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improving the survival rate of the animals. Altogether, the 
absence of BACE2 ameliorates glucose tolerance defects 
induced by IAPP overexpression in the β-cell and promotes 
β-cell survival. Thus, targeting BACE2 may represent a 
promising therapeutic strategy to improve β-cell function in 
T2D.
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inflammation · Proliferation · Type 2 diabetes · Survival

Abbreviations
AD  Alzheimer disease
BACE1  β-Site APP-cleaving enzyme 1
BACE2  β-Site APP-cleaving enzyme 2
GSIS  Glucose-stimulated insulin secretion
GTT  Glucose tolerance test
IAPP  Islet amyloid polypeptide
PCR  Polymerase chain reaction
mRNA  Messenger RNA
T2D  Type 2 diabetes mellitus

Introduction

Beta-site amyloid precursor protein cleaving enzymes 
(BACEs) are eukaryotic transmembrane aspartic pro-
teases related to the pepsin family. Two genes have been 
identified for the two homologue enzymes: Bace1, which 
is located on chromosome 11, and its close homologue 
Bace2, belonging to the same family but located on chro-
mosome 21 [1]. As they do not present homology in the 
promoter region and [2, 3], levels are very low in the 
brain and higher in the pancreas and other peripheral tis-
sues [4–7]. BACE1 was identified as the enzyme respon-
sible for initiating the amyloid cascade in Alzheimer’s 

Abstract BACE2 (β-site APP-cleaving enzyme 2) is a 
protease expressed in the brain, but also in the pancreas, 
where it seems to play a physiological role. Amyloidogenic 
diseases, including Alzheimer’s disease and type 2 diabetes 
(T2D), share the accumulation of abnormally folded and 
insoluble proteins that interfere with cell function. In T2D, 
islet amyloid polypeptide (IAPP) deposits have been shown 
to be a pathogenic key feature of the disease. The aim of 
the present study was to investigate the effect of BACE2 
modulation on β-cell alterations in a mouse model of T2D 
induced by IAPP overexpression. Heterozygous mice car-
rying the human transcript of IAPP (hIAPP-Tg) were used 
as a model to study the deleterious effects of IAPP upon 
β-cell function. These animals showed glucose intoler-
ance and impaired insulin secretion. When crossed with 
BACE2-deficient mice, the animals presented a significant 
improvement in glucose tolerance accompanied with an 
enhanced insulin secretion, as compared to hIAPP-Tg mice. 
BACE2 deficiency also partially reverted gene expression 
changes observed in islets from hIAPP-Tg mice, including 
a set of genes related to inflammation. Moreover, homozy-
gous hIAPP mice presented a severe hyperglycemia and 
a high lethality rate from 8 weeks onwards due to a mas-
sive destruction of β-cell mass. This process was signifi-
cantly reduced when crossed with the BACE2-KO model, 
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disease (AD) by cleaving the amyloid precursor protein 
(APP) in the brain [8], an important feature in the devel-
opment and progression of this disease. On the contrary, 
although BACE2 can cleave APP at the β-site in vitro, it 
seems to be more efficient at sites within the amyloid-β 
(Aβ) region, which argues against its implication in amy-
loid production [8, 9]. Moreover, it has been described 
that BACE2-deficient mice present higher β-cell mass 
and proliferation and improved glucose homeostasis [10].

Human islet amyloid polypeptide (hIAPP) is a 37-ami-
noacid peptide and a neuroendocrine hormone co-
secreted with insulin in response to glucose and other 
secretagogues [11] that plays a role in maintaining glu-
cose homeostasis. Moreover, it has anorexigenic effects 
as a neuroendocrine hormone [12] and also exerts an 
autocrine function in β-cell proliferation and signal-
ling [13]. However, in addition to its physiological role, 
another well-described feature is its toxicity upon the 
β-cell due to misfolding and accumulation [14]. Indeed, 
hIAPP is the main component of pancreatic amyloid 
deposits [15] which are considered a hallmark of type 2 
diabetes (T2D) [16, 17]. hIAPP can aggregate into oli-
gomers and interfere with the proper functioning of the 
cell by blocking the secretory machinery [18]. Oligomer 
formation and amyloid deposits are common features of 
other amyloidogenic diseases such as AD that share a 
similar process of aggregation of amyloid fibrils with dif-
ferent proteins. In the case of T2D, there is a strong cor-
relation between the process of amyloidogenesis and the 
progressive loss of pancreatic β-cell mass [19] and insu-
lin secretion deficiency. Thus, understanding the molecu-
lar mechanisms by which the β-cell responds to amyloi-
dosis will be essential to identify the pro-survival genes 
specifically expressed and regulated in β-cells that may 
represent a target for new therapeutic approaches.

