
RESEARCH ARTICLE

The response of three-dimensional pancreatic

alpha and beta cell co-cultures to oxidative

stress

Mireille M. J. P. E. SthijnsID
¤, Timo RademakersID, Jolien Oosterveer, Thomas Geuens,

Clemens A. van Blitterswijk, Vanessa L. S. LaPointeID*

Department of Cell Biology–Inspired Tissue Engineering, MERLN Institute for Technology-Inspired

Regenerative Medicine, Maastricht University, Maastricht, The Netherlands

¤ Current address: Department of Food innovation and Health at the Centre of Healthy Eating and Food

Innovation, Maastricht University, Maastricht, Campus Venlo, The Netherlands

* v.lapointe@maastrichtuniversity.nl

Abstract

The pancreatic islets of Langerhans have low endogenous antioxidant levels and are thus

especially sensitive to oxidative stress, which is known to influence cell survival and behav-

iour. As bioengineered islets are gaining interest for therapeutic purposes, it is important to

understand how their composition can be optimized to diminish oxidative stress. We investi-

gated how the ratio of the two main islet cell types (alpha and beta cells) and their culture in

three-dimensional aggregates could protect against oxidative stress. Monolayer and aggre-

gate cultures were established by seeding the alphaTC1 (alpha) and INS1E (beta) cell lines

in varying ratios, and hydrogen peroxide was applied to induce oxidative stress. Viability,

oxidative stress, and the level of the antioxidant glutathione were measured. Both aggrega-

tion and an increasing prevalence of INS1E cells in the co-cultures conferred greater resis-

tance to cell death induced by oxidative stress. Increasing the prevalence of INS1E cells

also decreased the number of alphaTC1 cells experiencing oxidative stress in the mono-

layer culture. In 3D aggregates, culturing the alphaTC1 and INS1E cells in a ratio of 50:50

prevented oxidative stress in both cell types. Together, the results of this study lead to new

insight into how modulating the composition and dimensionality of a co-culture can influence

the oxidative stress levels experienced by the cells.

1. Introduction

Every cell has endogenous antioxidants that can protect against oxidants. Oxidants can be gen-

erated internally due to incomplete metabolism in mitochondria, for example as a result of

decreased oxygen supply due to dissociation from the vasculature during tissue transplantation

[1, 2]. In physiological situations, antioxidants can effectively protect against the damage

induced by such oxidants [3–6]. However, when the endogenous level of antioxidants is too

low or the oxidants overwhelm the antioxidants, this can lead to a disbalance between oxidants

and antioxidants and induce oxidative stress. And while a low level of oxidants is necessary for

a cell to function, a high level can lead to damage, diminished viability [7, 8], and can influence
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cell identity and fate [9]. For example, oxidants resulting from incomplete mitochondrial

metabolism can influence stem cell fate decisions [9, 10]. For example, this is seen during the

late stages of pancreatic development when a low level of oxygen inhibits differentiation

towards the insulin-producing beta cells [11]. In general, alterations in the redox status have

been shown to affect pancreatic islet function and modulate beta cell dysfunction [12–16] and

viability [17].

Oxidative stress is important to consider in the pancreatic islets of Langerhans. These cells

are highly sensitive to oxidative stress because they have very low endogenous antioxidant lev-

els. Oxidative stress also appears to be an important factor in the progression towards type 1

diabetes [18]. And while the antioxidants thioredoxin, peroxiredoxin, and glutathione peroxi-

dase 7 and 8 are known to enhance beta cell function, the sensitivity of alpha cells to oxidative

stress and the effects of their interactions with beta cells remain unknown [19–23]. This

becomes especially important as bioengineered islets, in which the composition of the different

cell types can be modulated, are being considered for therapeutic applications [24, 25]. Fur-

thermore, the role of the antioxidant glutathione (GSH) remains to be elucidated, and it has

also been shown that oxidative stress sensitivity is different in a monolayer culture compared

to a three-dimensional (3D) culture [26], which led us to wonder whether this would also be

the case when alpha and beta cells are (co-)cultured in 3D aggregates.

