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RIPK3 promotes islet amyloid-induced b-cell
loss and glucose intolerance in a humanized
mouse model of type 2 diabetes
Noyonika Mukherjee 1, Christopher J. Contreras 2, Li Lin 3, Kaitlyn A. Colglazier 3, Egan G. Mather 3,
Michael A. Kalwat 3, Nathalie Esser 4, Steven E. Kahn 4, Andrew T. Templin 1,2,3,5,*
ABSTRACT

Objective: Aggregation of human islet amyloid polypeptide (hIAPP), a b-cell secretory product, leads to islet amyloid deposition, islet inflam-
mation and b-cell loss in type 2 diabetes (T2D), but the mechanisms that underlie this process are incompletely understood. Receptor interacting
protein kinase 3 (RIPK3) is a pro-death signaling molecule that has recently been implicated in amyloid-associated brain pathology and b-cell
cytotoxicity. Here, we evaluated the role of RIPK3 in amyloid-induced b-cell loss using a humanized mouse model of T2D that expresses hIAPP
and is prone to islet amyloid formation.
Methods: We quantified amyloid deposition, cell death and caspase 3/7 activity in islets isolated from WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/�

mice in real time, and evaluated hIAPP-stimulated inflammation in WT and Ripk3�/� bone marrow derived macrophages (BMDMs) in vitro. We
also characterized the role of RIPK3 in glucose stimulated insulin secretion (GSIS) in vitro and in vivo. Finally, we examined the role of RIPK3 in
high fat diet (HFD)-induced islet amyloid deposition, b-cell loss and glucose homeostasis in vivo.
Results: We found that amyloid-prone hIAPP mouse islets exhibited increased cell death and caspase 3/7 activity compared to amyloid-free WT
islets in vitro, and this was associated with increased RIPK3 expression. hIAPP; Ripk3�/� islets were protected from amyloid-induced cell death
compared to hIAPP islets in vitro, although amyloid deposition and caspase 3/7 activity were not different between genotypes. We observed that
macrophages are a source of Ripk3 expression in isolated islets, and that Ripk3�/� BMDMs were protected from hIAPP-stimulated inflammatory
gene expression (Tnf, Il1b, Nos2). Following 52 weeks of HFD feeding, islet amyloid-prone hIAPP mice exhibited impaired glucose tolerance and
decreased b-cell area compared to WT mice in vivo, whereas hIAPP; Ripk3�/� mice were protected from these impairments.
Conclusions: In conclusion, loss of RIPK3 protects from amyloid-induced inflammation and islet cell death in vitro and amyloid-induced b-cell
loss and glucose intolerance in vivo. We propose that therapies targeting RIPK3 may reduce islet inflammation and b-cell loss and improve
glucose homeostasis in the pathogenesis of T2D.

Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Type 2 diabetes (T2D) is a global epidemic characterized by insulin
resistance, loss of functional b-cell mass and hyperglycemia [1,2].
Islet amyloid deposits are present in the majority of individuals with
T2D, where they are associated with islet inflammation, decreased b-
cell mass and increased b-cell death [3e6]. Islet amyloidosis occurs
via aggregation of human islet amyloid polypeptide (hIAPP), a b-cell
secretory product that is co-secreted with insulin [7,8]. In contrast to
hIAPP, rodent IAPP (rIAPP) does not aggregate to form amyloid [8,9], so
mouse models with b-cell expression of hIAPP have been developed to
model islet amyloidosis in T2D [10,11]. Several studies have found that
oligomeric forms of hIAPP directly elicit b-cell cytotoxicity, either by
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disrupting cell membranes [9,12e14] or by inducing receptor-
mediated cell death signaling [15,16]. In addition, islet amyloid for-
mation is thought to mediate b-cell loss by eliciting cytokine (Il1b, Tnf,
Il6) and chemokine (Ccl2, Cxcl1) production from islet macrophages
[5,17e19]. Although prior research has established that amyloid for-
mation is an important mediator of islet inflammation and b-cell
cytotoxicity in T2D, the molecular mechanisms that underlie this
process remain incompletely understood.
Recent studies of amyloid-induced cytotoxicity in Alzheimer’s disease
(AD) identified receptor interacting protein kinase 3 (RIPK3) as a
mediator of neuronal cell loss in this disease [20e22]. RIPK3 is a
multifunctional protein that regulates inflammation and cell death
signaling in diverse cell types including neurons [20], hepatocytes [23],
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immune cells [24] and b cells [25,26]. RIPK3 promotes inflammation in
part by mediating IL-1b, IL-6, CXCL1 and CCL2 synthesis [24,27,28],
and it also participates in apoptotic and necroptotic cell death signaling
via effects on caspase activation [29,30] and mixed lineage kinase
domain like pseudokinase (MLKL) phosphorylation, respectively
[23,31]. Yang and colleagues previously showed that RIPK3 promotes
islet inflammation following ER stress [25], and we recently reported
that RIPK3 contributes to TNFa-induced b-cell death [26]. However,
the role of RIPK3 in islet amyloid-induced b-cell cytotoxicity and hy-
perglycemia has not been evaluated previously.
We hypothesized that RIPK3 mediates amyloid-induced b-cell loss and
hyperglycemia in T2D. To test this hypothesis, we used a well char-
acterized humanized mouse model of T2D with b-cell specific
expression of hIAPP that develops endogenous islet amyloid deposits
both in vitro and in vivo [10,32e35]. We performed in vitro studies to
quantify islet amyloid deposition, islet cell death and caspase 3/7
activity in real-time using islets isolated from WT, Ripk3�/�, hIAPP and
hIAPP; Ripk3�/� mice. We evaluated hIAPP-stimulated inflammatory
gene expression in WT and Ripk3�/� bone marrow derived macro-
phages (BMDM) in vitro, and we characterized the role of RIPK3 in
glucose stimulated insulin secretion (GSIS) in vitro and in vivo. Lastly,
we performed in vivo studies to examine body weight, glucose ho-
meostasis, islet amyloid deposition and b-cell area in WT, Ripk3�/�,
hIAPP and hIAPP; Ripk3�/� mice in response to high fat diet (HFD)
feeding. To our knowledge, this study is the first to evaluate the role of
RIPK3 in HFD- and islet amyloid-induced b-cell cytotoxicity and hy-
perglycemia in a mouse model of T2D.

