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RIPK1 is dispensable for cell death regulation in
b-cells during hyperglycemia
Önay Veli1,2,3, Öykü Kaya 1,2,3, Ana Beatriz Varanda3,8, Ximena Hildebrandt 1,2,3, Peng Xiao 4,
Yann Estornes 5,6, Matea Poggenberg2, Yuan Wang 1,2,3, Manolis Pasparakis 3,7, Mathieu J.M. Bertrand 5,6,
Henning Walczak 3,8, Alessandro Annibaldi2, Alessandra K. Cardozo4, Nieves Peltzer1,2,3,*
ABSTRACT

Objective: Receptor-interacting protein kinase 1 (RIPK1) orchestrates the decision between cell survival and cell death in response to tumor
necrosis factor (TNF) and other cytokines. Whereas the scaffolding function of RIPK1 is crucial to prevent TNF-induced apoptosis and necroptosis,
its kinase activity is required for necroptosis and partially for apoptosis. Although TNF is a proinflammatory cytokine associated with b-cell loss in
diabetes, the mechanism by which TNF induces b-cell demise remains unclear.
Methods: Here, we dissected the contribution of RIPK1 scaffold versus kinase functions to b-cell death regulation using mice lacking RIPK1
specifically in b-cells (Ripk1b-KOmice) or expressing a kinase-dead version of RIPK1 (Ripk1D138Nmice), respectively. These mice were challenged
with streptozotocin, a model of autoimmune diabetes. Moreover, Ripk1b-KO mice were further challenged with a high-fat diet to induce hy-
perglycemia. For mechanistic studies, pancreatic islets were subjected to various killing and sensitising agents.
Results: Inhibition of RIPK1 kinase activity (Ripk1D138N mice) did not affect the onset and progression of hyperglycemia in a type 1 diabetes
model. Moreover, the absence of RIPK1 expression in b-cells did not affect normoglycemia under basal conditions or hyperglycemia under
diabetic challenges. Ex vivo, primary pancreatic islets are not sensitised to TNF-induced apoptosis and necroptosis in the absence of RIPK1.
Intriguingly, we found that pancreatic islets display high levels of the antiapoptotic cellular FLICE-inhibitory protein (cFLIP) and low levels of
apoptosis (Caspase-8) and necroptosis (RIPK3) components. Cycloheximide treatment, which led to a reduction in cFLIP levels, rendered primary
islets sensitive to TNF-induced cell death which was fully blocked by caspase inhibition.
Conclusions: Unlike in many other cell types (e.g., epithelial, and immune), RIPK1 is not required for cell death regulation in b-cells under
physiological conditions or diabetic challenges. Moreover, in vivo and in vitro evidence suggest that pancreatic b-cells do not undergo necroptosis
but mainly caspase-dependent death in response to TNF. Last, our results show that b-cells have a distinct mode of regulation of TNF-cytotoxicity
that is independent of RIPK1 and that may be highly dependent on cFLIP.

� 2024 The Authors. 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

Diabetes represents a group of metabolic disorders characterized by
hyperglycemia due to defects in insulin production, sensing or both [1].
Type 1 diabetes is caused by autoimmune reaction towards insulin-
producing b-cells [1] whereas type 2 diabetes is caused by insulin
resistance which eventually leads to b-cell failure [2]. Although caused
by different mechanisms, the key overlap between type 1 and type 2
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diabetes is b-cell death. TNF is a proinflammatory cytokine which can
induce inflammatory gene activation or cell death. The binding of TNF
to TNFR1 induces the formation of complex-I which includes various
prosurvival proteins, which act as checkpoints of TNF signalling, such
as RIPK1 and the E3 ligases, cIAP1/2 and LUBAC [3]. This enables
optimal gene activation by the NF-lB and MAPK pathways. Under
certain conditions, for example, when any of these checkpoints are
inhibited, RIPK1, via its kinase activity, autophosphorylates itself and
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induces the formation of complex-II. This complex can lead to
apoptosis via Caspase-8. cFLIP (CFLAR) is a direct substrate and
regulator of Caspase-8. It regulates levels of apoptosis by restraining
the full activation of Caspase-8 [4]. Yet, the cFLIP/Caspase-8 hetero-
dimer still bears sufficient activity to prevent another type of cell death
called necroptosis [5]. When the activity of Caspase-8 is fully inhibited
or absent, phosphorylated RIPK1 induces necroptosis via RIPK3 and
MLKL [3,6]. In contrast to its kinase activity, the scaffolding function of
RIPK1 is essential to limit cell death since loss of RIPK1 promotes both
apoptosis and necroptosis leading to postnatal lethality in mice [7e9].
Hence, RIPK1 serves as a molecular switch regulating cell fate within
TNF signalling and, as such, is tightly regulated [10].
TNF has been associated with b-cell loss and dysfunction [11,12].
Treatment with TNF-blocking monoclonal antibody in a cohort of 84
new-onset type 1 diabetes patients resulted in improved glucose
metabolism [13]. Similarly, TNF blockade improved glucose meta-
bolism and insulin resistance in rodent obesity models [14e16]. The
mechanism of TNF-induced cell death is not fully characterised in b-
cells despite the prominent role of TNF in diabetes pathogenesis
[11,12]. In particular, the respective contribution of death receptor-
induced apoptosis and necroptosis as well as the implication of
RIPK1 function in type 1 diabetes are unclear. Gene variants of RIPK1
are associated with metabolic syndrome in humans, and RIPK1
depletion, but not the inhibition of its kinase activity, was shown to
protect from metabolic syndrome in mice [17,18]. On the contrary,
Necrostatin-1s, a RIPK1 kinase inhibitor, was shown to protect from
metabolic syndrome [19]. To date, the role of RIPK1 scaffolding
function in b-cells and diabetes remains unknown.
In the present study, we evaluated the role of RIPK1 in b-cell ho-
meostasis by dissecting the contribution of its kinase versus scaf-
folding function under diabetic conditions. In line with previous reports,
we show that the kinase activity of RIPK1 does not contribute to dia-
betes pathology. Crucially, our results demonstrate that b-cell survival
is not affected by RIPK1 deficiency under basal conditions or upon
diabetic challenges. Consequently, we conclude that b-cells are pro-
tected from the cytotoxic effect of TNF in the absence of RIPK1 possibly
through high levels of anti-apoptotic cFLIP expression and poor
expression of Caspase-8 and RIPK3.