We questioned how the ratio of the alpha and beta cells and their culture in monolayers

compared to 3D aggregates would affect their susceptibility to oxidative stress. To investigate

this, we made co-cultures of different ratios of alpha and beta cell lines; namely 100:0, 80:20,

50:50, 20:80 and 0:100 in both monolayer culture and 3D aggregates. We induced oxidative

stress and investigated the effects on viability, the level of oxidative stress experienced by the

different cell types, and the total level of the intracellular antioxidant GSH.

2. Materials and methods

2.1. Cell culture

A rat beta cell line (INS1E, AdexxBio C0018009) at passage 38–46 was cultured in RPMI

(Gibco 21875) supplemented with 5% (v/v) fetal bovine serum (Sigma-Aldrich F7524), 1 mM

sodium pyruvate, 10 mM HEPES, and 0.05 mM 2-mercaptoethanol. A mouse alpha cell line

(alphaTC1 Clone 6; ATCC CRL-2934) at passage 54–62 was cultured in Dulbecco’s modified

eagle medium (DMEM; Sigma-Aldrich D6046) supplemented with 10% (v/v) fetal bovine

serum, 15 mM HEPES, 0.1 mM non-essential amino acids, 1.5 g/L sodium bicarbonate, and

2.0 g/L glucose. When the two cell lines were co-cultured, the respective media were combined

in the same ratio as the cells. All cells were cultured in a humidified atmosphere containing 5%

CO2 at 37˚C, and were passaged 1–2 times a week with trypsinization. Medium was refreshed

every two days.

2.2. Creation of alphaTC1-BFP2 and INS1E-mNeongreen

Mouse alpha cells were labelled with BFP2 and rat beta cells were labelled with mNeonGreen

to distinguish the different cell types. To generate the vectors, the open reading frames of

mTagBFP2 and mNeongreen2 were amplified by PCR from donor vectors pBAD-mTagBFP2

(Addgene #34632) and pSFFV_mNG2(11)1-10 (Addgene #82610), respectively, and ligated in

a pLenti6.2 destination vector. After verification by Sanger sequencing, they were deposited as

pLenti6.2_mTagBFP2 (Addgene #113725) and pLenti6.2_mNeonGreen2 (Addgene #113727).

The plasmids were then co-transfected separately with third-generation lentiviral packaging

and envelope vectors: pMD2.G (Addgene #12259), pRSV-Rev (Addgene #12253), and

pMDLg/pRRE (Addgene #12251) into HEK293ft cells (Thermo Fisher R70007) using the

PLOS ONE Oxidative stress in pancreatic alpha and beta cell co-cultures

PLOS ONE | https://doi.org/10.1371/journal.pone.0257578 March 15, 2022 2 / 15

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0257578


PEIpro (VWR) transfection reagent. After 24 h, the viral supernatant was collected in either

alphaTC1 or INS1E medium and filtered. Stable cell lines were generated by diluting the lenti-

virus 1:10 and 1:20 in cell type–specific medium and transducing the alphaTC1 and INS1E

using pLenti6.2_mTagBFP2 and pLenti6.2_mNeonGreen2, respectively. Selection with 1 μg/

ml puromycin dihydrochloride (Sigma-Aldrich) began 48 h after transduction and continued

for at least 7–14 days. The transduction efficiency was assessed by flow cytometry and was

determined to be 66.9% for INS1E cells and 80.4% for alphaTC1 cells.

2.3. Cell seeding

Three-dimensional aggregates were formed using low attachment microwell plates (STATAR-

RAYS MCA96-16.224-PS-LA, 300MICRONS, Karlsruhe, Germany). To prepare the plates, an

isopropanol series (70, 50, 30%) was used for deaeration, after which they were washed in PBS,

coated overnight with 3% (w/v) Pluronics F-127 (Sigma-Aldrich), and washed again in PBS.

The 3D aggregates were formed by seeding 169,000 cells per well in the following ratios of

INS1E to alphaTC1: 0:100, 20:80, 50:50, 80:20 and 100:0. This resulted in approximately 169

aggregates per well of a size of 1000 cells each (which approximates the size and function of

one physiological islet equivalent (1 IEQ) [27]). After seeding, the plate was centrifuged for 3

min at 100 × g. For the monolayer (co-)culture of INS1E and alphaTC1, the cells were seeded

in the same ratios for a total of 400,000 cells per well in black 96-well tissue culture plates (Fal-

con). The 3D aggregates were cultured for 5 days and the monolayers were cultured for 24 h

prior to starting experiments.