2. MATERIALS AND METHODS

2.1. Animals and islet isolations
Mice used in this study were maintained with ad libitum access to food
and water under protocols approved by the Indiana University Insti-
tutional Animal Care and Use Committee. Mice carrying the hIAPP
transgene were previously generated at the University of Washington
[36]. Hemizygous hIAPP mice (hIAPPþ/0) that express hIAPP under
control of the rat insulin II promoter and were maintained on a C57BL/6
x DBA/2J background. Whole body Ripk3 null mice on a C57BL/6
background (Ripk3�/�, 025738, Jax, Bar Harbor, ME) and DBA/2J
mice (000671, Jax) were obtained from Jackson Laboratories and
backcrossed to obtain Ripk3�/� mice on a C57BL/6 x DBA/2J back-
ground. The Ripk3�/� mice used in these studies have an ENU-
induced mutation in the donor splice site of intron 2 of the Ripk3
gene that results in retention of intron 2 and introduction of an in-frame
stop codon in the Ripk3 RNA message. Ripk3�/� mice on a C57BL/6 x
DBA/2J background were bred with hIAPP mice to obtain hIAPP;
Ripk3þ/� mice on a C57BL/6 x DBA/2J background. hIAPP; Ripk3þ/�

mice were then crossed with Ripk3þ/� mice to generate hIAPP;
Ripk3�/� mice and littermate controls for use in studies. At 8e10
weeks of age, male mice were fed a 45% kcal from fat high-fat diet
(HFD) (D12451, Research Diets, New Brunswick, NJ) for the 12-month
HFD study period. Islets were isolated from chow-fed 8- to 12-week-
old male and female mice by the Indiana University Center of Diabetes
and Metabolic Diseases Islet and Physiology Core (IU CDMD) or the
University of Washington Diabetes Research Center Cell Function and
Analysis Core, then hand-picked and allowed to recover overnight prior
to experimentation.

2.2. Cell line and islet culture
For in vitro endogenous islet amyloid formation experiments, islets
were allowed to recover overnight in 11.1 mM glucose RPMI following
2 MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is
isolation, transferred to 16.7 mM glucose RPMI prior to experimen-
tation and evaluated for up to 96 h. INS-1 cells and mouse islets were
cultured in RPMI 1640 media with 11.1 mM glucose, 10% fetal bovine
serum (FBS), 1% sodium pyruvate and 1% penicillin-streptomycin. For
islet macrophage depletion, islets were isolated from 8- to 12-week-
old male and female mice, cultured in 11.1 mM glucose RPMI, then
treated with either 1 mg/ml clodronate-containing liposomes (C-0010,
Liposoma, Amsterdam, Netherlands) or 1 mg/ml PBS-containing li-
posomes (P-010, Liposoma) for 48 h. At the end of this culture period,
islets were collected for RNA isolation. Bone marrow derived macro-
phages cells were cultured in MEM media (10-010, Corning), 10%
FBS, 1% penicillin-streptomycin, 10 ng/ml M-CSF1 (416-ML, R&D
Systems, Minneapolis, MN). Briefly, femur and tibia were isolated,
washed in 70% ethanol, then placed in HBSS þ 2% FBS (isolation
buffer). Bone marrow was flushed into a petri dish containing isolation
buffer, the cell suspension was filtered through a 40 mm cell strainer,
and cells were counted. Media was changed on day 3 after plating and
every 2 days thereafter. Cells obtained on day 7 were used as BMDMs,
with BMDMs obtained from one mouse considered a single replicate.
Cells and islets were maintained in a 37 �C incubator with 5% CO2.
The following reagents were applied to BMDM cultures: synthetic
hIAPP (20 mM, AS-60254-1, Anaspec, Fremont, CA), synthetic rIAPP
(20 mM, AS-60253-1, Anaspec).

2.3. Real-time islet amyloid formation, cell death, and caspase 3/7
activity assays
Islet amyloid formation and cell death were quantified in real time
using a Sartorius Incucyte S3 live-cell imaging and analysis instrument
(Sartorius, Göttingen, Germany). To quantify amyloid formation, single
intact islets were added to each well of a 96-well round-bottom plate
(7007, Corning, Corning, NY) containing 16.7 mM glucose and Thio-
flavin S (5 nM, T1892, MilliporeSigma, Burlington, MA). Amyloid
deposition was quantified every 2 h for 96 h and reported as Thio S
positive area normalized to islet brightfield area for each condition and
replicate. To quantify cell death, single intact islets were added to each
well of a 96-well round-bottom plate (7007, Corning) containing
16.7 mM glucose and Sytox green (100 nM, S7020, ThermoFisher
Scientific, Waltham, MA). Cell death was quantified every 2 h for 96 h
and reported as Sytox green positive area normalized to islet brightfield
area for each condition and replicate. To quantify islet caspase 3/7
activity in real time, single intact islets were added to each well of a
96-well round-bottom plate (7007, Corning) containing 16.7 mM
glucose and Incucyte Caspase 3/7 dye (5 mM, 4440, Sartorius). Cas-
pase 3/7 activity was quantified every 2 h for 96 h and reported as
caspase 3/7 positive area normalized to islet brightfield area for each
condition and replicate. Alternatively, caspase 3/7 activity was quan-
tified using a luminogenic caspase 3/7 substrate (G8090, Promega,
Madison, WI). Briefly, following culture islets were lysed, caspase 3/7
substrate was added for 1 h, then luminescence was quantified using
a microplate reader (BioTek Synergy H1, Agilent, Santa Clara, CA) and
data were reported relative to control islets for each replicate.

