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Irisin is a myokine that enhances insulin secretion and f cell viability in both rodent and human § cells. Here, we in-
vestigated whether irisin preserves f cell functional mass in vivo in diabetic mice and ex vivo in human pancreatic
islets from subjects with type 2 diabetes (T2D). In mice made diabetic by a high-fat diet and streptozotocin, irisin
administration improved glycemic homeostasis by increasing islet insulin content and glucose-stimulated insulin
secretion while also markedly stimulating § cell proliferation. In islets from T2D subjects, which typically display
substantial structural and functional impairments, irisin restored insulin content and glucose-stimulated insulin se-
cretion. Mechanistic studies in INS-1E cells showed that chronic exposure to high glucose blunted glucose-triggered
cytoplasmic calcium increases, essential for insulin secretion. Under these glucotoxic conditions, while irisin was
unable to activate CREB and AKT, it induced AMPK-mTORC1-S6K-dependent mobilization of endoplasmic reticulum
calcium stores, resulting in enhancement of insulin secretion. Overall, these findings highlight irisin’s multifaceted

ability to counteract p cell failure in experimental and human T2D.

INTRODUCTION
The loss of functional f cell mass is an essential and early event in the
development of type 2 diabetes (T2D) (1). At the time of diagnosis,
f cell function is already significantly impaired in individuals with
T2D and continues to deteriorate progressively (2, 3). In addition,
cell mass itself is reduced in patients with T2D, with studies reporting
reductions ranging from ~20 to 65%, and pancreatic islets from dia-
betic donors show structural changes compared to those from non-
diabetic donors (4-6). Thus, strategies aimed at regenerating f cells
or preserving the functional integrity of islets are critical avenues to
explore for the effective treatment and potential cure of T2D (I).
Current antidiabetic medications have been conceived to primarily
lower elevated blood glucose levels, without necessarily addressing
the underlying pathology (7). A truly effective antidiabetic therapy
should ideally prevent B cell loss and facilitate restoration or regen-
eration of a fully functional f cell mass (1).

Irisin, a 112-aminoacid peptide, resulting from the proteolytic
cleavage of the extracellular N-terminal portion of the membrane
protein fibronectin type III domain containing protein 5, was first
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identified as a myokine released following physical activity and driv-
ing brown fat-like development of white adipose tissue and thermo-
genesis (8). Numerous studies have subsequently documented the
pivotal role of irisin in the regulation of energy metabolism, by pro-
moting glucose uptake and utilization/storage in skeletal muscle and
adipose tissue and reducing hepatic glucose production (9). Notably,
a dysregulation of irisin secretion or action has been associated with
several pathological conditions, such as T2D, obesity, cardiovascular
diseases, osteoporosis/fractures, muscle atrophy, neurodegenerative
diseases, and cancer (9, 10). When focusing on dysmetabolic states,
however, the evidence remains partly inconsistent. In individuals
with prediabetes or at early stages of dysglycemia, most studies re-
port increased circulating irisin levels and positive association with
obesity, insulin resistance, and markers of adiposity (11-16), possibly
reflecting a compensatory response. Conversely, other studies have
described reduced irisin concentrations in similar populations, with
either no significant or even inverse correlations with metabolic pa-
rameters (17-19). In contrast, decreased circulating irisin levels in
overt T2D have been more consistently reported across studies, in-
cluding relevant meta-analyses (12, 13, 20-22).

We have previously demonstrated that irisin exerts significant
insulin secretagogue and prosurvival effects in pancreatic islets (23).
Irisin enhances insulin content and secretion, in a cyclic adenos-
ine 3',5’-monophosphate (cAMP)-dependent protein kinase (PKA)/
cAMP response element-binding protein (CREB)-dependent man-
ner, protects pancreatic islets from fatty acid-induced apoptosis,
through a mechanism involving the activation of AKT/Bcl-2 anti-
apoptotic signaling (23), and promotes B cell proliferation through the
activation of the extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway (24). In addition, when administered in vivo, irisin improves
glucose-stimulated insulin secretion (GSIS) and increases insulin con-
tent, B cell mass, and proliferation in nondiabetic nonobese mice (23).
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Stimulation of insulin secretion by irisin is observed only in the pres-
ence of high glucose, which can minimize the risk of hypoglycemia
(23). Other studies have similarly shown that irisin can increase the
proliferation of rat insulinoma-derived insulin-secreting (INS)-1 cells
via ERK and p38 mitogen-activated protein kinase, protect these cells
from glucotoxicity-induced apoptosis, and improve pancreatic f§ cell
function in a rat model of T2D (24). Furthermore, in INS-1E cells and
islets isolated from C57BL/6 mice and then exposed to glucolipotoxic
conditions, irisin enhances the expression of genes related to f§ cell
survival and function via AMP-activated protein kinase (AMPK)-
mediated suppression of lipogenic gene expression and the consequent
reduction in intracellular fatty acids/triglycerides (25). More recently,
multiple studies have also demonstrated that irisin attenuates } cell py-
roptosis both in vitro and in vivo in mouse model of T2D (26-30).

In this study, we address the therapeutic potential of irisin by de-
scribing its effects on the f cell functional mass in a mouse model of
T2D in vivo and in human pancreatic islets isolated from subjects
with T2D ex vivo. We also hypothesize that irisin restores p cell
function under dysmetabolic conditions by modulating AMPK-
mechanistic target of rapamycin complex 1 (mTORCI) signaling,
and endoplasmic reticulum (ER) calcium dynamics. Dysregulation
of the AMPK-mTORCI pathway has been implicated in f cell dys-
function induced by chronic hyperglycemia (31). Specifically, glu-
cotoxicity inhibits AMPK phosphorylation, leading to sustained
mTORCI hyperactivation and increased signaling through its down-
stream effector, ribosomal protein S6 kinase (S6K). This aberrant ac-
tivation contributes to impaired insulin secretion and progressive
cell failure (31, 32). Evidence from other systems suggests that irisin
can activate AMPK in various disease models, including diabetes (33).
Notably, AMPK also mediates the ability of irisin to modulate ER cal-
cium release in vascular smooth muscle cells (34). Conversely, GSIS in
pancreatic f cells can be enhanced by glucagon-like peptide-1 (GLP-
1), a hormone that shares several signaling pathways with irisin (9),
partly through mobilization of intracellular calcium from the ER (35).
These observations provide a rationale for investigating whether irisin
may influence P cell function through coordinated regulation of
AMPK-mTORCI1-S6K signaling and ER calcium mobilization.

