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The c-Jun N-terminal kinases (JNKs) regulate diverse physiological processes. Whereas JNK1 and JNK2 are broadly expressed and
associated with insulin resistance, inflammation, and stress responses, JNK3 is largely restricted to central nervous system neurons and
pancreatic B cells, and its physiological role in B cells remains poorly defined. To investigate its function, we generated mice lacking JNK3
specifically in B cells (BJNK3-KO). These mice displayed glucose intolerance and defective insulin secretion, particularly after oral glucose
challenge, indicating impaired incretin responses. Consistently, Exendin-4—stimulated (Ex4-stimulated) insulin secretion was blunted in
BJNK3-KO islets, accompanied by reduced GLP-1R expression. Similar findings were observed in human islets treated with a selective
JNKS inhibitor (iJNK3). Downstream of GLP-1R, Ex4-induced CREB phosphorylation was diminished in BJNK3-KO islets, indicating
impaired canonical signaling. Moreover, activation of the GLP-1R/CREB/IRS2 pathway, a key regulator of 8 cell survival, was reduced in
BJNK3-KO islets and iJNK3-treated human islets. As a consequence, the protective effects of Ex4 were lost in cytokine-treated BJNK3-KO
and human islets, and Ex4-mediated protection was partially attenuated in BJNK3-KO mice exposed to multiple low-dose streptozotocin.
These findings identify JNK3 as a regulator of B cell function and survival and suggest that targeting this pathway may enhance incretin-
based therapies.
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enhance incretin-based therapies.

Introduction
Type 1 diabetes (T1D) and type 2 diabetes (T2D) are characterized
by the autoimmune destruction of pancreatic  cells and by defec-
tive B cell adaptation to insulin resistance, respectively. Cellular stress
is a common path for altered P cell homeostasis in these diseases.
In TID, infiltration of inflammatory cells and proinflammatory
cytokines (CTKs) drive B cell death (1). The c-Jun amino-terminal
kinase (JNK) pathway, also known as stress-activated protein kinases
(SAPKS5) pathway, is activated by endoplasmic reticulum and oxida-
tive stress and has been implicated in cytokine-mediated {3 cell apop-
tosis (2). Three genes encode JNK isoforms: JNK1 (Mapk8), JNK2
(Mapk9), and JNK3 (Mapk10), with alternative splicing yielding 10
protein sequences with significant homology (3). While JNK1 and
JNK2 are ubiquitously expressed, including in pancreatic f§ cells, and
play a role in survival, JNK3 is predominantly found in neurons, tes-
tes, and pancreatic islets (4), and its role has been less explored.
Evidence supports the involvement of JNK1 and JNK2 in var-
ious diabetic models, including those mimicking T1D using strep-
tozotocin (STZ), nonobese diabetic mice, and proinflammatory
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The c-Jun N-terminal kinases (JNKs) regulate diverse physiological processes. Whereas JNK1 and JNK2 are broadly expressed
and associated with insulin resistance, inflammation, and stress responses, JNK3 is largely restricted to central nervous
system neurons and pancreatic §§ cells, and its physiological role in B cells remains poorly defined. To investigate its function,
we generated mice lacking JNK3 specifically in f cells (8JNK3-K0). These mice displayed glucose intolerance and defective
insulin secretion, particularly after oral glucose challenge, indicating impaired incretin responses. Consistently, Exendin-4-
stimulated (Ex4-stimulated) insulin secretion was blunted in BJNK3-KO islets, accompanied by reduced GLP-1R expression.
Similar findings were observed in human islets treated with a selective JNK3 inhibitor (i{NK3). Downstream of GLP-1R,
Ex4-induced CREB phosphorylation was diminished in BJNK3-KO islets, indicating impaired canonical signaling. Moreover,
activation of the GLP-1R/CREB/IRS2 pathway, a key regulator of § cell survival, was reduced in JNK3-KO islets and ijNK3-
treated human islets. As a consequence, the protective effects of Ex4 were lost in cytokine-treated $JNK3-KO and human
islets, and Ex4-mediated protection was partially attenuated in §JNK3-KO mice exposed to multiple low-dose streptozotocin.
These findings identify JNK3 as a regulator of B cell function and survival and suggest that targeting this pathway may

cytokines to induce apoptosis. The finding that deletion of JNK1
prevented the impairment of insulin secretion and f cell survival
induced by proinflammatory cytokines (2, 5, 6) suggests that target-
ing JNK1 and JNK2 in  cells could be a new therapeutic approach
for diabetes (7-9). Pharmacological inhibition of JNK and knock-
out animal models of JNK1 and JNK2 have shown enhanced islet
survival under transplantation and diabetogenic conditions (2, 10).
In contrast, overactivation of JNKSs in a transgenic mouse model
overexpressing MKK?7 in B cells resulted in insulin resistance and
impaired glucose homeostasis in B cells, despite the absence of
abnormal morphology or caspase 3 activation (11). This suggests
a potential redundant and compensatory mechanism among the
3 JNK isoforms in B cells. However, the specific contribution of
JNK3 to diabetes pathophysiology remains unclear.

While proapoptotic signals in B cells converge on the JNK
pathway, survival mechanisms such as the cAMP/CREB/IRS2/
AKT pathway counteract the fate of pancreatic B cells under
proinflammatory cytokine exposure (12-15). Intriguingly, JNK3
deletion in mouse and human f cell lines increased susceptibility
to death upon proinflammatory cytokine exposure (4), suggesting
an opposite effect of JNK3 compared with JNK1 and JNK2 in
apoptosis. Additionally, JNK3 silencing in insulinoma cells mark-
edly decreased insulin receptor substrate 2 (IRS2) expression (16).
Finally, JNK3 signaling by dual leucine zipper-bearing kinase (Dlk,
MAP3K12) was shown to be a key mechanism in adapting islet 8
cell mass during postnatal development and weight gain (17). This
evidence suggests that JNK3 has protective effects in in vitro mod-
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els, but there is a gap in knowledge that centers on the role of f cell
JNK3 in controlling glucose homeostasis and  cell mass in vivo.