Previously, our group demonstrated that the inhibition 
of secretase enzymatic activity in pancreatic cells affects 
the intracellular trafficking of the insulin receptor as well 
as insulin gene expression and content, suggesting that 
β-secretase plays a significant role in maintaining β-cell 
function [20]. More recently, using a rat pancreatic β-cell 
line INS1E stably transfected with human IAPP (hIAPP-
INS1E cells) that elicits defects related to the insulin 
secretory machinery [21], we showed that BACE2 expres-
sion and function is increased in the cell model described 
and that its inhibition counteracts hIAPP-induced insulin 
secretory defects by increasing insulin secretion [7].

Taking these data together, the present study set out 
to investigate whether BACE2 modulation could revert 
the process of β-cell dysfunction induced by anomalous 
expression of IAPP within the pancreatic β-cell in vivo, 
and consequently restore glucose homeostasis.

Materials and methods

Transgenic mice

Heterozygous male transgenic mice with β-cell specific 
expression of hIAPP (hIAPP-Tg) on FVB background 
(FVB/N-Tg(Ins2-IAPP)RFHSoel/J) [22] were purchased 
from The Jackson Laboratory (BarHarbour, ME, USA) 
and backcrossed to a C57Bl6J background. Homozygous 
male with a global knock-down of BACE2 (BACE2-KO) 
on a mixed background (B6;129P2-Bace2tm1Bdes/J) were 
purchased from The Jackson Laboratory. Double trans-
genic hIAPP-TgxBACE2-KO animals were obtained by 
crossing hIAPP-Tg mice on a C57Bl6J background with 
BACE2-KO mice. Non-transgenic (wild type, WT) litter-
mates were used as controls. Mice were maintained under a 
12-h light–dark cycle and in compliance with current Span-
ish and European legislation. Studies were approved by the 
Universitat de Barcelona Ethics Committee (ID: 588/12).

Glucose tolerance tests

In vivo islet function was assessed by i.p. glucose toler-
ance test. Mice were fasted for 12 h and injected with D50 
glucose (2 g/kg body weight) to perform glucose tolerance 
test. Tail blood glucose was measured at 0, 15, 30, 60, and 
120 min using a clinical glucometer and Accutrend Check 
test strips (Roche Diagnostics, Switzerland). Blood sam-
ples were taken at 0 and 15 min to measure insulin release. 
Blood samples were obtained at 0, 15, 30, and 60 min from 
the tail vein, and glucose levels were measured as described 
above. Insulin levels were measured in plasma obtained by 
blood centrifugation and kept at −80 °C, using an insulin 
ELISA kit (Mercodia, Uppsala, Sweden), according to the 
manufacturer’s protocol.

Immunofluorescence and quantitative image analysis

Pancreata of WT, BACE2-KO, hIAPP-Tg, and hIAPP-
TgxBACE2-KO mice (three animals per group) were fixed 
overnight in 10% formalin and paraffin-embedded. Six 
non-consecutive 3-µm-thick pancreatic sections 150  µm 
apart (six sections/animal) were permeabilized in para-
formaldehyde, and unspecific binding was blocked by incu-
bation in 3% donkey serum (Jackson ImmunoResearch, 
Cambridgeshire, UK). After overnight incubation at 4 °C, 
primary antibodies were revealed with selected second-
ary antibodies. Pancreatic tissues were counterstained 
with Hoechst (1 µg/mL; Sigma-Aldrich) and mounted with 
Vectashield (Vector Laboratories, Burlingame, CA, USA). 
Fluorescent slides were viewed using a Leica fluorescence 
microscope (Leica Microsystems, Wetzlar, Germany). 
Images were acquired using the Leica LAS Image Analysis 
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software (Leica) and quantified using the ImageJ software 
(National Institutes of Health, USA; http://rsb.info.nih.gov/
ij/). For morphometric analysis, at least 100 islets from all 
genotypes were manually traced and analysed using the 
Image J software. β-Cell mass was quantified blindly as 
β-cell volume density multiplied by pancreas weight.

Mouse islet isolation and culture

Pancreatic islets were isolated from the pancreata of 
12-week-old males by collagenase digestion (Roche, Basel, 
Switzerland) and a density gradient using Histopaque 
(Sigma-Aldrich), as previously described [23]. Handpicked 
islets were cultured overnight in 11.1-mM d-glucose RPMI 
1640 medium (Sigma-Aldrich) supplemented with 10% 
fetal bovine serum (vol/vol), 2-mM l-glutamine, 100 units/
mL of penicillin, and 100 μg/mL of streptomycin, to allow 
them to recover from the isolation procedure.