2.4. Induction of oxidative stress

In order to induce oxidative stress, both the monolayer cultures and 3D aggregates were exposed

to 0, 20, 100, 500, 1000, or 2000 μM hydrogen peroxide (H2O2; Sigma-Aldrich) for 30 min in

exposure medium. For the INS1E cells, the exposure medium comprised SILAC medium (Gibco,

A2494201) supplemented with 1 mM sodium pyruvate, 10 mM HEPES, 3.0 g/L glucose, and 2

mM L-glutamine. For the alphaTC1 cells, the exposure medium comprised minimal essential

DMEM (Gibco 11880) supplemented with 15 mM HEPES, 0.1 mM non-essential amino acids,

1.5 g/L sodium bicarbonate, and 3.0 g/L glucose. For measuring viability, the medium with H2O2

was replenished with fresh exposure medium before performing the assay. For measuring oxida-

tive stress, the detection reagent was added to the medium containing H2O2.

2.5. Cell viability

The Cell Titer-Glo 2D and 3D viability assays (Promega) were used to measure viability by

adding 100 μl of the Cell Titer-Glo reagent to an equal volume of exposure medium followed

by an incubation for 5 min at 200 rpm on an orbital shaker. The signal was stabilized for 25

min and luminescence was measured on a microplate reader (CLARIOstar, BMG LABTECH)

with a 0.25–1 second integration time.

2.6. Detection of oxidative stress

To detect cells experiencing oxidative stress, they were incubated with CellROX Deep Red

Reagent (Thermo Fisher) in exposure medium for 30 min. Wheat germ agglutinin (WGA)

Alexa Fluor 594 conjugate (Thermo Fisher) was added to the medium for the final 15 min to

enhance segmentation by microscopy. The cells were fixed for 10–15 min in 4% formaldehyde

in PBS at room temperature and were imaged within 24 h on a Nikon Ti widefield microscope

equipped with a CrEST Optics spinning disk unit and a Lumencor SpectraX. Three-
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dimensional aggregates were imaged at 20× magnification (CFI Plan Apochromat λ) in confo-

cal mode (pinhole size: 70 μm) using a piezo z-stage to sequentially image a full z-stack per

channel. Z-stacks of 200 μm depth were taken with a step size of 8 μm. Images were acquired

using the following channels: alphaTC1: Ex 395/25 nm, Em 447/60 nm; INS1E: Ex 470/24 nm,

Em 520/35 nm; WGA: Ex 550/15 nm, Em 624/40 nm; CellROX: Ex 640/30 nm, Em 692/40

nm. The CellROX was imaged first to prevent potential light-induced activation of the probe.

2.7. Image analysis

The Nikon NIS Elements GA3 module (version 5.21) was used for automated image analysis

and manual counting was performed if necessary. First, a background subtraction was per-

formed in the channels for alphaTC1 and INS1E prior to 3D thresholding to enhance the

detection of individual cells. After thresholding and skeletonization, the WGA signal was sub-

tracted from the detected alphaTC1 and INS1E to improve segmentation. Mean fluorescence

of CellROX was measured within the remaining 3D volume of the individual alphaTC1 and

INS1E cells. The percentage of the total number of cells and total alphaTC1 and INS1E cells

that were positive for oxidative stress was reported. Since some alphaTC1 and INS1E were

unlabelled (the transduction efficiency was approximately 80–90%), it should be noted that

while the percentage of oxidative stress–positive cells is an accurate reflection of the whole

population, the absolute number oxidative stress–positive cells is an underestimation.