Here, we generated an animal model to delete JNK3 specifical-
ly in B cells and observed an impairment of the incretin response
in vivo. Mechanistically, GLP-1R expression and canonical signal-
ing were decreased in mouse and human islets deficient in JNK3,
rendering these islets more susceptible to apoptosis induced by
proinflammatory cytokines. Furthermore, the beneficial effect of
GLP-1R agonist treatment in a preclinical model of diabetes was
partially attenuated in JNK3-deficient mice. Given that GLP-1R
agonists are crucial medications for treating diabetes, identifying
the signaling pathways and mechanisms involved in the response
to GLP-1R agonists could have significant implications for diabetes
therapy. These studies support a role for JNK3 in in vivo incretin
responses in B cells and suggest that this pathway can be used to
enhance therapeutic actions of GLP-1R agonists.

Results
JNK3 mRNA is the most abundant JNK isoform in f cells and is induced
in human diabetes. First, we assessed mRNA expression of JNKI,
JNK2, and JNK3 in the single-cell transcriptome of o and f cells
from mice at different developmental and postnatal stages (18).
This shows that, while JNK1 and JNK2 decrease during the first 60
days of postnatal life, JNK3 mRNA is low during development and
increases after postnatal day 3 to day 60 (Supplemental Figure 1A;
supplemental material available online with this article; https://
doi.org/10.1172/JCI185707DS1). Analysis of JNKI1, JNK2, and
JNK3 mRNA in the single-cell transcriptome library from the
human pancreas (19) showed that JNK1 and JNK2 mRNA were
present in all islet cells and acinar and ductal compartments (Sup-
plemental Figure 2A). In contrast, JNK3 mRNA was more abun-
dant in human o and f cells, while it was barely detected in exocrine
and ductal cells (Supplemental Figure 2A). Moreover, the JNK3
isoform was found to be the most abundant isoform in f cells (Sup-
plemental Figure 2A). Analyzing data from 65 HPAP donors (20),
we confirmed the expression of JNKI1, JNK2, and JNK3 across
different pancreatic cell types. Notably, JNK3 expression was
increased in mice subjected to a high-fat diet (HFD) compared with
a regular chow diet (21) (Supplemental Figure 1B) and the expres-
sion of all 3 isoforms was increased in pancreatic  cells from type
2 diabetic donors (Supplemental Figure 2A) and in Type 1 diabetes
donors in a single-cell analysis (Supplemental Figure 3A), indicat-
ing the involvement of JNKs in f cell adaptation to diabetes.
Deletion of JNK3 in f cells results in glucose intolerance and defec-
tive insulin secretion in response to oral glucose and incretin stimulation.
To further assess the role of JNK3 in B cells in vivo, we generated
mice with homozygous JNK3 deletion by crossing floxed-JNK3
mice with Rip-Cre (data not shown) and Ins-Cre mice (BJNK3-KO)
(22-24). Islets isolated from BJNK3-KO mice showed a marked
reduction in MAPK10 (JNK3) gene expression and JNK3 protein
levels, without any compensatory effect on the levels of MAPKS
(JNK1) and MAPK9 (JNK2) mRNA (Figure 1, A and B). Random
glucose levels in 3-, 6-, and 9-month-old BJNK3-KO mice were
not different from controls (Figure 1C), as were the proportion of
Ki67-positive f cells and overall § cell mass (Supplemental Figure
4, A and B, respectively). However, both male and female BJNK3-
KO mice exhibited glucose intolerance (Figure 1, D and E) and
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impaired insulin secretion (Figure 1F) only during oral glucose tol-
erance test (OGTT), with no differences when glucose was admin-
istered intraperitoneally (Figure 1, D, E, and G, and Supplemental
Figure 4, C-F for female BJNK3-KO mice). Further evaluation of
the incretin effect by coadministering i.p. glucose with the GLP-
1R agonist, Exendin 4 (Ex4), confirmed the impaired response
to incretin signals (Figure 1F). This was accompanied by blunted
insulin secretion (Figure 1H), suggesting a role for JNK3 in incretin
induced insulin secretion in vivo.

Inducible deletion of JNK3 in mature [3 cells results in glucose intol-
erance and defective insulin secretion after oral glucose and nutrients. To
eliminate potential effects arising from loss of JNK3 during devel-
opmental stages, we disrupted JNK3 in adult B cells by crossing
floxed-JNK3 model with mice expressing a tamoxifen-inducible Cre
under the control of the mouse Insl promoter (Mip-CreERTM),
named iBJNK3-KO (22). JNK3 protein levels showed a marked
reduction in the iBJNK3-KO (Supplemental Figure 5A). Before
tamoxifen treatment, iBJNK3-KO mice were normoglycemic and
exhibited normal glucose tolerance in both i.p. (data not shown)
and oral glucose tolerance tests (Figure 2, A and B) and comparable
insulin secretion in response to oral glucose (Figure 2C). However,
5 weeks after tamoxifen (Tmx) administration, iBJNK3-KO mice
showed impaired glucose clearance and decreased insulin secretion
after oral glucose administration (Figure 2, D-F). Further testing of
incretin responses in vivo using meal tolerance test (MTT) (25) con-
firmed glucose intolerance and blunted insulin secretion 6 weeks
after Tmx (Figure 2, G-I).

JNK3 inhibition reduces in vitro GLP-1R—mediated signaling and
insulin secretion. To gain insights into potential mechanisms by
which JNK3 deletion impairs insulin secretory responses to incre-
tins, we used MING6 cells treated with iJNK3 (26). As expected,
1JNK3 decreased the phosphorylation of c-JUN induced by CTKs,
a downstream target of JNKSs, compared with a broad-spectrum
inhibitor of JNKs, SP600125 (Supplemental Figure 5B). Insulin
secretory responses to glucose in MING6 cells treated with iJNK3
were blunted in the presence or absence of Ex4 (Figure 3A).
Although total insulin content did not differ between groups (Sup-
plemental Figure 6, A-C), glucose-stimulated insulin secretion
(GSIS) was decreased in BJNK3-KO and iBJNK3-KO after stim-
ulation with a combination of high glucose and Ex4, but not after
high glucose alone (Figure 3, B and C). Human islets treated with
iJNK3 also exhibited a reduction in insulin secretion upon high
glucose in combination with Ex4 treatment (Figure 3D).

