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Biological hypoxia in pre‑transplant 
human pancreatic islets induces 
transplant failure in diabetic mice
Hiroyuki Kato 1,2, Mayra Salgado 1, Daniel Mendez 1, Nelson Gonzalez 1, Jeffrey Rawson 1, 
Doreen Ligot 1, Bennie Balandran 1, Chris Orr 1, Janine C. Quijano 1, Keiko Omori 1, 
Meirigeng Qi 1, Ismail H. Al‑Abdullah 1, Yoko Mullen 1, Hsun Teresa Ku 1, Fouad Kandeel 1 & 
Hirotake Komatsu 1,2*

Evaluating the quality of isolated human islets before transplantation is crucial for predicting 
the success in treating Type 1 diabetes. The current gold standard involves time-intensive in vivo 
transplantation into diabetic immunodeficient mice. Given the susceptibility of isolated islets to 
hypoxia, we hypothesized that hypoxia present in islets before transplantation could indicate 
compromised islet quality, potentially leading to unfavorable outcomes. To test this hypothesis, 
we analyzed expression of 39 hypoxia-related genes in human islets from 85 deceased donors. We 
correlated gene expression profiles with transplantation outcomes in 327 diabetic mice, each receiving 
1200 islet equivalents grafted into the kidney capsule. Transplantation outcome was post-transplant 
glycemic control based on area under the curve of blood glucose over 4 weeks. In linear regression 
analysis, DDIT4 (R = 0.4971, P < 0.0001), SLC2A8 (R = 0.3531, P = 0.0009) and HK1 (R = 0.3444, 
P = 0.0012) had the highest correlation with transplantation outcome. A multiple regression model of 
11 genes increased the correlation (R = 0.6117, P < 0.0001). We conclude that assessing pre-transplant 
hypoxia in human islets via gene expression analysis is a rapid, viable alternative to conventional 
in vivo assessments. This approach also underscores the importance of mitigating pre-transplant 
hypoxia in isolated islets to improve the success rate of islet transplantation.

Abbreviations
AUC​	� Area under the curve
DTZ	� Dithizone
HbA1c	� Glycated hemoglobin
IEQ	� Islet equivalent
IPN	� Islet particulate number
mTOR	� Mechanistic target of rapamycin
NODscid	� Non-obese diabetic, severe combined immunodeficiency
qRT-PCR	� Quantitative real-time PCR
SC-ICRC​	� Southern California Islet Cell Resource Center

Type 1 diabetes is an autoimmune disorder characterized by the destruction of insulin-producing pancreatic 
islet β-cells. Islet transplantation offers a promising potential for achieving insulin independence and ameliorat-
ing life-threatening hypoglycemia events, along with secondary organ complications in individuals with type 
1 diabetes1–3.

A thorough assessment of isolated human islet products before transplantation is critical for predicting clinical 
islet transplantation success. Several factors are considered when determining if the islets are suitable for trans-
plantation, including the condition of the donor-pancreas and recipient and in vitro parameters of the isolated 
islets, such as islet yield, function, and viability4–8. However, currently, only a few assessments can accurately 
predict post-transplant outcomes. For example, islet oxygen consumption, an indicator of metabolic status, posi-
tively correlates with transplantation outcomes9–11. Experimentally, assays for the quality of isolated islets have 
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included flow-cytometry-based islet cellular composition and measurement of cell metabolism molecules-based 
adenosine triphosphate and adenosine diphosphate12,13; however, these assays have not been clinically realized.

Transplantation of the isolated islets into diabetic immunodeficient mice have been considered a golden 
standard assay to evaluate the quality of isolated islets. However, because animal studies require a long duration 
to assess the islet quality, they are not ideal for predicting clinical islet transplantation outcomes immediately 
before transplantation. Therefore, in vitro quality control assessments of isolated islets are relied upon to make 
the critical go/no go decision to transplant isolated islets into patients. We previously demonstrated that the 
basic islet quality assessments, including an imaging-based semi-automated viability assessment tool, predict the 
transplantation outcomes of human islets transplanted in diabetic immunodeficient mice14. Because islet viability 
is closely associated with the oxygen environment15, we hypothesized that biologically preexistent hypoxia in 
pre-transplantation islets reduces engraftment efficacy.

Results
Overview of the study design
Figure 1 shows the overview of the design and workflow of our study, which sought to determine the correlation 
between the hypoxia-related gene expression in isolated islets prior to transplantation (n = 85 batches from human 
deceased donors) and outcomes of islet graft function after transplantation into immunodeficient diabetic mice 
(n = 327). Based on the literature, as well as a HIF-1signaling pathway map in the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database16, we chose the 39 hypoxia-related genes shown to be correlated with hypoxia 
in multiple cell types (i.e., not limited to the pancreatic islets). Table 1 provides more details.

Hypoxia‑related gene expression in pre‑transplant islets correlates with post‑transplant gly‑
cemic control.
Among the 39 genes tested, 11 were significantly correlated with post-transplant glycemic control (Table 2). 
Of these 11 genes, only VHL showed a positive correlation (R > 0) to the area under the curve (AUC) of post-
transplant blood glucose (AUC_0–28), indicating that upregulation of these genes in human islets leads to 
unfavorable glycemic control in diabetic mice. These genes are known to be involved in the hypoxia pathway 
(Figure S1A). Figure 2A shows selected islet batches in order of glycemic control (AUC_0–28); islet batches with 
the best 10 and worst 10 glycemic controls had contrasting heatmap colors. Therefore, these hypoxia genes in 
human islets offer predictive insight into transplantation outcomes. Figure 2B shows the heatmap of the expres-
sion of selected genes among all 85 islet batches with two-way hierarchical clustering. Clusters showing higher 

Figure 1.   Overview of the study. The study consisted of 4 major steps: 1. Preparation of isolated islets from 
human deceased donors (n = 85 batches); 2. Gene expression assays of 39 hypoxia-related genes in isolated islets; 
3. In vivo human islet transplantations into diabetic immunodeficiency mice (total of 327 transplantations, 3.8 
mice/islet batch on average) to assess post-transplant glycemic control; and 4. Correlation analyses between gene 
expressions and transplantation outcomes. Data are expressed as mean ± SEM.
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expression of hypoxia-related genes except VHL in islet batches were correlated with uncontrolled post-transplant 
glycemic controls. Although genes have similarities regarding relevance to the hypoxia, the interaction analyses 
between the key genes demonstrated that some gene expression was independent of others in our dataset (e.g., 
DDIT4 vs. TEK; EDN1 vs. VHL, Figure S1B). Aside from the gene expression analysis, we also identified islet 
preparation parameters that correlate with transplantation outcomes (Table S1; see the Materials and Methods 
section for information on donors and isolated islets). Overall, hypoxia genes demonstrated a stronger correla-
tion compared to islet preparation parameters, suggesting that the set of hypoxia genes could be promising for 
predicting outcomes.