2. RESEARCH DESIGN AND METHODS

2.1. Mice
Ripk1b-KO and Hoipb-KO mice were generated by crossing Ripk1fl/fl

(Dannappel et al., 2014) and Hoipfl/fl [20], respectively, with B6(Cg)-
Ins1tm1.1(cre)Thor/J (Thorens et al., 2015) mice kindly gifted by
Hans Stauss (UCL, London, UK). Ripk1D138N mice were previously
described (Polykratis et al., 2014). FFPE samples from Ripk3/Caspase-
8 double knockout (DKO) and Cflar;VillinCre-ERT2 mice were provided
by Henning Walczak and Alessandro Annibaldi, respectively [21e23].
Mice were maintained in SPF animal facilities of CECAD research
center. All experimental procedures were approved by local authorities
(Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen) in Germany. The blood glucose levels and weight of
Ripk1b-KO and Hoipb-KO mice were monitored weekly starting from 8
weeks of age. For this analysis, only female mice were utilized. The
blood glucose was measured by using Adia Diabetes kit. For the
Glucose Tolerance test (GTT), mice were orally administered with
glucose at the dose of 2 g/kg (SigmaeAldrich, G8769) after 6 h of
fasting. For Insulin Tolerance Test (ITT), mice were injected intraper-
itoneally 0,75 U/kg after 6 h of fasting. For multiple low-dose Strep-
tozotocin (MLDSTZ) model, male mice were injected either with citrate
2 MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. T
buffer, pH 4.5 or STZ with the dose of 50 mg/kg (SigmaeAldrich,
S0130) for 5 consecutive days. The mice were sacrificed at the
experimental endpoint (20 days after the first injection) unless they
reached the termination criteria (e.g. 20 % loss of the initial weight or
blood glucose > 600). For diet-induced obesity, the mice were fed
with either a standard diet (10% kcal fat, Research Diets Inc,
D12450B) or a high-fat diet (60% kcal fat, Research Diets Inc, D12492)
for 20 weeks at the Inflammation Research Center from UGent-VIB
(SPF animal facility) according to institutional, national and European
animal regulations. A second cohort of 16-weeks of high fat diet
feeding experiment was performed in CECAD ivRF. The mice were fed
with either a standard diet (10% kcal fat, Research Diets Inc, D12450J)
or a high-fat diet (60% kcal fat, Research Diets Inc, D12492). Only
male mice were utilized for diet-induced obesity experiments.