Assessment of incretin signaling showed a decrease in PKA
activity (Supplemental Figure 7A) and consequently CREB phos-
phorylation in MING cells cultured in low glucose in the presence
or absence of Ex4 treatment after iJNK3 treatment (Figure 4A).
Lower PKA activity and CREB phosphorylation upon Ex4 treat-
ment was also observed in BJNK3-KO islets (Supplemental Figure
7B and Figure 4B) and after pharmacological inhibition of JNK3
in human islets (Supplemental Figure 7C and Figure 4C). Next,
we analyzed key [ cell identity genes and CREB-responsive genes
in mouse and human islets (Supplemental Figure 6, D and E,
respectively). To determine whether the expression of these genes
is affected by JNK3 inhibition, we measured mRNA levels after 16
hours of Ex4 treatment. In BJNK3-KO islets, the induction of key
B cell and CREB-sensitive genes (27) was attenuated (Figure 4D).
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Figure 1. Deletion of JNK3 in B cells results in glucose intolerance and defective insulin secretion in response to oral glucose and incretin stimulation. (A)
RT-PCR from 6-month-old male Control and 3JNK3-KO islets. (B) Immunoblotting and quantification for ]NK3 levels in isolated islets from 6-month-old male
Control and BJNK3-KO. (€) Random fed glucose during the first 9 months of age. (D) Intraperitoneal glucose tolerance test (ipGTT), (E) Oral Glucose tolerance
test (OGTT), (F) Coadministration of Exendin 4 during ipGTT in males of 4-5 months of age. (G) Calculation of the AUCs in all glucose tolerance tests and (H)
Insulin levels at baseline and 15 minutes after glucose tolerance tests. Data are expressed as means + SEM. Statistical significance was determined by 2-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001 between groups; #P < 0.05 within the same group.

These studies demonstrate that induction of cAMP/PKA/CREB
axis by GLP-1R agonist is mediated at least in part by JNK3.

To assess the cAMP/PKA/CREB axis downstream of GLP-
1R activation, we performed Forskolin treatment. Insulin secre-
tion induced by high glucose plus Forskolin was comparable
between control and BJNK3-KO islets, as well as in human islets
treated with iJNK3 (Supplemental Figure 8, A and D, respective-

J Clin Invest. 2026;136(1):e185707 https://doi.org/10.1172/JCI1185707

ly). Similarly, Forskolin induced CREB-responsive genes to the
same extent in BJNK3-KO and control islets (Supplemental Fig-
ure 8C), indicating that downstream GLP-1R signaling remains
intact in the absence of JNK3.

Given that JNK3 inhibition decreased induction of the cAMP/
PKA/CREB axis induced by GLP-1R agonist, we next focused on
proximal events involving GLP-1R localization and expression.
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Figure 2. Inducible deletion of JNK3 in mature j cells results in glucose intolerance and defective insulin secretion after oral glucose and nutrients. (A) Oral
glucose tolerance test, (B) AUC, and (C) insulin levels before Tmx injection in 4-month-old male mice. (D) Oral glucose tolerance test, (E) AUC, and (F) insulin
levels at 5 weeks after Tmx injection. (G) Meal Tolerance Test, (H) AUC, and (1) insulin levels at 6 weeks after Tmx injection. Data are expressed as means *
SEM. Statistical significance was determined by 2-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.0001 between groups; #P < 0.05 within the same group.

GLP-1R was colocalized with § catenin at the plasma membrane
of insulin-positive cells in BJNK3-KO islets, indicating that JNK3
deficiency does not affect GLP-1R trafficking or localization (Fig-
ure 5A). To quantitatively assess GLP-1R levels at the cell mem-
brane, we labeled the receptor using Luxendin551 (28). After 10
minutes of incubation, clear membrane staining was observed in
control islets but was reduced in BJNK3-KO islets. By 60 minutes,
membrane staining was strong and comparable between groups
(Figure 5, B and C), suggesting that reduced GLP-1R abundance
may contribute to impaired incretin signaling in BJNK3-KO islets.

JNK3 inhibition reduces GLPIR gene expression. Bioinformatic anal-
ysis of the promoter region of the GLPIR gene in humans and mice

showed enrichment of putative binding sites for transcription factors
targeted by JNKs, such as cJUN, JUNB, Elk1, and other substrates
(29) (Supplemental Figure 9). GlpIr mRNA levels were downregulated
in both BINK3-KO and iBJNK3-KO islets (Figure 5D), and this was
accompanied by reduced GLP-1R protein levels in BJNK3-KO islets
(Figure 5E). Single-cell RNA-seq analysis showed a positive correlation
between JNK3 and GLPIR expression (Supplemental Figure 2B) (19),
as well as between JNK2/JNK3 and GLPIR (Supplemental Figure 3B)
(20). Similarly, human islets treated with iJNK3 displayed decreased
GLPIR mRNA levels (Figure 5D) and protein expression (Figure 5F).
Together, these findings indicate that JNK3 regulates incretin-mediat-
ed insulin secretion, at least in part, by controlling GLPIR expression.

J Clin Invest. 2026;136(1):e185707 https://doi.org/10.1172/)CI185707
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To determine whether JNK activation regulates GLP-1R
expression, we used a plasmid encoding a constitutively active
MKXK7, the upstream JNK kinase, linked to JNK as a fusion pro-
tein, providing an in vitro strategy to selectively increase JNK
activity (Figure 6A). The MKK7-INK1APF (dominant-negative
version of the JNK1 protein mutant) showed no JNK phosphory-
lation and, consequently, no c-JUN phosphorylation (Figure 6B).
In contrast, MKK7-JNK1 and MKK7-JNK3 constructs induced
the expression of the expected approximately 100 kDa fusion
proteins, with both JNK1 and JNK3 phosphorylated, leading to
increased phosphorylation of c-JUN at Ser73, Thr91, and Thr93.
Notably, iJNK3 inhibited c-JUN phosphorylation at all sites, only
in MKK7-JNK3—-transfected cells, demonstrating specificity of
this inhibitor (Figure 6C).

