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Semaphorins were initially identified as axon guidance molecules that were widely expressed and 
involved in divergent functions in various organs, including neuronal development and immunological 
processes. Collapsin response mediator proteins (CRMPs) are involved in the intracellular signaling of 
semaphorin 3A (Sema3a) and are highly expressed in the nervous system. However, the participation 
of semaphorins or their receptors plexins and CRMPs in the regulation of islet function remains 
unknown. In this study, we measured the expression of semaphorin, plexin, and CRMP families in 
mouse islets, and their expression levels were altered by treatment with high glucose or a glucokinase 
activator (GKA). The expression and phosphorylation of CRMP-2 in islets were upregulated in high-fat 
diet (HF)-fed obese mice, and the expression of CRMP-2 was downregulated in islets from db/db mice. 
HF-fed CRMP-2 knockout mice exhibited impaired glucose tolerance. These results indicated that the 
semaphorin/plexin/CRMP families in mouse islets might be involved in glucose metabolism partly 
through glucose/glucokinase.
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Glucose/glucokinase-induced glycolysis triggers insulin secretion and regulates β-cell proliferation and 
survival in pancreatic islets1. Previous studies have shown that ER stress-related molecules, cell cycle regulators, 
inflammatory proteins, and extracellular matrix proteins are involved in the glucokinase-mediated glucose 
signaling pathway in β-cells2,3, but the precise molecular mechanism involved remains unclear.

Semaphorins, which were initially identified as axon guidance molecules, include more than 20 members 
grouped into eight classes and are highly expressed in the developing and adult nervous system. Semaphorins 
are involved not only in neuronal development4,5 but also in the functions of various tissues, including the 
immune system6, cardiovascular development7, bone metabolism8, and cancer progression9. In the context of 
diet-induced obesity, the signaling of semaphorin 3E (Sema3e) and its receptor plexin-D1 reportedly induces 
inflammation in adipose tissue via the infiltration of macrophages, which leads to systemic insulin resistance10. In 
addition, excess secretion of semaphorin 3A (Sema3a) from podocytes promotes severe diabetic nephropathy by 
disrupting the glomerular filtration barrier11. Although plexins, receptors of semaphorins, are generally required 
for the development of the nervous system through semaphorins12–14, the participation of semaphorins and 
plexins in the function of pancreatic islet cells is unknown. CRMPs are involved in the intracellular signaling of 
Sema3a and are highly expressed in the developing and adult nervous system15,16. The CRMP family has multiple 
functions in neuronal development, including axon formation and extension, axon guidance, and neuronal 
polarity17,18. Although CRMP-2 is phosphorylated by Gsk-3β, which works to regulate insulin signaling19–21, 
there have been no reports that CRMPs play roles in glucose metabolism. Furthermore, several semaphorins, 
termed “immune semaphorins”, are well established as key regulators of immune responses. Given that type 
1 diabetes is an autoimmune disease, it is plausible that semaphorins, along with their receptor plexins, and 
CRMPs, contribute to its onset or pathogenesis.
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We previously performed gene expression analysis in islets after treatment with a glucokinase activator 
(GKA)22 and revealed that the expression of several genes related to the central nervous system, including 
semaphorins, was altered by glucokinase activation. In this study, we analyzed the expression of semaphorins, 
plexins, and CRMPs in mouse islets and explored the possible roles of these molecules in glucose metabolism.

Results
Sema3c/Sema5a expression in mouse islets is controlled by glucose signaling
We previously performed global gene expression analysis in mouse islets in the presence or absence of a 
glucokinase activator (GKA) for 24 h22. Gene Ontology analysis of genes significantly upregulated (> 2-fold) or 
downregulated (< 0.5-fold) by GKA (*P < 0.05) suggested a possible involvement in the nervous system, such as 
“neuron projection” (ex. synaptotagmin 5 (Syt5), neuromedin B (Nmb)), and “chemical synaptic transmission” 
(ex. 5-hydroxytryptamine receptor 6 (Htr6), glutamate receptor, metabotropic 2 (Grm2), and “central nervous 
system projection neuron axonogenesis” (ex. nuclear receptor subfamily 4, group A, member 2 (Nr4a2), 
doublecortin (Dcx)) (Fig.  1a). In the cluster analysis, the term “central nervous system projection neuron 
axonogenesis” was grouped into the same cluster as “neuron migration” (ex. astrotactin 1 (Astn1), doublecortin-
like kinase 1 (Dclk1)), “nervous system development” (ex. SH3/ankyrin domain gene 1 (Shank1), neurotrophic 
tyrosine kinase, receptor, type 2 (Ntrk2)), and “axon guidance” (ex. semaphorin 3c (Sema3c), and semaphorin 
5a (Sema5a)) (Fig.  1a). Furthermore, we conducted a canonical pathway analysis of the genes differentially 
expressed by GKA (*P < 0.05) using Ingenuity Pathway Analysis (IPA) and identified several significantly 
enriched pathways, including “axonal guidance signaling” (ex. Sema3c, Sema5a) (Fig. 1b). We noted that the 
expression of two semaphorins was altered; the expression of Sema3c was upregulated (10.8-fold, P < 0.01) and 
that of Sema5a was downregulated (0.2-fold, P < 0.01) by GKA in mouse islets. An increase in Sema3c and a 
decrease in Sema5a expression were detected in GKA-treated islets, and these effects occurred in a time- and 
glucose concentration-dependent manner (Fig. 2a-b).