2.2. Histological analysis, immunohistochemistry (IHC) and
immunofluorescence (IF)
Following the tissue harvest, the pancreas was fixed overnight in a
10% neutral buffered formalin solution and paraffin embedded. For
insulin (1:6400 diluted in Animal-Free Blocker, VEC-SP-5035, Vector
Laboratories, C.S. C279) and CD45 (1:100, Thermofischer, 14-0451-
82) IHC, antigen retrieval was done by using citrate buffer, pH 6
(SigmaeAldrich, C9999) in pancreas sections (5 mM) by maintaining
sub-boiling conditions in microwave for 5 min. For Caspase-8 (1:200,
ALX-804-447-C100) and cFLIP (1:100, ab8421) IHC, antigen retrieval
was done by using TriseEDTA buffer, pH 9.5, in pancreas, spleen and
colon sections by maintaining sub-boiling conditions in microwave for
10 min. The sections were incubated with BLOXALL Endogenous
Blocking Solution (VEC-SP-6000, Vector Laboratories) to block
endogenous peroxidases. This is followed by 30 min incubation with
Animal-Free Blocker (VEC-SP-5035, Vector Laboratories). Following
overnight incubation at 4 �C with primary antibodies, sections were
washed with TBS-T (pH 7.6, 0.5 % Tween) 3 times for 10 min. Sec-
tions were incubated with immPRESS� HRP Goat Anti-Rabbit IgG
Polymer Detection Kit, Peroxidase (MP-7451, Vector Laboratories) for
30 min. Following 3 times 10 min washes, the colour was developed
by using HIGHDEF� DAB Chromogen/Substrate Set (ENZ-ACC105-
0200, Enzo). The slides were scanned by slidescanner (Hamamatsu
S360). The insulin þ area was calculated by using QuPath0.4.0. For IF
stainings, after antigen retrieval as described above, the sections were
incubated with Animal-Free Blocker (VEC-SP-5035, Vector Labora-
tories) for 1 h at RT. For insulin-glucagon staining, primary antibodies
insulin (1:100,5330-0104G, Bio-Rad) and glucagon (1:100, C.S. 2760)
were incubated overnight at 4 �C, followed by washes as described
above. The secondary antibodies (1:300, SA5-10094, Invitrogen and
A-11011, Invitrogen) were used for insulin and glucagon respectively.
After washes as described above, sections were counterstained with
DAPI and mounted. For cl. Casp-3 staining, following the antigen
retrieval as described above, sections were permeabilized with 0.2%
triton in Animal-Free Blocker. The rest of the protocol was performed
as described above using cl. Casp-3 antibody (1:50, C.S. 9661) and
secondary antibody (1:300, A-11011, Invitrogen). The images were
acquired by using STELLARIS 5 Confocal Microscope (Leica). The
images were quantified by using FIJI and positive cells were counted
manually. For cFLIP staining, antigen retrieval was done with Trise
EDTA buffer, pH 9.5. cFLIP antibody (1:100, ab8421) and the sec-
ondary antibody (1:300, A-1108, Invitrogen) was used as described
above. The images were acquired by using STELLARIS 5 Confocal
Microscope (Leica). The images were analyzed by QuPath0.4.0 using
positive cell count command. Three different threshold values were set
to detect different levels of fluorescence intensity.
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2.3. Islet isolation, viability assay
For islet isolation, pancreas was digested in a water bath at 37 �C.
Pancreatic islets were separated using density gradient (Histopaque-
1077; Sigma Aldrich), followed by handpicking under microscope. Islets
were cultured as described in [18]. The concentration of cytokines in the
cocktail was used as follows: mTNF, 1000 U/mL (410-MT-025, R&D
Systems), mIFN-g, 1000 U/mL (315-05-100ug, Peprotech) and hIL-1b,
50 U/mL (201-LB-005, R&D Systems). TNF stimulation in primary islets
was done using mTNF, 1000 U/mL (410-MT-025, R&D Systems). The
final concentration of zVAD, Z-IETD-FMK and Smac mimetics were
50 mM, 50 mM and 5 mM, respectively (Selleck Chemicals). The final
concentration of cycloheximide was 5 mg/mL (Merck, C7698-1G). The
cell death in islets were determined by using propidium iodide (PI, 5 mg/
mL, SigmaeAldrich) and Hoechst 33342 (HO, 5 mg/mL, Sigmae
Aldrich). Cell death levels in islets were assessed by two independent
researchers and one of the researchers was not aware of the treatment
conditions as performed in Takiishi et al. [18].

2.4. Western blot and ELISA
For western blot analysis, islets from Ripk1b-KO and control littermates
were lysed in 30 mM TriseHcl, pH 7.5, 150 mM NaCl, 10 % glycerol, 1
% Triton X-100, 2 mM EDTA supplemented with PhosSTOP and cOm-
plete�, Mini Protease Inhibitor Cocktail (Roche). The denatured lysates
were run using precast protein gels (4568084, Bio-rad) followed by
transfer to the membrane (1704158, Bio-Rad). The membrane was
incubated overnight at 4 �C with the primary RIPK1 antibody (BD,
610459), p-IlB (C.S. 9246), p-p65 (C.S. 3033), NF-kB p65 (C.S. 8242),
total IlB (C.S. 9242), RIPK3 (ab62344), cFLIP (ab8421), cFLIP (C.S.
56343) Caspase-8 (MAB3429), insulin (BS-0862R). After the incubation
with respective secondary antibody, color was developed using ECL
(PerkinElmer, NEL103001EA). The serum insulin content of mice was
quantified by insulin ELISA (Crystalchem, 90080). For qRT-PCR of the
islets, RNA was extracted using Dynabeads� mRNA DIRECT� Purifi-
cation Kit (61012). Reverse transcription was performed by using
LunaScript RT SuperMix Kit (NEB #E3010) according to the manufac-
turer’s protocol. For RT-PCR, Luna Universal qPCR Master Mix (NEB #
M3003) was used. The primer sequences are as follow:
Target gene Forward Primer (50/30) Reverse Primer (50/30)