To test transcriptional regulation, the human GLPIR pro-
moter region was cloned upstream of a luciferase reporter and
cotransfected into HEK293T cells (Supplemental Figure 9 and
Figure 6D). Both MKK7-JNK1 and MKK7-JNK3 increased the
Firefly/Renilla luciferase ratio, indicating enhanced transcription-
al activation of the GLPIR promoter. Importantly, iJNK3 specif-
ically reduced the promoter activation induced by MKK7-JNK3
overexpression (Figure 6E). These results suggest the presence of

J Clin Invest. 2026;136(1):e185707

cy were obtained, JNK3 activation did not increase
GLPIR or IRS2 expression, nor did it enhance insulin

secretion (Supplemental Figure 11, D and E).
Beneficial effect of Ex4 in improving glucose homeostasis and pre-
serving p cell mass after low-dose STZ is partially dependent on JNK3
in [ cells. Given the role of JNK3 on insulin secretory responses
induced by GLP-1R, we tested the effects of JNK3 on incre-
tin-mediated P cell regeneration in the low-dose STZ mouse
model. This model exhibits progressive inflammation followed
by the destruction of B cells (13, 30). Daily administration of
Ex4 (1 nmol/kg/d) or vehicle control intraperitoneally starting
2 days before treatment with low-dose STZ (5 consecutive injec-
tions of 40 mg/kg/d of STZ) resulted in comparable glucose
levels in vehicle-treated control and BJNK3-KO mice. Remark-
ably, improvement in glucose levels observed in Ex4 treated
control mice was attenuated in the BJNK3-KO group (Figure
7A). The attenuated effect of Ex4 was observed after day 11
and persisted throughout the experiment, as demonstrated by
a decrease in the AUC over 4 weeks of treatment (Figure 7B).
The improvement in glucose homeostasis was accompanied by
increases in random insulin levels in the Control + Ex4 group
but not in the BJNK3-KO+Ex4 after 22 days of STZ adminis-
tration (Figure 7C). The meal tolerance test was improved and
insulin secretion was increased in controls treated with Ex4,
and this effect was reduced in the BJNK3-KO +Ex4 group on
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day 16 (Figure 7, D-F). No difference in glucose tolerance was
observed between vehicle-treated control and BJNK3-KO mice
(Figure 7, D-F). Morphometric analysis demonstrated that the
control group treated with Ex4 exhibited an increase in the
number of islets per pancreatic section and f cell mass, and
these responses were markedly decreased in BJNK3-KO+Ex4
mice (Figure 7, G-I). Control and BJNK3-KO treated with vehi-
cle exhibited a comparable number of islets per pancreatic sec-
tion and P cell mass (Figure 7, G-I).

;

Ccend1

significance was determined by 2-way ANOVA. *P < 0.05

Fos between groups; #P < 0.05 within the same group.

Effects of CTKs on stress-activated protein kinases (SAPKs) and
c-Jun phosphorylation are reduced in fJNK3-KO islets. To further
assess the mechanisms of f cell mass preservation by Ex4 in the
low-dose STZ model, we assessed the responses to proinflam-
matory cytokines. We first assessed the activation of SAPKs and
downstream targets of JNKs by measuring different phosphor-
ylation sites of c-JUN. Upon exposure to a cocktail of proin-
flammatory cytokines (Interleukin-1p, IFN-y, TNF-a), control
islets showed increased phosphorylation of SAPK (Thr183/
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Figure 5. JNK3 inhibition reduces GLP-1R gene
expression. (A) Representative images of dis-
persed islets GLP-1R (red) beta catenin (green)
insulin (gray) and DAPI (blue); scale bar: 10 um.

°

£ (B) Representative images of live islets incu-

38 bated with Luxendin551. Scale bar: 20 um. (C)
Quantification of Luxendin551 membrane label-
ing at 10 and 60 minutes. (D) g-RT-PCR analysis
of GIpTr mRNA levels in isolated islets from (E)

o control and BJNK3-KO mice, control and iJNK3-

™2 KO mice, and human islets treated with ijNK3

Q from donors 1-5, (F) GLP-1R protein levels in

Z human islets from donors no. 1, 3-7 treated with

«“ vehicle or iJNK3 for 24 hours. Data are expressed
as means + SEM. Statistical significance was
determined by 2-way ANOVA. *P < 0.05 between

B Lux551 Backscatter 025 groups; *P < 0.05 within the same group.
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Tyr185) at p54 and p46, and, consequently, phosphorylation of
c-Jun at Ser63, Ser73, and Thr91 when exposed for 0.5 and 4
hours (Supplemental Figure 12, A and B). In contrast, islets from
BINK3-KO mice showed decreased phosphorylation of SAPK
and c-JUN at Ser73 and Thr91 after cytokine treatment (Supple-
mental Figure 12, A and B).