2.8. GSH measurement

To determine the amount of GSH after induction of oxidative stress, the 3D aggregates were

transferred to a microcentrifuge tube and centrifuged at 200 × g for 5 min. They were then

washed in PBS, lysed in a 0.1 M potassium phosphate buffer (1.6:8.4 KH2PO4:K2HPO4; pH 7.5)

supplemented with 10 mM EDTA disodium salt and 1% Triton-X, vortexed for 2 min, and

incubated for 1 h at 4˚C. Cells in monolayers were lysed in the same buffer for 30 min on ice,

after which the cells were scraped and transferred to microcentrifuge tubes. All lysates were cen-

trifuged at 14,000 × g for 10 min at 4˚C. The total protein content of the supernatant was deter-

mined with a bicinchoninic acid assay (BCA; Pierce). To determine the amount of GSH, 300 μl

of the supernatant was mixed 1:1 with 6% (w/v) sulfosalicylic acid (Sigma-Aldrich) in milliQ

water. The enzymatic recycling method was applied to determine the amount of GSH present

[28]. The absorbance was measured for 10 minutes at 37˚C on a microplate reader (CLARIOs-

tar, BMG LABTECH) at 412 nm and the slope of the curve was calculated. The slope (concen-

tration of GSH over time) was corrected for the amount of protein measured.

2.9. Statistics

All data are presented as mean ± SEM. Statistical analyses were performed in GraphPad Prism

(version 8.0). Comparisons were made using a two-way ANOVA with the Tukey test for multi-

ple comparisons. Independent samples with equal variances were assessed for statistical signifi-

cance with a t-test. P-values < 0.05 were considered statistically significant. N refers to the

number of independent experiments and n to the number of replicates.

3. Results

3.1. 3D aggregation and increasing the percentage of INS1E cells conferred

resistance to cell death induced by oxidative stress

INS1E and alphaTC1 cells were (co-)seeded in varying ratios (100:0, 80:20, 50:50, 20:80, and

0:100) in both monolayer cultures and 3D aggregates. As a first characterization of how the
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cells responded to oxidative stress, we exposed them to H2O2 and measured the resulting via-

bility. We noted that both the dimensionality of the culture (i.e., monolayer or 3D aggregate)

and the ratio of INS1E to alphaTC1 affected viability after induced oxidative stress (Fig 1). The

morphology (in particular shrinkage and swelling) of the cells in the monolayers or in the 3D

aggregates was unaffected by the ratio of INS1E to alphaTC1 cells or the induction of oxidative

stress when 0–1000 μM H2O2 was used (S1 Fig, Figs 2A and 4A).

When comparing cells cultured in a monolayer (Fig 1A) or as 3D aggregates (Fig 1B), cells

in the 3D aggregates were overall more resilient to reductions in viability caused by H2O2. For

example, when INS1E and alphaTC1 cells were combined in a 50:50 ratio in a monolayer, it

took 500 μM H2O2 to reduce their viability to 65% (p<0.001; Fig 1A, S1 Table), but it took

1000 μM H2O2 for the same effect in 3D aggregates (p<0.001; Fig 1B, S1 Table). We ruled out

the possibility of these effects being due to limited diffusion in the 3D aggregate by staining

and sectioning the aggregates to confirm the probe diffusion into their centres (S2 Fig).

We then asked whether the ratio of INS1E to alphaTC1 cells would also affect the cells’ resil-

ience to the H2O2-induced decreases we observed in cell viability. The outcome of this ques-

tion was also influenced by whether the cells were cultured as a monolayer or in 3D

aggregates.

In the monolayer (co-)culture, a higher percentage of INS1E cells generally meant there

was less of a decrease in cell viability induced by oxidative stress (Fig 1A). For example, when

alphaTC1 cells alone (without INS1E) were exposed to 100 μM H2O2, their viability was

reduced to approximately 18% (p<0.001). Conversely, the same loss of viability in INS1E cells

alone (without alphaTC1) was only observed after the induction of oxidative stress by a much

higher (1000 μM) concentration of H2O2. For the other ratios of 80:20, 50:50 and 20:80 INS1E:

alphaTC1, it was also seen that the higher the percentage of INS1E cells, the higher the

Fig 1. Cell viability in monolayer and 3D aggregate cultures after oxidative stress induced by H2O2. The

percentage of viable cells is shown relative to the control that was not exposed to H2O2. A) In monolayer culture, the

higher the percentage of INS1E cells included in the co-culture, the more H2O2 was necessary to induce a similar

decrease in viability. B) In 3D aggregates of 80:20 and 50:50 INS1E:alphaTC1, the cells were more resilient to the loss of

viability caused by H2O2 compared to the other ratios. N = 3, A) n�1; B) n�2 and data are presented as mean ± SEM;

all p-values are shown in S1 and S2 Tables.

https://doi.org/10.1371/journal.pone.0257578.g001
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concentration of H2O2 (1000 μM H2O2, 1000 μM H2O2, and 500 μM H2O2, respectively) was

needed to be to induce a similar loss in viability to approximately 10% (all p<0.001).

