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ABSTRACT
It is currently unknown how the islet transcriptional pattern changes as glucose metabolism
deteriorates and progresses to fulminant type 2 diabetes (T2D). In this study, we hypothesized that
islets from donors with elevated HbA1c levels, but not yet diagnosed with T2D, would show signs of
cell stress on a transcriptional level. Laser capture microdissection and qPCR arrays including 330
genes related to mitochondria, oxidative stress, or the unfolded protein response were used to extract
and analyze islets from organ donors with HbA1c <5.5% (37 mmol/mol), elevated HbA1c (6.0–6.5%
(42–48 mmol/mol)), high HbA1c (>6.5% (48 mmol/mol)) or established T2D. Principal component
analysis and hierarchical clustering based on the expression of all 330 genes displayed no obvious
separation of the four different donor groups, indicating that the inter-donor variations were larger
than the differences between groups. However, 44 genes were differentially expressed (P < 0.05, false
discovery rate <30%) between islets from donors with HbA1c <5.5% (37 mmol/mol) compared with
islets from T2D subjects. Twelve genes were differentially expressed compared to control islets in both
donors with established T2D and donors with elevated HbA1c (6.0–6.5% (42–48 mmol/mol)).
Overexpressed genes were related mainly to the unfolded protein response, whereas underexpressed
genes were related to mitochondria. Our data on transcriptional changes in human islets retrieved by
LCM from high-quality biopsies, as pre-diabetes progresses to established T2D, increase our
understanding on how islet stress contributes to the disease development.
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Introduction

In type 2 diabetes (T2D), impaired glucose metabolism
develops gradually and overt hyperglycemia is often
present for a period before diagnosis.1 Hypersecretion
of insulin in the early stages of the disease progression
suggests an initial crucial role of insulin resistance in
peripheral tissues.1 In later stages, a reduction in insu-
lin secretion is observed,1 leading to fulminant T2D
and eventually, in some patients, loss of endogenous
insulin production.1,2

Recent studies have compared the transcription pro-
files of islets isolated by enzymatic digestion from organ
donors with T2D and non-diabetic controls3,4 and found
a number of genes with significantly different expression
regulating vital functions of the endocrine pancreas.
However, these studies also demonstrate that the islet

isolation procedure and subsequent in vitro culture per
se affect the transcriptional profiles.3 Indeed, of the 444
genes identified with significantly different expression in
isolated islets from subjects with T2D when compared to
non-diabetic subjects, only 19 could be verified to differ-
entiate in laser capture microdissected (LCM) islets from
patients with T2D undergoing pancreatectomy.3 Likely,
the use of biopsies from patients undergoing pancreatec-
tomy due to malignancies and incurable pancreatitis, i.e.
conditions well-known to also affect the endocrine func-
tion of non-affected parts of the pancreas,5 also affects
the islet transcriptional profile. Therefore, transcriptome
analysis of islets extracted by LCM from frozen pan-
creata of brain dead organ donors with progressive
impairments of their glucose metabolism presumably
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represent the best tissue specimens available to examine
disease-modified expression patterns.

Part of the insulin insufficiency in T2D has been
attributed to a reduced beta cell mass.6,7 However,
Marselli et al. recently reported only a minor reduc-
tion of beta cells8 and similar results have been
reported also in other studies where electron micros-
copy has been used to assess beta cell number.9 More-
over, endocrine mass measured by endocrine PET
tracers in vivo, is not decreased in subjects with T2D
in relation to reduced c-peptide levels.2 Taken
together, this suggests that the frequently reported
reduced number of insulin positive cells in T2D may
be derived from exhausted and degranulated or partly
dedifferentiated beta cells rather than through actual
loss of cells.2,10-12