Multiple regression model of multiple hypoxia‑related gene expression improves the ability to 
predict transplant outcome.
As shown in Table 2, we identified 11 key hypoxia-related genes that were significantly correlated with transplant 
outcome. Figure 3A shows the AUC_0–28 data plots of all islet batches against the gene expression with linear 
regression. To test whether these gene expression assays had potential to predict transplant outcome, we used 
a multiple regression model consisting of the 11 hypoxia-related genes to develop a calculation formula for the 
"Estimated AUC_0–28." The result was a higher correlation coefficient (R = 0.6117; P < 0.0001) with a narrow 

Table 1.   Hypoxia gene list.

Gene Symbol Official full name Gene ID TaqMan Assay ID Reference(s)

ALDOA aldolase, fructose-bisphosphate A 226 Hs00605108_g1 17

ANGPTL4 angiopoietin like 4 51129 Hs00211522_m1 18

BCL2 BCL2 apoptosis regulator 596 Hs04986394_s1 19

CDKN1A cyclin dependent kinase inhibitor 1A 1026 Hs00355782_m1 20

CDKN1B cyclin dependent kinase inhibitor 1B 1027 Hs01597588_m1 21

CREBBP CREB binding protein 1387 Hs00231733_m1 22

CUL2 cullin 2 8453 Hs00180203_m1 23

DDIT4 DNA damage inducible transcript 4 54541 Hs00430304_g1 24,25

EDN1 endothelin 1 1906 Hs00174961_m1 26

EGF epidermal growth factor 1950 Hs01099999_m1 27

EGLN1 egl-9 family hypoxia inducible factor 1 54583 Hs00254392_m1 23

EGLN2 egl-9 family hypoxia inducible factor 2 112398 Hs00363196_m1 23

EGLN3 egl-9 family hypoxia inducible factor 3 112399 Hs00222966_m1 23

ELOB elongin B 6923 Hs00793006_m1 23,28

ELOC elongin C 6921 Hs00855349_g1 23,28

ENO1 enolase 1 2023 Hs00361415_m1 17

EP300 E1A binding protein p300 2033 Hs00230938_m1 19

EPAS1 endothelial PAS domain protein 1 2034 Hs01026149_m1 22,29

FLT1 fms related receptor tyrosine kinase 1 2321 Hs01052961_m1 30

HIF1A hypoxia inducible factor 1 subunit alpha 3091 Hs00153153_m1 17

HK1 hexokinase 1 3098 Hs00175976_m1 31

HMOX1 heme oxygenase 1 3162 Hs00157965_m1 32

IGFBP1 insulin like growth factor binding protein 1 3484 Hs00236877_m1 25

LDHA lactate dehydrogenase A 3939 Hs01378790_g1 17

LTBR lymphotoxin beta receptor 4055 Hs01101194_m1 33

MB myoglobin 4151 Hs00193520_m1 32

NOS1 nitric oxide synthase 1 4842 Hs00167223_m1 34

NOS2 nitric oxide synthase 2 4843 Hs00167248_m1 20,34

NOS3 nitric oxide synthase 3p 4846 Hs00167166_m1 34

NPPA natriuretic peptide A 4878 Hs00383230_g1 35

PDK1 pyruvate dehydrogenase kinase 1 5163 Hs01561847_m1 17

PFKL phosphofructokinase, liver type 5211 Hs01036347_m1 36

RBX1 ring-box 1 9978 Hs00360274_m1 23

SLC2A1 solute carrier family 2 member 1 6513 Hs00892681_m1 17

SLC2A8 solute carrier family 2 member 8 29988 Hs00205863_m1 37

TEK TEK receptor tyrosine kinase 7010 Hs00945150_m1 38

TP53 tumor protein p53 7157 Hs00153349_m1 20,22

VEGFA vascular endothelial growth factor A 7422 Hs00900054_m1 23

VHL von Hippel-Lindau tumor suppressor 7428 Hs01650959_m1 28,39
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confidence interval, indicating better predictive capability (Fig. 3B). Further details about the linear regres-
sion formula are available in Table S2. Interestingly, a simplified multi-regression model using 3 selected genes 
(DDIT4, HK, and VHL) also had better prediction capability for transplantation outcomes than using a single 
gene (Figure S2, R = 0.5672, P < 0.0001). Further details for this linear regression formula are available in Table S3. 
Collectively, the regression model using expression of multiple hypoxia-related genes showed the high potential 
for predicting glycemic control after islet transplantation.

The formula using expression of key hypoxia‑related genes predicts islet transplantation out‑
comes in mice.
Using the formula based on the 11 key hypoxia-related genes, we calculated the "Estimated AUC_0–28" in post-
transplant mice for 85 islet batches. The two representative applications were (1) predicting post-transplantation 
outcomes for two groups based on the blood glucose changes (i.e., good and poor, using the single cutoff Esti-
mated AUC_0–28 value), and (2) predicting post-transplantation outcomes for four groups (i.e., good, borderline, 
poor, and worst, based on the multiple cutoff Estimated AUC_0–28 values). Figure 4A illustrates the flowchart 
of the assessments, including details of the settings, such as cutoffs for the Estimated AUC_0–28 values for 
the outcome groups and the number of islet batches and mice in each group. The two-group outcome predic-
tion, utilizing the cutoff of Estimated AUC_0–28 at 7000 mg/dl*days, distinctly separated good and poor post-
transplantation blood glucose changes in mice (Fig. 4B). More significantly, the four-group outcome prediction 
yielded four distinct curves of post-transplant glucose changes (Fig. 4C). Given that the formula calculates the 
Estimated AUC_0–28 as numerical values, we can predict the post-transplantation outcomes that are borderline 
cases with substantial decreased blood glucose, but not reversal of diabetes, such as AUC_0–28 values between 
6000 and 10,000 (Fig. 4C, Figure S3).