In the 3D aggregate (co-)culture, the effect of combining INS1E with alphaTC1 was differ-

ent. Overall, just like the cells in monolayers, having more INS1E cells in the aggregates pro-

vided resilience to the loss of viability induced by oxidative stress, but this trend did not

directly relate to the percentage of INS1E (Fig 1B). For example, while increasing the ratio of

INS1E from 0 to 20 to 100% increased their viability under the challenge of oxidative stress (S2

Table, all p<0.001), the highest viability was observed when the percentage of INS1E in the 3D

aggregate was either 50 or 80% (with no statistically significant difference between the two

conditions).

Taken together, 3D aggregation and a higher prevalence of INS1E cells increased the resil-

ience against a loss in viability induced by oxidative stress, but the ratio of the two cell types

alone did not describe the resulting viability, especially in the 3D aggregates.

3.2. Increasing the prevalence of INS1E cells in monolayer culture

diminished induced oxidative stress in alphaTC1 cells

Having seen that more INS1E cells in the monolayer co-culture protected against the overall

loss of viability upon exposure to oxidative stress, we were interested to know whether this was

due to the varying susceptibility of the two cell types to oxidative stress or whether the INS1E

cells were conferring some protection to their neighbouring alphaTC1 cells. We hypothesized

that the co-culture has a protective effect against the induction of oxidative stress.

To study this, we measured the level of intracellular oxidative stress when INS1E and

alphaTC1 cells were seeded in different ratios (S3 Fig and S3 and S4 Tables). Regardless of

Fig 2. Oxidative stress in INS1E and alphaTC1 cells in monolayer culture. A) H2O2 in a concentration of 500 μM

increased the number of oxidative stress positive (red) INS1E (green) and alphaTC1 (blue) cells. B) Varying the ratio of

INS1E and alphaTC1 cells in monolayer culture exposed to 500 μM H2O2 did not change the percentage of oxidative

stress–positive INS1E cells. C) Increasing the percentage of INS1E cells to 80% in a monolayer culture exposed to

500 μM H2O2 decreased the percentage of oxidative stress–positive alphaTC1 cells. N = 3, n�1 and data are presented

as mean ± SEM; � p�0.05; all p-values are shown in S5 and S6 Tables.

https://doi.org/10.1371/journal.pone.0257578.g002
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their prevalence in the co-culture, approximately the same percentage of INS1E cells (from

42–60%; p>0.05) were positive for oxidative stress when it was induced by 500 μM H2O2 (Fig

2B; S5 Table). This implies that the presence of alphaTC1 cells had no effect on the oxidative

stress experienced by the INS1E cells.

Conversely, there was an effect on how the alphaTC1 cells experienced oxidative stress

depending on how many INS1E cells were present in the monolayer co-culture. As a baseline,

without INS1E cells in the co-culture, 55.1% of alphaTC1 cells were positive for oxidative stress

when exposed to H2O2. When the culture comprised 20% INS1E cells, the percentage of

alphaTC1 cells positive for oxidative stress increased to 71.6% (p<0.05; Fig 2C and S6 Table).

However, further increasing the prevalence of INS1E cells to 50% decreased the percentage of

alphaTC1 cells that were positive for oxidative stress (47.7%; p<0.05). This trend continued

when 80% of the culture comprised INS1E cells, which resulted in 31.5% of oxidative stress–

positive alphaTC1 cells (p<0.05). A similar trend was seen at other H2O2 concentrations

(from 20–1000 μM; S4 Fig and S5 and S6 Tables).