Glucose-stimulated insulin and IAPP secretion assays

After 24 h recovery, ten islets per animal were preincubated 
in triplicate with Krebs–Ringer bicarbonate buffer (KRBB) 
containing 140-mM NaCl, 4.5-mM KCl, 2.5-mM  CaCl2, 
1-mM  MgCl2, 20-mM HEPES, and pH 7.4. They were then 
supplemented with 0.1% BSA and 2.8-mM d-glucose for 
30 min, followed by stimulation with 2.8 or 16.7-mM glu-
cose for 1 h at 37 °C. Supernatant was recovered, and islets 
were lysed in 200 μL of acid–ethanol solution to measure 
insulin content. Insulin and IAPP levels in supernatant and 
lysates were determined by insulin ELISA kit (Mercodia) 
and IAPP ELISA kit (Merck Millipore, Madrid, Spain), 
respectively, according to the manufacturer’s protocol, and 
measured using a spectrophotometer (Synergy, Bio-Tek, 
Winooski, VT, USA).

RNA isolation and real-time PCR

RNA was isolated using  Trizol® reagent (Invitrogen, Pais-
ley, UK), according to the manufacturer’s instructions. 
Then, cDNA was synthesized from 1 µg RNA using Super-
Script III reverse transcriptase (Invitrogen). Genes studied 
were amplified using SYBR Green PCR Core Reagents 
(Eurogentec, Liege, Belgium). PCR was run with 1  ng 
of cDNA using the ABI Prism 7900HT Sequence Detec-
tion System (Applied Biosystems, Foster City, CA, USA), 
according to the manufacturer’s instructions. Expression 
levels were normalised to tbp-1 (Applied Biosystems) and 
expressed in arbitrary units.

ACC CTT CAC CAA TGA CTC CTATG and ATG ATG 
ACT GCA GCA AAT CGC for Tbp-1; TGG CCC AAG CAA 
AGA TTC C and TCA ATC CCA CCC AGG ACA AG for 
Bace2; TGT GCT CTC TGT TGC ATT GA and GGA TCC 

CAC GTT GGT AGA TG for hIapp; TTA AAA ACC TGG 
ATC GGA ACCAA and GCA TTA GCT TCA GAT TTA 
CGGGT for Ccl2; CAG GAG AGA AAG GTT GCC CA and 
GTG GTC GAT CCC ACA ACT CC for Tgfbi and AAG ATG 
AGC GGG TGG CAG CG and GCA CGT GGA CCA GGT TCT 
GCT for Chop.

Global gene expression profiling

mRNA from mouse pancreatic islets was amplified through 
two cycles of cDNA synthesis. Labelled cRNA from bio-
logical triplicates was hybridised to Affymetrix  GeneChip® 
Mouse HT_MG-430_PM arrays (Affymetrix, Santa Clara, 
CA, USA). Expression data were normalised with a robust 
multi-array average (RMA).

The LIMMA software package available from Biocon-
ductor (http://www.bioconductor.org) was used for statis-
tical analysis to identify differences in gene expression as 
previously described [23]. A fold change of ±1.5 with a 
p < 0.05 was considered significant. Data have been depos-
ited in Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo), accession number GSE94672.

Functional category analysis

The DAVID Functional Annotation Tool (http://david.abcc.
ncifcrf.gov, v6.8 Beta) was used to identify enriched func-
tional categories in differentially expressed genes.

Antibodies

Antibodies directed toward the following proteins were 
used: insulin (Dako, Glostrup, Denmark), glucagon (Cal-
biochem, MERCK, Whitehouse Station, NJ, USA), CD68 
(Bio-Rad Laboratories, Barcelona, Spain), and Ki67 
(Thermo Fisher Scientific, Rockford, IL, USA).

Mouse survival curves

Kaplan–Meier curves were used to represent homozygous 
hIAPP-Tg survival. Glycaemia of homozygous hIAPP-Tg 
male mice was followed up weekly from week 6 to the 
endpoint.

Statistical analysis

Data are presented as means ± SEM for at least three inde-
pendent experiments in triplicate, as indicated in each fig-
ure. Statistical significance between two groups was deter-
mined using Student’s two-tailed t test, and differences 
among more than two groups were analysed by ANOVA. A 
p value <0.05 was accepted as significant (*).