2.4. Quantitative real-time reverse transcription polymerase chain
reaction (qRT-PCR)
Total RNA was isolated from cells using the High Pure RNA Isolation Kit
(11828665001, Roche, Basel, Switzerland), then reverse transcribed
with the QuantiTect Reverse Transcription Kit (205311, Qiagen, Venlo,
Netherlands) and cDNA was subjected to qRT-PCR. Data were
normalized to 18S rRNA levels and expressed as fold relative to control
using the 2-DDCt method. Alternatively, data were normalized to 18S
rRNA or Ppib mRNA levels and expressed as DCT to the gene of
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interest. All qRT-PCR data points represent means of triplicate tech-
nical determinations. The following Taqman probes (ThermoFisher
Scientific) were used to quantify mRNA expression: Ripk3
(Mm00444947_m1), Emr1 (Mm00802529_m1), Tnf (Mm004432-
58_m1), Il1b (Mm00434228_m1), Nos2 (Mm00440502_m1), Ppib
(Mm00478295_m1), and 18S rRNA (HS99999901_s1).

2.5. Immunoblot analysis
Islet cell lysates were prepared in lysis buffer containing 1% SDS,
0.1% NP-40, 0.2% sarkosyl, 10% glycerol, 1 mM dithiothreitol, 1 mM
EDTA, 10 mM NaF, 50 mM Tris, and protease and phosphatase in-
hibitors (04693116001 and 0490683700; MilliporeSigma). BMDM cell
lysates were prepared in lysis buffer containing 0.2% Triton X-100,
10 mM EDTA, 2 mM EGTA, 10 mM NaF, 50 mM Tris, and protease and
phosphatase inhibitors (04693116001 and 0490683700; Milli-
poreSigma). Cell lysates were centrifuged at 10,000 � g for 10 min,
supernatants collected, and protein concentrations determined by BCA
assay (23227, ThermoFisher Scientific). Equal amounts of protein
were separated on SDS-PAGE gels (4561093, BioRad, Hercules, CA)
and transferred to PVDF membranes (IPVH00010, MilliporeSigma).
Proteins were visualized using the following primary antibodies: RIPK3
(1:1000, ab62344, Abcam, Cambridge, UK), phospho-MLKL (1:500,
ab196436, Abcam), b-ACTIN (1:2000, ab8226, Abcam). Primary
antibodies were detected with goat anti-mouse 800 (1:5000, 926-
32210, LI-COR) or donkey anti-rabbit 680 (1:5000, 926-68071,
LI-COR) IRDye secondary antibodies (LI-COR, Lincoln, NE), and visu-
alized with a LI-COR CLx imaging system. Representative immunoblot
images are shown.

2.6. Blood glucose, intraperitoneal glucose tolerance and insulin
tolerance tests
Prior to HFD feeding and every 4 weeks thereafter, non-fasting blood
glucose was measured using a handheld glucometer (Contour Next,
Bayer, Leverkusen, Germany). Fasting blood glucose measurements
were collected after overnight fast using a handheld glucometer.
Intraperitoneal glucose tolerance tests (IPGTTs) were performed
following an overnight fast. Briefly, glucose was administered intra-
peritoneally at a dose of 2 g/kg body weight, then blood glucose was
measured via tail vein at 0 (before glucose injection), 10, 20, 30, 60,
90 and 120 min after glucose injection using a handheld glucometer
(Contour Next, Bayer). Intraperitoneal insulin tolerance tests (IPITTs)
were performed following a 2 h fast. Briefly, insulin was administered
intraperitoneally at a dose of 0.75 U/kg body weight, then blood
glucose was measured at 0 (before insulin injection), 15, 30, 45, and
60 min after insulin injection using the handheld glucometer.

2.7. Insulin secretion assays
For in vitro GSIS, islets were isolated from 8- to 12-week-old male and
female mice and cultured overnight in 11.1 mM glucose RPMI media.
Briefly, 20 islets per condition were washed with KrebseRinger Bi-
carbonate HEPES buffer (KRBH: 134 mM NaCl, 4.8 mM KCl, 1 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5 mM NaHCO3, 10 mM
HEPES, 0.1% BSA), preincubated in 2.8 mM glucose KRBH, then
cultured in KRBH containing either 2.8 mM or 16.7 mM glucose for 1 h.
For secreted insulin, supernatants were collected, centrifuged, trans-
ferred to fresh tubes and stored at �80 �C. For insulin content, islets
were lysed, sonicated and stored at �80 �C. Secreted insulin was
assayed with an insulin ultra-sensitive homogeneous time resolved
fluorescence (HTRF) kit (62IN2PEG, Cisbio, Codolet, France) and insulin
content was assayed with an insulin high range HTRF kit (62IN1PEG,
Cisbio). For in vivo GSIS, mice were fasted overnight then
MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is an open access article
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intraperitoneal glucose was administered at a dose of 2 g/kg body
weight. Blood samples were collected from the tail vein 0 (before
glucose injection), 2 and 10 min after glucose injection, and serum was
obtained. Serum insulin measurements were performed by the IU
CDMD Translational Core using insulin ELISA assays (10-1247-01,
Mercodia, Uppsala, Sweden).