Overall, we conclude that in a monolayer co-culture, increasing the prevalence of INS1E

cells can decrease the percentage of alphaTC1 cells that experience oxidative stress induced by

H2O2, while increasing the prevalence of alphaTC1 cells did not have an effect on the percent-

age of oxidative stress–positive INS1E cells.

3.3. GSH decreased in oxidative stressed cells independent of the ratio of

INS1E and alphaTC1 cells

In order to explain why increasing the prevalence of INS1E cells diminished the percentage of

alphaTC1 cells experiencing oxidative stress in a monolayer co-culture but not the other way

around, we sought a molecular basis of this observation. Therefore, we measured the intracel-

lular level of GSH when alphaTC1 and INS1E cells were cultured alone or in combination at a

ratio of 50:50.

We first measured the basal level of GSH (without the induction of oxidative stress by

H2O2) because differing basal levels in the two cell types could explain why adding INS1E cells

could diminish the oxidative stress experienced by the alphaTC1 cells, but not the other way

around. However, there was no statistically significant difference in the intracellular level of

GSH in cultures of alphaTC1 cells alone, INS1E cells alone, or a combination in the ratio 50:50

(Fig 3, S7 Table).

We then measured how the basal level of GSH would be affected by the induction of oxidative

stress with 500 μM H2O2. When INS1E cells were cultured alone, the induction of oxidative stress

had no effect on the level of GSH (p = 0.392 compared to the control of 0 μM H2O2). Conversely,

when alphaTC1 cells were cultured alone or in combination with INS1E in a 50:50 ratio, the intra-

cellular level of GSH was diminished upon induced oxidative stress (p<0.05 for both).

Together these experiments indicated that INS1E cells in a monolayer have such low levels

of GSH that the addition of H2O2 did not further reduce them, whereas the GSH levels in

alphaTC1 were reduced by the induction of oxidative stress.

3.4. Combining INS1E and alphaTC1 in 3D aggregates in a ratio of 50:50

prevented oxidative stress in both cell types

Having seen that, like in the monolayer culture, more INS1E cells in the aggregate co-cultures

protected against the overall loss of viability upon exposure to oxidative stress, we went on to

determine the varying susceptibility of the two cell types to oxidative stress. Observing that the

prevalence of INS1E cells in the monolayer cultures was not directly related to the viability, we

wondered how the cells may be influencing each other in aggregates.
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Without alphaTC1 cells in the 3D aggregates, 38.4% of the INS1E cells experienced oxida-

tive stress upon its induction by H2O2. With the addition of only 20% alphaTC1 cells, this per-

centage increased to 89.9% (Fig 4B; p<0.001), suggesting that the presence of alphaTC1 cells

could affect the stress experienced by the INS1E cells. Interesting, when the co-culture was

composed of 50% alphaTC1 cells, the number of oxidative stress–positive INS1E cells

decreased again to 43.8% and did not differ significantly from the oxidative stress measured in

3D aggregates without alphaTC1 (p = 0.828). Apparently, in 3D aggregates, combining INS1E

and alphaTC1 in a ratio of 50:50 or culturing INS1E alone protects the INS1E cells against oxi-

dative stress.

When the alphaTC1 cells were cultured alone, 77.0% of them experienced oxidative stress

when exposed to 500 μM H2O2, a number significantly higher than what we measured in

INS1E cells cultured alone (38.4%; p<0.05). Upon the addition of INS1E cells to the 3D aggre-

gates, the percentage of alphaTC1 cells positive for oxidative stress decreased. For example,

adding 20% of INS1E cells led to only 46.6% of alphaTC1 cells experiencing oxidative stress

(Fig 4C). When the 3D aggregate contained 50% INS1E cells, only 51.7% of alphaTC1 cells

experienced oxidative stress. This effect was reversed when the INS1E cells comprised 80% of

the 3D aggregate, leading to 83.1% of alphaTC1 cells experiencing oxidative stress. Taken

together, combining INS1E and alphaTC1 in a ratio of 50:50 protected both cell types against

oxidative stress. A similar effect was seen at other H2O2 concentrations ranging from 20–

100 μM (S5 Fig and S8 and S9 Tables).

Overall, we conclude that in 3D aggregates exposed to 500 μM H2O2, a 50:50 ratio

decreased the percentage of both oxidative stress–positive alphaTC1 cells as well as INS1E

cells.