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
http://www.bioconductor.org
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://david.abcc.ncifcrf.gov
http://david.abcc.ncifcrf.gov


2830 G. Alcarraz-Vizán et al.

1 3

Results

hIAPP-Tg mice are glucose intolerant and present 
decreased insulin secretion

To characterize the metabolic phenotype of hIAPP-Tg 
mice, seven animals from each group (10-week-old hIAPP-
Tg and wild-type control mice) were challenged with intra-
peritoneal glucose tolerance test to uncover the effects of 
hIAPP overexpression on whole body glucose homeosta-
sis. Insulin secretion upon glucose stimulation was also 
examined at basal level and 15 min after glucose challenge. 
When compared, hIAPP-Tg animals showed a decrease in 
glucose tolerance with respect to control (WT) littermates 
(Fig. 1a). This effect was quantified with the calculation of 
the area under the curve (AUC) (Fig. 1b), which was statis-
tically significant higher for the hIAPP-Tg vs. WT animals. 
This decrease in glucose tolerance was accompanied by a 
reduction in the plasma insulin levels of the hIAPP-Tg ani-
mals 15 min after glucose injection (Fig. 1c).

Two weeks after the glucose tolerance test, the animals 
were sacrificed and the pancreas extracted, as described in 
“Materials and methods”. Pancreatic islets from three dif-
ferent animals per group were isolated and exposed to glu-
cose-stimulated insulin secretion (GSIS) (see Materials and 
methods for details). hIAPP-Tg islets showed a decrease 
in the insulin secretory response compared to WT islets 
(Fig.  2a, b), estimated as the ratio between insulin secre-
tion at high glucose concentration and levels at low glucose 
concentration. Then, we examined the functionality of the 
islets by analysing IAPP secretion, as IAPP is co-secreted 
with insulin in response to glucose and other secretagogues. 
The same pancreatic islets from hIAPP-Tg and WT animals 
were used for IAPP secretion. hIAPP-Tg islets presented a 
significant increase in IAPP release (Fig. 2c, d) compared 
to WT animals.

hIAPP-Tg mice present increased β-cell mass and β-cell 
proliferation

Morphometric analysis of slices of whole pancreas revealed 
a threefold increase in the β-cell mass of hIAPP-Tg ani-
mals compared to WT littermates (Fig.  3a). The increase 
in the insulin-positive area observed in hIAPP-Tg animals 
prompted us to question whether proliferation could have 
a role in this increase. For this, we performed an immu-
nostaining for the cell proliferation marker Ki67, which 
revealed that hIAPP-Tg animals contained a higher percent-
age of islets presenting an increase in β-cell proliferation 
(Fig. 3d, e). Interestingly, we verified that, at 20 weeks of 
age, hIAPP-Tg mice still presented an increase in β-cell 
mass (not shown) and a higher percentage of islets showing 
high rates of β-cell proliferation (Fig. 3f).

BACE2 deficiency reverts glucose intolerance 
in hIAPP-Tg mice

We next wondered whether the absence of BACE2 could 
ameliorate the pathological effects induced by the over-
expression of hIAPP in the β-cell, as we previously 
described in hIAPP-overexpressing β-cell lines [7]. To 
achieve this objective, we crossed hIAPP-Tg animals with 

Fig. 1  Metabolic phenotype of transgenic animals. a–c Intraperi-
toneal glucose tolerance test (ipGTT) was performed at 10  weeks 
of age. Plasma glucose levels (mg/dL) at indicated times (a) and 
area under the curve (b) are shown. c Absolute plasma insulin lev-
els at 0 and 15 min after glucose injection. Results are presented as 
mean ± SEM. n = 7 animals per group. a **p < 0.01 and ***p < 0.001 
relative to WT; ###p < 0.001 relative to hIAPP-TgxBACE2-KO
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BACE2-deficient mice (BACE2-KO) to obtain double 
transgenic animals that overexpressed hIAPP and were defi-
cient for the secretase BACE2 at the same time. The result-
ing animals (hIAPP-TgxBACE2-KO) and their respective 
controls were monitored for glucose tolerance at the age of 
10 weeks (seven animals per group). The BACE2-KO ani-
mals showed no difference in glucose tolerance with respect 
to the WT animals (Fig. 1a, b). Interestingly, intraperitoneal 
glucose tolerance test showed that the hIAPP-TgxBACE2-
KO mice were less glucose intolerant than their hIAPP-Tg 
counterparts, since blood glucose levels at 30 and 60 min 
after glucose injection were lower in the double transgenic 
animals compared to the hIAPP-Tg mice (Fig. 1a). Consist-
ently, the AUC of the glucose tolerance test of the hIAPP-
TgxBACE2-KO animals presented a significant decrease 
in relation to the hIAPP-Tg animals (Fig. 1b). When study-
ing insulin secretion during the glucose tolerance test, we 
observed that the hIAPP-TgxBACE2-KO animals showed 
similar insulin response (quantified as the insulin secretion 
at basal levels and 15 min after the glucose injection) com-
pared to WT mice (Fig. 1c).