Next, we analyzed the mRNA expression levels of Sema3c and Sema5a in the islets of diabetic mice. The 
upregulation of Sema3c by GKA was suppressed, but the downregulation of Sema5a by GKA was preserved in 
the islets of insulin receptor substrate (IRS)-2 knockout mice, which exhibit reduced β-cell proliferation and 
systemic insulin resistance23 (Fig. 2c). The db/db mice, a model of morbid obesity and severe hyperglycemia with 
insulin resistance24, exhibited impaired Sema3c upregulation but not Sema5a downregulation after stimulation 
with GKA (Fig. 2d). In the islets of high-fat diet (HF)-fed obese mice, the upregulation of Sema3c expression by 
GKA was augmented more than that in normal chow (NC)-fed mice, similar to the increase in IRS-2 expression 
(Fig. 2e). These results indicated that Sema3c upregulation is mediated by insulin signaling pathways including 
the IRS-2.

We further analyzed the regulatory mechanisms underlying Sema3c expression in mouse islets. Sema3c 
upregulation by GKA was inhibited by MH (D-mannoheptulose), a glucokinase inhibitor (Fig.  2f), whereas 
diazoxide (K+ ATP channel opener) did not (Fig. 2g). Because glucose-induced IRS-2 expression in β-cells is 
thought to be mediated by Ca2+-dependent calcineurin signaling25, we evaluated the expression levels of IRS-
2 and Sema3c in islets treated with nifedipine, a calcium channel blocker, or FK506, a calcineurin inhibitor. 
While IRS-2 upregulation by GKA was blunted by both nifedipine and FK506, FK506 did not affect Sema3c 
upregulation by GKA (Fig. 2h). Sema3c expression was amplified by treatment with thapsigargin, an inhibitor 
of sarcoplasmic/endoplasmic reticulum (ER) Ca2+ ATPases, at various glucose concentrations (Fig. 2i), whereas 
GKA did not cause further amplification of Sema3c expression in the presence or absence of diazoxide (Fig. 2j).

Detection of Sema3c and Sema5a expression in islet β and non-β cells by single-cell RNA 
sequencing
We conducted a reanalysis of previously published single-cell RNA sequencing datasets of pancreatic islets from 
normal chow-fed and 8-week high-fat diet (HF)-fed mice to investigate the expression of Sema3c and Sema5a in 
β-cells and non-β islet cells26. Either Sema3c- or Sema5a-positive cells were identified not only in β-cells but also 
in α-cells and other non-β endocrine cells within the islets (Supplementary Fig. 1a-d). Notably, HF feeding led 
to an upregulation of Sema3c and Sema5a expression predominantly in β-cells. Pathway analysis of differentially 
expressed genes in Sema3c-positive β-cells from HF-fed mice showed enrichment in pathways associated with 
proteolysis and apoptosis (Supplementary Fig. 1e-f).

The expression of semaphorins, plexins, and CRMPs in metabolic tissues
We next investigated the expression of other semaphorins in metabolic organs, including the brain, liver, adipose 
tissue, skeletal muscle, and islets, from C57BL/6J mice by using quantitative real-time PCR (Fig. 3a-c).