The endoplasmic reticulum (ER) and mitochon-
drial function are important for insulin secretion. The
beta cell normally has a well-developed ER13 to handle
the abundant production of insulin (preproinsulin). A
high synthesis of proteins leads to accumulation of
unfolded proteins and ER stress. The cell may com-
pensate for the increased amount of unfolded proteins
through the unfolded protein response (UPR), where
upregulation of chaperones, foldases, increased ER
volume and reduced protein synthesis occur.
Increased ATP/ADP ratio generated through oxida-
tive phosphorylation in the mitochondria is part of a
cascade that downstream results in insulin release
from the beta cell.14 Interestingly, both the ER and
mitochondria appear to be functionally and morpho-
logically altered in T2D15 and on a transcriptional
level, islets obtained from subjects with established
T2D exhibit some signs of ER stress,13 oxidative
stress16 and mitochondrial dysfunction.15,17

It is currently unknown how the islets vary in their
transcriptional pattern as normoglycemia progresses

to fulminant T2D. In this study, we hypothesized that
donors with elevated HbA1c levels, but not yet diag-
nosed with T2D, would show signs of cell stress on a
transcriptional level. With the aim of characterizing
the expression of stress-related genes, laser capture
microdissection and qPCR arrays including 330 genes
related to mitochondria, oxidative stress, or the UPR
were used to extract and analyse islets in a cross-sec-
tional study including organ donors with normal
HbA1c (<5.5%, 37 mmol/mol), elevated HbA1c (6.0–
6.5%, 42–48 mmol/mol), high HbA1c (>6.5%,
48 mmol/mol) or established T2D.

Results

Dynamic glucose-stimulated insulin secretion from
islets in the different donor groups

Islets from all donors in all groups responded to high
glucose by increased insulin secretion and the stimula-
tion index ranged from 1.8 to 23.8 (Table 1). In abso-
lute values, the insulin secretion tended to be higher
from islets isolated from donors with elevated HbA1c
levels without a clinical T2D diagnosis (semi-diabetic
and undiagnosed T2D), both when perifused with low
and with high glucose concentrations, when compared
with islets from control donors and islets from donors
diagnosed with T2D (Figure 1A). However, the
dynamic stimulation index was lower in all donor
groups with elevated HbA1c, or diagnosed with T2D,
compared to the non-diabetic controls (Figure 1B).

Large inter-donor variations in expression of stress-
related genes

Principal component analysis based on the expression
of all 330 analysed genes displayed no obvious separa-
tion of the four different donor groups (Figure 2A).

Table 1. Group characteristics of the donors successfully used for LCM and qPCR arrays.

Control Semi-diabetic Undiagnosed T2D Established T2D

Mean HbA1c, %, (range) 5.3 (5.2–5.4) 6.2 (6.0–6.3) 7.0 (6.6–7.9) 7.3 (6.7–8.4)*

Mean HbA1c, mmol/mol, (range) 34 (33–36) 44 (42–45) 53 (49–63) 56 (50–68)*

Number of donors, n 7 6 6 7
Male, n 4 3 3 5
Female, n 3 3 3 2
Mean age, yrs, (range) 64 (46–70) 59 (51–69) 64 (49–76) 70 (65–81)
Mean BMI, kg/m2, (range) 24.6 (22.6–26.3) 26.1 (21.5–32.4) 30.0 (27.7–34.0) 27.5 (24.5–32.8)
Mean SI, high/low, (range) 11.7 (3.6–23.8) 6.8 (2.9–11.1) 7.9 (1.8–18.0) 5.2 (1.9–8.6)
GADA postive, n 0 0 0 1
IA2A positive, n 0 0 0 0

�HbAc from two donors with established T2D was not available; SI D stimulation index, IA2A D tyrosine phosphatase IA2 antibodies, GADA D Glutamic acid
decarboxylase antibodies.
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Heat map and hierarchical clustering analysis of genes
and samples did not identify clusters based on donor
groups (Figure 2B).

Differential expression compared to islets from
control donors

44 of the 330 analysed genes were differently
expressed (p < 0.05, FDR <0.30) in islets from donors
with T2D compared with islets from the control group
(Figure 3 and ESM Table S1). Islets from donors not
diagnosed with T2D but with high HbA1c levels had
fewer genes that were differentially expressed com-
pared to the controls and there was only a limited
overlap with the genes differentially expressed in the
donors with established T2D (Figure 3A). P values,
false discovery rate and fold difference for each differ-
entially expressed gene in each donor group compared
to the controls are given in ESM Table S1–3.