The increase in insulin secretion was also evident in 
the ex  vivo experiments. Pancreatic islets were isolated 
from three mice of 12 weeks of age per group and left to 
recover overnight. Glucose-stimulated insulin secretion 
assay revealed that hIAPP-TgxBACE2-KO islets showed a 

significant improvement on insulin secretion with respect 
to hIAPP-Tg islets when comparing the high glucose/low 
glucose ratio of the percentage of insulin secreted at high 
stimulating glucose concentration (16.7 mM) with respect 
to low glucose concentration (2.8 mM) (Fig. 2b). Follow-
ing the same rationale as in the case of hIAPP-Tg animals, 
we next checked whether IAPP secretion was affected in 
hIAPP-TgxBACE2-KO mice. We found that hIAPP-Tgx-
BACE2-KO (the double transgenic animals) presented a 
significant increase in IAPP secretion ratio (Fig. 2c, d) as 
compared to both WT and hIAPP-Tg animals.

To check if the improvement in glucose metabolism 
could be due to a change in β-cell mass, we performed 
morphometric analyses of the pancreases of the four groups 
of animals (WT, BACE2-KO, hIAPP-Tg, and hIAPP-
TgxBACE2-KO). We observed that BACE2-KO animals 
showed no differences in β-cell mass in relation to WT 
animals. However, in the case of the double transgenic 
animals, we observed a high dispersion in the insulin-
positive areas between animals, without a clear tendency 
to either increase or decrease, as compared to hIAPP-Tg 
mice (Fig. 3a, c). To understand this discrepancy, we split 
the islets according to their size. We found that hIAPP-Tg 
animals presented a higher number of large islets than the 
rest of the groups and a lower percentage of small islets. 
The distribution of islets per size showed that the profile 

Fig. 2  Pancreatic islet insulin 
and IAPP secretion. Mouse 
islets were isolated from the 
pancreata of 12-week-old 
animals, cultured overnight and 
subjected to glucose-stimulated 
insulin and IAPP secretion. a % 
of insulin secretion respect to 
insulin content. b Fold increase 
of insulin release at high glu-
cose (HG, 16.7 mM glucose) 
vs. low glucose (LG, 2.8 mM 
glucose). c % of IAPP secretion 
respect to IAPP content. b 
Fold increase of IAPP release 
at high glucose (HG, 16.7 mM 
glucose) vs. low glucose (LG, 
2.8 mM glucose). Results are 
presented as mean ± SEM. n = 3 
in triplicate batches of ten islets. 
*p < 0.05
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of hIAPP-TgxBACE2-KO islets was more similar to that 
of the WT or BACE2-KO mice than to that of the hIAPP-
Tg mice (Fig. 3b). Interestingly, contrary to the hIAPP-Tg 

model, hIAPP-TgxBACE2-KO mice presented a similar 
distribution of islets according to the percentage of β-cell 
proliferation as did WT animals (Fig. 3d, e).

Fig. 3  Pancreas morphometry and β-cell proliferation of transgenic 
animals. β-Cell mass quantified in mg as β-cell volume density, mul-
tiplied by pancreas weight (a) and profile of islet size distribution (b). 
c Representative images of insulin (green) and glucagon (red) immu-
nostaining from whole pancreas slices with differentiating β-cell 
area between the hIAPP-Tg and the rest of the experimental groups. 
Nuclei stained with Hoechst (blue). Bar scale 100 µm. Six sections 
per animal and three animals per group. *p < 0.05 and **p < 0.01. d 
β-Cell proliferation was analysed in transgenic and WT islets from 
12-week-old mice. The percentage of proliferating β-cells was calcu-
lated as the percentage (%) of Ki67 positive β-cells with respect to 
total β-cells. Islet distribution according to the percentage of prolif-

erating β-cells is shown. e Representative images of insulin (red) and 
Ki67 (green) immunostaining from representative islets with differen-
tiated proliferation between the hIAPP-Tg and the other groups ana-
lysed in c. Nuclei stained with Hoechst (blue). Yellow arrows point to 
Ki67-positive nuclei. Bar scale 100 µm. Six sections per animal and 
three animals per group. f β-Cell proliferation was analysed in hIAPP-
Tg and WT islets from 20-week-old mice. The percentage of prolif-
erating β-cells was calculated as the percentage (%) of Ki67-positive 
β-cells with respect to total β-cells. Islet distribution according to the 
percentage of proliferating β-cells is shown. Data are presented as 
mean ± SEM. *p < 0.05, **p < 0.01
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Global gene expression analysis in pancreatic islets

To uncover the global effects of hIAPP in pancreatic islets, 
we compared the transcriptional profiles of the pancreatic 
islets from 12-week-old hIAPP-Tg mice with those of WT 
mice, using Affymetrix  GeneChip® Mouse HT_MG-430_
PM arrays.