Discussion
The major limitation of using an animal model to predict clinical islet transplantation success has been the 
inability to acquire animal islet data expeditiously before a patient is to undergo islet transplantation. Our study 
demonstrates that preexistent hypoxia in pre-transplant isolated human islets predicts poor islet transplantation 
outcomes in diabetic mice, and that using multiple gene expression results increases the prediction potential of 
transplantation outcomes. These findings suggest that assessing hypoxia-related genes with conventional qPCR 
is a promising approach to predict animal transplantation outcomes within just in few hours. 

The hypoxia gene signature of murine islets was previously shown by exposing the isolated islets to hypoxic 
conditions before transplantation, and expression of these genes was correlated with the poor glycemic control 
in a syngeneic islet transplantation model40. Importantly, our study demonstrates that the hypoxia-related genes 
are expressed in isolated human islets even in conventional culture environments, and preexistent intra-islet 
hypoxia is associated with unfavorable transplantation outcomes. Another pioneering work, Kurian et. al iden-
tified 262 genes as potential biomarkers for successful islet transplantations in immunodeficient mice; these 
genes are biologically associated with inflammation and repair mechanisms41. Their probe set classifiers did not 
include the hypoxia-related genes identified in our study. Our study differs from that of Kurian et. al.’s in two 
critical ways: the number of genes examined and the method for evaluating transplantation outcome. Kurian et. 
al. used whole genome analysis and a non-hypothesis-driven approach, whereas our study was hypothesis-driven 
and focused on the hypoxia-related genes using microfluidic qPCRs. To evaluate outcome, Kurian et. al. used 
reversal of diabetes, a yes and no-type qualitative assessment that has been used frequently. We used quantitative 
values (AUC_0–28) for the post-transplant glycemic controls, which allowed us to perform regression analyses 
to evaluate the correlations between post-transplant glycemic controls and gene expressions in 85 islet batches. 
Kurian et. al. performed validations using 16 islet batches for the selected genes after the first discovery step. 
Next-generation sequencing analyses, such as RNA sequencing, are the ideal approach because of their high 
discovery power suitable for the hypothesis-free approach to detect novel genes for new predictive biomarkers. 

Table 2.   Hypoxia genes demonstrating correlations to the transplant outcome.

Gene name Correlation (R) to post-transplant glycemic control (AUC_0–28) P value

DDIT4 0.4971 < 0.0001

SLC2A8 0.3531 0.0009

HK1 0.3444 0.0012

EDN1 0.3302 0.002

LTBR 0.3201 0.0028

EGLN2 0.2988 0.0055

NOS2 0.2923 0.0066

VHL -0.2513 0.0203

ELOB 0.2533 0.0208

EPAS1 0.2504 0.0208

TEK 0.2236 0.0397
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Figure 2.   Heatmaps of the expressions of hypoxia genes. (A) Heatmaps are arranged according to the AUC_0–
28 values. Islet batches with better post-transplant glycemic control are placed in higher rows. Donor IDs are 
shown in the left column; the detailed donor information is found in Table S3. Donor IDs in blue indicate the 
top 10 islet batches with good post-transplant glycemic control (i.e., low AUC_0–28). Donor IDs in red indicate 
the worst 10 islet batches with uncontrolled post-transplant glycemic control (i.e., high AUC_0–28). Bottom 
left: Gene expression scales for selected individual genes. (B) The two-way hierarchical clustering of 11 selected 
genes and all 85 islet batches. Donor IDs are shown in the left column.
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On the other hand, the advantage of our method of microfluidic qPCRs is that the accuracy and sensitivity of 
the results is better than those from next-generation sequencing analyses.

We identified 11 key genes that were significantly correlated with successful transplantation outcomes. The 
majority of them were hypoxia-inducible-factor target genes, including LTBR, EDN1, NOS2, HK1, and TEK that 
correlated positively with inadequate post-transplant glycemic control, indicating that upregulation of these 
genes in pre-transplant islets leads to post-transplantation failures. Previous studies demonstrated that LTBR 
recruits leucocytes, which may have a causal role in islet destruction42; increased EDN1 correlates to glucose 
intolerance and insulin resistance in mice with high-fat diet as well as intermittent hypoxia43,44; NOS2, a known 
mediator of beta cell dysfunction, is also a target of NF-κB proinflammatory signaling pathway45; HK1 impairs 
glucose metabolism to induce high basal insulin secretion from the beta cells46; TEK, an angiopoietin receptor, 
and its ligands are involved in the diabetes progression47. Interestingly, among the genes tested, only VHL had 
a significant negative correlation with the AUC_0–28 (R = -0.2549; i.e., upregulation of VHL is correlated with 
good post-transplant glycemic control). VHL is involved in the ubiquitination and prolyl hydroxylation-initiated 
degradation of HIF1A. In fact, it was reported that the loss of VHL induced impaired β-cell function and mass 
via HIF1A upregulation48,49.

DDIT4 (REDD1) had the strongest correlation with islet transplantation outcome as a single gene in our 
study, followed by SLC2A8. DDIT4 represses the mammalian or mechanistic Target of Rapamycin (mTOR)50, 
which, in theory, could reduce islet graft survival. On the other hand, DDIT4 is multifaceted and increases insulin 
production51. SLC2A8 encodes glucose transporters. Although the correlation between the SLC2A8 and islets 
has not been well documented, our results suggested it has a detrimental effect on transplantation outcome. A 
previous study found that hypoxia downregulated SLC2A8 in the epithelial cells in vitro, in a manner independ-
ent from the HIF1A pathway37.

Alterations in hypoxia-related genes are known to affect various biological functions, including inflammation, 
apoptosis, angiogenesis, and promoting anaerobic metabolism. Inducing inflammation may damage the islet 
graft, whereas the upregulation of angiogenesis is requisite for graft revascularization. However, in our study, 
rather than having a beneficial effect in diabetic mice, hypoxia-related gene alterations induced negative trans-
plantation outcomes. Our result suggests that the improved oxygen environment of the pre-transplanted islets 
prevents hypoxia gene alterations and could enhance transplantation success. Establishing optimal oxygenated 
conditions for pre-transplanted islets by modifying culture settings is a promising translational approach52–55.