Some semaphorins, plexins, and CRMPs were predominantly expressed in brain tissues (Fig.  3a-c). The 
expression levels of Sema4f, Sema7a, Plexin-A4, Plexin-C1, and CRMP-2 were highest in the cerebral cortex, and 
those of Sema3a, Sema3d, Sema3e, Sema5a, Sema5b, Sema6a, Sema6b, Plexin-A3, Plexin-B1, Plexin-B3, CRMP-
1, CRMP-3, CRMP-4, and CRMP-5 were highest in the olfactory bulb. Sema4a and Sema4g had the highest 
expression in the liver. Sema4A plays a role in the immune system and inflammatory diseases, especially multiple 
sclerosis27. Sema3e and Plexin-D1 are expressed at low levels in adipose tissue, as they reportedly induce the 
infiltration of macrophages into adipose tissue10. Sema3b, Sema3c, Sema3g, Sema4c, Sema4d, Sema6c, Plexin-A1, 
and Plexin-D1 were predominantly expressed in skeletal muscle. We also detected abundant Sema3f, Sema4b, 
Sema6d, Plexin-A2, and Plexin-B2 expression in islets. There have been no previous reports that semaphorins 
and plexins are involved in the regulation of islet cell functions, such as insulin secretion and β-cell proliferation. 
Sema3c and Sema5a, whose expression levels in islets are regulated by glucose/GKA stimulation, as mentioned 
above, were detected at even lower levels in islets than in other tissues.
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Fig. 1.  Genes differentially expressed by GKA were suggested to be involved in the nervous system. a: Gene 
Ontology (GO) analysis of the genes that were significantly upregulated (> 2-fold, P < 0.05) or downregulated 
(< 0.5-fold, P < 0.05) by GKA was performed by using DAVID (https://david.ncifcrf.gov/). GO annotations 
related to the nervous system are shown here. The red line and markers show the number of genes differentially 
expressed by GKA for each GO annotation. b: The top 10 canonical pathway analyses of the genes that were 
significantly upregulated (P < 0.05) or downregulated (P < 0.05) by GKA were performed by using Ingenuity 
Pathway Analysis (IPA; www.ingenuity.com). The orange bar represents a positive z score that indicates that 
the pathway is activated. The blue bar represents a negative z score that indicates that the pathway is inhibited. 
The white bar represents a zero z score. The gray bar indicates that the activity pattern was not detected by IPA. 
The red line and markers show the ratio of the number of genes differentially expressed by GKA found in each 
pathway to the total number of genes in that pathway from within the IPA knowledge base.
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The impact of glucose metabolism on the expression of semaphorins, plexins, and CRMPs in 
mouse islets
Next, we determined the expression levels of semaphorins, plexins, and CRMPs in mouse islets treated with 
glucose or GKA or in islets from db/db mice (Fig. 4a-c). Figure 4a shows the expression levels of genes in islets 
from wild-type mice incubated with media supplemented with low (3.9 mmol/L) or high (16.7 mmol/L) glucose 
for 24 h. Consistent with the findings in Fig. 2b, Sema3c expression exhibited tendency toward upregulation 
in islets under high-glucose conditions. In contrast, the expression of Sema5a, Plexin-A1, and Plexin-A3 was 
significantly downregulated in islets under high glucose conditions (P < 0.05, Fig. 4a). Figure 4b indicated the 
gene expression in islets treated with GKA or vehicle for 24 h. GKA induced significant changes in the expression 
of genes that were downregulated by Plexin-D1 (P < 0.05, Fig. 4b). The increase in Sema3c and decrease in Sema5a 
expression levels by high glucose or GKA stimulation did not reach statistical significance in these experiments. 
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Glucose signaling promotes glucokinase activation; however, our results revealed that the expression levels of 
semaphorins, plexins, and CRMPs in islets were somewhat different under high glucose conditions (Fig. 4a) or 
GKA stimulation (Fig. 4b) for each molecule. Furthermore, we investigated the expression levels of genes in islets 
from 15-week-old db/db mice, which exhibited marked hyperglycemia and insulin resistance. In db/db islets, 
Sema3a, Sema3c, Sema5a, Sema6a, Sema7a, and CRMP-4 expression was increased, and Sema4d, CRMP-2, and 
CRMP-5 expression was significantly decreased (P < 0.05, Fig. 4c). Sema3c and Sema5a expression in islets did 
not differ between the 8-week-old db/+ vehicle group and the db/db vehicle group, as shown in Fig. 2d, whereas 
in islets from 15-week-old db/db mice in Fig. 4c, Sema3c and Sema5a expression levels were greater in the db/db 
group than in the db/+ group. This mismatch in the Sema3c and Sema5a expression levels between 8-week-old 
db/db mice might be due to β-cell dysfunction because db/db mice markedly develop obesity and hyperglycemia 
with age (the average body weights were 24.9 g and 40.6 g in 8-week-old db/+ and db/db mice and 30.9 g and 
55.5 g in 15-week-old db/+ and db/db mice, respectively; the average blood glucose levels were 137.0 mg/dL and 
471.8 mg/dL in 8-week-old db/+ and db/db mice and 143.4 mg/dL and 533.0 mg/dL in 15-week-old db/+ and 
db/db mice, respectively).

These results suggested that the expression levels of several semaphorins, plexins, and CRMPs were modified 
in mouse islets under glucose/GKA stimulation or in db/db islets, which might be involved in the pathogenesis 
of islet cells in diabetes.