RESULTS

The in vivo administration of irisin ameliorates
hyperglycemia and reduces excess body weight in a mouse
model of T2D

We first studied the effects of in vivo administration of irisin in a
mouse model of T2D induced by a high-fat diet (HFD) combined
with a single low-dose streptozotocin (STZ) injection. We then divid-
ed diabetic mice into two groups with equal metabolic characteristics
at baseline (table S1) and injected them daily via the intraperitoneal
route with irisin (0.5 pg/g) or vehicle for 14 days. Standard diet (SD)-
fed mice served as control (fig. S1A). Compared to control mice, dia-
betic mice showed higher body weight (Fig. 1A) and fasting glycemia
(Fig. 1B), with a trend of decreasing fasting insulinemia (Fig. 1C). Iri-
sin administration significantly reduced body weight (Fig. 1A) with-
out inducing changes in food intake (Fig. 1D), reduced elevated
fasting glycemia to almost nondiabetic levels (Fig. 1B), and increased
fasting insulin levels (Fig. 1C). In addition, on the last day of the study
protocol, we performed an intraperitoneal glucose tolerance test
(IPGTT). Compared to control mice, diabetic mice showed a greater
increase in blood glucose levels after the glucose challenge and failed
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to return to baseline levels even after 3 hours (Fig. 1, E and F). Irisin ad-
ministration improved glucose tolerance in the diabetic mice (Fig. 1E)
and reduced the glucose area under the curve (AUC; Fig. 1F). Dia-
betic mice were also characterized by reduced insulin secretion and
insulin AUC after the glucose challenge, while irisin administration
markedly augmented these parameters (Fig. 1, G and H). To minimize
the influence of basal insulin levels and specifically assess GSIS, we
additionally calculated the incremental insulin AUC over the (0 to
15)-minute interval. Within this early time frame, the differences be-
tween control and diabetic mice were no longer evident; nevertheless,
irisin administration significantly increased GSIS (fig. S1B). On the
other hand, insulin sensitivity, as evaluated by the Matsuda index, was
reduced in diabetic mice compared to control mice and was not re-
stored by irisin administration (fig. S1C). Similarly, using the homeo-
static model assessment of insulin resistance (HOMA-IR) index, there
was a trend to reduced insulin sensitivity in diabetic mice, and this
was not modified by irisin (fig. S1D). In addition, irisin administra-
tion to diabetic mice up-regulated the mRNA expression levels of
browning-related genes, such as uncoupling protein 1 (Ucp1), peroxi-
some proliferative activated receptor y coactivator-a (Ppargcala), and
positive regulatory domain containing 16 (Prdm16), in gonadal adi-
pose tissue (fig. S1, E to G, and Supplementary Materials and Meth-
ods). Together, these results show that the in vivo administration of
irisin to a mouse model of T2D ameliorates hyperglycemia by in-
creasing GSIS.

The in vivo administration of irisin restores pancreatic islet
architecture in diabetic mice

We next assessed the effects of irisin on pancreatic islet architec-
ture in vivo, p and o cell area, insulin content, B cell proliferation, and
apoptosis levels. In the absence of changes in pancreas weight (Fig. 2A),
islets from diabetic mice showed reduced islet mean area (Fig. 2, B
and C) and f cell area (Fig. 2, B and D), increased o cell area (Fig. 2, B
and E), and reduced insulin content (Fig. 2, B and F) compared to
controls. Irisin treatment fully reversed these changes (Fig. 2, B to F).
Although apoptosis is thought to be a major contributor to loss of
B cells mass, we did not detect apoptotic p cells in any of the analyzed
sections and experimental groups (Fig. 2G and fig. S2A). Irisin treat-
ment of diabetic mice resulted in a marked increase in p cell prolif-
eration (9-fold and 4.5-fold compared to control and vehicle-treated
diabetic mice, respectively; Fig. 2, H and I). We also observed a
slight increase in cell proliferation in the exocrine pancreas, although
this was similar in diabetic mice treated with vehicle or irisin com-
pared to control mice and could be due to HFD (fig. S2, B and C).
These images replicate those in Fig. 2H; however, in this case, we
analyzed nonislet cells. Together, these data indicate that the in vivo
administration of irisin to diabetic mice with reduced f cell func-
tional mass restores pancreatic islet architecture by promoting f cell
proliferation and increasing f cell area.

Irisin restores GSIS and calcium signaling through an
AMPK-dependent mechanism in INS-1E cells and murine
islets exposed to glucotoxic conditions

To gain insight into irisin signaling in p cells under dysmetabolic
conditions, we investigated its effects in INS-1E cells cultured under
control conditions and in the presence of excess chronic glucose.
While irisin was able to phosphorylate both CREB (Fig. 3, A and B)
and AKT (Fig. 3, A and C) under control conditions, these effects
were lost under glucotoxic conditions (Fig. 3, A to C). Furthermore,
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Fig. 1. Irisin improves glycemic homeostasis and reduces excess body weight in a mouse model of T2D. Six-week-old male C57BI/6J mice (n = 8) were fed a HFD for
89 days and intraperitoneally injected with STZ (100 mg/kg) on day 64. Starting on day 75, HFD/STZ mice were intraperitoneally injected with irisin (0.5 ng/g; n = 4) or
vehicle (n = 4), daily for 14 days. SD-fed mice (n = 4) served as control. (A) Body weight on day 89 is shown (n = 4 mice per experimental group). (B) Fasting glycemia (FG)
and (C) fasting insulinemia (FI) on day 89 are shown (n = 4 mice per experimental group). (D) Starting from the time of irisin administration, food intake was recorded
daily by subtracting the amount of feed leftovers from the daily amount given (n = 4 mice per experimental group). (E to H) On day 89, an IPGTT was performed: Mice
were intraperitoneally injected with 20% glucose (2 g glucose/kg body weight), and serum and plasma were collected immediately before and 15, 30, 45, 60, 90, 120, and
180 min after glucose injection. (E) Glucose levels measured during IPGTT and (F) AUC of (E) (n = 4 mice per experimental group). (G) Insulin levels measured during IPGTT
and (H) AUC of (G) (n = 4 mice per experimental group). Data are represented as mean + SD; *P < 0.05 and **#P < 0.001. (A to C, F, and H) Statistical test was one-way
analysis of variance (ANOVA) with Sidak’s post hoc test. (D, E, and G) Statistical test was two-way ANOVA with Tukey’s post hoc tests.
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Fig. 2. Irisin restores pancreatic islet architecture in a mouse model of T2D. (A) Pancreas weight expressed in grams in SD-fed, HFD/STZ, and irisin-treated HFD/STZ
mice (n = 4 mice per experimental group). (B) Representative immunofluorescence images of pancreas sections. Sections were immunostained for insulin (green) and
glucagon (red). Nuclear staining was with 4’,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 100 pm. (C) Islet area measurement was performed with ImagelJ software,
using the freehand selections and the measure tools (n = 30 islets from four mice per experimental group). (D) p Cell area was measured using the CellProfiler software as
insulin-positive cell area and normalized against total islet area (n = 27 islets from four mice per experimental group). (E) « Cell area was measured using the CellProfiler
software as glucagon-positive cell area and normalized against total islet area (n = 30 islets from four mice per experimental group). (F) Insulin content was measured
using the CellProfiler software as intensity of green staining and normalized against total islet area (n = 27 islets from four mice per experimental group). (G) Representa-
tive immunofluorescence images of pancreas sections. Sections were immunostained for insulin (green) and terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling reagents (red). Nuclear staining was with DAPI (blue). Scale bar, 100 pm. (H) Representative immunofluorescence images of pancreas
sections. Sections were immunostained for insulin (green) and Ki-67 (red). Nuclear staining was with DAPI (blue). Scale bar, 100 um. (1) Cells double positive to insulin/Ki-67
staining, measured using the CellProfiler software, were considered proliferating f cells (n = 39 islets from four mice per experimental group). Data are represented as
mean + SD; **#P < 0.01 and ***P < 0.001. Statistical test was one-way ANOVA with Sidak’s post hoc test. au, arbitrary units; Ins, insulin.
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Fig. 3. Irisin does not activate AKT/CREB signaling or affect apoptosis in INS-1E cells under glucotoxicity. (A to C) INS-1E cells were cultured under glucotoxic condi-
tions (25 mM glucose) for 24 hours to mimic hyperglycemia and then treated with 100 nM irisin at the indicated times. Protein lysates were subjected to immunoblot
analysis. (A) Representative immunoblot images. Densitometric analysis of (B) P-CREB and (C) P-AKT bands, expressed as relative optical density, corrected using (B) total
CREB or (C) total AKT, and normalized against untreated control (n = 3 independent experiments). (D and E) INS-1E cells were cultured under glucotoxic conditions
(25 mM glucose) for 24 hours to mimic hyperglycemia and then treated with 100 nM irisin for 24 hours. (D) Apoptosis levels evaluated by immunoblotting against cleaved
caspase-3 (CC3). Top: representative immunoblot images. Bottom: densitometric analysis of the related bands, expressed as relative optical density, corrected using f-
actin, and normalized against untreated control (n = 6 independent experiments). (E) Apoptosis levels evaluated by measuring cytoplasmic oligonucleosomes with an
enzyme-linked immunosorbent assay (ELISA) assay. Data are expressed as percent of basal (n = 6 independent experiments). Data are represented as mean + SD;
#P < 0.05, **P < 0.01, and **#P < 0.001. Statistical test was one-way ANOVA with Sidak’s post hoc test.