In addition to its primary application to predict the human islet transplantation outcome in mouse recipients, 
another prospective use of the hypoxia-related genes lies in direct prediction of clinical outcomes of islet trans-
plantations. This includes the current use of human islets from deceased donors, the potential use of xenogeneic 
islets, and stem-cell-derived islets56. The key genes identified in our study could potentially be used as predictive 
markers. Moreover, a multiple regression model may be more predictive than single-gene models for decision-
making in clinical islet transplantations. Nevertheless, it is important to validate and reassess the gene set in a 
large cohort study, incorporating additional hypoxia-related genes that may exhibit improved correlation with 
clinical islet transplantation outcomes from various sources. It is crucial to note that hypoxia resistance may 
vary depending on the sources, affecting the predictive ability of this hypoxia genes model on transplantation 
outcomes.

Figure 3.   Correlation analyses of the hypoxia-related gene expression and transplantation outcome. 
(A) Correlations of individual genes to the AUC_0–28. Gene expression is shown in the x-axis, and the 
transplantation outcome measured using AUC_0–28 is expressed in the y-axis. All islet batches were plotted 
with the linear regression line. The color bands indicate the confidence of fit at a confidence interval at 95%. 
Correlations are shown beneath the gene names within parentheses. (B) Optimization of multiple regression 
model using 11 single gene expression data. The Estimated AUC_0–28 value calculated by the linear regression 
formula (Table S1) is expressed in the x-axis.
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Materials and methods
Human donor pancreata for islet isolation
Human islets were isolated from human pancreata obtained from deceased donors through OneLegacy, a local 
organ procurement organization in the greater Los Angeles area57. Islets were isolated the Southern California 
Islet Cell Resource Center (SC-ICRC) at City of Hope, following standard operating procedures. All pancreata 
processed in this study were approved for research by the Institutional Review Board of City of Hope (IRB # 
01046), and informed consent was obtained from family or relatives of the donors.

SC-ICRC at City of Hope procured 220 cases of human islet isolations between October 2014 and Sep-
tember 2018, and the RNA samples of 90 cases were obtained for this study. Islet batches from donors with 
glycated hemoglobin (HbA1c) > 6.5% were excluded. Islet batches transplanted into only a single mouse were 
also excluded. In total, 85 islet batches met the inclusion criteria. There were 22 females and 63 males, the aver-
age donor age was 44.1 ± 1.4 years, and the average donor HbA1c was 5.4 ± 0.04%. Standardized characteristics, 
consistent with the recommendations of Diabetes and Diabetologia58,59, are summarized for donors and islets 
used in this study in Supplementary information, Table S4.

Isolation of human islets and post‑isolation assessments
Islets were isolated as described previously60–62. The following post-isolation assessments were then performed: 
islet count (post-isolation islet equivalent number [IEQ] and post-isolation islet particulate number [IPN]), 
multiparametric morphological assessment62, islet purity (by dithizone [DTZ] stain), and viability (conventional 
and semi-automated methods; Table S4)6,14. Note that the semi-automated viability data was available only for 
45 islet batches in this dataset.

Figure 4.   Hypoxia gene formula-based prediction models of the human islet transplantation outcomes in mice 
(A) The flowchart (top panel) outlines the formula-based outcome predictions for 85 islet batches using 11 
key hypoxia-related genes. Two representative applications are shown based on "Estimated AUC_0–28" values: 
Application #1 predicts post-transplantation outcomes for two groups, and Application #2. predicts outcomes 
for four detailed groups. Bottom panels illustrate detailed information including cutoffs of AUC_0–28, predicted 
outcomes, and # of mice. (B) Two-group outcome prediction with a cutoff at 7000 mg/dl*days. (C) Four-
group outcome prediction with multiple cutoffs. Average blood glucose data of mice are plotted in each group. 
Smoothers using the spline method (lambda = 2) with the confidence of fit are shown.
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Gene expression assays of isolated human islets
RNA was isolated from 500 IEQ of islets to synthesize cDNAs according to the manufacturer’s instructions 
(cDNA Synthesis Kit for RT-qPCR; Thermo Fisher Scientific, Waltham, MA). Microfluidic quantitative real-time 
PCR (qRT-PCR) was performed using the BioMark 48.48 Dynamic Array system (Standard Biotools, South 
San Francisco, CA). Genes previously demonstrating correlations to hypoxia, not limited to the pancreatic islet 
research, were chosen; TaqMan probes (Life Technologies, Carlsbad, CA) used in the qRT-PCR are listed in 
Table 1. The expressions of the genes of interest were normalized to the internal control gene (GAPDH). Relative 
quantities of each transcript were expressed as a fold increase to the internal control gene.

Human islet transplantation into diabetic immunodeficient mice
8–12-week-old non-obese diabetic, severe combined immunodeficiency (NODscid) male mice (Charles River 
Laboratories, Wilmington, MA) were used as recipients for islet transplantations as described14,63. Mice were 
rendered diabetic by intraperitoneal injections of 50 mg/kg of streptozotocin (Sigma-Aldrich, St. Louis, MO) 
for three consecutive days. Mice with a blood glucose level > 400 mg/dL were used for the transplantation of 
human islets. Blood glucose levels were monitored twice a week. Diabetes reversal was defined as blood glucose 
level < 200 mg/dL on at least three consecutive measurements. A total of 327 mice were transplanted with iso-
lated human islets from 85 separate isolations (human donors). For each islet isolation, the average of 3.8 ± 0.2 
mice/islet batch (range: 2–8 mice) were transplanted with 1200 IEQ under the renal capsule. All transplantation 
procedures were performed under general anesthesia using 2–3% isoflurane (Dechra, Northwich, United King-
dom) followed by the subcutaneous administration of an analgesic (Buprenorphine extended-release injection 
at 1 mg/kg, Wedgewood Pharmacy, AZ) immediately after the surgical procedures. Mice were closely monitored 
for > 1 month, and blood glucose levels were measured twice a week using a glucose meter (LifeScan, Inc., Mal-
vern, PA). To analyze post-transplant blood glucose control quantitatively, AUC for days 0–28 (AUC_0–28) was 
calculated using the blood glucose measurements from days 0–28, which reflects glucose change for 4 weeks 
in an individual mouse14. This assessment allows us to evaluate more detailed glycemic control, rather than 
the conventional qualitative diabetes reversal assessment using the specific blood glucose cut-off value (Figure 
S3). Finally, the average of AUC_0–28 was calculated within the experimental set of each islet donor, which 
represented the in vivo post-transplant glycemic control ability of the islet batch. AUC_0–28 data of each islet 
batch is found in Table S4. At the end of the experiments, mice were euthanized using carbon dioxide inhala-
tion. Institutional Animal Care and Use Committee at City of Hope/Beckman Research Institute approved the 
use of animals and animal procedures in this study (IACUC #01020), and all experiments were performed in 
accordance with relevant guidelines and regulations.