2.8. Immunohistochemistry and quantitative microscopy
Pancreases were extracted and fixed in 10% neutral buffered formalin
(SF100-4, ThermoFisher Scientific). Fixed pancreas samples were
embedded in paraffin, processed, 4 mm sections were cut, then
sections were stained as previously described [19]. Briefly, b cells
were stained using mouse monoclonal anti-insulin antibody (I2018;
MilliporeSigma) followed by goat anti-mouse Cy3 (115-165-146;
Jackson ImmunoResearch, West Grove, PA). Amyloid fibrils were
stained in Thioflavin S (5 mM) for 2 min followed by 10 dips in 70%
ethanol and a 5 min wash in water at RT. Sections were then mounted
with polyvinyl alcohol with 0.2% Hoechst and images were captured on
a Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany).
Islet area, b-cell area, and amyloid severity were quantified using a
computer-based quantitative method described previously [4,32,37].
Briefly, areas of insulin and nuclei positivity consistent with islet
morphology were identified and islet regions of interest were defined
using Zen Blue 2.1 image analysis software (Zeiss). This software was
then used to quantify islet areas as well as insulin-positive and
amyloid-positive areas within islet regions of interest. Average islet
area was quantified as (Sislet area)/number of islets quantified per
mouse, b-cell area was quantified as (Sinsulin positive area)/(Sislet
area) x 100% for each mouse and amyloid severity was quantified as
(Samyloid positive area)/(Sislet area) x 100% for each mouse. An
average of 24 � 4 islets were analyzed per mouse by an observer
blinded to pancreas sample genotype [38]. Representative islet images
are shown.

2.9. Statistical analyses
Two-tailed Student’s t-tests were used to analyze data sets with two
groups, and one-way analysis of variance (ANOVA) tests were used to
analyze data sets with more than two groups. Significant ANOVA re-
sults were followed with Holm-Sidák post-tests to analyze differences
between groups of interest. For islet amyloid deposition, non-
parametric ManneWhitney tests were used to analyze data sets
with two groups, and non-parametric KruskaleWallis tests were used
to analyze data sets with more than two groups. Significant Kruskale
Wallis tests were followed by Dunn’s post-tests to analyze differences
between groups of interest. Correlation analysis was performed by
simple linear regression. Statistical tests were performed with
GraphPad Prism 10 software (GraphPad, San Diego, CA). Data are
presented as mean � SEM. A value of p < 0.05 was considered
significant.

3. RESULTS

3.1. Real time quantification of islet amyloid deposition, islet cell
death and caspase 3/7 activity in vitro
We first quantified endogenous islet amyloid formation, islet cell death
and caspase 3/7 activity in wild type mouse islets that express non-
amyloidogenic rIAPP (WT) and hIAPP islets that express amyloido-
genic hIAPP (hIAPP) during culture in 16.7 mM glucose media for 96 h.
These experiments utilized a high-content live cell imaging and
analysis platform that enables quantification of parameters of interest
in real time in intact islets. Using Thioflavin S to visualize amyloid fibrils
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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[39], we found that amyloid deposits were present in hIAPP islets
starting 24 h after culture in 16.7 mM glucose media (Figure 1A).
Significant islet amyloid deposition was present in hIAPP islets after
48 h and 96 h of culture (Figure 1BeD), while as expected amyloid
deposits were not observed in WT islets at any time during the 96 h
culture period (Figure 1AeD). We next quantified islet cell death in real
time using Sytox green, a membrane impermeable DNA binding dye
[40]. We found that 16.7 mM glucose treatment increased cell death in
both WT and hIAPP islets over the first 24 h (Figure 1E). However, islet
cell death was significantly higher in amyloid-prone hIAPP islets
compared to amyloid-free WT islets 48 h (Figure 1F) and 96 h
(Figure 1G) post 16.7 mM glucose treatment, times at which amyloid
formation was occurring in hIAPP but not WT islets (Figure 1EeH).
Treatment with 16.7 mM glucose significantly increased caspase 3/7
activity in both WT and hIAPP islets over time (Figure 1I,J), with
glucose-induced caspase 3/7 activation being higher in amyloid-
forming hIAPP islets compared to WT islets after 48 h and 96 h of
culture (Figure 1J). Notably, we observed that RIPK3 protein expression
and MLKL phosphorylation were upregulated in amyloid-laden hIAPP
islets compared to amyloid-free WT islets in vitro, indicating a role for
RIPK3 in amyloid-induced islet cell death (Figure 1KeM). These data
Figure 1: Real-time quantification of endogenous islet amyloid formation and islet ce
quantified in intact islets isolated from WT (black, circles) and hIAPP (purple, squares) mice.
96 h and quantified at B) 48 h and C) 96 h post culture in 16.7 mM glucose (n ¼ 34e35 is
shown. E) Islet cell death (Sytox þ area/brightfield þ area) was monitored every 2 h for 96
islets from 3 mice per genotype). H) Representative images of islet cell death are shown. I
2 h for 96 h and quantified at J) 0, 48 and 96 h post culture in 16.7 mM glucose (n ¼ 23e
were quantified in WT and hIAPP islets following culture in 16.7 mM glucose (n ¼ 5e6
expression are shown. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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suggest that amyloid deposition leads to increased islet cell death that
occurs in association with elevated caspase 3/7 and RIPK3 activity.

3.2. Loss of RIPK3 protects from amyloid-induced islet cell death
in vitro
To investigate the role of RIPK3 in amyloid-induced islet cell death, we
next evaluated islets isolated from WT, Ripk3�/�, hIAPP and hIAPP;
Ripk3�/� mice. Following 48 h and 96 h of culture in 16.7 mM
glucose, both hIAPP and hIAPP; Ripk3�/� islets exhibited significant
amyloid deposition, the quantity of which was not different between
genotypes (Figure 2AeC). In contrast, we found that hIAPP; Ripk3�/�

islets were protected from amyloid-induced cell death compared to
hIAPP islets with intact RIPK3 expression after both 48 h and 96 h of
culture (Figure 2DeF). Following culture in 16.7 mM glucose for 48 h,
caspase 3/7 activity was increased both in amyloid-forming hIAPP
islets and in hIAPP; Ripk3�/� islets compared to amyloid-free WT islets
(Figure 2G). Similar to our previous experiments (Figure 1K,M), amyloid
formation in hIAPP islets was associated with increased Ripk3 mRNA
expression, and we found that the amyloid-induced increase in Ripk3
expression was abrogated in hIAPP; Ripk3�/� islets (Figure 2H).
Figure 2I illustrates loss of RIPK3 protein expression in Ripk3�/� islets.
ll death in vitro. Islet amyloid deposition, islet cell death and caspase 3/7 activity were
A) Islet amyloid severity (Thio S þ area/brightfield þ area) was monitored every 2 h for
lets from 4 mice per genotype). D) Representative images of islet amyloid deposition are
h and quantified at F) 48 h and G) 96 h post culture in 16.7 mM glucose (n ¼ 20e23