apoptosis induced by glucotoxic condition was not reduced by sub-  treatment with irisin for 1 hour, this response was fully restored
sequent irisin treatment (Fig. 3, D and E). These results indicate that ~ (Fig. 4A). The lack of increase in cytosolic calcium levels after acute
in the presence of glucotoxicity, irisin signaling via CREB and AKT  glucose challenge under glucotoxic conditions may depend on two
and its antiapoptotic effect are abrogated. primary reasons. First, calcium levels may be basally elevated, at-

Besides apoptosis, because in vivo administration of irisin to dia-  tenuating the further increase in cytosolic calcium levels in response
betic mice enhances insulin secretion (Fig. 1), we investigated the to acute secretory stimuli (36). However, in our experiments, gluco-
effects of irisin on GSIS and calcium flux, a key event in insulin se-  toxicity increased basal cytosolic calcium levels only after 48 hours,
cretion, in INS-1E cells exposed to glucotoxic conditions. In the  while at 24 hours they were unchanged (fig. S3A). Second, glucotox-
presence of glucotoxicity, the acute glucose-induced increase in cy-  icity could reduce the protein expression of the L-type voltage-gated
tosolic calcium levels was markedly blunted; however, following  calcium channel (L-VGCC) alpha 1C subunit (Cav1.2), which mediates
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Fig. 4. Irisin restores calcium signaling and GSIS in INS-1E cells and murine islets under glucotoxicity. (A) INS-1E cells were cultured for 24 hours under glucotoxic
(Gtx; 25 mM glucose) or control glucose (11 mM) conditions and subsequently treated with 100 nM irisin for 1 hour or left untreated. Cells were then sequentially incu-
bated in low (3 mM) and high (25 mM) glucose KRBH buffer. Intracellular calcium was measured using 1 pM Fura-2 AM fluorescence calcium reporter, and fluorescence
was recorded for 10 cycles before and 30 cycles after 25 mM acute-glucose stimulation. Data are expressed as the 340/380-nm fluorescence ratio and presented as fold of
basal fluorescence (n = 12 independent experiments). (B) Calcium fluxes were assessed as in (A), with or without pretreatment (30 min) with ER calcium receptor inhibitors
(ERinh., 1 pM xestospongin Cand 10 pM ryanodine) (n = 12 independent experiments). (C and D) Insulin secretion was measured by ELISA assay, normalized to microgram
protein concentration, and expressed as stimulation index in (C) INS-1E cells treated as in (B) (n = 5 independent experiments) and (D) murine islets cultured for 48 hours
under glucotoxic (25 mM glucose) or control glucose (5.5 mM) conditions and then treated as in (B) (n = 5 independent experiments). (E) Calcium fluxes were evaluated
asin (A), with INS-1E cells incubated in KRBH buffer without calcium before the incubation with 25 mM glucose KRBH buffer (n = 12 independent experiments). (F) INS-1E
cells were treated as in (E), and insulin secretion was measured as in (C) (n = 6 independent experiments). Data are represented as mean + SD; *P < 0.05 and ***P < 0.001.
(A, B, and E) Statistical analysis was two-way ANOVA with Tukey’s post hoc tests. (C, D, and F) Statistical analysis was one-way ANOVA with Sidak’s post hoc test.

Marrano et al., Sci. Adv. 12, eaee4804 (2026) 5 June 2026 60f 16

9202 ‘20 Jequeldss uo BI0°80US 195 MMM,/:SANY WO | P3PE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

extracellular calcium influx and is tightly coupled to GSIS (37-40).
While we confirmed that INS-1E cells exposed to high glucose had
reduced Cavl.2 protein levels, treatment with irisin did not restore
Cavl.2 expression (fig. S3B), suggesting that its ability to enhance
cytosolic calcium may be independent of this plasma membrane
channel. In addition to calcium influx from the extracellular space,
multiple membrane-bound organelles, including the nucleus, ER,
mitochondria, Golgi, and various vesicles and granules, contribute
to intracellular calcium (41). Since irisin was recently shown to pro-
mote calcium release form the ER in vascular smooth muscle cells
(34), we hypothesized that irisin could restore acute glucose-induced
cytosolic calcium influx by stimulating calcium mobilization from
the ER. To test this hypothesis, we incubated INS-1E cells cultured
under glucotoxic conditions in the presence or absence of inhibitors
of the ryanodine receptor (RyR) and inositol-1,4,5-trisphosphate
receptor (IP3R). These receptors, located on the ER membrane (41),
mediate calcium release from the ER, and we used their inhibition
to block ER-dependent calcium flux. When we pretreated INS-1E
cells with high-dose ryanodine (10 pM) and xestospongin C (1 pM),
which inhibit RyR and IP3R, respectively, irisin lost the ability to
restore the acute glucose-induced increase in cytosolic calcium un-
der glucotoxic conditions (Fig. 4B). Consistently, irisin restored im-
paired GSIS in INS-1E cells under glucotoxic conditions, and this
effect was abolished by RyR and IP3R inhibition (Fig. 4C and fig. S3C).
We observed similar results in murine islets (Fig. 4D and fig. S3D).
These data suggest that, under conditions of glucotoxicity, irisin re-
stores GSIS by inducing release of calcium from the ER, regardless of
the activation of AKT or CREB.

To further confirm this hypothesis, we performed similar experi-
ments by culturing cells in calcium-free medium to prevent any entry
of calcium from extracellular compartment, without affecting calci-
um mobilization from the ER. Under these experimental conditions,
the acute glucose-induced increase in cytosolic calcium and GSIS
were predictably blunted under control conditions (control cells
without calcium and irisin-treated cells without calcium), while the
ability of irisin to restore these responses was retained (Fig. 4, E and
E and fig. S3E).