GAPDH CTCCCACTCTTCCACCTTCG GCCTCTCTTGCTCAGTGTCC
A20 CATGAAGCAAGAAGAACGGAAGA GAGGCCCGGGCACATT
Fas GCGGGTTCGTGAAACTGATAA GCAAAATGGGCCTCCTTGATA
RIPK3 GAGATGGAAGACACGGCACT GGTGGTGCTACCAAGGAGTT
2.5. scRNA-seq analysis of b-cells
For analysis of murine pancreatic islets expression, we utilized publicly
available scRNA-seq data obtained from the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus database
under accession number GSE156175. Single-cell RNA sequencing of
mouse islets exposed to proinflammatory cytokines [24]. Data Pro-
cessing, quality control and normalization was performed as described
in the original publication using R (R version 4.2.2) using the package
Seurat (Version 4.2.0).

2.6. Tabula Muris analysis
The single-cell transcriptomic data used in this study was obtained
from the FACS subset of Tabula Muris, a compendium of single-cell
transcriptome data from male and female C57BL/6JN mice. The
data was accessed from the Tabula Muris Consortium’s public
MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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resource. The heatmaps were generated with the mean expression of
each gene in specific cell types of each tissue. The Tabula Muris
Consortium, Overall coordination, Logistical coordination. et al. Single-
cell transcriptomics of 20 mouse organs creates a Tabula Muris.
Nature 562, 367e372 (2018). https://doi.org/10.1038/s41586-018-
0590-4.

2.7. Statistical analysis
Data was represented as Means � SD and statistical analyses were
carried out using GraphPad Prism 10.1.2. (GraphPad Software Inc.,
San Diego, CA, USA). Unpaired two-tailed t-test was carried out to
compare the means of two groups. 2-way ANOVA was used to
compare the means of groups with more than one variable. If a
multiple comparison test was used, it is clarified in the figure legend. A
p < 0.05 is considered statistically significant.

3. RESULTS

3.1. Lack of RIPK1-kinase activity does not affect onset and
progression of MLDSTZ-induced diabetes
The kinase activity of RIPK1 was shown to be necessary for TNF-
induced necroptosis and under certain conditions apoptosis [25]. To
test whether RIPK1 kinase activity contributes to type 1 diabetes
pathogenesis, we used RIPK1 kinase-inactive mice (Ripk1D138N).
Ripk1D138N and WT mice were administered multiple low-dose
streptozocin (MLDSTZ), and their blood glucose level was followed
for 20 days (Figure 1A). Ripk1D138N mice presented normal onset and
progression of hyperglycemia upon MLDSTZ treatment (Figure 1A). At
endpoint (20 days after the first injection or when the mice reached the
termination criteria), we assessed islet composition by insulin-
glucagon immunofluorescence (IF) staining and found that the b-cell
(insulin-positive) or a-cell (glucagon-positive) ratio to total islet cells,
and the total insulin-positive area were comparable between
Ripk1D138N and WT mice (Figure 1B and Fig. S1a). Since the kinase
activity of RIPK1 can also promote apoptosis, we performed cleaved
Caspase-3 (cl. Casp-3) staining. However, we observed similar levels
of cl. Casp-3 positive cells in islets of Ripk1D138N and WT mice
(Figure 1C). We assessed insulitis upon MLDSTZ as described in
Fig. S1b and did not observe any difference between the two geno-
types (Figure 1D). These data indicate that RIPK1 kinase-dependent
cell death does not contribute to type 1 diabetes onset and
progression.