) Islet caspase 3/7 activity (caspase 3/7þ area/brightfield þ area) was monitored every
24 islets from 3 mice per genotype). K) RIPK3 and L) phospho-MLKL protein expression
per genotype). M) Representative images of RIPK3, phospho-MLKL and ACTIN protein
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Figure 2: Loss of RIPK3 protects from amyloid-induced islet cell death in vitro. Islet amyloid deposition, islet cell death and caspase 3/7 activity were quantified in intact
islets isolated from WT (black, circles), Ripk3�/� (gray, circles), hIAPP (purple, squares) and hIAPP; Ripk3�/� (pink, squares) mice. Islet amyloid severity (Thio Sþ area/
brightfield þ area) was quantified at A) 48 h and B) 96 h post culture in 16.7 mM glucose (n ¼ 24e48 islets from 3 to 6 mice per genotype). C) Representative images of islet
amyloid deposition are shown. Islet cell death (Sytox þ area/brightfield þ area) was quantified at D) 48 h and E) 96 h post culture in 16.7 mM glucose (n ¼ 36e72 islets from 4 to
8 mice per genotype). F) Representative images of islet cell death are shown. G) Caspase 3/7 activity was quantified in WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/� islets 48 h post
culture in 16.7 mM glucose and expressed relative to WT islets (n ¼ 4 per genotype). H) Ripk3 RNA expression was quantified in WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/� islets
following culture in 16.7 mM glucose for 48 h (n ¼ 5 per genotype). I) RIPK3 protein expression was quantified in WT and Ripk3�/� mouse islets. Representative images of RIPK3
and ACTIN protein expression from non-consecutive lanes on the same membrane are shown. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
These results indicate that RIPK3 promotes amyloid-induced islet cell
death downstream of amyloid deposition per se.

3.3. RIPK3 promotes hIAPP-induced inflammatory gene expression
in macrophages in vitro
We next examined the role of RIPK3 in hIAPP-induced inflammatory
gene expression in vitro. We first compared Ripk3 expression in iso-
lated islets, BMDMs and INS-1 b cells, and consistent with previous
reports we found that Ripk3 is expressed in each of these cell types
(Figure 3A). We also observed that isolated islets express the
macrophage marker Emr1 (Figure 3B), suggesting that a portion of islet
Ripk3 expression may come from macrophages. To characterize the
contribution of islet Ripk3 expression from b cells versus macrophages
MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is an open access article
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more directly, we treated isolated islets with clodronate liposomes to
deplete macrophages (Figure 3CeE). We found that clodronate-
liposome treatment reduced islet Emr1 expression by w75%
compared to islets treated with PBS liposomes (Figure 3D), indicating
efficient clodronate-mediated macrophage depletion in this model.
Islet Ripk3 expression was also significantly reduced following
clodronate-liposome treatment (Figure 3C), and the degree of Ripk3
expression was correlated with the degree of Emr1 expression in both
PBS-liposome and clodronate-liposome treated islets (Figure 3E).
These data indicate that in addition to b cells, macrophages are an
important source of Ripk3 expression in isolated islets. We next
exposed WT and Ripk3�/� BMDMs to non-amyloidogenic synthetic
rIAPP or amyloidogenic synthetic hIAPP for 16 h. Synthetic hIAPP, but
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: RIPK3 promotes synthetic hIAPP-induced inflammatory gene expression in macrophages in vitro. A) Ripk3 and B) Emr1 RNA expression was quantified in mouse
islets (purple), bone marrow derived macrophage (BMDMs) (dark green) and INS-1 b cells (gray) and expressed as DCT to 18S rRNA (n ¼ 4e5 per cell type). Isolated mouse islets
were cultured with PBS- (purple) or clodronate-containing liposomes (red) for 48 h. Expression of C) Ripk3 and D) Emr1 RNA was quantified and expressed relative to Ppib RNA
levels using the 2-DDCt method (n ¼ 5e6 per condition). E) Simple regression analysis of DCT values of Emr1 (Emr1 - Ppib RNA) and Ripk3 (Ripk3 - Ppib RNA) within PBS-
liposome (purple) and clodronate-liposome (red) treated islets was performed. BMDMs isolated from WT mice (dark green) or Ripk3�/� mice (light green) were treated with
synthetic rodent IAPP (circles) or synthetic human IAPP (squares) for 16 h. Expression of F) Ripk3, G) Tnf, H) Il1b and I) Nos2 RNA was quantified and normalized to 18S rRNA
levels using the 2-DDCt method (n ¼ 7 per condition). J) RIPK3 protein expression was evaluated in WT and Ripk3�/� BMDMs and representative immunoblots are shown.
*p < 0.05; **p < 0.01; ***p < 0.001.
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not rIAPP, significantly increased Ripk3 expression in WT BMDMs, and
this effect was blocked in Ripk3�/� BMDMs (Figure 3F). In addition, we
found that synthetic hIAPP increased Tnf (Figure 3G), Il1b (Figure 3H)
and Nos2 (Figure 3I) expression in WT BMDMs, and these effects were
ameliorated in Ripk3�/� BMDMs (Figure 3J). Together, these data
indicate that loss of RIPK3 in macrophages mitigates islet amyloid-
induced inflammation.