Statistics
Statistical analysis was performed using JMP 16 (SAS Institute, Cary, NC). Donor characteristics and isolated 
islet data are reported as mean ± standard error of the mean. Multivariate analysis was performed to identify the 
statistical correlations (R) between several variables (Pearson’s correlation). Expressions of the key genes in all 
islet batches were presented in the heat maps. The similarities of islet batches in the expressions of the key genes 
were demonstrated in Ward’s hierarchical clustering with dendrograms. Linear regression was performed to 
determine correlations between gene expression and the transplantation outcome measured in AUC_0–28. All 
data points were plotted with the linear regression line and the color bands for the confidence of fit (a confidence 
interval at 95%). Comparisons between the two variables were analyzed using Student’s t-test, with values of 
P < 0.05 considered significant.

Ethics approval
Human pancreata of deceased donors processed in this study were approved for research by the Institutional 
Research Board of City of Hope (IRB # 01046), and informed consent was obtained from family or relatives of 
the donors.

ARRIVE guidelines
This study was reported in accordance with the ARRIVE guidelines (https://arriveguidelines.org).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 5 February 2024; Accepted: 7 May 2024

References
	 1.	 Foster, E. D. et al. Improved health-related quality of life in a phase 3 islet transplantation trial in type 1 diabetes complicated by 

severe hypoglycemia. Diabetes Care 41, 1001–1008. https://​doi.​org/​10.​2337/​dc17-​1779 (2018).
	 2.	 Shapiro, A. M. et al. Islet transplantation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free immunosup-

pressive regimen. N. Engl. J. Med. 343, 230–238. https://​doi.​org/​10.​1056/​NEJM2​00007​27343​0401 (2000).
	 3.	 Shapiro, A. M., Pokrywczynska, M. & Ricordi, C. Clinical pancreatic islet transplantation. Nat. Rev. Endocrinol. 13, 268–277. 

https://​doi.​org/​10.​1038/​nrendo.​2016.​178 (2017).
	 4.	 Hanley, S. C., Paraskevas, S. & Rosenberg, L. Donor and isolation variables predicting human islet isolation success. Transplanta-

tion 85, 950–955. https://​doi.​org/​10.​1097/​TP.​0b013​e3181​683df5 (2008).

https://doi.org/10.2337/dc17-1779
https://doi.org/10.1056/NEJM200007273430401
https://doi.org/10.1038/nrendo.2016.178
https://doi.org/10.1097/TP.0b013e3181683df5


9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12402  | https://doi.org/10.1038/s41598-024-61604-3

www.nature.com/scientificreports/

	 5.	 Eckhard, M. et al. The role of current product release criteria for identification of human islet preparations suitable for clinical 
transplantation. Transplant. Proc. 36, 1528–1531. https://​doi.​org/​10.​1016/j.​trans​proce​ed.​2004.​06.​001 (2004).

	 6.	 NIH CIT Consortium Chemistry Manufacturing Controls Monitoring Committee, NIH CIT Consortium. Purified human pan-
creatic islet–viability estimation of islet using fluorescent dyes (FDA/PI): Standard operating procedure of the NIH clinical islet 
transplantation consortium. Rep. Repl. Regen Reprogr. 3, e1378 (2015).

	 7.	 NIH CIT Consortium Chemistry Manufacturing Controls Monitoring Committee, NIH CIT Consortium. Purified human pan-
creatic islet: Qualitative and quantitative assessment of islets using dithizone (DTZ): Standard operating procedure of the NIH 
clinical islet transplantation consortium. Rep. Repl. Regen Reprogr. 3, e1369 (2015).

	 8.	 NIH CIT Consortium Chemistry Manufacturing Controls Monitoring Committee, NIH CIT Consortium. Purified human pancre-
atic islets master production batch record, part 1 University of Illinois, Chicago & University of Miami (Product Codes PHPI-A-01 
& PHPI-L-01). Rep. Repl. Regen Reprogr. 5, e2286 (2017).

	 9.	 Papas, K. K. et al. Islet oxygen consumption rate (OCR) dose predicts insulin independence in clinical islet autotransplantation. 
PloS ONE 10, e0134428. https://​doi.​org/​10.​1371/​journ​al.​pone.​01344​28 (2015).

	10.	 Pepper, A. R. et al. The islet size to oxygen consumption ratio reliably predicts reversal of diabetes posttransplant. Cell Transplant. 
21, 2797–2804. https://​doi.​org/​10.​3727/​09636​8912X​653273 (2012).

	11.	 Sweet, I. R. et al. Glucose-stimulated increment in oxygen consumption rate as a standardized test of human islet quality. Am. J. 
Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 8, 183–192. https://​doi.​org/​10.​1111/j.​1600-​6143.​2007.​02041.x (2008).

	12.	 Goto, M., Holgersson, J., Kumagai-Braesch, M. & Korsgren, O. The ADP/ATP ratio: A novel predictive assay for quality assessment 
of isolated pancreatic islets. Am. J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 6, 2483–2487. https://​doi.​org/​10.​
1111/j.​1600-​6143.​2006.​01474.x (2006).

	13.	 Ichii, H. et al. A novel method for the assessment of cellular composition and beta-cell viability in human islet preparations. Am. 
J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 5, 1635–1645. https://​doi.​org/​10.​1111/j.​1600-​6143.​2005.​00913.x 
(2005).

	14.	 Salgado, M. et al. Semi-automated assessment of human islet viability predicts transplantation outcomes in a diabetic mouse model. 
Cell Transplant. 29, 963689720919444. https://​doi.​org/​10.​1177/​09636​89720​919444 (2020).

	15.	 Komatsu, H. et al. Oxygen environment and islet size are the primary limiting factors of isolated pancreatic islet survival. PloS 
ONE 12, e0183780. https://​doi.​org/​10.​1371/​journ​al.​pone.​01837​80 (2017).

	16.	 Kanehisa, M., Goto, S., Sato, Y., Furumichi, M. & Tanabe, M. KEGG for integration and interpretation of large-scale molecular 
data sets. Nucleic Acids Res. 40, D109-114. https://​doi.​org/​10.​1093/​nar/​gkr988 (2012).

	17.	 Denko, N. C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 8, 705–713. https://​doi.​org/​10.​1038/​
nrc24​68 (2008).