We next investigated the mechanism by which irisin promotes
calcium release from the ER under glucotoxic conditions. Since
AMPK has been implicated in irisin-mediated regulation of ER cal-
cium release in vascular smooth muscle cells (34), and dysregulation
of the AMPK-mTORC1-S6K pathway has been linked to f cell dys-
function under chronic hyperglycemia (31), we hypothesized that
modulation of the AMPK-mTORCI-S6K pathway may contribute
to the effects of irisin on ER calcium flux in p cells. AMPK activity
and mTORC1-S6K activity were determined by assessing phosphor-
ylation of AMPKa at Thr'’? and of the ribosomal protein $6, the
downstream target of mTORC], at Ser**”**, respectively (31). As
previously demonstrated (31), we found that AMPK phosphoryla-
tion in INS-1E cells was higher at 3 mM glucose and reduced upon
acute elevation to 25 mM glucose (Fig. 5, A and B). Notably, irisin
did not alter the AMPK phosphorylation profile under control con-
ditions (Fig. 5, A and B). In contrast, glucotoxicity markedly de-
creased AMPK phosphorylation at both 3 and 25 mM glucose (Fig. 5,
A and B), resulting in hyperphosphorylation of S6 (Fig. 5, A and C).
These findings are consistent with the hyperactivation of this path-
way and the associated impairment of GSIS (31). Irisin treatment
restored AMPK phosphorylation at 3 mM glucose, reestablishing the
ability of acute glucose stimulation to reduce AMPK phosphorylation
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under glucotoxic conditions (Fig. 5, A and B). In addition, irisin
reduced glucotoxicity-induced hyperphosphorylation of S6 (Fig. 5,
A and Q).

To test the involvement of the AMPK-mTORC1-S6K pathway
directly, we used the AMPK inhibitor compound C (30 pM; dose
determined by time-course experiments; fig. S4, A and B). Because
compound C can also inhibit other kinases involved in insulin
secretion, such as Src and Yes (42), we assessed potential off-target
effects. At the concentration used, compound C did not affect Tyr*'®
phosphorylation of the Src family kinase, an activating phosphory-
lation shared by Src and Yes (fig. S4, A and C). In addition, Tyr*'®
phosphorylation of Src was not modified by irisin (fig. S4D), thereby
excluding a contribution of Src and Yes to the effects observed in our
experimental conditions. Moreover, at the used concentration, com-
pound C did not affect basal insulin secretion (fig. S4E). However, it
prevented the irisin-induced restoration of AMPK and S6 phos-
phorylation during glucotoxicity (fig. $4, F to H).

Functionally, pretreatment of INS-1E cells with compound C ab-
rogated the ability of irisin to restore the acute glucose-induced rise in
cytosolic calcium (Fig. 5D) and to rescue GSIS (Fig. 5E and fig. S4I)
under glucotoxic conditions. Collectively, these data support the con-
cept that, under conditions of glucotoxicity, irisin promotes calcium
release from the ER and recovers GSIS by restoring AMPK respon-
siveness to acute glucose stimulation and by reducing hyperactivation
of the mTORC1-S6K pathway.

Irisin restores GSIS in human pancreatic islets from

donors with T2D

Last, we investigated the effects of irisin on insulin secretion in
human pancreatic islets isolated from donors without or with T2D
(ND and T2D, respectively). ND islets treated with 100 nM irisin for
1 hour (Fig. 6A) showed a 1.5-fold increase in GSIS, represented as
stimulation index (Fig. 6A). As expected, human pancreatic islets
from subjects with T2D were characterized by a significant reduction
in GSIS (Fig. 6A) when compared to ND islets, and irisin treatment
restored this response (1.4-fold increase; Fig. 6A) to the levels of ND
islets. The insulin secretion data of each single islet preparation is re-
ported in Table 1. Of note, irisin stimulation for 1 hour did not mod-
ify insulin content (Table 2), suggesting that the irisin-mediated
improvement in GSIS was due to a direct action of the myokine on
the insulin secretory machinery.

In addition, when used for 24 hours, irisin also increased insulin
content 1.6-fold (Fig. 6B) in ND islets and restored the reduced in-
sulin content (Fig. 6B) in islets from subjects with T2D (1.7-fold
increase; Fig. 6B). As already observed in the mouse model of T2D,
we could not detect significant differences in apoptosis levels in is-
lets from donors with and without T2D, treated or not with irisin
(Fig. 6C). Together, these results demonstrate that irisin has the po-
tential to restore GSIS and augment insulin content in human pan-
creatic islets from donors with T2D.

DISCUSSION

In this study, we show favorable effects of irisin on glucose homeosta-
sis in a mouse model of T2D in vivo. Accordingly, irisin administra-
tion to diabetic mice reduced fasting hyperglycemia and improved
glucose tolerance and GSIS. In addition, irisin reduced body weight,
without inducing changes in food intake. As previously demonstrat-
ed, irisin-induced weight loss could rely on its ability to promote
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Fig. 5. Irisin restores GSIS and calcium signaling through an AMPK-dependent mechanism in INS-1E cells under glucotoxicity. (A to C) INS-1E cells were cultured
for 24 hours under glucotoxic (25 mM glucose) or control glucose (11 mM) conditions and subsequently treated with 100 nM irisin for 1 hour or left untreated. Cells were
then sequentially incubated in low (3 mM) and high (25 mM) glucose KRBH buffer. Protein lysates were subjected to immunoblot analysis. (A) Representative immunoblot
images. Densitometric analysis of (B) P~-AMPK and (C) P-S6 bands, expressed as relative optical density, corrected using (B) total AMPK or (C) p-actin, and normalized
against untreated control (n = 9 and n = 8 independent experiments, respectively). (D and E) INS-1E cell were treated as in (A). As indicated, cells were pretreated with
30 pM AMPK inhibitor (AMPKi, compound C) for 30 min. (D) Intracellular calcium was measured using 1 uM Fura-2 AM fluorescence calcium reporter, and fluorescence was
recorded for 10 cycles before and 30 cycles after 25 mM acute-glucose stimulation. Data are expressed as the 340/380-nm fluorescence ratio and presented as fold of
basal fluorescence (n = 8 independent experiments). (E) Insulin concentrations in KRBH buffer were measured by ELISA assay. Secretion was normalized to microgram
protein concentration and was expressed as stimulation index (25/3 mM glucose GSIS) (n = 6 independent experiments). Data are represented as mean + SD; *P < 0.05,
##P < 0.01, and ***P < 0.001. (B to D) Statistical test was two-way ANOVA with Sidak’s and/or Tukey’s post hoc tests. (E) Statistical test was one-way ANOVA with Sidak’s

post hoc test. Gtx, glucotoxicity.

white adipose tissue browning, thermogenesis, and increase in ener-
gy consumption (43, 44). Consistently, we have observed that irisin
administration to diabetic mice up-regulated the mRNA expression
levels of browning-related genes in gonadal adipose tissue. Since irisin
was not able to restore insulin sensitivity in diabetic mice, we suggest
that its ability to ameliorate glycemic control may be due to enhanced
insulin secretion rather than improved insulin resistance. This obser-
vation disagrees with previous studies demonstrating the ability of
irisin to reduce insulin resistance in different mouse model of diabe-
tes (26, 45, 46). However, it should be noted that in our study, we as-
sessed insulin sensitivity using the Matsuda and HOMA-IR indexes,
which both incorporate fasting insulin levels into their calculation.
The irisin-induced increase in fasting insulin levels could mask subtle
irisin-induced improvements in insulin sensitivity in diabetic mice,
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and this represents a key methodological difference from the cited
studies. In two of them (45, 46), insulin sensitivity was evaluated using
the insulin tolerance test, which provides a more direct assessment of
insulin resistance rather than a derived index. In another study (26),
HOMA-IR was used; however, unlike in our study, diabetic mice were
hyperinsulinemic, suggesting an early stage of diabetes in which
cells could still compensate for HFD-induced insulin resistance.