Protective effects of Ex4 against cytokine-induced apoptosis are medi-
ated by JNK3. GLP1-R agonists trigger increases in cCAMP-PKA-
pCREB and stimulate the transcriptional regulation of key genes
involved in P cell function and survival. Among these genes, Insu-
lin Receptor Substrate 2 (IRS2) is a master regulator of survival
in B cells (4, 15, 31). To evaluate if induction of the IRS2 protein
by Ex4 is dependent on JNK3, we treated islets from control and
iBJNK3-KO mice with Ex4. Protein levels of IRS2 increased in
control islets and remained unchanged in iBJNK3-KO islets (Fig-
ure 8A). Given the role of JNK3 in activation of GLP-1R signal-
ing and the known prosurvival effects of GLP-1R agonist against
B cell apoptosis by regulation of IRS2 levels, we evaluated the role
of JNK3 in GLP-1R agonist-mediated [ cell survival by exposing

J Clin Invest. 2026;136(1):e185707 https://doi.org/10.1172/)CI185707

control and BJNK3-KO islets to high glucose and cytokines for 24
hours in the presence or absence of Ex4. Ex4 treatment of control
islets showed higher levels of IRS2 upon exposure to proinflam-
matory cytokines compared with vehicle-treated control islets
and this was accompanied by lower levels of cleaved caspase 3
by immunoblotting and activity (Figure 8, B and C). In contrast,
Ex4 failed to induce IRS2 levels in BJNK3-KO islets, and these
islets lost the protection against apoptosis by Ex4, as assessed by
Cleaved caspase 3 immunoblotting (Figure 8, B and C). Similar
survival results were confirmed by measuring caspase 3/7 activity
(Figure 8C). To test whether the survival signals are also modu-
lated by JNK3 in human islets, we cultured human islets in the
presence or absence of the JNK3 inhibitor. A decrease in IRS2
levels (Figure 8D) and an increase in caspase 3/7 activity induced
by proinflammatory cytokines even under Ex4 (Figure 8E) were
observed in islets treated with the JNK3 inhibitor, indicating that
JNK3 mediates survival signals in human islets. Taken together,
these studies indicate that the deletion of JNK3 impaired Ex4-me-
diated survival mechanisms in mouse and human islets.
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Figure 6. Transcriptional activation of the GLP1R is directly mediated by JNK. (A) Schematic representation of the MKK7-JNK fusion proteins. The
constructs contain residues 1-443 of MKK7 fused to JNK1a1 (1-383), JNK30.2 (1-463), or phosphorylation-negative JNK (Thr180-Pro-Tyr182 replaced with
Ala-Pro-Phe; APF). (B) Expression of MKK7-JNK fusion proteins in HEK293T cells detected by immunoblotting (I1B). The presence of JNK1, INK2, and JNK3
fusion proteins in cell lysates was confirmed. JNK phosphorylation status was assessed using an anti-phospho-SAPK antibody. (C) JNK activation was
evaluated by IB using an antibody to phospho-c-Jun (Ser73, Thr91, and Thr93). (D) Schematic of the cloned promoter region of the human GLP1R (~1500
bp upstream to transcription start site) into the pMCS-Red Firefly luciferase vector. Renilla luciferase (pRL-TK) was used as an internal control. (E) Firefly/
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Discussion

In this study, we have identified the role of JNK3 in the incretin
responses in f§ cells. Our findings show that BJNK3-KO mice exhib-
it impaired glucose homeostasis and insulin secretion following an
oral glucose tolerance test, but not during an intraperitoneal glu-
cose tolerance test, suggesting that JNK3 is required for incretin
responses. We showed crosstalk between JNK3 and the cAMP/
PKA/CREB signaling pathways by regulating GLPIR transcrip-
tional levels and protein in mouse and human islets, supporting
a role for JNK3 in potentiating insulin secretion in mouse and

human islets. Finally, we demonstrated that the protective effect of
Ex4 against apoptosis induced by proinflammatory cytokines and
diabetes development in a preclinical model of diabetes was partial-
ly dependent on JNK3 in B cells, further underscoring the role of
JNK3 in B cell function and survival.

Remarkably, database analysis of mouse single-cell transcrip-
tome data (18) revealed dynamic expression patterns of JNK iso-
forms during development. Specifically, JNK3 exhibited low expres-
sion at the embryonic stage (E17) but showed a marked increase
in expression from postnatal days 3—60. In contrast, JNK1 levels
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decreased over development, while JNK2 remained relatively sta-
ble. This pattern of JNK3 expression coincides with a period of
increased B cell proliferation and maturation, suggesting a poten-
tial role for JNK3 in these processes and in optimizing responses to
nutrients. Furthermore, analysis of single-cell transcriptomes from
human donors revealed that JNK3 isoforms are specific to pancreat-
ic cell types, with JNK3 being the most abundant isoform of JNKs
in B cells. Also, JINK3 expression levels were found to be increased
in donors with T1D and T2D and in a mouse model exposed to
HFD. These findings indicate a direct involvement of JNK3 in f cell
adaptation and responses to diabetes development. The data pre-
sented in this study highlight the involvement of JNK3 in incretin
responses in both in vivo mouse models and human islets, suggest-
ing the importance of JNK3 in human f cell biology and its poten-
tial as a therapeutic target in diabetes.

GLP-1R agonists are one of the most important medications in
the treatment of T2D by enhancing insulin secretion and triggering
survival pathways that preserve B cell mass (32). However, not all
patients with T2D diabetes respond to these medications. There-
fore, finding signaling pathways and mechanisms that can restore