	18.	 Knowles, H. J. Multiple roles of angiopoietin-like 4 in osteolytic disease. Front. Endocrinol. (Lausanne) 8, 80. https://​doi.​org/​10.​
3389/​fendo.​2017.​00080 (2017).

	19.	 Taylor, C. T. & Scholz, C. C. The effect of HIF on metabolism and immunity. Nat. Rev. Nephrol. 18, 573–587. https://​doi.​org/​10.​
1038/​s41581-​022-​00587-8 (2022).

	20.	 Chen, X., Zeh, H. J., Kang, R., Kroemer, G. & Tang, D. Cell death in pancreatic cancer: From pathogenesis to therapy. Nat. Rev. 
Gastroenterol. Hepatol. 18, 804–823. https://​doi.​org/​10.​1038/​s41575-​021-​00486-6 (2021).

	21.	 Qi, T. et al. Crosstalk between the CBM complex/NF-kappaB and MAPK/P27 signaling pathways of regulatory T cells contributes 
to the tumor microenvironment. Front. Cell Dev. Biol. 10, 911811. https://​doi.​org/​10.​3389/​fcell.​2022.​911811 (2022).

	22.	 Dyson, H. J. & Wright, P. E. Role of intrinsic protein disorder in the function and interactions of the transcriptional coactivators 
CREB-binding protein (CBP) and p300. J. Biol. Chem. 291, 6714–6722. https://​doi.​org/​10.​1074/​jbc.​R115.​692020 (2016).

	23.	 Kaelin, W. G. Proline hydroxylation and gene expression. Annu. Rev. Biochem. 74, 115–128. https://​doi.​org/​10.​1146/​annur​ev.​bioch​
em.​74.​082803.​133142 (2005).

	24.	 Liu, H., Sun, S. & Liu, B. Smurf2 exerts neuroprotective effects on cerebral ischemic injury. J. Biol. Chem. 297, 100537. https://​doi.​
org/​10.​1016/j.​jbc.​2021.​100537 (2021).

	25.	 Kakadia, J. et al. Mechanisms linking hypoxia to phosphorylation of insulin-like growth factor binding protein-1 in baboon fetuses 
with intrauterine growth restriction and in cell culture. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 35, e21788. https://​doi.​org/​10.​
1096/​fj.​20210​0397R (2021).

	26.	 Thaete, L. G., Jilling, T., Synowiec, S., Khan, S. & Neerhof, M. G. Expression of endothelin 1 and its receptors in the hypoxic pregnant 
rat. Biol. Reprod. 77, 526–532. https://​doi.​org/​10.​1095/​biolr​eprod.​107.​061820 (2007).

	27.	 Isali, I., McClellan, P., Wong, T. R., Gupta, S. & Woo, L. A systematic review of underlying genetic factors associated with uretero-
pelvic junction obstruction in stenotic human tissue. J. Pediatr. Urol. 18, 629–641. https://​doi.​org/​10.​1016/j.​jpurol.​2022.​07.​022 
(2022).

	28.	 Duan, D. R. et al. Inhibition of transcription elongation by the VHL tumor suppressor protein. Science 269, 1402–1406. https://​
doi.​org/​10.​1126/​scien​ce.​76601​22 (1995).

	29.	 Choueiri, T. K. & Kaelin, W. G. Jr. Targeting the HIF2-VEGF axis in renal cell carcinoma. Nat. Med. 26, 1519–1530. https://​doi.​
org/​10.​1038/​s41591-​020-​1093-z (2020).

	30.	 Sasagawa, T. et al. HIF-2alpha, but not HIF-1alpha, mediates hypoxia-induced up-regulation of Flt-1 gene expression in placental 
trophoblasts. Sci. Rep. 8, 17375. https://​doi.​org/​10.​1038/​s41598-​018-​35745-1 (2018).

	31.	 Masoud, G. N. & Li, W. HIF-1alpha pathway: Role, regulation and intervention for cancer therapy. Acta Pharm. Sin. B 5, 378–389. 
https://​doi.​org/​10.​1016/j.​apsb.​2015.​05.​007 (2015).

	32.	 Hirota, K. An intimate crosstalk between iron homeostasis and oxygen metabolism regulated by the hypoxia-inducible factors 
(HIFs). Free Radic. Biol. Med. 133, 118–129. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2018.​07.​018 (2019).

	33.	 Satoh, K. et al. Statin ameliorates hypoxia-induced pulmonary hypertension associated with down-regulated stromal cell-derived 
factor-1. Cardiovasc. Res. 81, 226–234. https://​doi.​org/​10.​1093/​cvr/​cvn244 (2009).

	34.	 Bolanos, J. P. & Almeida, A. Roles of nitric oxide in brain hypoxia-ischemia. Biochim. Biophys. Acta 1411, 415–436. https://​doi.​
org/​10.​1016/​s0005-​2728(99)​00030-4 (1999).

	35.	 Prabhakar, N. R., Peng, Y. J. & Nanduri, J. Hypoxia-inducible factors and obstructive sleep apnea. J. Clin. Investig. 130, 5042–5051. 
https://​doi.​org/​10.​1172/​JCI13​7560 (2020).

	36.	 Marin-Hernandez, A., Gallardo-Perez, J. C., Ralph, S. J., Rodriguez-Enriquez, S. & Moreno-Sanchez, R. HIF-1alpha modulates 
energy metabolism in cancer cells by inducing over-expression of specific glycolytic isoforms. Mini Rev. Med. Chem. 9, 1084–1101. 
https://​doi.​org/​10.​2174/​13895​57097​88922​610 (2009).

	37.	 Shao, Y., Wellman, T. L., Lounsbury, K. M. & Zhao, F. Q. Differential regulation of GLUT1 and GLUT8 expression by hypoxia in 
mammary epithelial cells. Am. J. Physiol. Regul. Integr. Comp. Physiol. 307, R237-247. https://​doi.​org/​10.​1152/​ajpre​gu.​00093.​2014 
(2014).

	38.	 Lewis, C. E., De Palma, M. & Naldini, L. Tie2-expressing monocytes and tumor angiogenesis: Regulation by hypoxia and angi-
opoietin-2. Cancer Res. 67, 8429–8432. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​07-​1684 (2007).

	39.	 Gossage, L., Eisen, T. & Maher, E. R. VHL, the story of a tumour suppressor gene. Nat. Rev. Cancer 15, 55–64. https://​doi.​org/​10.​
1038/​nrc38​44 (2015).