In addition, irisin reversed the alteration of pancreatic islet archi-
tecture in diabetic mice, by increasing islet mean area, p cell area, and
insulin content while reducing a cell area, in line with previous studies
in in vivo mouse model of T2D (26, 28-30). However, in contrast to
two previous reports (29, 47), we did not detect differences in apopto-
sis levels among islets from control, diabetic, or irisin-treated diabetic
mice. This discrepancy may be explained by the rapid clearance of
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Fig. 6. Irisin restores insulin content and GSIS without affecting apoptosis in human pancreatic islets from T2D donors. (A) Human pancreatic islets were isolated
from four donors without diabetes (ND; n = 7 from preparation nos. 1 to 3 and 20) and seven donors with T2D (n = 7 from preparation nos. 7 to 10, 16, 19, and 24). ND and
T2D islets were treated with 100 nM irisin for 1 hour and then sequentially cultured with low (2.8 mM) and high (16.8 mM) glucose KRBH buffer. Insulin concentrations in
KRBH buffer were measured by ELISA assay. Secretion was normalized to insulin content and expressed as stimulation index (16.8/2.8 mM glucose GSIS). (B) Human pan-
creatic islets were isolated from seven donors without diabetes (ND; n = 7 from preparation nos. 1 to 3, 18, and 20 to 22) and six donors with T2D (n = 6 from preparation
nos.11to 13, 17,19, and 23). ND and T2D islets were treated with 100 nM irisin for 24 hours. Insulin content (nanograms) was evaluated by ELISA assay and normalized to
microgram islet protein concentration. (C) Human pancreatic islets were isolated from five donors without diabetes (ND; n = 5 from preparation nos. 1 to 3, 20, and 21)
and six donors with T2D (n = 6 from preparation nos. 11 to 14, 17, and 19). ND and T2D islets were treated with 100 nM irisin for 24 hours. Apoptosis levels were evaluated
by measuring cytoplasmic oligonucleosomes with an ELISA assay. Data are presented as mean + SD; *P < 0.05 and ***P < 0.001. Statistical test was one-way ANOVA with

Sidak’s post hoc test.

|
Table 1. Single patients’ data—Insulin secretion.

Insulin secretion (ng/ng insulin content per hour)

Basal 100 nM irisin 1 hour
Preparation no. 2.8mM 16.8 mM 2.8mM 16.8 mM
Glu Glu Glu Glu

© 0.0584

00638

0.0816

apoptotic cells in vivo (48), as immunofluorescence analyses in our
study were performed 25 days after STZ-induced apoptosis, when
apoptotic cells were likely no longer detectable. Moreover, in previous
studies, mice were fed a HFD without STZ injection, which may ac-
count for the observed differences. On the other hand, we found that
irisin induced a 9-fold and 4.5-fold increase in p cell proliferation rate
compared to control and vehicle-treated diabetic mice, respectively,
mirroring the proliferative effects of this myokine shown in islets of
healthy mice (23) and rodent f cell lines (24). This suggests that the
ability of irisin to restore the p cell area and overall insulin secretory
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Table 2. Single patients’ data—Insulin content.

Insulin content (ng/pg islet protein)
100 nM irisin 1 hour

Preparation no. Basal

14.50
16.47
17.32
14.95
825
9.80
6.90
1212
15.76
7.74
12,50

capacity may be due to increased f cell expansion even following the
detrimental effects of excess fats and STZ injection. Of note, we
found that the effect size of irisin on P cell area, insulin content, and
B cell proliferation in diabetic mice was larger than previously ob-
served in healthy control mice (23) (B cell area: 1.5-fold increase in
diabetic mice versus 1.1-fold increase in control mice; insulin con-
tent: 1.6-fold increase in diabetic mice versus 1.3-fold increase in
control mice; p cell proliferation: 4.3-fold increase in diabetic mice
versus 2.5-fold increase in control mice), suggesting that irisin’s ef-
fects could be particularly evident in a pathological context. An in-
crease in the proliferation rate was apparent also in the exocrine
pancreas, potentially raising the issue of whether irisin may trigger
tumorigenesis. However, this effect appears to be due to the action
of HFD rather than irisin. Accordingly, in our previous study (23),
we did not observe proliferation in the exocrine pancreas in control
healthy mice treated with irisin. Irisin has been previously reported
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to exert antiproliferative and antineoplastic effects in several cell lines
of pancreatic cancer (49, 50).

In addition, we demonstrate that irisin restores insulin content
and improves GSIS in human T2D islets, typically characterized by
impaired insulin content and secretion, in the absence of significant
changes in apoptosis levels. Similarly to human pancreatic islets and
diabetic mice, irisin was able to restore the impaired GSIS in both
INS-1E cells and murine pancreatic islets cultured under glucotoxic
conditions to mimic diabetes (i.e., 25 mM glucose for 24 and 48 hours,
respectively), while it did not modify apoptosis levels. However, while
in previous studies demonstrating an antiapoptotic effect of irisin on
pancreatic B cells irisin stimulation preceded or occurred simultane-
ously with the cytotoxic stimulus (23, 25, 29, 47), in this study, we
exposed diabetic mice, human pancreatic islets, and INS-1E cells to
irisin after the cytotoxic damage had already occurred. Together, these
results indicate that irisin can both prevent and restore glucotoxicity-
induced loss of B cell function and rescue the reduced f cell mass by
promoting f cell proliferation, while it can prevent but not restore
glucotoxicity-induced f cell apoptosis.

We have previously shown that the ability of irisin to enhance GSIS
in INS-1E cells is mediated by the irisin-induced activation of PKA/
CREB (23). In the current study, we found that irisin cannot promote
CREB or AKT phosphorylation in INS-1E cells exposed to a gluco-
toxic milieu, suggesting the existence of alternative mechanisms by
which the myokine restores GSIS. In pancreatic p cells, GSIS is regu-
lated by multiple drivers, comprising elevations in intracellular calci-
um (41). In INS-1E cells, irisin restored the acute glucose-induced
increase in cytosolic calcium levels that was abrogated in the presence
of glucotoxicity, suggesting that, in the presence of chronically elevat-
ed glucose, irisin may directly regulate the calcium fluxes and insulin
secretory machinery, independently of PKA/CREB. The loss of acute
glucose-induced increase in cytosolic calcium levels under glucotoxic
conditions may depend on two reasons. First, calcium levels may be
basally elevated following glucotoxicity, attenuating further increases
in cytosolic calcium in response to acute secretory stimuli (36). How-
ever, in our experiments, glucotoxicity increased basal cytosolic calci-
um after 48 hours, while our experiments were carried out at 24 hours.
Second, glucotoxicity reduced the protein expression of L-VGCC
Cavl.2 in INS-1E cells, which, under physiological conditions, is the
main responsible for the acute glucose-induced increase in cytosolic
calcium (37-40) and is coupled to GSIS (37, 51). Cav1.2 is reportedly
reduced also in pancreatic islets from Zucker diabetic fatty rats and
murine islets exposed to chronically elevated glucose (37, 38). Never-
theless, we found that irisin did not restore Cav1.2 protein levels, indi-
cating that its ability to restore cytosolic calcium is independent of
this mechanism. Thus, we focused on intracellular calcium stores and
found that irisin restored GSIS by promoting calcium mobilization
from the ER, as inhibition of IP3R and RyR, the main receptors medi-
ating ER calcium release, abolished the irisin-induced enhancement
of both the acute glucose-induced rise in cytosolic calcium levels and
GSIS. Accordingly, culturing cells in calcium-free medium to prevent
the entry of extracellular calcium, leaving intracellular calcium stores
intact, did not affect the restorative effects of irisin on cytosolic calci-
um responses and GSIS under conditions of glucotoxicity. It should be
noted that also GLP-1 potentiates GSIS in part via the mobilization of
intracellular calcium from ER (35). Last, to gain insight on the mecha-
nism through which irisin promotes calcium release from the ER
under glucotoxicity, we focused on AMPK (31, 34). Irisin-based inter-
ventions have gained attention for their potential to modulate the
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AMPK pathway in various diseases, including diabetes (33). In addi-
tion, in vascular smooth muscle cells, it was recently shown that irisin
suppresses calcium release from ER through the activation of AMPK
(34), suggesting that AMPK activation may act as a brake on the re-
lease of calcium from the ER.