J Clin Invest. 2026;136(1):e185707 https://doi.org/10.1172/JCI1185707

responses to GLP-1R agonists will have major implications for
diabetes treatment. Our findings support a role for JNK3 in insulin
secretory responses induced by GLP-1R agonists. JNK3 is required
for proper incretin responses in 3 cells in a physiological context, as
demonstrated in the oral glucose and meal tolerance tests, as well as
in the progression of diabetes. Consistent with this, we showed that
inhibition of JNK3 by pharmacological inhibitors or genetic JNK3
depletion decreases insulin secretion induced by GLP-1R agonists
in vivo and in vitro by decreases in cAMP/PKA-CREB signaling.
We discovered that the reduction of GLP-1 signaling was caused
by decreased expression of GLP-1R and GLP-1R levels at the plas-
ma membrane. These results are interesting because less is known
about the regulation of GLP-1R transcription. Previous studies have
shown that androgen receptor (Ar) binds to Ar motif elements and
induced GipIr transcription in mice (33). Analysis of the GLP-1R
promoter region showed enrichment of putative binding sites for Jun
transcription factors targeted by JNKSs, suggesting that this could be a
mechanism for reduction of GLPIR mRNA in f cells with inhibition
of JNK3. Promoter region studies showed multiple putative c-Jun
binding sites, and in vitro promoter-reporter assays demonstrated
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Figure 8. Protective effect of Ex4 against cytokine-induced apoptosis are mediated by JNK3. (A) IRS2 levels were measured after 24 hours of
treatment with Exendin 4 in isolated islets from Control and BJNK3-KO. (B) IRS2 levels and CTK-induced apoptosis were measured by quantifying
the cleaved caspase3 levels in presence or absence of Ex4 treatment. (C) Caspase 3/7 activity was evaluated in presence or absence of Ex4 and CTKs
in islets from Control and BJNK3-KO. (D) IRS2 levels from donors no. 4-7 treated with vehicle or i{NK3 for 24 hours and (E) Caspase 3/7 activity from
donors no. 6-7, 10-15 treated with vehicle or ijNK3 for 24 hours in presence or absence of Ex4 treatment. *P < 0.05, **P < 0.01, ***P < 0.001. The

results are expressed as means + SEM.

that JNK3 directly regulates the transcriptional activity of GLPIR
gene. The possibility of JNK3 activation as a mechanism to poten-
tiate GLP1 responses was then tested using transfection with gain-
of-function plasmids. However, our gain-of-function experiments did

e

not demonstrate a further increase in incretin responses. While this
was disappointing, there are several limitations for the transfection
experiments. Previous studies have shown that transient transfection
procedures (including lipid-based or electroporation methods) may
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induce cellular stress responses, alter membrane properties (34), and
transiently disrupt normal f cell physiology and signaling. These
changes can affect the timing, amplitude, and biphasic pattern of
insulin release. It remains possible that modulating JNK3 activity by
small molecule activators could be leveraged to promote f3 cell resen-
sitization to incretin signals and thereby enhance insulin secretion.

The potential of GLP-1R agonist acting on JNK3 to protect f3 cells
in diabetogenic conditions raises intriguing questions. Kinase activi-
ty profiles of human pancreatic f§ cells downstream of GLP-1R have
shown that biased agonists exendin-asp3 differentially modulate JNK3
activity (35). Interestingly, exendin-asp3 is associated with preferential
B arrestin recruitment, suggesting that this biased agonist can activate
JNK3 via f arrestin. This is consistent with previous data identifying
JNK3 as a binding partner of f arrestin 2 using a yeast 2-hybrid screen
and in vitro studies (36-38). B arrestin 2 and arrestin 3 are known to
be involved in MAPK signaling, and deletion of B arrestin 2 in § cells
has been shown to impair insulin secretion, primarily due to impaired
CAMKII function in B cells (36). This is consistent with the concept
that B arrestin 2 acts as a scaffold protein that brings the spatial distri-
bution and activity of JNK3 under the control of G protein—coupled
receptors (38). B arrestin 2 has been implicated in incretin sensitivity in
B cells by promoting posttranslational modification of GLP-1R traf-
ficking, leading to prolonged GLP-1R signaling (39). While 3 arrestin
2 can bind to JNK3 in the cytoplasm, its role in regulating JNK3 activ-
ity remains unclear. On the other hand, arrestin 3 exhibits a 15-fold
higher affinity for the inactive form of JNK3 compared with the active
form, and its release upon MKK?7 phosphorylation is crucial for sig-
nal amplification (40). Taken together, the published evidence and our
studies lead us to speculate that GLP-1 activates JNK3 activity via 3
arrestins and regulates GLP-1R expression, and, consequently, JNK3
inhibition indirectly downregulates GLP-1 signaling. Our results are
also consistent with a model in which deletion of JNK3 can indirect-
ly regulate the cAMP/PKA axis downstream of GLP-1 signaling by
modulation of GLP-1R expression.

One unifying characteristic of patients with both major forms
of diabetes is the loss of functional 8 cell mass (1). GLP-1R ago-
nists have been explored as therapeutic strategies to increase and/
or preserve f3 cell mass in diabetes, aiming to maintain functional
B cells and induce their survival and regeneration (41). These phar-
macological agents protect B cells against apoptosis in vitro and in
in vivo, in models of loss of P cells induced by multiple low-dose
STZ injections (42, 43). In contrast, the finding that GLP-1R dele-
tion in B cells (42) or the use of Ex9, an antagonist of the GLP-
1R (44), leads to enhanced susceptibility to STZ-induced apopto-
sis, demonstrates that GLP-1 receptor signaling is an important
physiological determinant of f cell survival in a preclinical model
of diabetes. Similarly, our studies show that JNK3 depletion in
islets reduced the beneficial effects of Ex4 on glucose homeostasis
and glucose tolerance in the low-dose STZ model, and this was
explained in part by impairment of B cell survival in Ex4-treated
BINK3-KO mice (Figure 7, G-I). The difference in mixed meal
tolerance between normoglycemic BJNK3-KO and STZ-treated
BJNK3-KO mice likely reflects the marked P cell loss in the STZ
model, which can mask the glucose intolerance phenotype evident
in the inducible model under basal conditions. Mechanistically,
this was caused by reduced GLP-1R expression and cAMP/PKA/
CREB axis signaling, ultimately resulting in decrease in IRS2 lev-
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els (Figure 8). Taken together, these studies support a function for
JNK3 in mediating the beneficial effects of GLP-1 analogs in a
model of B cell destruction and suggest that this pathway could be
used to sensitize or amplify B cell responses to incretins.