This global gene expression analysis showed 83 upregu-
lated and 153 downregulated genes in hIAPP-Tg islets with 
respect to WT islets (Fig.  4a). We did not detect signifi-
cantly enriched categories among the downregulated genes, 
revealing that these genes were representative of a pleio-
tropic response to hIAPP overexpression in islets. In con-
trast, upregulated genes were enriched in categories related 
to signalling, immunity, and secretion, among others. Many 
of the genes belonging to these categories were related 

to inflammation (such as Ccl6, Ccl9, and Ly86) and mac-
rophage markers (Lyz1, Lyz2, and Mpeg1) (Fig. 4b). These 
results pointed to inflammation and macrophage activation 
as one of the main consequences of hIAPP overexpression 
in pancreatic islets. Interestingly, the global gene expres-
sion analysis revealed that almost 50% (39 out of 83) of the 
upregulated genes in the hIAPP-Tg mice were not altered 
in the hIAPP-TgxBACE2-KO, including a number of genes 
related to signalling and inflammation (Fig. 4b).

Next, we studied and validated the expression of 
selected genes related to inflammation and macrophage 
activation in the hIAPP-TgxBACE2-KO mouse model. 
Remarkably, while ER stress or extracellular matrix-
related genes such as Chop and Tgfbi were not signifi-
cantly altered (Fig.  5a, b), expression of Ccl2, which 
encodes a chemokine involved in inflammation, was 

Fig. 4  Global gene expression profile of pancreatic islets. a Heat-
map of differentially expressed genes in pancreatic islets of the four 
experimental groups (highest expression in red and lowest expres-
sion in blue). b Functional category analysis of modulated pathways 
in hIAPP-Tg pancreatic islets in relation to WT islets. The table 

shows representative genes of each category with the fold induction 
of hIAPP-Tg vs. WT, and the reversion of hIAPP-TgxBACE2-KO vs. 
hIAPP-Tg. Results from global gene expression profiling data and 
DAVID Functional Annotation Tool. n = 3 animals per group
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found to be modulated in the different experimental 
groups (Fig. 5c). The significant increase observed in the 
hIAPP-Tg islets, indicative of an inflammated condition, 
was abolished in the hIAPP-TgxBACE2-KO islets, point-
ing to a potential reversion of the inflammation. Moreo-
ver, while the expression of cytokine Il-1b was not modu-
lated in the hIAPP-Tg model, other inflammation markers 
such as Txnip and the macrophage-related genes Lyz1 and 
Mpeg1 followed the increase pattern in the hIAPP-Tg ani-
mals, along with the subsequent reversion in the hIAPP-
TgxBACE2-KO model (Fig. 5e–g). Consistent with these 
findings in gene expression, the number of  CD68+ cells, 
which corresponds to the macrophage lineage, was signif-
icantly reduced in hIAPP-TgxBACE2-KO islets (Fig. 5h).

BACE2-deficiency prolongs survival in homozygous 
hIAPP-Tg mice

Homozygous hIAPP-Tg+/+ animals present a low survival 
rate after birth. These animals become highly hypergly-
caemic and diabetic at early ages (3–4  weeks). We won-
dered whether BACE2 deficiency could prevent this 
deleterious effect, so we backcrossed hemizygous hIAPP-
Tg+/−xBACE2-KO mice to obtain homozygous hIAPP-
Tg+/+ animals that were also deficient (or not) in BACE2. 
A follow-up of blood glucose levels showed that, regardless 
of the presence of BACE2, hIAPP-Tg+/+ animals became 
hyperglycaemic starting at week 8 of age (Fig. 6b). How-
ever, interestingly, hIAPP-Tg+/+ animals that were defi-
cient for BACE2 presented an increased life span (Fig. 6a). 