	40.	 Cantley, J. et al. A preexistent hypoxic gene signature predicts impaired islet graft function and glucose homeostasis. Cell Transplant. 
22, 2147–2159. https://​doi.​org/​10.​3727/​09636​8912X​658728 (2013).

https://doi.org/10.1016/j.transproceed.2004.06.001
https://doi.org/10.1371/journal.pone.0134428
https://doi.org/10.3727/096368912X653273
https://doi.org/10.1111/j.1600-6143.2007.02041.x
https://doi.org/10.1111/j.1600-6143.2006.01474.x
https://doi.org/10.1111/j.1600-6143.2006.01474.x
https://doi.org/10.1111/j.1600-6143.2005.00913.x
https://doi.org/10.1177/0963689720919444
https://doi.org/10.1371/journal.pone.0183780
https://doi.org/10.1093/nar/gkr988
https://doi.org/10.1038/nrc2468
https://doi.org/10.1038/nrc2468
https://doi.org/10.3389/fendo.2017.00080
https://doi.org/10.3389/fendo.2017.00080
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/s41575-021-00486-6
https://doi.org/10.3389/fcell.2022.911811
https://doi.org/10.1074/jbc.R115.692020
https://doi.org/10.1146/annurev.biochem.74.082803.133142
https://doi.org/10.1146/annurev.biochem.74.082803.133142
https://doi.org/10.1016/j.jbc.2021.100537
https://doi.org/10.1016/j.jbc.2021.100537
https://doi.org/10.1096/fj.202100397R
https://doi.org/10.1096/fj.202100397R
https://doi.org/10.1095/biolreprod.107.061820
https://doi.org/10.1016/j.jpurol.2022.07.022
https://doi.org/10.1126/science.7660122
https://doi.org/10.1126/science.7660122
https://doi.org/10.1038/s41591-020-1093-z
https://doi.org/10.1038/s41591-020-1093-z
https://doi.org/10.1038/s41598-018-35745-1
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1016/j.freeradbiomed.2018.07.018
https://doi.org/10.1093/cvr/cvn244
https://doi.org/10.1016/s0005-2728(99)00030-4
https://doi.org/10.1016/s0005-2728(99)00030-4
https://doi.org/10.1172/JCI137560
https://doi.org/10.2174/138955709788922610
https://doi.org/10.1152/ajpregu.00093.2014
https://doi.org/10.1158/0008-5472.CAN-07-1684
https://doi.org/10.1038/nrc3844
https://doi.org/10.1038/nrc3844
https://doi.org/10.3727/096368912X658728


10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:12402  | https://doi.org/10.1038/s41598-024-61604-3

www.nature.com/scientificreports/

	41.	 Kurian, S. M. et al. Gene expression signature predicts human islet integrity and transplant functionality in diabetic mice. PloS 
ONE 12, e0185331. https://​doi.​org/​10.​1371/​journ​al.​pone.​01853​31 (2017).

	42.	 Barlow, S. C., Langston, W., Matthews, K. M., Chidlow, J. H. Jr. & Kevil, C. G. CD18 deficiency protects against multiple low-dose 
streptozotocin-induced diabetes. Am. J. Pathol. 165, 1849–1852. https://​doi.​org/​10.​1016/​S0002-​9440(10)​63237-3 (2004).

	43.	 Hogan, M. F. et al. Markers of islet endothelial dysfunction occur in male B6.BKS(D)-Leprdb/J mice and may contribute to reduced 
insulin release. Endocrinology 158, 293–303. https://​doi.​org/​10.​1210/​en.​2016-​1393 (2017).

	44.	 Polak, J., Punjabi, N. M. & Shimoda, L. A. Blockade of endothelin-1 receptor type B ameliorates glucose intolerance and insulin 
resistance in a mouse model of obstructive sleep apnea. Front. Endocrinol. (Lausanne) 9, 280. https://​doi.​org/​10.​3389/​fendo.​2018.​
00280 (2018).

	45.	 Gonuguntla, S., Humphrey, R. K., Gorantla, A., Hao, E. & Jhala, U. S. Stress-induced pseudokinase TRB3 augments IL1beta signal-
ing by interacting with flightless homolog 1. J. Biol. Chem. 299, 104803. https://​doi.​org/​10.​1016/j.​jbc.​2023.​104803 (2023).

	46.	 Becker, T. C., BeltrandelRio, H., Noel, R. J., Johnson, J. H. & Newgard, C. B. Overexpression of hexokinase I in isolated islets of 
Langerhans via recombinant adenovirus. Enhancement of glucose metabolism and insulin secretion at basal but not stimulatory 
glucose levels. J. Biol. Chem. 269, 21234–21238 (1994).

	47.	 Shah, P. et al. Angiopoetin-2 signals do not mediate the hypervascularization of islets in type 2 diabetes. PloS ONE 11, e0161834. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01618​34 (2016).

	48.	 Cantley, J. et al. Deletion of the von Hippel–Lindau gene in pancreatic beta cells impairs glucose homeostasis in mice. J. Clin. 
Investig. 119, 125–135. https://​doi.​org/​10.​1172/​JCI26​934 (2009).

	49.	 Choi, D., Cai, E. P., Schroer, S. A., Wang, L. & Woo, M. Vhl is required for normal pancreatic beta cell function and the maintenance 
of beta cell mass with age in mice. Lab. Invest. 91, 527–538. https://​doi.​org/​10.​1038/​labin​vest.​2010.​207 (2011).

	50.	 Lipina, C. & Hundal, H. S. Is REDD1 a metabolic eminence grise?. Trends Endocrinol. Metab. 27, 868–880. https://​doi.​org/​10.​
1016/j.​tem.​2016.​08.​005 (2016).

	51.	 Williamson, D. L. et al. Altered nutrient response of mTORC1 as a result of changes in REDD1 expression: Effect of obesity vs. 
REDD1 deficiency. J. Appl. Physiol. 1985(117), 246–256. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01350.​2013 (2014).

	52.	 Lee, G. et al. Enhanced oxygen permeability in membrane-bottomed concave microwells for the formation of pancreatic islet 
spheroids. Acta Biomater. 65, 185–196. https://​doi.​org/​10.​1016/j.​actbio.​2017.​10.​045 (2018).

	53.	 Suenaga, R. et al. Microwell bag culture for large-scale production of homogeneous islet-like clusters. Sci. Rep. 12, 5221. https://​
doi.​org/​10.​1038/​s41598-​022-​09124-w (2022).