Hierarchical clustering of the 44 genes differentially
expressed in T2D donors compared to the control
group, based on the expression in all samples across all
four donor groups, showed that genes involved in the
UPR and mitochondria-related genes formed separate
clusters. Genes related to oxidative stress were spread in
different clusters (Figure 3B). Heat map and hierarchi-
cal clustering of 35 genes that were differently expressed
between groups (multi-group comparison by Kruskal-
Wallis, p < 0.05) is shown in ESM Figure 1 and ESM
Table S4.

Volcano plots of the expression of each gene in
each donor group compared to the control donors

(Figure 4) show a general under-expression of mito-
chondria-related genes in semi-diabetic donors
(Figure 4A) and in donors with established T2D
(Figure 4C). The majority of genes related to the
unfolded protein response had higher expression in all
donor groups compared to the controls (Figure 4A-
C). Genes related to oxidative stress were found both
over and underexpressed compared to the controls.

Discussion

This stratified study on subjects with increasing deteri-
oration in their glucose metabolism found 44 out of
330 genes to be differentially expressed in islets from
subjects with T2D when compared to control islets.
Overexpressed genes were mainly related to the UPR
whereas underexpressed genes were mainly related to
mitochondrial function. In contrast, a study including
laser capture microdissected islets from 10 controls
and 10 donors with T2D did not find differential
expression of genes related to mitochondria or ER
stress.16 This may in part be due to the larger number
(approximately 38,500) of genes analysed and the
GeneChip array approach used. To avoid some of the
inherent problems associated to examining a large
data size on a small sample size, we selected four pre-
designed qPCR arrays including groups of genes
important for three different aspects of beta cell stress;
UPR, mitochondrial function, and oxidative stress.18

Six of the seven genes that were overexpressed in
our study do not seem to be affected by 24 h high glu-
cose in vitro.19 Of the 37 genes found to be

Figure 1. Glucose-stimulated insulin secretion in isolated islets assessed in a dynamic perifusion system. Twenty handpicked islets were
sequentially perifused with low (1.67 mM) glucose from minute 1–48, high (20 mM) glucose from minute 48–90, and then low glucose
again from minute 90–120. Fractions were collected at 6-min intervals, and the secreted insulin was measured by ELISA. In (A) the con-
centration of insulin in the collected fractions is shown whereas the dynamic stimulation index is displayed in (B). The dynamic stimula-
tion index at each time point was calculated by normalizing the insulin concentration in each fraction to the mean basal insulin
secretion at low glucose from the same islet sample.
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Figure 2. Principal component analysis (A) and heat map (B) of all 330 analysed genes in islets from the four different donor groups. In
the principal component analysis, the samples are colour coded by donor age as displayed in the legend. In the heat map (B), samples
and genes are ordered by hierarchical clustering (average linkage method). Genes are labeled by the pathway-focused array on which
they were analyzed (purple is unfolded protein response, olive green is mitochondria, turquoise is mitochondria energy metabolism,
and orange is oxidative stress).
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underexpressed in our study, none are downregulated
by high glucose in vitro.19 In fact, 18 of these were
slightly upregulated under this condition in islets iso-
lated from non-diabetic donors. It is possible that
acute exposure to high glucose induces upregulation
of these genes (that are mainly related to mitochon-
drial function) but that the prolonged exposure to
high glucose in the donors with T2D leads to their
downregulation. Indeed, none of these genes were
upregulated in islets from hyperglycaemic donors cul-
tured in vitro with high glucose.19

The present study is the so far largest study based
on LCM conducted on human type 2 diabetic pan-
creases procured as for clinical transplantation; and
the first of its kind performed on biopsies obtained
from subjects in progression towards T2D. Retrieval
of islets through LCM techniques circumvents the

introduction of confounding factors inherent in the
analysis of isolated islets, e.g. islet isolation (hypoxia,
enzyme digestion and exposure to hyperosmolar con-
ditions during density gradient separation) and in
vitro islet culture.3,20,21 We recently reported that islets
retrieved from subjects with T2D are often infiltrated
by a large number of immune cells22 and this possible
important confounding factor has not previously been
accounted for. By following a protocol previously
developed and utilized to identify and capture CD45C
immune cell aggregates, the risk of analysing the tran-
scription profile of immune cells rather than endo-
crine cells was minimized. The limited number of
donor pancreata in the current study is due to the
scarce access to high quality human biopsies from
organ donors without any known pancreatic abnor-
malities or diseases, e.g. malignancies, pancreatitis or