Fig. 5  Lower inflammation profile in hIAPP-TgxBACE2-KO islets. 
Fold induction of mRNA expression (related to WT animals) of 
selected genes in pancreatic islets from the four experimental groups. 
Chop (a) and Tgfbi (b) gene expression were not significantly mod-
ulated in any group. Gene expression of Ccl2 inflammation marker 
was significantly enhanced in hIAPP-Tg islets, but the increase was 
reversed to control values in hIAPP-TgxBACE2-KO animals (c). 
Cytokine Il-1β (d) was not significantly modulated in any model, 

while the inflammation-related gene Txnip (e) and the macrophage 
activation markers Lyz1 (f) and Mpeg1 (g) were increased in hIAPP-
Tg islets and reverted in hIAPP-TgxBACE2-KO islets. Tbp-1 expres-
sion was used as a housekeeping gene. h. CD68 protein expression 
was quantified by immunostaining in whole pancreas slices. Results 
are represented as CD68-positive spots inside the pancreatic islet cor-
rected by the total number of islets. Bars are the mean of triplicates 
from at least three independent experiments ±SEM. *p < 0.05
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The probability of survival at 12  weeks of age increased 
significantly in the hIAPP-Tg+/+xBACE2−/− mice com-
pared with the hIAPP-Tg+/+xBACE2+/+ mice (86 vs. 
33%). This improvement in survival correlated with an 
increase in insulin-positive area in the homozygous hIAPP-
Tg+/+xBACE2−/− mice when compared with the single 
homozygous hIAPP-Tg+/+ animals, which showed massive 
β-cell destruction (Fig. 6c).

Discussion

In this work, based on our previous results where we dem-
onstrated that silencing BACE2 increases insulin secretion 
in an in vitro model of rat pancreatic β-cells, we wondered 
whether reducing BACE2 levels cells could ameliorate 
β-cell dysfunction in  vivo. Thus, we aimed to investigate 
whether BACE2 plays a role in the alteration of glucose 
homeostasis in a model of T2D induced by the anomalous 
expression of human IAPP within the pancreatic β-cell. To 
achieve this objective, we crossed hIAPP-Tg animals with 
BACE2-deficient animals and studied whole body glucose 
metabolism.

We found that hIAPP overexpression was associated 
with glucose intolerance, a decrease in insulin secretion 
and an increase of β-cell mass in vivo, the latter possibly in 
an attempt to compensate for the observed decrease in insu-
lin secretion. This increase in β-cell mass may be explained 
by an enhanced number of pancreatic islets that present 
a higher percentage of proliferating β-cells. This incre-
ment in β-cell proliferation correlated with an increase of 
IAPP secretion in hIAPP-Tg islets. Indeed, IAPP has been 
described to induce β-cell proliferation via an autocrine 
loop [13], which is in accordance with other studies show-
ing that IAPP induces proliferation in neonatal β-cells [24] 
and that IAPP-deficient mice exhibit a greater reduction in 
β-cell mass when exposed to cytotoxic agents [25]. Of note, 
while insulin secretory response was reduced in hIAPP-Tg 
animals, IAPP secretory response was increased. Neverthe-
less, this increase in IAPP response is due to both mouse 
and human IAPP, which is indeed overexpressed in the 
hIAPP-Tg model. On the other hand, it has been recently 
found that IAPP could be a potential substrate of BACE2 
[26]. In fact, we observed a trend of increased IAPP 
release in the BACE2-KO animals compared to WT mice. 
We could speculate that this increase could be related to 
IAPP being a BACE2 substrate. However, in these current 

Fig. 6  Homozygous hIAPP-Tg animals. a Kaplan–Meier curves for 
mouse survival. Hemizygous hIAPP-Tg+/− mice were taken as con-
trols. hIAPP-Tg+/+xBACE2−/− presented a higher survival rate than 
hIAPP-Tg+/+BACE2+/+. b Follow-up of fed plasma glucose levels in 
the three experimental groups. All curves were started with at least 

20 animals per group. c Representative images of insulin (green) 
and glucagon (red) immunostaining from whole pancreas slices 
with differentiating β-cell area between the hIAPP-Tg+/+ and hIAPP-
Tg+/+xBACE2−/−. Nuclei stained with Hoechst (blue). Bar scale 
50 µm
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experiments, we are not able to confirm the potential direct 
effect of BACE2 upon IAPP.

It has been previously described that a reduction in 
BACE2 enhances β-cell proliferation in vivo and increases 
GSIS ex vivo [10]. In our study, we move a step forward, 
demonstrating that BACE2-deficiency improves addition-
ally glucose tolerance in a model of T2D induced by the 
overexpression of hIAPP. Furthermore, the double trans-
genic animals presented an increase in insulin secretion 
compared with the pathological model hIAPP-Tg mice, 
pointing to BACE2 inhibition as a promising strategy 
to overcome insulin secretion defects observed in T2D. 
Remarkably, the novelty here relies on the fact that BACE2 
deficiency is able to counteract the detrimental effects that 
hIAPP exerts on pancreatic β-cells, highlighting the poten-
tial of BACE2 inhibition as a therapeutic strategy for T2D 
treatment.