3.5. 3D aggregates of INS1E had more GSH than aggregates of alphaTC1

To explain why combining INS1E and alphaTC1 cells in a ratio of 50:50 in 3D aggregates pro-

tected both cell types against oxidative stress, we measured the intracellular level of

Fig 3. Intracellular GSH and GSH/GSSG ratio in monolayer cultures upon induced oxidative stress. A) Exposing the monolayer cultures of

0:100, 50:50 and 100:0 INS1E:alphaTC1 cells to 500 μM H2O2 only induced a significant decrease in intracellular GSH compared to a monolayer

culture not exposed to H2O2 in the ratios of 50:50 and 0:100 INS1E:alphaTC1. B) GSH/GSSG ratio in monolayer culture of 0:100, 50:50 and 100:0

INS1E:alphaTC1 cells exposed to 0 and 500 μM H2O2 showed a similar trend. N = 3, n = 2 and data are presented as mean ± SEM; � p�0.05, all p-

values are shown in S7 Table.

https://doi.org/10.1371/journal.pone.0257578.g003
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endogenous antioxidant GSH. In 3D aggregates of INS1E cells alone, we measured a higher

GSH level than in aggregates of alphaTC1 cells alone (Fig 5; S10 Table) (p<0.05). In addition,

the intracellular level in a 3D aggregate in a ratio of 50:50 INS1E compared to alphaTC1 cells

was higher (92.83 nmol/mg protein) than the GSH level in an aggregate of INS1E or alphaTC1

alone, although this was not statistically significant (Fig 5; S10 Table). All in all, GSH could

protect the 3D aggregates of INS1E cells alone and therefore explain why fewer oxidative

stress–positive cells were measured compared to 3D aggregates of alphaTC1 cells alone when

oxidative stress was induced (Fig 4).

4. Discussion

Every cell has a balance between oxidants and antioxidants, but in case of a disbalance, this can

lead to oxidative stress that can induce cellular damage. Pancreatic islets are very sensitive to

this damage because of their low intracellular antioxidant levels. To prevent this cellular

Fig 4. Oxidative stress in INS1E and alphaTC1 cells in 3D aggregates. A) Increasing H2O2 increased the oxidative stress–positive cells (red).

B) Seeding INS1E and alphaTC1 cells in the ratios 100:0 and 50:50 in 3D aggregates exposed to 500 μM H2O2 decreased the percentage of

oxidative stress–positive INS1E cells. C) Seeding INS1E and alphaTC1 in the ratio 20:80 in 3D aggregates exposed to 500 μM H2O2 decreased

the percentage of oxidative stress–positive alphaTC1 cells compared to seeding 3D aggregates in the ratio 80:20 INS1E:alphaTC1. N = 3, n�2

and data are presented as mean ± SEM; � p�0.05, all p-values are shown in S8 and S9 Tables.

https://doi.org/10.1371/journal.pone.0257578.g004
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damage, we questioned whether the ratio of the main islet cell types, alpha and beta cells, and

culturing their interactions in 3D could protect against oxidative stress. To investigate this, we

cultured the alpha and beta cell lines in different ratios of INS1E:alphaTC1 (100:0, 80:20,

50:50, 20:80 and 0:100), both in a monolayer and 3D aggregate (co-)cultures and exposed the

cells to H2O2 to induce oxidative stress.

In summary, increasing the number of INS1E cells in a monolayer co-culture led to more

resistance to decreases in viability induced by oxidative stress, whereas the viability was the

highest in 3D aggregates comprising 50% and 80% INS1E cells (Fig 1). Increasing the preva-

lence of INS1E cells decreased the percentage of oxidative stress–positive alphaTC1 cells (Fig

2). In contrast, the percentage of oxidative stress–positive INS1E cells was not affected by the

prevalence of alphaTC1 cells (Fig 2). Looking at the levels of intracellular GSH, the addition of

H2O2 to a monolayer culture decreased the intracellular level of GSH in alphaTC1 cells alone

and when they were in a 50:50 co-culture with INS1E cells (Fig 3). In 3D aggregates, a ratio of

50:50 INS1E:alphaTC1 was protective against oxidative stress in both cell types (Fig 4). When

alphaTC1 cells were cultured alone in 3D aggregates, more oxidative stress–positive cells were

induced by H2O2 than when INS1E cells were cultured alone (Fig 4). The 3D aggregates of

INS1E cells alone had a higher level of intracellular GSH than 3D aggregates of alphaTC1 cells

alone (Fig 5).