Figure 3. Differentially expressed genes in the different donor groups compared to controls. In (A) a Venn diagram shows the number of
differentially expressed genes (p<0.05) in each donor group compared to the control group. In (B) a heat map and hierarchical cluster-
ing of the 42 genes differentially expressed in islets from donors with established T2D compared with islets from control donors
(p < 0.05) is shown. Samples are ordered by group and genes by hierarchical clustering based on their expression in all samples across
all four donor groups (average linkage method). Genes are labelled by the pathway-focused array on which they were analyzed. The
false discovery rate is <0.30 and individual FDR Q values are shown in Supplementary Table S1.
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Figure 4. Expression analysis of 330 stress related genes in islets from subjects with semi-diabetes (A), undiagnosed diabetes (B), or
established type 2 diabetes (C). The expression of each gene was normalized to the expression of the reference genes (ACTB, GAPDH,
and RPLP0) and a rank-based volcano plot comparing the median expression of each gene in islets of the respective condition vs. con-
trol islets is shown. Genes are color labelled by the pathway-focused array on which they were analyzed (purple is unfolded protein
response, olive green is mitochondria, turquoise is mitochondria energy metabolism, and orange is oxidative stress). Dotted lines mark
no change (vertical), and P D 0.05 (horizontal). Genes with P < 0.05 are labeled with their gene symbol. P values were calculated for
each gene using the Mann-Whitney signed rank test.
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neuro-endocrine tumours. However, the use of pan-
creatic tissue from organ donors without pancreatic
disease is important as both established diabetes and
impaired glucose tolerance are frequently occurring in
subjects with pancreatic cancer or chronic pancreati-
tis3; this beta cell dysfunction seems dependent on
mechanism(s) separate from those in T2D.3 Indeed,
none of the herein identified 44 genes differentially
expressed in donors with established T2D when com-
pared with non-diabetic subjects were among the 19
genes validated by Solimena et al on surgical speci-
mens obtained after pancreatectomies.3

Herein, donors were categorized based on HbA1c,
reflecting the metabolic control in the donors during
their last 1–2 months. Donors without a clinical diag-
nosis of T2D but with an HbA1c between 6.0 and
6.5% (42–48 mmol/mol) are likely in a stage of predia-
betes and donors with HbA1c >6.5% (48 mmol/mol)
can be classified as having T2D according to the
WHO criteria. We also included a group of donors
with established T2D noted in their medical records.
These donors have most likely been given standard of
care treatment, but, as we do not have ethical permis-
sion to examine the medical records of the donors,
their anti-diabetic treatment is unknown. Assessment
of glucose-stimulated insulin secretion from the islets
suggested that, in absolute numbers, the insulin secre-
tion is increased from donors with elevated HbA1c,
both during low and high glucose concentration, pos-
sibly reflecting the hyperinsulinemia required to com-
pensate for increased insulin resistance in these
donors. However, the stimulation index (ratio of
secreted insulin during exposure to low vs. high glu-
cose) was decreased in donors with elevated HbA1c
and in donors with T2D compared to the control
donors, demonstrating impaired islet function in these
three groups.

Our study identified 32 genes related to mitochon-
drial function that were downregulated in donors diag-
nosed with T2D, 7 of which were also significantly
downregulated in semi-diabetic subjects. Interestingly,
the expression level of the mitochondrial chaperone
BCS1 (BCS1L) was >10-fold downregulated in both
donors with HbA1c 6.0–6.5 % (42–48 mmol/mol) and
in donors with T2D. Supporting the indication that
mitochondrial genes generally are underexpressed in
T2D islets, MacDonald et al. reported reduced expres-
sion of genes involved in glucose-stimulated insulin
secretion in islets isolated from donors diagnosed with

T2D.17 In addition, the mitochondria in beta cells
appear to be functionally and morphologically differen-
tiated in T2D.15,23 Collectively, it becomes increasingly
convincing that the mitochondria are affected on a tran-
scriptional, functional, and morphological level in T2D.
Additionally, our data suggest that genes related to
mitochondrial function are affected already in subjects
with increased HbA1c.