Recent case reports show that the GLP-1R agonist semaglu-
tide has beneficial effects in newly diagnosed patients with T1D.
The in vivo survival effects observed in the STZ model were fur-
ther explored in vitro using a cocktail of CTKs that mimic the T1D
environment. CTK treatment induction of c-Jun phosphorylation
was reduced in BJNK3-KO mice, and the protective effect of Ex4
in alleviating apoptosis induced by proinflammatory cytokines was
lost after the deletion of JNK3 in mouse islets (Figure 8). Whether
this effect is fully explained by the decrease in GLP-1R expression
or involves other associated signaling pathways remains an open
question. Importantly, the survival effects induced by Ex4 were
reduced by JNK3 inhibition in mouse and human islets (Figure 8§,
B-E). The decreased survival by inhibition of JNK3 was associ-
ated with reduced levels of IRS2 in mouse and human islets (Fig-
ure 8). This is consistent with previous data showing that JNK3
silencing in insulinoma cells decreases IRS2 expression (45) and
sensitizes cells to cytokine-induced apoptosis even after treatment
with Ex4 (4, 46). In summary, our results position JNK3 as a key
component in regulation of B cell survival in mouse and human
islets and identify this kinase as a major step in survival responses
to GLP-1R analogs by controlling expression of IRS2. In addition,
the increased JNK3 expression levels in islets from in donors with
T1D and T2D underscore the importance of JNK3 in human f
cells and its potential as a therapeutic target in diabetes.

In conclusion, the possibility of activating JNK3 to sensitize
B cells to the effects of GLP-1R analogs on insulin secretion and 3
cell survival in diabetogenic conditions raises intriguing opportunities
of this kinase as a potential therapeutic target. Future studies can be
designed to test the combination of GLP-1R analog-based therapy in
combination with JNK3 activators for the treatment of T1D and T2D.

Methods

Sex as a biological variable. Both male and female mice were includ-
ed in this study. Metabolic and molecular outcomes are presented
separately by sex, and no sex-specific differences were observed in
the measured parameters. Because the pathways examined are fun-
damental to B cell biology and glucose homeostasis, the findings
are expected to be relevant to both sexes. Sex was not used as an
experimental variable in statistical analyses.

Animals. JNK3 mice harboring a floxed MAPK10 (JNK23) allele
(also named JNK3"") were described previously (47). Deletion of
JNK3 in the pancreatic 3 cells was achieved by intercrossing JNK-
3"" mice with the Insl-cre mouse (22). Male offspring positive for
the INS-Cre transgene carrying 2 floxed JNK3 alleles (Ins-Cre;JNK"
/) were analyzed and, for simplicity, are referred to as BJINK3-KO
mice. To exclude any effect of the Ins-Cre or Mip-Cre®™ transgene,
we performed glucose tolerance test in animals harboring the floxed
gene, Mip-Cre®™ and no differences were observed (48). Therefore,
male littermates negative for the Ins-Cre transgene (JNK3"") or Ins-
Cre alone were used as controls for all experiments. Inducible dele-
tion of JNK3 was achieved by crossing JNK" mice with Tg(MIPI-
Cre/ERT)'™" mice (Mip-Cref™), which express Cre recombinase
under the control of a mouse insulin (InsI) promoter in a tamox-
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ifen-inducible manner ({BJNK3-KO mice) (48). Mice received 3
tamoxifen (Tamx) injections (2 mg/kg, every other day). All pro-
cedures were performed in accordance with the University Com-
mittee on the Use and Care of Animals at the University of Miami.

Metabolic studies. Glucose was measured in whole blood using
ACCU-CHEK II glucometer (Roche). Plasma insulin levels were mea-
sured using a rat insulin ELISA kit (ALPCO Immunoassays). Glucose
tolerance was assessed by measuring blood glucose levels following
administration of 2 g/kg glucose by either i.p. injection or oral gavage
in mice fasted for 5 hours. Incretin response was determined by coad-
ministration of 1 nmol/kg of Exendin 4 (Ex4) (Sigma) with 2 g/kg
glucose intraperitoneally followed by measurement of blood glucose
and plasma insulin. Meal tolerance test was assessed by oral gavage of
10 ml/kg body weight of Ensure (liquid, Abbott Laboratories).

Multiple low-doses of STZ. Diabetes was induced by five i.p. low-
dose injections of STZ (Sigma, 40 mg/kg) (30). Treatment with
GLP-1R agonist Exendin 4 (Ex4) was intraperitoneally adminis-
trated at 1 nmol/kg 2 days before STZ treatment by 4 weeks. Blood
glucose levels were determined 3 times per week in blood obtained
from the tail vein using ACCU-CHEK II glucometer (Roche).

MING cells. MING cells were obtained from the laboratory of
Armando Mendes at the Diabetes Research Institute, University of
Miami, and were maintained under standard culture conditions

Mouse and human islets. Mouse islet isolation was performed as
previously described (24). Briefly, the pancreas was inflated with 1
mg/mL collagenase P (Roche) injected into the common duct. Islets
were handpicked and incubated in a 37°C humidified chamber over-
night in RPMI containing 10% FBS, 1% penicillin/streptomycin,
and 5.5 mM glucose prior to performing subsequent experiments.
Human islets were derived from seven donors; see Human Islet
Checklist in Supplemental Table 1 adapted from (49) from Pro-
doLab and nPOD. Human islets were treated with iJNK3 for 24
hours prior to performing subsequent experiments.

For static insulin secretion, isolated islets were incubated in
Kreb’s buffer (114 mM NaCL, 4.7 mM KCl, 1.2 mM KH2PO4,
1.16 mM MgSO4, 20 mM HEPES, 2.5 mM CaCl2, 25.5 mM NaH-
CO3, and 0.2% BSA, pH 7.2) containing 2 mM glucose for 2 hours.
Groups of 20 islets in were incubated in Krebs-Ringer medium con-
taining 2 mM or 16.7 mM glucose for 0.5 hours with or without
Ex4 (100 nM) was added when indicated. Secreted insulin was then
measured in the media using the Ultrasensitive Insulin ELISA kit
(ALPCO Immunoassays) and normalized to total insulin content.