3.4. Characterization of metabolic phenotypes in chow-fed WT,
Ripk3�/�, hIAPP and hIAPP; Ripk3�/� mice
To evaluate the role of RIPK3 in metabolic phenotypes in vivo, we first
examined chow-fed 8- to 12- week-old WT, Ripk3�/�, hIAPP and
hIAPP; Ripk3�/� mice. Mice from all groups exhibited similar glucose
tolerance (Figure 4A,B), fasting blood glucose (Figure 4C), insulin
tolerance (Figure 4D,E) and fasting serum insulin (Figure 4F) at this
time. Following in vivo intraperitoneal glucose challenge, WT, Ripk3�/

�, hIAPP and hIAPP; Ripk3�/� mice exhibited similar insulin release
2 min and 10 min post glucose injection (Figure 4G). Moreover, in vitro
GSIS (Figure 4H) and insulin content (Figure 4I) were similar between
islets isolated from WT and Ripk3�/� mice. These data indicate that
glucose homeostasis and b-cell secretory function are similar between
young chow-fed WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/� mice.

3.5. Loss of RIPK3 protects against and islet amyloid-induced
glucose intolerance following HFD in vivo
We next evaluated the role of RIPK3 in HFD- and islet amyloid-induced
glucose homeostasis in vivo. We quantified body weight, non-fasting
blood glucose, glucose tolerance and insulin tolerance in WT,
Ripk3�/�, hIAPP and hIAPP; Ripk3�/� mice during and after 52 weeks
6 MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is
of HFD feeding. All groups of mice gained body weight over the HFD
feeding period (Figure 5A), and after 52 weeks of HFD hIAPP; Ripk3�/�

mice exhibited higher body weight than WT, Ripk3�/� or hIAPP mice
(Figure 5B). Non-fasting blood glucose concentrations were not
different between groups over the course of the 52-week HFD feeding
period (Figure 5C), and at study end non-fasting blood glucose
(Figure 5D) and non-fasting serum insulin (Figure 5E) were not
different between groups. In contrast, we found that islet amyloid-
prone hIAPP mice exhibited significant glucose intolerance compared
to WT mice after 52 weeks of HFD feeding, whereas hIAPP; Ripk3�/�

mice were protected from amyloid-associated glucose intolerance
(Figure 5F,G). Despite the higher body weight in hIAPP; Ripk3�/� mice
at study end, insulin tolerance was not different among groups after
HFD (Figure 5H,I). These data indicate that RIPK3 contributes to islet
amyloid-induced glucose intolerance in vivo.

3.6. RIPK3 deficient mice are protected from islet amyloid-induced
b-cell loss in vivo
To determine whether RIPK3 contributes to islet amyloid-induced b-
cell loss in vivo, we next performed immunohistochemistry and
quantitative microscopy on pancreas sections isolated from WT,
Ripk3�/�, hIAPP and hIAPP; Ripk3�/�mice following 52 weeks of HFD
feeding. We found that average islet area was not different between
WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/� mice (Figure 6A). As ex-
pected, islet amyloid deposition was absent in pancreases from WT
and Ripk3�/� mice that express rIAPP (Figure 6B). In contrast, sig-
nificant islet amyloid deposition was observed in both hIAPP and hIAPP;
Ripk3�/� pancreas sections, and the degree of islet amyloid deposition
was not different between these genotypes (Figure 6B). Additionally,
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Characterization of metabolic phenotypes in chow-fed WT, Ripk3L/L, hIAPP and hIAPP;Ripk3L/L mice. 8- to 12-week-old WT (black, circles), Ripk3�/� (gray,
circles), hIAPP (purple, squares) and hIAPP; Ripk3�/� (pink, squares) mice fed a normal chow diet were examined. A) Glucose tolerance was evaluated by intraperitoneal glucose
tolerance test (IPGTT) and B) quantified as incremental area under the curve (iAUC, mg/dl min) after overnight fast (n ¼ 4 mice per genotype). C) Fasting blood glucose was
measured by handheld glucometer after overnight fast (n ¼ 4 mice per genotype). D) Insulin tolerance was evaluated by intraperitoneal insulin tolerance test (IPITT) and E)
quantified as decremental area under the curve (dAUC, mg/dl min) after 2 h fast (n ¼ 3e4 mice per genotype). F) Fasting serum insulin was measured after overnight fast (n ¼ 4
mice per genotype). G) In vivo glucose stimulated insulin secretion (GSIS) was performed and serum insulin levels quantified at 0, 2 and 10 min following glucose challenge
(n ¼ 3e4 mice per genotype). In vitro GSIS was performed on islets isolated from 8 to 12-week-old WT and Ripk3�/� mice, then H) insulin secretion (fold change) and I) insulin
content was measured (n ¼ 3e4 mice per genotype). *p < 0.05.
we found that b-cell area was significantly reduced in amyloid-laden
hIAPP versus amyloid-free WT pancreas sections (63.8 � 3.1%
versus 73.7 � 0.7% b-cell area), and that hIAPP; Ripk3�/� pan-
creases were partially protected from this amyloid-induced b-cell loss
MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is an open access article
www.molecularmetabolism.com
(69.5% � 1.8% b-cell area) (Figure 6C). Representative images of
islets are shown in Figure 6D. These data suggest that loss of RIPK3
protects from amyloid-induced b-cell loss in vivo via mechanisms
downstream of amyloid deposition per se.
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Figure 5: Loss of RIPK3 protects against amyloid-induced glucose intolerance in vivo. 8- to 10-week-old WT (black, circles), Ripk3�/� (gray, circles), hIAPP (purple,
squares) and hIAPP; Ripk3�/� (pink, squares) mice were subjected to high-fat diet (HFD) feeding for 52 weeks. A) Body weight was monitored every 4 weeks for 52 weeks and B)
quantified after 0, 24 and 52 weeks of HFD (n ¼ 12e14 mice per genotype). C) Non-fasting blood glucose was monitored every 4 weeks for 52 weeks and D) quantified after 52
weeks of HFD (n ¼ 12e14 mice per genotype). E) Non-fasting serum insulin was measured after 52 weeks of HFD feeding. F) Glucose tolerance was evaluated by intraperitoneal
glucose tolerance test (IPGTT) and G) quantified as incremental area under the curve (iAUC, mg/dl min) after overnight fast (n ¼ 12e14 mice per genotype). H) Insulin tolerance
was evaluated by intraperitoneal insulin tolerance test (IPITT) and I) quantified as decremental area under the curve (dAUC, mg/dl min) after 2 h fast (n ¼ 12e14 mice per
genotype). *p < 0.05.
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4. DISCUSSION