The mRNA levels of several central proteins in the
UPR (BiP/HSPA5, XBP-1/XBP1 and CHOP/DDIT3)
have previously been reported to be unaltered in T2D
islets during in vitro euglycemia, but increased during
hyperglycemic in vitro conditions.13 HSPA5 and XBP1
were also induced by high glucose in vitro in islets iso-
lated from donors without T2D.19 In our study,
HSPA5 was slightly overexpressed in islets from
donors with HbA1c between 6 and 6.5 % (42–
48 mmol/mol), but not in the other groups, compared
to non-diabetic controls. No difference in the expres-
sion of XBP1 or DDIT3 was found between groups,
which is in agreement with earlier reports of laser-cap-
tured islets from donors with T2D.16 However, other
genes part of the UPR were significantly overex-
pressed, and most genes in the UPR array had a higher
median expression in islets from donors with elevated
HbA1c or diagnosed with T2D compared with islets
from subjects with HbA1c <5.5% (37 mmol/mol),
suggesting that the UPR indeed is induced as pre-dia-
betes progresses to T2D. Two genes in the UPR,
NUCB1 and PRKCSH, were overexpressed both in
donors with diagnosed T2D and donors with elevated
HbA1c compared with control donors. None of these
are induced by culture of human islets under hyper-
glycaemic conditions,19 suggesting that their induction
is not a secondary event to the high blood glucose in
the donors with elevated HbA1c. Potentially most rel-
evant in relation to our data, the ER has been reported
to be altered functionally and morphologically in
T2D.13,15,23 Taken together, the reduced c-peptide in
the circulation of T2D patients may be due to an
inability of beta cells to synthesise and release insulin
as a consequence of ER stress and dysfunctional
mitochondria.

Genes related to oxidative stress were found both
upregulated and downregulated in our study. In agree-
ment with the study by Marselli et al.16 the antioxidant
thioredoxin (TXN) was highly expressed in the islets
and downregulated in islets from donors with T2D.
Interestingly, this gene was underexpressed also in
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donors with elevated HbA1c levels in our study
whereas it was not affected by culture of islets
obtained from non-diabetic subjects in high glucose,19

suggesting that loss of antioxidant function may be
associated with T2D development. Also, other antioxi-
dants were downregulated in our study (SRXN1 and
PRDX3) whereas some other genes associated with
oxidative stress were upregulated (PREX1, MSRA,
SCARA3, GCLC).

Islets from semi-diabetic donors, without diagnosis of
T2D, had fewer genes (26/330) than islets from donors
with established T2D, that were differentially expressed
compared with controls. This argues for that the semi-
diabetic islets on a transcriptional level have started dif-
ferentiating to the phenotype seen in islets from T2D
donors and that these islets exhibit a cellular stress
response. It is unknown if the altered gene expression
profiles in islets obtained from semi-diabetic and estab-
lished T2D donors are permanent or reversible. The
inability of T2D islets to reverse hyperglycemia, even
several weeks after transplantation, in nude mice24 sug-
gests that the beta cells have become irreversibly dys-
functional. On the other hand, life style changes by pre-
diabetic individuals can lead to improved beta cell func-
tion, lowered risk to establish T2D and reversion to
euglycemia.1,12,25-27 This suggests that islets from pre-
diabetic subjects can regain function. Islets from undiag-
nosed T2D donors are expected to exhibit a more severe
cellular stress response than semi-diabetic donors if ele-
vated HbA1c is the stressor. However, other factors that
we unfortunately cannot account for in order to protect
the integrity of the deceased patient, such as the blood
glucose levels the days before death, intensive care treat-
ment and anti-diabetic treatment likely also affect the
islet transcriptome. The group with established T2D had
the most pronounced cellular stress response in our
study, possibly due to the duration of the disease or
direct effects excreted by therapeutic drugs, e.g. metfor-
min. Metformin and sulfonylureas are known to have
significant effects on the islet transcriptome.28,29