	54.	 Myrick, R. J. et al. Micropyramid-patterned, oxygen-permeable bottomed dish for high density culture of pancreatic islets. Bio-
fabrication https://​doi.​org/​10.​1088/​1758-​5090/​aca79a (2022).

	55.	 Komatsu, H. et al. Isolated human islets require hyperoxia to maintain islet mass, metabolism, and function. Biochem. Biophys. 
Res. Commun. 470, 534–538. https://​doi.​org/​10.​1016/j.​bbrc.​2016.​01.​110 (2016).

	56.	 Vantyghem, M. C., de Koning, E. J. P., Pattou, F. & Rickels, M. R. Advances in beta-cell replacement therapy for the treatment of 
type 1 diabetes. Lancet 394, 1274–1285. https://​doi.​org/​10.​1016/​S0140-​6736(19)​31334-0 (2019).

	57.	 Qi, M., Bilbao, S., Forouhar, E., Kandeel, F. & Al-Abdullah, I. H. Encompassing ATP, DNA, insulin, and protein content for quanti-
fication and assessment of human pancreatic islets. Cell Tissue Bank. 19, 77–85. https://​doi.​org/​10.​1007/​s10561-​017-​9659-9 (2018).

	58.	 Poitout, V. et al. A call for improved reporting of human islet characteristics in research articles. Diabetes 68, 239–240. https://​doi.​
org/​10.​2337/​dbi18-​0055 (2019).

	59.	 Poitout, V. et al. A call for improved reporting of human islet characteristics in research articles. Diabetologia 62, 209–211. https://​
doi.​org/​10.​1007/​s00125-​018-​4784-y (2019).

	60.	 Qi, M. et al. Sodium levels of human pancreatic donors are a critical factor for determination of islet efficacy and survival. Am. J. 
Physiol. Endocrinol. Metab. 308, E362-369. https://​doi.​org/​10.​1152/​ajpen​do.​00443.​2014 (2015).

	61.	 Komatsu, H. et al. Determination of islet viability using a zinc-specific fluorescent dye and a semi-automated assessment method. 
Cell Transplant. 25, 1777–1786. https://​doi.​org/​10.​3727/​09636​8915X​689721 (2016).

	62.	 Komatsu, H. et al. A multiparametric assessment of human islets predicts transplant outcomes in diabetic mice. Cell Transplant. 
30, 9636897211052292. https://​doi.​org/​10.​1177/​09636​89721​10522​91 (2021).

	63.	 Komatsu, H. et al. Optimizing temperature and oxygen supports long-term culture of human islets. Transplantation 103, 299–306. 
https://​doi.​org/​10.​1097/​TP.​00000​00000​002280 (2019).

Acknowledgements
We thank the manufacturing team at the Southern California Islet Cell Resources Center, Arthur Riggs Diabetes 
& Metabolism Research Institute of City of Hope, for preparing the isolated human islets. We thank Sung Hee 
Kil, Ph.D. at the Arthur Riggs Diabetes & Metabolism Research Institute of City of Hope and Pamela Derish at 
the Department of Surgery in the University of California, San Francisco, for critically reading and editing the 
manuscript.

Author contributions
Conceptualization: H.K.A.; H.K.O.Methodology: H.K.O.; J.C.Q.; H.T.K.Investigation: H.K.A.; M.S.; D.M.; N.G.; 
J.R.; D.L.; B.B.; C.O.; J.C.Q.; K.O.; M.Q.; I.H.A.; Y.M.; H.K.O.Visualization: H.K.A.; H.K.O.Supervision: Y.M.; 
H.T.K.; F.K.; H.K.O.Writing: H.K.A.; H.K.O.

Funding
This work was supported by Nora Eccles Treadwell Foundation to YM and HKo (No Grant Number), National 
Institutes of Health (Grant Number: R03DK129958-01) to HKO and Juvenile Diabetes Research Foundation 
(Grant Number: 3-SRA-2021-1073-S-B) to HKO.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​61604-3.

Correspondence and requests for materials should be addressed to H.K.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1371/journal.pone.0185331
https://doi.org/10.1016/S0002-9440(10)63237-3
https://doi.org/10.1210/en.2016-1393
https://doi.org/10.3389/fendo.2018.00280
https://doi.org/10.3389/fendo.2018.00280
https://doi.org/10.1016/j.jbc.2023.104803
https://doi.org/10.1371/journal.pone.0161834
https://doi.org/10.1172/JCI26934
https://doi.org/10.1038/labinvest.2010.207
https://doi.org/10.1016/j.tem.2016.08.005
https://doi.org/10.1016/j.tem.2016.08.005
https://doi.org/10.1152/japplphysiol.01350.2013
https://doi.org/10.1016/j.actbio.2017.10.045
https://doi.org/10.1038/s41598-022-09124-w
https://doi.org/10.1038/s41598-022-09124-w
https://doi.org/10.1088/1758-5090/aca79a
https://doi.org/10.1016/j.bbrc.2016.01.110
https://doi.org/10.1016/S0140-6736(19)31334-0
https://doi.org/10.1007/s10561-017-9659-9
https://doi.org/10.2337/dbi18-0055
https://doi.org/10.2337/dbi18-0055
https://doi.org/10.1007/s00125-018-4784-y
https://doi.org/10.1007/s00125-018-4784-y
https://doi.org/10.1152/ajpendo.00443.2014
https://doi.org/10.3727/096368915X689721
https://doi.org/10.1177/09636897211052291
https://doi.org/10.1097/TP.0000000000002280
https://doi.org/10.1038/s41598-024-61604-3
https://doi.org/10.1038/s41598-024-61604-3
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12402  | https://doi.org/10.1038/s41598-024-61604-3

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Biological hypoxia in pre-transplant human pancreatic islets induces transplant failure in diabetic mice
	Results
	Overview of the study design
	Hypoxia-related gene expression in pre-transplant islets correlates with post-transplant glycemic control.
	Multiple regression model of multiple hypoxia-related gene expression improves the ability to predict transplant outcome.
	The formula using expression of key hypoxia-related genes predicts islet transplantation outcomes in mice.

	Discussion
	Materials and methods
	Human donor pancreata for islet isolation
	Isolation of human islets and post-isolation assessments
	Gene expression assays of isolated human islets
	Human islet transplantation into diabetic immunodeficient mice
	Statistics
	Ethics approval
	ARRIVE guidelines

	References
	Acknowledgements