3.2. RIPK1 deficiency in b-cells does not cause spontaneous
metabolic disorder
To study the role of RIPK1 scaffolding survival function in pancreatic b-
cells, we generated Ripk1b-KO mice (specific deletion of RIPK1 in b-
cells). The deletion of RIPK1 was confirmed by western blot from
primary islets isolated from Ripk1b-KO and littermate controls
(Figure 2A). Ripk1b-KO mice were normal weighed and presented
normoglycemia throughout lifespan (Figure 2B,C). Moreover, neither
young (8 weeks old) nor adult (30 weeks old) mutant animals showed
glucose intolerance in glucose tolerance test (GTT) assays
(Figure 2D,E). At 30 weeks of age, normal fed serum insulin levels in
Ripk1b-KO mice were within normal range (Figure 2F). Moreover,
Ripk1b-KO mice displayed normal islet structure (Figure 2G). To test
whether b-cells have alternative mechanisms that protect them from
loss of RIPK1, we deleted another key regulator of TNF signalling. HOIP
is the main catalytic subunit of LUBAC, and its loss leads to cell death-
dependent inflammation in cell types including endothelial cells and
keratinocytes [20,26e28]. Deletion of HOIP in b-cells did not affect
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Kinase activity of RIPK1 does not affect type 1 diabetes onset and progression. Ripk1D138N and WT controls were treated with MLDSTZ (50 mg/kg) for five
consecutive days. (A) Fed-blood glucose levels were monitored over 20 days in (left) and area under the curve (AUC) was calculated (right) (n ¼ 6e7). (B) Representative images
of insulin and glucagon IF (left) and quantification of insulin and glucagon positive cells in islets of MLDSTZ-treated Ripk1D138N and WT controls (n ¼ 3e5 per group). (C)
Representative images of cl. Casp-3 IF (left) and quantification of cl. Casp-3 positive cells in the islets of MLDSTZ-treated Ripk1D138N and WT controls (n ¼ 3e5 per group). (D)
Representative images of insulin-CD45 staining and insulitis was graded as score 0, score 1, score 2, score 3. The representative images of MLDSTZ is selected from score 2 for
each genotype. The percentage of each score was calculated for each group (n ¼ 3e5 per group). Scale bars represents 20 mM. Means � SD. Unpaired t-test (a, b, c). 2-way
ANOVA with Tukey’s multiple comparisons test (d).

Original article
normal-fed blood glucose levels, weight gain and glucose tolerance at
different stages of life (Figs. S2aed). Our results therefore suggest that
RIPK1 and HOIP are dispensable for b-cell survival, development, and
function in basal conditions.

3.3. Loss of RIPK1 in b-cells does not affect onset and progression
of MLDSTZ-induced diabetes
To test whether RIPK1 scaffolding function is required to limit b-cell
death during type 1 diabetes, we challenged the mice with MLDSTZ.
The onset and progression of hyperglycemia was comparable between
Ripk1b-KO and littermate controls (Figure 3A). Similarly, no difference
4 MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. T
was detected in blood glucose between Hoipb-KO mice and controls
upon MLDSTZ (Fig. S2e). Fasting blood glucose levels, measured 10
days after the first STZ injection, were not affected by RIPK1 deficiency
(Figure 3B). The mice were sacrificed 20 days after the first injection or
when they reached the endpoint criteria according to animal welfare.
The insulin-glucagon staining showed decreased b-cell ratio to total
islet cells upon MLDSTZ regardless of the presence of RIPK1
(Figure 3C). Moreover, the insulin-positive area of MLDSTZ-treated
Ripk1b-KO mice and littermate controls was similar (Fig. S3a). Since
deficiency of RIPK1 induces apoptosis in certain cell types such as
intestinal epithelial cells [29,30], we performed cl. Casp-3 staining to
his 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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Figure 2: b-cell specific deletion of RIPK1 does not cause spontaneous metabolic disorder. (a) Deletion of RIPK1 is shown in primary islets from Ripk1b-KO and littermate
controls by WB. (b) Body weight and (c) blood glucose were monitored weekly for 30 weeks in Ripk1b-KO and littermate controls (n ¼ 15 per group). (d,e) Oral GTT (oGTT) in 8
weeks-old mice (d) and in 30-weeks old (e) Ripk1b-KO and littermate controls. Area under curve (AUC) is shown on the right of each histogram (n ¼ 6e7 per group). (f) Fed serum
insulin levels of 30-weeks old mice (n ¼ 4e6). (g) Representative images of pancreatic islets stained with H&E. Scale bar represents 20 mM. Means � SD. Unpaired t-test (d,e,f).
test whether loss of RIPK1 sensitised b-cells to apoptosis in response
to MLDSTZ. Although we observed apoptosis induction upon MLDSTZ
treatment, we failed to detect differences in cl. Casp-3 levels in Ripk1b-
KO mice versus littermate controls (Figure 3D). Ripk1b-KO mice pre-
sented similar insulitis scores to their littermates (Figure 3E, S3b).
Overall, our results indicate that RIPK1 scaffolding function, or HOIP,
are not required for b-cell survival during MLDSTZ-induced diabetes.