Our finding that H2O2 decreased the viability of INS1E is consistent with other studies [23,

29, 30], as is our result that 3D aggregation protected against an oxidative stress–induced

decrease in viability [31, 32]. Overall, the oxidative stress the cells experienced did not corre-

spond to their viability, which is not unexpected [33]. For example, we found that a monolayer

culture with 100% alphaTC1 cells had the lowest viability compared to other ratios of the co-

culture, even though it did not have the highest percentage of oxidative stress–positive cells.

In monolayer culture, the addition of H2O2 to a culture of 100% INS1E cells did not further

decrease their basal intracellular antioxidant GSH levels (Fig 3), which is in agreement with

Fig 5. Intracellular GSH and GSH/GSSG ratio in 3D aggregates upon induced oxidative stress. A) The intracellular GSH in 3D aggregate of INS1E cells

alone was significantly lower than in alphaTC1 cells alone. Exposing the 3D aggregates to 500 μM H2O2 only significantly affected the intracellular GSH in the

ratio 0:100 INS1E:alphaTC1. B) GSH/GSSG ratio in 3D aggregates of 0:100, 50:50 and 100:0 INS1E:alphaTC1 cells exposed to 0 and 500 μM H2O2 showed a

similar trend. N = 3, n = 2 and data are presented as mean ± SEM; � p�0.05, all p-values are shown in S10 Table.

https://doi.org/10.1371/journal.pone.0257578.g005
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the finding that endogenous antioxidant levels are very low in beta cells [19]. This is how a

small addition of oxidants therefore could already create a redox disbalance that results in oxi-

dative stress [34]. In contrast, the addition of 500 μM H2O2 to alphaTC1 cells significantly

decreased the intracellular level of GSH. Apparently, the alphaTC1 cells have a different level

of intracellular GSH. This finding that the endogenous antioxidant GSH levels were different

between different cell types is in agreement with a previous report [35].

In 3D aggregate culture, a ratio of 50:50 alphaTC1 and INS1E cells prevented oxidative

stress in both cell types (Fig 4). A possible explanation for this specific ratio is it increased the

number of heterogenous cell–cell interactions. Due to this heterogenous interaction, one cell

type could protect the other cell type against oxidative stress. For example glucagon-like pep-

tide exendin-4 from alpha cells has been shown to decrease oxidative stress in beta cells [36].

In addition, alpha cells are necessary to set the glycaemic setpoint in beta cells [37]. This pro-

tective heterogenous cell–cell interaction has also been seen when mesenchymal stem cells

were co-cultured with endocrine cells [38–40].

Our finding that INS1E cells experience less oxidative stress in 3D aggregates upon H2O2

exposure than alphaTC1 cells (Fig 4) could not be explained by the fact that the INS1E cells

have higher GSH levels (Fig 5). The knowledge that beta cells enhance their function via con-

nexion36-mediated interactions [41, 42] indicates that beta cells may be better in sharing these

protective endogenous antioxidants amongst each other.

5. Conclusions

In conclusion, INS1E cells in a monolayer could protect alphaTC1 cells against oxidative stress.

Establishing a 3D niche at the specific ratio of 50:50 INS1E:alphaTC1 cells was essential for pro-

tecting both cell types against oxidative stress. As a future outlook, it would be interesting to val-

idate this finding in the context of beta cell replacement strategies, where the cells are known to

experience high levels of oxidative stress [31, 32, 43–45]. Engineered islets could be transplanted

in the ratio of 50:50 beta:alpha cells to protect them against the oxidative stress they experience

during transplantation and from biomaterials used for encapsulation [46]. This approach

becomes a reasonable strategy as the differentiation of pluripotent stem cells into pancreatic

endocrine cells can create engineered islets resembling their in vivo counterparts [47].
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