Taken together, despite large inter-donor variations
in the expression of stress-related genes, 44 genes were
identified to be differentially expressed on a group
level in donors with established T2D. Our data on
transcriptional changes in human islets retrieved by
LCM from high-quality biopsies, as pre-diabetes pro-
gresses to established T2D, increase our understand-
ing of how islet stress contributes to the disease
development.

Materials and methods

Ethics statement

The consent to use pancreatic tissue from deceased
organ donors for research purposes was obtained ver-
bally from the deceased person’s next of kin by the
physician in charge or obtained from an online data-
base and was fully documented in accordance with
Swedish law and regional standard practices. All the
tissue included in this study was procured, stored and
analyzed in accordance with written approval from
the Regional Ethics Committee in Uppsala (Dnr:
2015/444).

Organ donors and tissue preparation

This research was based on the study of frozen pancre-
atic biopsies from deceased organ donors procured
within the Nordic Network for Islet Transplantation.
Pancreatic biopsies from 32 subjects with different
HbA1c levels were included in the study and divided
into four study groups. The groups were defined as
control donors (HbA1c <5.5%, 37 mmol/mol), semi-
diabetic donors (HbA1c 6.0–6.4 %, 42–48 mmol/mol),
undiagnosed T2D donors (HbA1c >6.5 %, 48 mmol/
mol) and patients with established T2D (HbA1c not
taken into consideration), based on the WHO guide-
lines for definition and diagnosis of T2D.30

Eleven donors with an HbA1c >6.5 (48 mmol/mol)
without a T2D diagnosis were available for study. Of
these, 8 were included. The donors in the control
group and the semi-diabetic group were age- and gen-
der-matched to the donors with undiagnosed T2D;
the next available donor with the same sex and age
C/¡ 5 years was included. Control donors were not
included if they had a BMI >28 kg/m2. The group of
donors with established T2D consisted of 8 donors
diagnosed with T2D where ongoing use of oral anti-
diabetics was noted in the donor register. Due to poor
tissue quality, eight donors were subsequently
excluded from the study. Group characteristics for the
26 donors used for LCM and qPCR arrays are shown
in Table 1.

The pancreatic biopsies were taken one at a time
from ¡80�C storage and processed through a Leica
CM1860 UV cryostat (Leica, Wetzlar, Germany)
where the tissue was sectioned in ¡22�C into 10 mm
thick sections consecutively placed on either a Super-
frost Ultra Plus object glass (Thermo Fisher Scientific,
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MA, USA) for immunohistochemistry (IHC) staining
or on an Arcturus PEN Membrane Glass Slide
(Thermo Fisher Scientific, Gothenburg, Sweden) that
within 2 hours had been UV treated for 12 minutes.
The glasses and slides were thereafter immediately
stored in ¡80�C awaiting LCM. In total, 16 sections
from each donor were cut in series, with 10 sections
being put on PEN membranes and 6 sections being
put on object glass slides as described previously31

IHC was performed utilizing a standardized protocol
(DAKO EnVision G/2 Double Stain Visualization kit)
staining for insulin (DAKO Ab: AO564, Agilent, CA,
USA) and CD45 (DAKO Ab:2B11 PD7/26).

Histology

The content of fibrosis, adipocytes, and the density of
leucocytes were examined on pancreatic sections
stained for insulin and CD45. Pancreata with inter-
and extra-lobular fibrotic tissue, with adipocytes and a
massive pancreatic leucocyte infiltration could be dis-
covered in two cases. One case belonged to the semi-
diabetic group and the other belonged to the undiag-
nosed T2D group. Islets situated within fibrotic
regions or infiltrated with immune cells were not
selected in the LCM procedure and the analysed islets
from both of these cases had similar gene expression
profiles as islets from other donors within the respec-
tive groups (data not shown). Among the remaining
control, semi-diabetic and undiagnosed T2D cases,
there was no/very little fibrotic tissue, and a homoge-
nous distribution of pancreata from each group con-
tained a slightly elevated number of adipocytes or
leucocytes. However, a majority of the pancreata from
donors with established T2D contained adipocytes as
well as fibrotic tissue. Only islets embedded in exo-
crine parenchyma, with no or few leucocytes within
the islets, were extracted by LCM.