Islet amyloid deposition was first identified as a pathological feature of
diabetes in 1901 [41], and numerous studies since then have estab-
lished islet amyloid as a hallmark of the islet lesion in T2D
[4,6,10,11,42]. Although islet amyloid is known to contribute to reduced
Figure 6: Loss of RIPK3 ameliorates amyloid-induced b-cell loss in vivo. After 52
Ripk3�/� (gray, circles), hIAPP (purple, squares) and hIAPP; Ripk3�/� (pink, squares) mous
area, %) and C) b-cell area (insulin þ area/islet area, %) were quantified (n ¼ 11e14 g
hIAPP; Ripk3�/� mouse pancreas sections are shown. Scale bar ¼ 100 mm *p < 0.05;

8 MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is
b-cell mass, insufficient insulin secretion and hyperglycemia in T2D
[3,4,10,32,35], the mechanisms that underlie this process remain
incompletely understood. Here, we generated and evaluated islet
amyloid-prone hIAPP mice with whole body loss of RIPK3, a recently
recognized regulator of b-cell fate [25,26]. Our in vitro studies quantified
amyloid deposition and cell death in intact isolated islets in real time,
weeks of HFD feeding, immunohistochemistry was performed on WT (black, circles),
e pancreas sections. A) Average islet area (mm2), B) amyloid severity (Thio Sþ area/islet
enotype). D) Representative images of pancreatic islets from WT, Ripk3�/�, hIAPP and
**p < 0.01; ***p < 0.001.
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examined amyloid-induced caspase activation, and evaluated hIAPP-
stimulated inflammatory gene expression. In addition, we performed
in vivo studies on mice fed a HFD for 52 weeks to characterize the role of
RIPK3 in islet amyloid deposition, amyloid-induced b-cell loss and hy-
perglycemia in vivo. Using this approach, we found that RIPK3 con-
tributes to islet amyloid-induced inflammation, b-cell loss and glucose
intolerance in a humanized mouse model of T2D.
In the present study, we evaluated potential roles of RIPK3 in amyloid-
induced b-cell cytotoxicity. As described, our findings suggest that loss
of RIPK3 protects from amyloid-induced islet cell death downstream of
amyloid formation per se, likely via reduced amyloid-associated islet
inflammation and b-cell death signaling. Given that RIPK3 can promote
both caspase-mediated apoptosis [29,30] and caspase-independent
necroptosis [23,31], we examined the roles of caspase 3/7 activity
and RIPK3 expression in amyloid-induced b-cell loss in vitro. Similar to
previous reports [43,44], we found that caspase activity was increased
over time in association with islet amyloid deposition and islet cell
death. However, our studies also found that protection from amyloid-
induced cell death in hIAPP; Ripk3�/� islets was not coincident with
reduced caspase 3/7 activity, and although hIAPP; Ripk3�/� islets were
protected from amyloid-induced cell death, it was not blocked
completely. Considering that we also observed increased RIPK3
expression and MLKL phosphorylation in amyloid-laden islets, our data
indicate that both caspase-dependent mechanisms such as apoptosis
and caspase-independent mechanisms such as necroptosis may
contribute to amyloid-induced islet cell death in vitro. In this context, our
findings are in agreement with a previous study showing that loss of
caspase 8 in b cells reduces, but does not completely prevent, amyloid-
induced b-cell death [43]. We propose a model wherein amyloid for-
mation activates RIPK3 in coordination with caspase 8, and that RIPK3
promotes amyloid-induced islet cell death via caspase 3/7 independent
actions. This model is in line with studies in other cell types that show
caspase 8 and RIPK3 coordinately regulate caspase-dependent
apoptosis and caspase-independent necroptosis signaling [22,24,45].
Our findings are also in agreement with recent observations of RIPK3 in
AD pathogenesis [20,46] and suggest potential overlapping mecha-
nisms of amyloid-associated cytotoxicity in AD and T2D.
In addition to its role in apoptotic and necroptotic cell death signaling,
RIPK3 also regulates cytokine and chemokine production in immune
cells [28,47,48]. Since islet amyloid deposition elicits cytokine pro-
duction from islet resident macrophages [5,17] and synthetic hIAPP
treatment increases inflammatory gene expression in macrophages
and dendritic cells [17,49], we reasoned that the protection from
amyloid-induced cell death observed in hIAPP; Ripk3�/� islets could
be related to effects on RIPK3-mediated inflammation [47,48,50].
Indeed, we found that clodronate liposome-mediated depletion of islet
macrophages reduced Ripk3 expression in vitro, confirming that
macrophages are an important source of islet Ripk3 expression. In line
with previous findings [17,49], we observed that synthetic hIAPP
treatment increased Tnf, Il1b and Nos2 gene expression in WT
BMDMs, and this was associated with increased Ripk3 expression. In
contrast, we found that Ripk3�/� BMDMs were protected from syn-
thetic hIAPP-induced inflammatory gene expression. Although RIPK3
has previously been shown to promote TNFa, IL1b and iNOS synthesis
[24,27,47,51], our findings reveal this is also the case with hIAPP-
stimulated inflammatory gene expression. Given these findings, we
propose that macrophage RIPK3 promotes amyloid-induced islet
inflammation separately from the known roles of RIPK3 in b cells
[25,26]. As such, additional studies are needed to determine the
relative importance of RIPK3 signaling in b cells versus macrophages
in islet amyloid-induced b-cell cytotoxicity.
MOLECULAR METABOLISM 80 (2024) 101877 Published by Elsevier GmbH. This is an open access article
www.molecularmetabolism.com
To explore the role of RIPK3 in T2D pathogenesis, we evaluated
amyloid-free WT and Ripk3�/� mice as well as islet amyloid-prone
hIAPP and hIAPP; Ripk3�/� mice in vivo. Prior to islet amyloid for-
mation, we found that young, chow-fed WT, Ripk3�/�, hIAPP and
hIAPP; Ripk3�/� mice had similar glucose tolerance, fasting blood
glucose, insulin tolerance and fasting serum insulin. These findings
contrast with those of Roychowdhury et al. [52], and may be related to
the different Ripk3 mutant mouse models used [53] and/or varying
insulin secretory function between the different genetic backgrounds
utilized in our studies [54]. Using our established HFD-feeding para-
digm, we found that HFD led to islet amyloid deposition in both hIAPP
and hIAPP; Ripk3�/� mice. While hIAPP mice exhibited glucose
intolerance and reduced b-cell area following HFD, hIAPP; Ripk3�/�

