challenges hampering the 

survival and function of isolated, cultured, and transplanted islets, trends observed in this 

study should help in deciphering their impact of these factors on normal islet physiology and 

lead to tailored interventions that can improve islet isolation, culture, and transplant 

procedures for research and clinical purposes. One of the most notable observations was the 

consistently large changes induced by an inflammatory milieu in kynurenine and 

kynurenate, suggesting that they might serve as biomarkers of islet inflammation and that 

IDO on the corresponding metabolic pathway could be a therapeutic target to modulate the 

effects of inflammation in islets.
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Figure 1. 
Hierarchical clustering of the present metabolomics data in cell (A) and media samples (B) 

obtained from human islets (n = 10) cultured under different conditions as indicated (control, 

hypoxia, and inflammatory cytokines with low or high glucose). Within the clusters, blueish 

coloring represent elevated metabolite levels, while yellowish coloring represent decreased 

metabolite levels. Samples are color-coded as indicated by the figure key on the right side.
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Figure 2. 
Box plot data illustrating some of the metabolites significantly altered in both cell and media 

samples by culture in high glucose conditions (16 vs. 5.5 mM for 24 h). Data (scaled 

intensity) are shown as median surrounded by a box indicating upper and lower quartiles and 

bars of minimum and maximum of distribution (mean indicated by a plus symbol, extreme 

values shown as circles), and are color-coded per condition (control in red, hypoxia in green, 

and inflammation in blue). LG and HG denote standard (low) and high glucose cultures, 

respectively during the second 24 h. For glucose-induced changes, compare the darker HG 

and lighter LG columns within each condition. Values are normalized in terms of raw area 

counts with each biochemical rescaled to set the median equal to 1.
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Figure 3. 
Box plot data illustrating some of the metabolite significantly altered in both cell and media 

samples by culture in the presence of inflammatory cytokines (cocktail of IL-1β, IFN-γ, and 

TNF-α for 24 + 24 h). Notation is the same as in Figure 2. For inflammation-induced 

changes, compare blue vs. red columns (lighter and darker shades for changes under LG and 

HG conditions, respectively).
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Figure 4. 
Effect of inflammatory cytokines (IL-1β, IFN-γ, and TNF-α) in standard culture (5.5 mM) 

on human islet metabolism shown using MetaboLync Pathway Classification Network for 

both media (top) and cell (bottom) samples for the Lipid and Amino Acid super-families. 

Within each pathway, the size of the circle correlates with the magnitude of change, and the 

color indicates significant change vs. control (p < 0.05; red increased, blue decreased).
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Figure 5. 
Brief overview of the tryptophan metabolic pathway with box plots included showing 

metabolites detected here and significantly altered by culture with inflammatory cytokines 

(blue rectangles). Metabolites significantly increased are shown in bold red, those 

significantly decreased in bold green color; the notation of the box plots is the same as used 

before in Figure 2 or Figure 3. The large changes in kynurenine and kynurenate are 

associated with significant increases in tryptophan intermediates 3-indoxyl sulfate and 

indolelactate as well as with concomitant loss of several nicotinamide intermediates 

suggesting that inflammatory conditions perturb tryptophan metabolism to favor the indole 

and kynurenine axes.
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Figure 6. 
Box plot data illustrating some of the metabolite significantly altered in both cell and media 

samples by culture under hypoxic conditions (3% O2 for 24 + 24 h). Notation is the same as 

in Figure 2. For hypoxia-induced changes, compare green vs. red columns (lighter and 

darker shades for changes under LG and HG conditions, respectively).
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Figure 7. 
Effect of hypoxia in standard culture (5.5 mM) on human islet metabolism shown using 

MetaboLync Pathway Visualization for media samples. Within each pathway, the size of the 

circle correlates with the magnitude of change, and the color indicates significant change vs. 

control (p < 0.05; red increased, blue decreased).
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Figure 8. 
Dynamic glucose-stimulated insulin release (GSIR) perifusion data for islets following 

different incubation conditions from the present study. All data here are from islets cultured 

with basal glucose for the entire 48 h. The main figure shows the average secreted insulin 

collected every minute for a low (3 mM) → high (11 mM) → low (3 mM) glucose 

challenge followed by a KCl step. Data are for n = 4 different islet samples; results of the 

individual perifusions are shown in the small insets.

Garcia-Contreras et al. Page 24

J Proteome Res. Author manuscript; available in PMC 2018 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garcia-Contreras et al. Page 25

Table 1

Summary of statistically significantly altered biochemicals (p < 0.05, ANOVA contrast) from the total of 361 

and 241 named biochemicals detected in cells and media, respectively. For each pairwise comparison, the 

number of compounds with significantly different levels is indicated and the breakdown shows the numbers 

for those with  and  levels in red and blue, respectively.

Notation: LG, low (basal) glucose; HG, high glucose.
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