AMPK activity in pancreatic f cells is tightly regulated by glucose.
Most previously published studies report that GSIS is associated with
a reduction in AMPK activity and that acute glucose-mediated inhi-
bition of AMPK represents a critical step in the glucose-triggered
pathway that initiates insulin secretion (31, 52). Furthermore, AMPK
signaling has been reported to be constitutively down-regulated in
pancreatic islets from individuals with T2D, rendering it unrespon-
sive to glucose stimulation (31, 52). In addition, AMPK acts as a key
upstream negative regulator of mMTORCI, a central integrator of met-
abolic cues that coordinates cell growth, proliferation, and survival
(53). While tightly controlled mTORCI signaling is required to sus-
tain B cell mass and adaptive responses to metabolic demand, persis-
tent and unrestrained activation appears to shift this pathway from
adaptive to maladaptive. Accumulating evidence indicates that chronic
mTORC1 hyperactivation contributes to f cell dysfunction in diabe-
tes (32). Enhanced mTORCI1 activity has been consistently observed
in human and mouse islets and f cell lines exposed to high glucose,
as well as in islets from multiple murine models of T2D and individu-
als with T2D (54-57). Consistent with these observations, we found
that under control conditions, AMPK was active at 3 mM glucose
and was inhibited by an acute glucose elevation to 25 mM. In con-
trast, under glucotoxic conditions, AMPK activity was markedly re-
duced at both low and high glucose concentrations. The persistent
AMPK inhibition was associated with sustained mTORC1-S6K
hyperactivation, as evidenced by increased phosphorylation of its
downstream effector S6, in agreement with previous reports in INS-1
cells and diabetic murine islets (31). In the presence of glucotoxicity,
irisin restored AMPK activation at 3 mM glucose and restrained the
ability of acute glucose stimulation to appropriately inhibit AMPK
activity. Rebalancing AMPK signaling was accompanied by attenua-
tion of MTORCI1-S6K pathway hyperactivation, ultimately favoring
calcium release from the ER and GSIS. Accordingly, in INS-1E cells
cultured under glucotoxic conditions, the pretreatment with com-
pound C (an AMPK inhibitor) abolished the ability of irisin to at-
tenuate mMTORCI1-S6K signaling, restore the acute glucose-induced
increase in cytosolic calcium, and ameliorate GSIS. These findings
are consistent with a mechanism involving the restoration of AMPK-
mTORCI1-S6K signaling responsiveness by irisin. Notably, short-term
pharmacological inhibition of the mTORC1-S6K axis, similar to that
induced by irisin, has been shown to partially restore insulin secre-
tory capacity in diabetic human B cells (31, 57), further supporting a
causal link between excessive activation of mTORCI signaling and f
cell failure. Nevertheless, an apparent discrepancy may be perceived,
as AMPK activation has also been reported to potentiate insulin se-
cretion in response to glucose and other secretagogues, while pro-
longed activation can be deleterious for p cell function (52). Enhanced
insulin secretion, however, occurs only at pharmacological levels of
AMPK activation (52). Our data indicate that irisin does not act as a
pharmacological AMPK activator, as it does not affect AMPK phos-
phorylation under control conditions. Rather, under glucotoxic con-
ditions, irisin restores AMPK phosphorylation at 3 mM glucose to
control levels without inducing its supraphysiological activation and
thus without altering basal insulin secretion in vitro. Consistently, in
our previously published study in normoglycemic mice (23), irisin
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administration did not modify basal insulin secretion, in agreement
with our in vitro results. Differently, in this study, irisin also increased
basal insulin levels in diabetic mice under high-glucose conditions.

In previous studies, irisin was found to ameliorate  cell func-
tion and survival and to protect f cell lines and rodent islets from
glucolipotoxicity-induced apoptosis and nondiabetic human islets
from palmitate-induced apoptosis (23-25). However, pathophysio-
logical processes occurring in the pancreatic islets of diabetic mice
or subjects with T2D (1) are not always replicable in f cell lines or
human/rodent pancreatic islets exposed to dysmetabolic conditions
ex vivo. In this study, we show the insulin secretagogue action of
irisin in an experimental model of T2D as well as in pancreatic islets
from patients with T2D. In addition, we demonstrate that irisin can
also restore islet architecture in diabetic mice.

These results endorse the possibility to use irisin as a tool to rescue
the functional loss of pancreatic islets occurring in the disease con-
dition. Expectedly, the effects of irisin mirror those of GLP-1 and its
analogs, since numerous ex vivo studies have demonstrated that
exendin-4 can improve insulin secretion in human pancreatic islets
from patients with T2D with an effect of approximately the same
magnitude as that seen in this study with irisin (58). GLP-1 receptor
agonists share similar intracellular pathways with irisin in pancreatic
B cells (9) and have the same potential to restore the human pancre-
atic p cell functional mass in T2D (1). However, here, we could also
unveil the interesting bimodal properties of irisin to enhance GSIS
through different mechanisms in physiological and dysmetabolic
conditions, respectively. Under control conditions, irisin promotes
GSIS through the activation of PKA/CREB, as previously noted (23),
while in the presence of glucotoxicity and impaired GSIS, irisin
restores GSIS by mobilizing calcium stores directly from the ER
through an AMPK-mTORCI1-S6K-dependent mechanism and inde-
pendently of PKA/CREB (Fig. 7).

Although our findings provide compelling evidence for the bene-
ficial effects of irisin on B cell function and islet architecture in dia-
betic models, several limitations should be acknowledged. First, we
conducted most experiments in mice or ex vivo systems, which may
not fully replicate the complexity and heterogeneity of human T2D.
Moreover, the duration of irisin exposure and use of STZ-induced
diabetes may not capture long-term disease dynamics or alternative
pathogenic mechanisms. Mechanistically, while we identified AMPK-
dependent ER calcium mobilization as a key pathway under gluco-
toxicity, the upstream receptors and signaling events mediating irisin’s
actions remain incompletely defined. In addition, although major off-
target effects of compound C were excluded, the broad spectrum of
action of this inhibitor may still represent a potential limitation. To
move toward clinical application, future studies should include chron-
ic administration models, assessment across diverse T2D etiologies,
identification of irisin’s receptor in pancreatic f cells, and controlled
trials in human subjects to determine efficacy, pharmacokinetics, and
safety. Only through these additional steps will it be possible to vali-
date the therapeutic potential of irisin and its feasibility as an inter-
vention to restore p cell function in T2D.