mice were protected from these impairments. The protection from
glucose intolerance and b-cell loss observed in hIAPP; Ripk3�/� mice
was not associated with improved insulin sensitivity or reduced islet
amyloid deposition compared to hIAPP mice with intact RIPK3
expression, suggesting that loss of RIPK3 led to improved b-cell
function and/or survival in the face of islet amyloid deposition. More-
over, since hIAPP and hIAPP; Ripk3�/� mice exhibited similar glucose
tolerance and insulin sensitivity prior to HFD feeding, the glucose
tolerance phenotypes observed were likely related to the HFD-induced
islet amyloid deposition that occurred over the study period. Although
b-cell function was not the focus of the present study, we observed
that WT and Ripk3�/� islets had similar GSIS and insulin content
in vitro, that young chow-fed WT, Ripk3�/�, hIAPP and hIAPP; Ripk3�/

� mice had similar GSIS in vivo and that WT, Ripk3�/�, hIAPP and
hIAPP; Ripk3�/� mice had similar non-fasting serum insulin following
HFD feeding. However, we cannot rule out the possibility that higher
insulin secretion in hIAPP; Ripk3�/� compared to hIAPP mice
contributed to their improved glucose tolerance after HFD, as we did
not quantify serum insulin in those particular studies. Given that RIPK3
is known to interact with molecules involved in amplification of insulin
secretion such as glutamate dehydrogenase and isocitrate dehydro-
genase 1 [55], studies of RIPK3 in the amplifying pathway of insulin
secretion would be informative. However, like our in vitro studies, our
in vivo data indicate that the protection observed in hIAPP; Ripk3�/�

mice was not due to reduced amyloid deposition per se, but rather
decreased amyloid-associated b-cell cytotoxicity.
Limitations to our studies exist. First, although we used a humanized
mouse model of hIAPP expression that approximates amyloid depo-
sition phenotypes in human islets, additional studies in bona fide
human islets are needed to confirm the role of RIPK3 in amyloid-
induced islet cytotoxicity in T2D. Given that we examined a mouse
model of whole body RIPK3 deficiency, the phenotypes observed in
hIAPP; Ripk3�/� islets and mice could be due to effects of RIPK3 in b
cells, macrophages or other cell types. Our previous work revealed that
RIPK3 regulates TNFa-induced cytotoxicity in b cells [26], and our
current study identified a role for RIPK3 in hIAPP-stimulated inflam-
mation in macrophages. Considering these findings, we believe RIPK3
could mediate amyloid-induced islet inflammation and b-cell death via
actions in both cell types. However, additional studies using b-cell- or
macrophage-specific models of RIPK3 deficiency are needed to
determine whether loss of RIPK3 is beneficial due to reduced cell death
signaling in b cells, decreased amyloid-induced cytokine production in
macrophages, or both. Another caveat of our studies is that our
quantification of cell death was performed using Sytox green, a
membrane impermeable DNA-binding dye that labels both apoptotic
and necroptotic cells [40]. Thus, our technique was not able to identify
whether dead cells arising with amyloid deposition underwent
apoptosis or necroptosis. Additionally, amyloid-induced cell death was
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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not quantified specifically in b cells but rather in all islet cell types.
Although b cells comprise approximately 75% of mouse islets [56], it is
possible that other islet cell types such as a cells, d cells or macro-
phages were also captured in our in vitro cell death quantification.
Future studies will characterize the protective phenotypes observed
with RIPK3 deficiency in greater detail. Despite these limitations, the
studies presented here identify RIPK3 as a novel mediator of islet
amyloid-associated inflammation, b-cell loss and glucose intolerance.

4.1. Conclusions
In conclusion, our studies uncovered a novel role for RIPK3 in amyloid-
associated b-cell loss and glucose intolerance in T2D pathogenesis.
We found that loss of RIPK3 protects from amyloid-induced b-cell
cytotoxicity and hIAPP-induced inflammation in vitro as well as
amyloid-associated b-cell loss and glucose intolerance in vivo. This
protection was not related to decreased amyloid deposition per se,
indicating that RIPK3 mediates b-cell cytotoxicity downstream of
amyloid formation via effects on amyloid-induced cytokine production
and/or b-cell death signaling. Although RIPK3 has been identified as a
potential therapeutic target in several diseases including cancer
[57,58], acute kidney injury [59,60] and neurodegenerative diseases
[20,22,46,61], this work shows that therapeutics targeting RIPK3 may
also reduce b-cell cytotoxicity and promote glucose homeostasis
during T2D pathogenesis.
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