In last years, several studies have demonstrated that 
inflammation is an important cause of dysfunction in pan-
creatic islets in T2D [27]. It is already known that IAPP 
accumulation can induce inflammation in the pancreatic 
islets [28–30]. Indeed, in our work, the global gene expres-
sion profile of the hIAPP-Tg islets showed an increase in 
inflammation and macrophage-related genes. Interestingly, 
this phenotype could be reverted when hIAPP-Tg animals 
were crossed with BACE2 deficient animals. In this case, 
the increase observed in Ccl2, Txnip, Lyz1, and Mpeg1 
gene expression and CD68 protein in the hIAPP-Tg ani-
mals was normalised to control (WT) values in the hIAPP-
TgxBACE2-KO mice, demonstrating amelioration in the 
inflammation profile of the pancreatic islets. These results 
go in the same line that previous data demonstrating that a 
blockade of the receptor of the proinflammatory cytokine 
IL-1β is able to ameliorate β-cell dysfunction by reduc-
ing the release of other proinflammatory cytokines [31]. 
Moreover, it has been suggested that the amyloid deposits 
in the islets may promote the recruitment of macrophages 
and the release of cytokines that are toxic for the cells [32]. 
Certainly, the development of therapeutic strategies to 
block or counteract the inflammation associated with T2D 
is an emerging field, where the scientists are paying close 
attention [33, 34], and this potential is already been used in 
human clinical trials [35].

Beta-cell death and function plays a critical role in the 
development of the two types of diabetes [36, 37], and 
the maintenance of β-cell mass is critical for the develop-
ment of new therapeutic strategies [38]. However, none of 
the current treatments can prevent the loss of β-cell mass 
[39]. Homozygous  hIAPP+/+-Tg mice present a massive 
destruction of β-cell mass and become highly diabetic at 
early ages, leading to a low rate of survival. However, in 
our work, we show that when crossed with BACE2-defi-
cient mice, even presenting high plasma glucose levels, 

 hIAPP+/+xBACE2−/− mice partially recovered β-cell mass 
and showed a significant increase in life span, compared to 
homozygous  hIAPP+/+xBACE2+/+. Thus, here, we dem-
onstrate that BACE2 deficiency not only improves glucose 
tolerance in a model of mild hyperglycemia such as the 
hemizygous overexpression of hIAPP, but also increases the 
life span in a more severe model of diabetes characterized 
by β-cell destruction. How BACE2 deficiency promotes 
β-cell survival in this model is still unknown. We can antic-
ipate that this process is related to the several substrates of 
BACE2 and thus mediated through different mechanisms. 
First, BACE2 has been reported to cleave and inactivate the 
transmembrane TMEM27, the overexpression of which in 
β-cells leads to increased β-cell mass in vivo [40] and to an 
augment of glucose-stimulated insulin secretion [41]. Nev-
ertheless, it is important to mention that BACE2 has many 
more substrates that may mediate the increased β-cell sur-
vival observed in BACE2-KO mice even in the presence of 
hIAPP, since 55 potential BACE2 targets have been iden-
tified [42, 43]. Among these targets, we find receptors of 
growth factors that have been shown to promote β-cell pro-
liferation, such as the receptor for the insulin growth fac-
tor 2 [44] or the hepatocyte growth factor receptor [45]. An 
increased activity of the signalling pathways in pancreatic 
β-cells induced by the mentioned BACE2 targets and oth-
ers still to be identified may underlay the beneficial effects 
of BACE2 inhibition on β-cell survival, leading to the high 
survival rates observed for the  hIAPP+/+xBACE2−/− mice.

Altogether, our results show that BACE2 modulation 
can ameliorate glucose homeostasis defects induced by 
the overexpression of hIAPP. However, more studies are 
needed to decipher all of the factors playing a role in insu-
lin secretory defects and β-cell mass maintenance. A better 
understanding of the pathogenic mechanisms involved in 
T2D is essential to find therapeutic targets that will be use-
ful for preventing and treating the disease. In this regard, 
the increasing number of BACE2 inhibitors being devel-
oped and patented [46–48] also points (in the same direc-
tion as our results do) to BACE2 as a new emerging target 
in the treatment of T2D.
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