MATERIALS AND METHODS

Animals

Animal experiments were conducted after obtaining approval from the
Ethics Committee of the Genetic Research Center “Gaetano Salvatore,”
Biogem, Ariano Irpino, Italy, in accordance with the NIH Guide for the
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Care and Use of Laboratory Animals, Eighth Edition (2011) and the
regulations established in Italy and the EU for animal experiments
(study approval number: 392/2018-PR). Six-week-old male C57Bl/6]
mice (n = 8) were fed a HED (60% of energy deriving from fat; formu-
lation given in table S2) for 89 days and, on day 64, intraperitoneally
injected with STZ (100 mg/kg; from Sigma-Aldrich Inc., St. Louis,
MO, USA) dissolved in 0.01 M citrate buffer (pH 4.5) to induce diabe-
tes. Combining use of a HFD with a single injection of low-dose STZ is
a suitable strategy to induce T2D in C57Bl/6 mice (59-61) (further
details are given in Supplementary Materials and Methods). Animals
with glycemia >250 mg/dl were considered diabetic. Type 1 diabetes
was ruled out on the basis of multiple lines of evidence. Following STZ
injection, mice did not exhibit weight loss typically associated with
type 1 diabetes induction (fig. S5). In addition, they maintained ade-
quate insulin levels both in circulation and within pancreatic islets
(Figs. 1C and 2, B and F, respectively), and they showed a partially pre-
served response to glucose challenge during the IPGTT (Fig. 1G).
Starting on day 75, HFD/STZ mice were randomized into two groups
with equal metabolic characteristics at baseline (table S1) and intra-
peritoneally injected with irisin (0.5 pg/g; n = 4) or vehicle (n = 4)
daily for 14 days. To minimize cage and litter effects, the two groups of
HFD/STZ mice were cohoused in the same cage under identical envi-
ronmental conditions. Control mice (n = 4) were fed a SD (formula-
tion given in table S3), received only 0.01 M citrate buffer (pH 4.5) on
day 64 and were daily injected with vehicle [1x phosphate-buffered
saline (PBS)], starting on day 75, for 14 days (fig. SIA). Mice and diets
were purchased from Charles River Laboratories (Calco, Lecco, Italy).
Irisin was purchased from AdipoGen SA (Liestal, Switzerland; catalog
no. AG-40B-0103-C010). The irisin dose used in this study was select-
ed on the basis of our previous experimental findings (23) and has
been identified as the optimal therapeutic dose in animal models ac-
cording to a recent systematic review of the literature (62). Fasting gly-
cemia, insulinemia, and body weight were measured throughout the
study. Food intake was recorded daily starting from the time of irisin
administration by subtracting the amount of feed leftovers from the
daily amount given. Matsuda index and HOMA-IR index for mice
were calculated as previously suggested (equation is provided in Sup-
plementary Materials and Methods) (63). On the last day of the study,
IPGTT [20% glucose (2 g glucose/kg body weight)] was carried out,
then animals were sacrificed, and pancreases and gonadal adipose tis-
sue were collected. Glycemia was measured in the tail-tip blood sam-
ples by a commercial glucometer. Fasting insulin levels were measured
by Ultrasensitive Mouse Insulin ELISA (enzyme-linked immunosor-
bent assay; Mercodia AB, Sylveniusgatan, Uppsala, Sweden; catalog no.
10-1249-01). Insulin levels during IPGTT were measured by Mouse
Insulin ELISA (Mercodia AB; catalog no. 10-1247-01; more details are
given in Supplementary Materials and Methods).

Immunofluorescence and islet morphometry

For immunofluorescence studies, pancreases were resected immedi-
ately after death and fixed in 4% paraformaldehyde in 1x PBS over-
night at 4°C and then embedded in paraffin blocks after an ethanol
wash. Embedded tissues were sliced into 4-pm-thick sections and
deparaffinized with a series of xylene and ethanol washings. Antigen
retrieval was performed with sodium citrate buffer followed by
microwave heating. Sections were permeabilized and incubated
with primary antibodies against insulin, glucagon, Ki-67, or cleaved
caspase-3 overnight at 4°C, followed by fluorophore-conjugated
secondary antibody for 1 hour at room temperature. A list of the
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Fig. 7. Proposed mechanisms through which irisin may restore GSIS. (A) In nondiabetic pancreatic p cells, under basal conditions, glucose uptake via glucose trans-
porters (GLUT1, GLUT2, or GLUT3), followed by its metabolism, increases intracellular adenosine triphosphate (ATP) levels. The resulting rise in the ATP/adenosine diphos-
phate (ADP) ratio promotes closure of ATP-sensitive K™ (Karp) channels, leading to plasma membrane depolarization, opening of L-VGCCs, Ca®" influx, and subsequent
exocytosis of insulin granules. The AMPK-mTORC1-ribosomal protein S6 (S6) signaling axis also contributes to the regulation of GSIS. (B) Under glucotoxic conditions, re-
duced L-VGCC expression limits cytosolic Ca** influx and impairs GSIS. In addition, glucotoxicity suppresses AMPK phosphorylation and induces sustained hyperactivation
of the mTORC1-S6 pathway. This aberrant signaling disrupts insulin secretion and drives progressive {3 cell dysfunction. (C) Left: Under basal conditions, irisin enhances
GSIS through activation of the PKA/CREB signaling pathway. Right: In contrast, under glucotoxic conditions, irisin does not activate CREB; instead, it restores AMPK signal-
ing, thereby attenuating hyperactivation of the mTORC1-56 pathway. This rebalancing promotes Ca>* mobilization from ER stores via IP3Rs and RyR, ultimately restoring
GSIS. Created in BioRender.com. Marrano, N. (2026) https://BioRender.com/aejhbc1.
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antibodies used is shown in table S4. Apoptosis was measured by
using the Cell Death Detection ELISAP'VS kit and In Situ Cell Death
Detection Kit, TMR red (Roche Biochemicals, Indianapolis, IN, USA)
according to the manufacturer’s instructions. To visualize, nuclei cells
were stained with 4',6-diamidino-2-phenylindole (DAPI; 1:1000 di-
lution; Sigma-Aldrich). Pictures were acquired on a Nikon ECLIPSE
Ti-S fluorescence microscope (Nikon, Minato, Tokyo, Japan). Buffer
compositions are given in Supplementary Materials and Methods.
Approximately 40 islets per experimental condition were analyzed.
Islets area measurement was performed with Image] software, using
the “freehand selections” and the “measure” tools (64). The  and o
cell area was measured as insulin- and glucagon-positive cell area,
respectively, and normalized against the total islet area, as previously
performed (65). Insulin content was measured as intensity of insulin
staining and normalized against total islet area. Cells double positive
to insulin/Ki-67 or insulin/terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling or cleaved
caspase-3 staining were considered proliferating or apoptotic p cells,
respectively. All these parameters were measured using commercial
imaging software (CellProfiler).

Cell culture

Rat insulin-secreting INS-1E cells (RRID:CVCL_0351) were cultured
in a 5% CO, atmosphere at 37°C in RPMI 1640 medium containing
11 mM glucose and adequately supplemented (a detailed composition
is provided in Supplementary Materials and Methods). INS-1E cells
were treated with 100 nM irisin at the indicated times [selected on the
basis of dose-response studies performed in our previous study (23)].
As indicated, INS-1E cells were cultured under glucotoxic condi-
tions (25 mM glucose) for 24 hours to mimic hyperglycemia. The RyR
inhibitor, ryanodine (10 pM), the IP3R inhibitor, xestospongin C
(1 pM), and the AMPK inhibitor, compound C (30 pM) (all from
Calbiochem, Merck Millipore, Darmstadt, Germany) were added
30 min before irisin.