3.4. Hyperglycemia induced by high-fat diet is not affected by
RIPK1 deficiency
To understand the role of RIPK1 in a model of hyperglycemia, we used
diet-induced obesity. Ripk1b-KOmice and littermate controls were fed a
high-fat diet (HFD) for 20 weeks. No difference was observed in the
weight gain between the two genotypes (Figure 4A). Glucose tolerance
test performed at 10 weeks of HFD feeding showed that Ripk1b-KO

mice were as glucose tolerant as their littermate controls (Figure 4B).
In a different cohort of mice, Ripk1b-KO mice and littermate controls
were fed with HFD for 16 weeks. In accordance with the previous
cohort, we did not observe a difference between Ripk1b-KO mice and
littermate controls in terms of weight gain, glucose and insulin toler-
ance at 16 weeks of HFD feeding (Figs. S4aec). Our results suggest
that deficiency of RIPK1 in b-cells does not affect diet-induced weight
gain and hyperglycemia.
MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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3.5. Resistance to TNF-induced cell death may be due to high
cFLIP/Caspase-8 ratio and low RIPK3 expression
Next, we addressed whether b-cells lacking RIPK1 are sensitised to
TNF-induced cell death ex vivo. We treated primary pancreatic islets with
either TNF alone or in combination with Smac mimetics (S) to induce
apoptosis by cIAP1/2 depletion or S þ Zvad (Z) to induce necroptosis.
Intriguingly, we found that pancreatic islets are resistant to TNF-induced
apoptosis and necroptosis. Moreover, the deficiency of RIPK1 did not
affect their sensitivity to TNF-induced apoptosis and necroptosis or to
cytokine cocktail (TNF, IFNg and IL-1b) (Figure 5A). The observation that
pancreatic islets are not sensitive to TNF-induced cell death raised the
question whether they respond to TNF at all. Stimulation of primary islets
isolated from Ripk1b-KO mice and littermate controls with TNF, showed
increased IkB and p65 phosphorylation and a mild increase in the
expression of the NF-kB target genes, Fas and A20, suggesting that
primary islets are responsive to TNF by activating NF-kB signaling
pathway (Figs. S5a and b). It is important to note, that islets displayed a
modest response to TNF, an observation that was previously reported
[31]. Yet, there are no major differences in NF-kB activation in wildtype
versus RIPK1-deficient islets. To better understand why RIPK1 does not
act as a checkpoint in TNF-induced cell death, we analysed publicly
available sc-RNA seq data of murine primary islets [24] (Figure 5B and
S5c). We found that islet cells express very low to null levels of RIPK3 in
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Type 1 diabetes onset and progression is not affected by loss of RIPK1 in b-cells. Ripk1b-KO and littermate controls were treated with citrate buffer or MLDSTZ. (a)
Fed-blood glucose levels were monitored over 20 days in (left) and AUC was calculated (right) (n ¼ 15e16 per group for MLDSTZ, n ¼ 3 per group for buffer). (b) Fasting glucose
levels at day 10 (n ¼ 7 per group for MLDSTZ, n ¼ 3 per group for buffer). (c) Representative images of insulin and glucagon IF (left) and quantification of insulin and glucagon
positive cells in islets of buffer and MLDSTZ-treated Ripk1b-KO and littermate controls (n ¼ 3e5 per group). (d) Representative images of cl. Casp-3 IF (left) and quantification of cl.
Casp-3 positive cells in the islets of MLDSTZ-treated Ripk1b-KO and littermate controls. (e) Representative images of insulin-CD45 staining and insulitis was graded as score 0,
score 1, score 2, score 3. The representative images of MLDSTZ is selected from score 2 for each genotype. The percentage of each score was calculated for each group (n ¼ 3e5
per group). Scale bars represents 20 mM. Means � SD. Unpaired t-test (a, b, c, d). 2-way ANOVA with Tukey’s multiple comparisons test (e).