Glucose-stimulated insulin secretion

Glucose-stimulated insulin secretion (GSIS) was
assessed in a dynamic perifusion system, Suprafusion
1000 (BRANDEL, Gaithersburg, MD). One day after
isolation, twenty islets were handpicked under a light
microscope and placed in the incubation chamber of
the perifusion system. The islets were sequentially peri-
fused (200 mL/min) with low (1.67 mM) glucose from
minute 1–48, high (20 mM) glucose from minute 48–
90, and then low glucose again from minute 90–120.

Fractions were collected at 6-min intervals, and the
secreted insulin was measured by ELISA (Mercodia,
Uppsala, Sweden). The dynamic stimulation index at
each time point was calculated by normalizing the insu-
lin concentration in each fraction to the mean basal
insulin secretion at low glucose from the same islet
sample.

Laser capture micro dissection and RNA extraction

Samples were removed from ¡80�C one at a time and
were immediately thawed and dehydrated utilizing a
standard protocol (75% EtOH for 30 s at ¡20�C, fol-
lowed by 95% EtOH for 60s, 100% EtOH for 60s, and
4 minutes Xylene at room temperature). LCM was
performed on an Arcturus XT LCM instrument. The
Islets of Langerhans were localized through islet auto-
fluorescence and their localization was confirmed
using the corresponding object glasses stained for
CD45 and insulin in order to avoid islets with an
ongoing intra-insular infiltration. The islets were cap-
tured on Arcturus CapSure HS LCM Caps (Thermo
Fisher Scientific) and the caps were subsequently incu-
bated for 30 min at 42�C in 20 ml RLT Buffer Plus
(Qiagen, Hilden, Germany) containing 1% beta-mer-
captoethanol. All samples were then stored in ¡80�C
prior to RNA extraction. RNA extraction was per-
formed using a Qiagen RNeasy Plus Micro kit (Qia-
gen) according to the manufacturer’s instructions.

qPCR analysis

cDNA synthesis from the RNA extracted from the
islet tissue and subsequent pre-amplification and
expression analysis were performed using kits from
Qiagen according to the manufacturer’s instructions
as described previously.32 Four different pre-designed
primer mixes (PBH-087Z, PBH-008Z, PBH-065Y and
PBH-089Z, Qiagen) containing 84 genes each were
used to pre-amplify the cDNA. The arrays chosen for
this analysis were Human Mitochondria (art. no.
PAHS-087Z), Human Mitochondrial Energy metabo-
lism, (art. no. PAHS-008Z), Human Oxidative Stress
(art. no. PAHS-065Y) and Unfolded Protein Response
(art. no. PAHS-089Y). For the six genes that appeared
on more than one array, mean expression was calcu-
lated and used for further analyses. In total, the
expression of 330 different genes were analyzed. The
reference genes ACTB, GAPDH, and RPLP0 were cho-
sen for normalization and the expression level of each
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gene was calculated with the 2¡dCq method. Genes
with a quantification cycle (Cq) value >35 were
regarded as non-detected.

Statistics and bioinformatics

Principal component analysis, hierarchical clustering
(average linkage method), and statistical analyses were
performed with Omics Explorer version 3.3 software
with interface to R (Qlucore, Lund, Sweden). Non-
parametric testing was used for two-group (Mann-
Whitney) and multi-group (Kruskal-Wallis) compari-
sons. False discovery rate (q values) was calculated
using the Benjamini-Hochberg method. P values were
calculated for each gene in each array using a Mann-
Whitney signed rank test, and a rank-based volcano
plot was created based on the raw p values and the
fold expression relative to the median of the controls.
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