Pancreatic islet isolation and culture
Isolated human islets were obtained from pancreases or pancreatic
biopsies of 10 subjects without diabetes and 14 patients with T2D
with the approval of the Ethics Committees of the University Hos-
pital Policlinico of Bari (study approval number: 5316, approved
on 29 November 2017, with amendments on 17 October 2018 and
17 May 2023). Informed consent was obtained from each donor pa-
tient before the collection of pancreatic biopsies. Human islets were
also obtained from the Islet Cell Laboratory of the University of
Pisa, Pisa, Italy, the Diabetes Research Institute, IRCCS San Raffaele
Hospital, Milan, Italy or purchased from PRODO Laboratories Inc.
(Aliso Viejo, CA). Pancreatic biopsies were from patients undergo-
ing duodeno-cefalo pancreatectomy for Vater’s ampulla tumors at
the Division of General Surgery of the Polyclinic Hospital of Bari
(Bari, Italy) or at IRCCS “Saverio De Bellis” (Castellana Grotte, Bari,
Italy). The characteristics of islet donors and islet preparations are
reported in table S5.

Murine islets were isolated from 8-week-old male C57Bl/6] mice
(n = 30). Isolation was achieved by collagenase digestion and den-
sity gradient purification, as previously detailed (23, 66). Isolated
islets were then cultured free floating at 37°C in suitable culture me-
dium (a detailed composition is provided in Supplementary Materi-
als and Methods), either with or without the addition of 100 nM
irisin (AdipoGen; catalog no. AG-40B-0103-C010), at the indicated
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times. The selected dose was based on the results of our previous
study (23). As indicated, murine islets were cultured under gluco-
toxic conditions (25 mM glucose) for 48 hours to mimic hypergly-
cemia. Ryanodine (10 pM) and xestospongin C (1 pM) were added
30 min before irisin.

Immunoblotting

For protein analysis, INS-1E cells were harvested and homogenized
in protein lysis buffer (a detailed composition is provided in Supple-
mentary Materials and Methods). Protein concentration was de-
termined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein were separated by SDS—polyacrylamide gel
electrophoresis and blotted on polyvinylidene fluoride membranes.
Membrane blocking and incubation with primary antibodies were
performed with 5% skim milk in tris-buffered saline (1x TBS) with
Tween 20, and then membranes were incubated with primary anti-
bodies overnight at 4°C, followed by washing with TBS and incubat-
ing with a horseradish peroxidase—conjugated secondary antibody, for
1 hour at room temperature. Clarity Western ECL Substrate (Bio-Rad)
was used for visualization of proteins with a Model 3000 VersadDoc
Imaging System (Bio-Rad). The signal intensity of each protein band
was then measured using Quantity One Software (Bio-Rad) and nor-
malized to the corresponding total protein band. A list of the primary
antibodies used is shown in table S6.

Insulin content and GSIS

Equal amounts of hand-picked, size-matched, isolated murine and
human islets and INS-1E cells were seeded into complete medium in
six-well dishes. For determination of insulin content, islets and INS-
1E cells were stimulated with 100 nM irisin for 24 hours and then
harvested and homogenized in nondenaturing lysis buffer (a detailed
composition is provided in Supplementary Materials and Methods).
For GSIS, islets and INS-1E cells were stimulated with irisin for 1 hour;
then, they were incubated with low-glucose (2.8 mM for human islets
and 3 mM for murine islets and INS-1E cells) Krebs-Ringer bicar-
bonate Hepes solution (KRBH; a detailed composition is provided in
Supplementary Materials and Methods) with the addition of 100 nM
irisin for 1 hour. Successively, islets and cells were cultured in low-
glucose KRBH for 1 hour and then for a further hour in high-glucose
KRBH (16.8 mM for human islets and 25 mM for murine islets and
INS-1E cells). As indicated, the last incubation was made in KRBH
without calcium with the addition of 0.1 mM EGTA (a detailed com-
position is provided in Supplementary Materials and Methods). The
supernatant fractions were then obtained from each reaction well
and frozen at —80°C for subsequent determination of insulin con-
centrations. Insulin levels were measured by Ultrasensitive Insulin
ELISA (Mercodia AB; catalog no. 10-1132-01), Mouse Insulin ELISA
(Mercodia AB; catalog no. 10-1247-01), or High Range Rat Insulin
ELISA (Mercodia AB; catalog no. 10-1145-01). In human islets, insulin
content was normalized to total islet protein amount as performed in
previous studies, while insulin secretion was normalized to insulin
content (67). In murine islets and INS-1E cells, insulin secretion was
normalized to protein concentration as performed in previous stud-
ies (67, 68).

Measurement of intracellular calcium levels

INS-1E cells were seeded into black 96-well plates and cultured for
24 hours, under basal or glucotoxic conditions. Following 1 hour of
preincubation in 3 mM glucose KRBH buffer, cells were loaded with

130of 16

9202 ‘20 Jequeldss uo BI0°80US 195 MMM,/:SANY WO | P3PE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

1 pM Fura-2 AM (Sigma-Aldrich) and 0.02% F-127 (Molecular Probe,
Eugene, Oregon, USA) for 30 min at 37°C. Then, cells were washed
three times with 1x PBS and then incubated in 3 mM glucose KRBH
buffer for 1 hour, to allow complete de-esterification of acetoxymethyl
(AM) esters, together with 100 nM irisin. Wells without cells but with
Fura-2 AM were used as fluorescence calibrators. Wells with cells but
without Fura-2 AM were used as blank control. Fluorescence was
measured for 10 cycles before and 30 cycles after 25 mM acute-glucose
stimulation using a Varioskan plate reader (Thermo Fisher Scientific,
Waltham, MA, USA) kept stably at 37°C. Fluorescence emission was
read at 505 nm after samples were excited at both 340 and 380 nm. At
the end of 10 readings of each excitation wavelength, 20 pl of 250 mM
glucose solution was automatically injected to each well (final glucose
concentration in the well equal to 25 mM), and the plate was shaken.
Then, a further 30 readings were carried out. Raw data were exported
as Microsoft Excel file. After blank subtraction, the ratio of the fluores-
cence at 340 and 380 nm, respectively, was calculated and presented as
fold of basal fluorescence (average of the fluorescence of the first 10
cycles). Detailed fluorimeter settings are given in table S7. As indicat-
ed, cells were treated with 10 pM ryanodine and 1 pM xestospongin C
or 30 pM compound C, 30 min before irisin, or cultured in KRBH
buffer without calcium, just before fluorescence reading.

Statistical analysis

Sample sizes for mouse and islet experiments were based on power
with GPower3.1.9.4 software calculations using previously generated
data with a similar experimental protocol. Specifically, for the mouse
experiments, an F test for one-way analysis of variance (ANOVA;
fixed effects, omnibus) was used, with an effect size of f= 1.127 de-
rived from previous data, o = 0.05, and a desired power of 80%, re-
sulting in an estimated sample size of four mice per group. For islet
experiments, the number of independent biological replicates per
condition was determined on the basis of the sample size required to
detect a biologically relevant difference in GSIS in human pancreatic
islets, which is the most challenging dataset for achieving statistical
significance. On the basis of our previously obtained data, using an F
test for one-way ANOVA (fixed effects, omnibus), with an effect size
of f=0.838, « = 0.05, and a desired power of 80%, the estimated
sample size was five biological replicates per condition. Human and
murine islet experiments were conducted on the basis of equipment
capabilities and experiment design. One-way or two-way ANOVA
tests were used for statistical analysis, as appropriate. Tukey’s or
Sidak’s post hoc analyses were performed as appropriate to identify
specific differences. For all statistical tests, a P value of less than 0.05
was used to identify statistically different values. The used statistical
test is indicated in the figure legends for each individual experiment.
Results are available for each data panel in file S1. All values presented
are means + SD.
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Supplementary Text

Figs.S1to S5

Tables S1 to S7

Legend for file S1
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