Original article
non-treated conditions or upon stimulation with IFNg and/or IL1b which
may explain why pancreatic islets do not undergo necroptosis
(Figure 5B). Moreover, we found that b-cells express high levels of cFLIP
and low levels of Caspase-8 under basal conditions (Figure 5B). Next, we
compared cFLIP and Caspase-8 expression in various tissues that are
known to be affected by TNF-induced cell death upon deficiency of
RIPK1, such as colon, skin and bone marrow (Figure 5C, upper panel).
6 MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. T
Among these tissues, islet cells have distinctively high cFLIP expression
as compared to Caspase-8 and hence a high CFLAR/Caspase-8 ratio
(Figure 5C, lower panel). The same protein expression pattern was
observed by cFLIP and Caspase-8 IHC stainings in pancreas, colon, and
spleen (Figure 5D and Figs. S6a and b) and by western blot of isolated
pancreatic islets (Figure 5E). This analysis revealed that islets express
cFLIP under basal conditions but express very little, to undetectable,
his 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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Figure 4: Hyperglycemia induced by HFD is not affected by RIPK1 deficiency in b-cells. Ripk1b-KO and littermate controls were fed with CD or HFD for 20 weeks. (a) Weekly
body weight measurements (left) and AUC was calculated (right). (b) Intraperitoneal GTT (i.p.GTT) was performed at 10 weeks after the start of diet (left) and AUC was calculated
(right) (n ¼ 6 per group). Means � SD. Unpaired t-test (a, b).
levels of Caspase-8 (Figure 5D). While MLDSTZ treatment in mice
resulted in overexpression of cFLIP and Caspase-8 (Figs. S6a and b),
TNF stimulation did not cause gross changes in their expression
(Figure 5E), possibly explaining why there is cell death in MLDSTZ-
treated islets as described above. No difference was observed in the
expression levels of Caspase-8 and cFLIP between Ripk1b-KO mice and
littermate controls (Fig. S6a,b,c). Low expression of RIPK3 was also
observed in these datasets and confirmed by western blot and qRT-PCR
of pancreatic islets as compared to mouse embryonic fibroblasts
(Figs. S6d and e). Taken together, low to null RIPK3 expression and high
cFLIP to Caspase-8 ratio can be a plausible explanation for resistance of
islet cells to TNF-induced extrinsic cell death.

3.6. Cycloheximide treatment sensitises pancreatic islets to TNF-
induced cell death
Since we hypothesise that high cFLIP/Caspase-8 ratio protects b-cells
to TNF-induced cell death, we tested whether cFLIP depletion by
cycloheximide (CHX) treatment would, differently from smac mimetics
(SM), render b-cells sensitive to TNF-induced cell death. CHX treat-
ment efficiently reduced cFLIP protein levels after 24 hs (Figure 6A). In
line with cFLIP depletion, TNF plus CHX treatment, but not CHX alone,
induced cell death in pancreatic islets (Figure 6B,C) and as previously
reported [32]. Notably, cell death was induced by TNF þ CHX treat-
ment but not by TNFþ S (Figures 5A and 6B,C and S7). Moreover, TNF
þ CHX-induced cell death was completely prevented by the pan-
caspase inhibitor zVAD or the Caspase-8 inhibitor, zIETD-FMK. This
indicates that b-cells die mainly by apoptosis in response to TNF and
that necroptosis does not occur even when cells are licensed to die. Of
MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
note, under conditions that efficiently induce cell death in pancreatic
islets, we could not observe differences between wildtype and Ripk1b-
KO islets, providing further evidence that TNF-induced cell death is
independent of RIPK1 in these cells.