Proinflammatory cytokine—induced apoptosis in vitro. Cytokine-in-
duced apoptosis was performed by treating mouse islets with human
interleukin-1p (50 U/mL), recombinant rat IFN-y (1,000U/mL), and
recombinant rat tumor necrosis factor-o. (1,000 U/mL) (Peprotech) in
the presence of high glucose concentration using 16.7 mM for mouse
islets (13). Caspase-Glo 3/7 Assay (Promega) was used to measure
the Caspase3/7 activity 24 hours after treatments. Background signal
(media-only wells) was subtracted from all values. Fold change was
calculated based on the control treated with vehicle.

Luxendin labeling in live islets. Isolated islets were incubated with
100 nM LUXendin551 (28) for the indicated times at 37°C in cul-
ture medium. Following incubation, islets were washed 3 times
with KRB and imaged using a Leica TCS SP8 confocal microscope.
Excitation/emission settings were as follows: LUXendin551, A =
561 nm / 569-667 nm.
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Plasmid-mediated JNK overactivation (gain-of-function). Plas-
mid expression vectors encoding fusion proteins with an
NH,-terminal Flag epitope tag and JNK isoforms were gener-
ated as previously described (50). The MKK7-JNK fusion pro-
teins consisted of residues 1-443 of MKK?7 fused to JNKlal
(1-383), INK20a2 (1-423), or JNK3a2 (1-463). Point mutations
were introduced to create phosphorylation-negative JNKI1
(Thr180-Pro-Tyr182 replaced with Ala—Pro—Phe, APF), which
prevents phosphorylation when fused to constitutively active
MKK7 (MKK7-JNK1APF).

Luciferase reporter assay. The approximately 1500 bp pro-
moter region of the human GLPIR gene was synthesized,
sequence-verified, and cloned into the pMCS-Red Firefly Luc
Vector (ThermoFisher). HEK293T cells were seeded into 24-well
plates and grown to 70%—-80% confluence before transfection
with pCDNA3.1-MKK7-JNK1 or pCDNA3.1-MKK7-JNK3
(for JNK overactivation), pCDNA3.1-GLPIR, and pRL-TK
(Renilla luciferase control) using XTreme transfection reagent
(Roche). After 24 hours, cells were incubated for 16 hours in
DMEM (4.5 g/L glucose, 10% FBS, 1% antibiotics) containing
either vehicle (DMSO) or iJNK3 (5 uM) at 37°C with 5% CO,,.
Cells were then washed with ice-cold PBS and lysed for lucif-
erase assays. Firefly and Renilla luciferase activities were mea-
sured sequentially using the Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Fire-
fly luciferase activity was normalized to Renilla luciferase to
account for transfection efficiency, and results were expressed
as relative luminescence units (RLU).

RT-PCR. Total RNA was isolated from mouse and human
islets using the RNeasy isolation kit (Qiagen). Gene expression
was performed by g-RT-PCR using Power SYBR Green PCR
Mix (Applied Biosystems) using Quant Studio 3 Real-Time
PCR systems (Applied Biosystems) with a standard protocol
including a melting curve. The PCR reactions were performed
following the kit instructions. Primers from IDT Technologies
(Supplemental Table 3) were used. Relative abundance for each
transcript was calculated by a standard curve of cycle thresholds
and normalized to housekeeping gene.

Western blot. Twenty to 30 micrograms of protein lysate
from islets in lysis buffer (10 mM Tris-HCI, 1% SDS, anti-pro-
teases and anti-phosphatases) (Roche) were resolved in poly-
acrylamide gel and transferred to a polyvinylidene fluoride
membrane (Bio-Rad). The membrane was then blotted with
the antibodies described in Supplemental Table 2 and visual-
ized using the Li-Cor system (Li-Cor). Densitometry was deter-
mined by measuring pixel intensity using NIH Image J software
and normalized to tubulin in the same membrane. Goat anti-
mouse and anti-rabbit secondary antibodies were from LI-COR
Biosciences.

Immunofluorescence and morphometry. Pancreata were fixed
overnight in formalin (4% formaldehyde) and embedded in par-
affin as previously described (13). Antigen retrieval was achieved
by boiling in Citrate Buffer (10 mM NaClitrate, pH 6.0) for 4-12
minutes. Nonspecific binding was blocked by incubating with
5% goat serum for 30 minutes and then sections were incubat-
ed at 4°C overnight with antiinsulin primary antibody (Dako),
followed by incubation with fluorophore-conjugated second-
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ary antibodies (Jackson Immunoresearch). The antibodies are
described in Supplemental Table 1. Coverslips were mounted on
slides using DAPI-containing mounting media (Vector Labora-
tories). Assessment of B cell mass was performed by measuring
insulin and acinar areas from 4 insulin-stained sections separated
by 200 uM, using NIH Image J Software (v1/49d available free
at http://rsb.info.nih.gov/ij/index.html). The ratios of the hor-
mone-stained area to the total pancreatic section area for each
mouse were averaged and multiplied by the pancreatic weight.

Statistics. Data are presented as mean + SEM. The statistical
significance of differences between the various conditions was
determined by nonparametric U test (Mann-Whitney). Two-way
ANOVA was used to detect differences between groups over
experimental condition followed by a Tukey’s (or Siddk’s) mul-
tiple comparison test using Prism version 10 (GraphPad Soft-
ware). Results were considered statistically significant when the
P value was less than 0.05.

Study approval. All procedures involving mice were conduct-
ed in accordance with the ARRIVE guidelines and approved by
the Institutional Animal Care and Use Committee (IACUC) of
the University of Miami (Protocol #IPROT0202100000125).
The use of Human islets was reviewed and approved by the Uni-
versity of Miami Institutional Review Board, and all methods
were carried out in accordance with institutional guidelines and
the U.S. Department of Health and Human Services regulations
(45 CFR 46). No identifiable images or information from human
subjects are included.

Data availability. All data supporting the findings of this
study are provided in the article, the supplemental materials,
and the Supporting Data Values file. Additional datasets gener-
ated and/or analyzed during the current study are available from
the corresponding authors upon reasonable request. Previous-
ly published single-cell RNA-seq datasets used in this study are
available at ArrayExpress (E-MTAB-5061, E-MTAB-5060) and
through the HPAP PANC-DB portal.
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