4. DISCUSSION

TNF has long been associated with b-cell death, however, the
mechanisms involved are not well-characterised. Moreover, the
contribution of different cell death modalities to diabetes pathogenesis
is not known. b-cell-specific deletion of Caspase-8 protected mice
from MLDSTZ-induced diabetes indicates that extrinsic apoptosis
contributes to the disease. However, these mice develop spontaneous
hyperglycemia with ageing, accompanied by increased cell death in
the islets which could be explained by necroptosis induction in the
absence of Caspase-8 [33]. Although constitutive RIPK3 deficiency
was shown to protect mice from MLDSTZ-induced diabetes [34], in a
transplantation model, pancreatic islets lacking RIPK3 were as sen-
sitive to T-cell killing as wild type islets, excluding a role of necroptosis
in autoimmune diabetes [35]. Our study is in line with the latter and
with Takiishi et al. who showed that RIPK1-mediated cell death does
not play a role in type 1 diabetes by using Ripk1S25D mice under the
same type 1 diabetes challenge [18]. In addition, Karunakaran et al.
reported that RIPK1 kinase inactive mice, Ripk1K45A, are not protected
from diet-induced metabolic syndrome [17]. We also demonstrated
ex vivo that TNF-induced cell death induced by sensitisation with CHX,
was fully blocked, rather than exacerbated, by caspase inhibition,
providing further evidence that necroptosis does not occur in b-cells.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Pancreatic islets are not sensitive to TNF-induced cell death; potentially explained by lack of RIPK3 and high cFLIP expression.
(a) Percentage of cell death in mouse primary islets isolated from Ripk1b-KO and littermate controls treated with TNF (T), TNF and zVAD (TZ), TNF and Smac mimetics (TS), TNF,
Smac mimetics and zVAD (TSZ), Cocktail with IL-1b, TNF, IFNg (C) for 24 h (n ¼ 5e6 per group). (b) Gene expression profile of indicated genes from mouse b-cells treated with
IL-1b, IFNg, IL-1b þ IFNg for 6 h or non-treated (NT). (c) Expression levels of indicated genes across different organs and cell types from the Tabula Muris dataset (upper panel).
Ratio of cFLIP (Cflar) to Caspase-8 (Casp8) expression level in indicated organs and cell types (d) IHC staining of Caspase-8 and cFLIP in pancreas, colon and spleen. R3/C8 DKO
stands for Casp8/Ripk3 constitutive knockout (upper panel) and Cflar-IEC-KO (Cflar deletion in intestinal epithelial cells) (bottom right). Scale bars represent 20 mm. Chromogen
(DAB) incubation was done equally in different tissues. (e) Primary islets isolated from Ripk1b-KO mice and littermate controls (n ¼ 3 per genotype) were stimulated with TNF for
24 h. The expression levels of indicated proteins were analysed by western blotting.
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Figure 6: Cycloheximide treatment renders pancreatic islets sensitive to TNF-induced cell death, an implication of c-FLIP. (a) Primary islets were treated with CHX for 6 h
or 24 h and cFLIP levels were analysed by western blotting. (b) Percentage of cell death in mouse primary islets isolated from Ripk1b-KO and littermate controls treated with the
indicated conditions for 24 h (n ¼ 6 per group). (c) Representative images of islets after 24 h of treatment with the indicated conditions. Scale bars represent 100 mm.
Means � SD. 2-way ANOVA with �Sídák’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Furthermore, Takiishi et al. showed that necroptotic stimuli do not
translate into cell death although RIPK1 is phosphorylated, suggesting
that b-cells have a mechanism downstream RIPK1 activation that
protects from TNF-induced cell death.
Intriguingly, unlike many other cell types, we found that b-cells are not
sensitive to cell death upon deletion of RIPK1 or HOIP under physiological
conditions and diabetic challenges. It is particularly intriguing in the
context of type 1 diabetes because Caspase-8 deficiency in b-cells
protects from MLDSTZ-induced diabetes [33], indicating that death
receptor-associated cell death machinery is engaged in this model.
Curiously, it has been shown that death ligands such as TRAIL and FasL
are dispensable for T-cell killing of b-cells [36,37]. Similarly, we and
others showed that intact pancreatic islets are not sensitive to TNF along
with cIAP1/2 depletion which is a widely used extrinsic apoptosis
stimulus [18]. To understand what could be the mechanism that sus-
tains b-cells survival upon check-point inhibition within the TNF pathway
such as LUBAC deficiency, cIAP1/2 depletion and RIPK1 phosphoryla-
tion, we examined the expression profile of cell death proteins in b-cells.
We found that b-cells express extremely low levels of MLKL and RIPK3.
This goes in line with the observed negligible role of RIPK1 kinase
MOLECULAR METABOLISM 87 (2024) 101988 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
activity in diabetes onset as discussed above. Moreover, we showed that
b-cells express distinctively high levels of cFLIP compared to Caspase-8.
The latter could represent a mechanism by which b-cells prevent TNF-
induced cytotoxicity in conditions that were reported to licence TNF to kill
in many other cell types and organs. Indeed, we found that CHX treat-
ment which correlated with a depletion in cFLIP, sensitised cells to TNF-
induced cell death. This goes in line with a report showing that over-
expression of cFLIP in b-cell lines protects from TNF- and cytokine-
induced cell death [38]. Although our data places cFLIP as the main
checkpoint in TNF-cytotoxicity in b-cells, we cannot exclude the pos-
sibility that CHX also targets other prosurvival factors that are important
to preserve b-cell survival, e.g. MCL1 [39,40]. Hence, the prominent role
of cFLIP in b-cell death regulation, homeostasis and during pathological
conditions warrants further investigation.
On one hand, high levels of cFLIP could explain why b-cells are pro-
tected from TNF-induced cell death. On the other hand, evidence
suggests that Caspase-8 deletion in b-cells protects from diabetes
onset [33]. Hence, how Caspase-8 gets activated in the presence of
overwhelmingly high levels of cFLIP, especially upon MLDSTZ chal-
lenge, remains an open question. It is important to note that Caspase-8
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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expression was also increased upon MLDSTZ treatment, hence
becoming available for activation. Emerging evidence suggests that
Caspase-8 can be cleaved in an iNOS-dependent manner [41,42].
Considering the prominent role of iNOS in b-cell demise [43e45], and
the fact that Nos2 expression is induced by cytokine cocktail (Fig. S6a),
it is possible that Caspase-8 cleavage and activation during diabetes
occurs in an iNOS and NO-dependent manner potentially bypassing the
inhibitory effect of cFLIP over Caspase-8. Overall, our results indicate
that b-cells are resistant to TNF-induced apoptosis and necroptosis,
upon loss of key survival nodes in TNF signalling, which can be a pro-
survival adaptation in order to protect b-cell mass and maintain nor-
moglycemia upon a plethora of inflammatory conditions.
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