Expression of CRMP-2 in the endocrine pancreas
CRMP-2 was identified as a molecule involved in the intracellular signaling of Sema3a, a member of the 
semaphorin family15,16. The expression level of CRMP-2 decreased in db/db islets (Fig. 4c). Therefore, we focused 
on CRMP-2 in terms of glucose metabolism and islet function.

To analyze whether the CRMP-2 protein is expressed in pancreatic β-cells, we conducted immunostaining of 
pancreatic sections from C57BL/6J mice. CRMP-2 was expressed in both α- and β-cells (Fig. 5a). Additionally, 
we detected the expression of both CRMP-2 and its phosphorylation form, phospho-CRMP-2 (p-CRMP-2) 
in the pancreatic β-cell line MIN6 (Fig. 5b). Notably, CRMP-2 and p-CRMP-2 exhibited higher expression in 
the islets of HF-fed mice than in those of NC-fed mice (Fig. 5c). Furthermore, to elucidate the transcriptional 
regulation of CRMP-2 in metabolic disorders, we quantified its mRNA expression in islets isolated from obese 
and/or diabetic mice, including db/db mice and IRS-2 knockout mice, by using quantitative real-time PCR. 
In islets isolated from db/db mice, CRMP-2 expression was decreased compared to that in islets isolated from 
control db/+ mice (Fig. 5d). On the other hand, CRMP-1 expression did not differ between the 2 groups (Fig. 5d), 
consistent with the results shown in Fig.  4c. CRMP-1 and CRMP-2 expression did not differ between IRS-2 
knockout and wild-type mice (Fig. 5e). These results indicated that CRMP-2 expression in mouse islets could be 
regulated by glucose metabolism but also by the insulin signaling pathway.

CRMP-2 knockout mice showed glucose intolerance
To assess the involvement of CRMP-2 in glucose metabolism in vivo, we analyzed mice deficient in CRMP 
under normal chow (NC) or high-fat diet (HF) conditions. CRMP-1 can form heterotetramers with CRMP-2 
under physiological conditions28; hence, we also analyzed CRMP-1 knockout mice (CRMP-1−/−) and CRMP-2 
knockout mice (CRMP-2−/−). We also attempted to generate CRMP-1/CRMP-2 double knockout mice; however, 
we were unable to obtain CRMP-1−/−CRMP-2−/− mice, suggesting that this genotype may be embryonically lethal.

Neither the CRMP-1-/- nor the CRMP-2-/- mice showed significant changes in body weight gain, tissue 
weight, or insulin sensitivity before or after HF feeding (Supplementary Fig.  2a-f, Supplementary Table 1). 

Fig. 2.  Sema3c/Sema5a expression in mouse islets is controlled by glucose signaling. a: The mRNA expression 
levels of Sema3c and Sema5a at the indicated times in islets isolated from 8- to 10-week-old C57BL/6J mice 
incubated with GKA or vehicle (DMSO) for 24 h (n = 6; ANOVA). b: Sema3c and Sema5a expression levels in 
islets isolated from 8–10-week-old C57BL/6J mice incubated in the presence of 2.8, 5.6, 11.1, or 22.2 mmol/L 
glucose (n = 4–6; ANOVA). c: The mRNA expression levels of Sema3c and Sema5a in islets isolated from 
12-week-old IRS-2−/− and IRS-2+/+ mice incubated with GKA or vehicle (DMSO) for 24 h (n = 6; ANOVA). d: 
The mRNA expression levels of Sema3c and Sema5a in the islets of 8-week-old db/db and db/+ mice incubated 
with GKA or vehicle (DMSO) for 24 h (n = 6; ANOVA). e: The mRNA expression levels of Sema3c and IRS-2 
in islets isolated from 12-week-old normal chow (NC)-fed mice and 20-week-old high-fat diet (HF)-fed mice 
incubated with GKA or vehicle (DMSO) for 24 h (n = 6; ANOVA). f: Sema3c expression in islets isolated from 
8- to 10-week-old C57BL/6J mice incubated with GKA or vehicle (DMSO) with/without D-mannoheptulose 
(MH) (n = 6; ANOVA). g: Sema3c expression levels in islets isolated from 8–10-week-old C57BL/6J mice 
incubated with GKA or vehicle (DMSO) with/without diazoxide (n = 6; ANOVA). h: The mRNA expression 
levels of Sema3c and IRS-2 in islets isolated from 8- to 10-week-old C57BL/6J mice incubated with GKA 
or vehicle (DMSO) with/without nifedipine or FK506 (n = 6; ANOVA). i: Sema3c expression levels in islets 
isolated from 8–10-week-old C57BL/6J mice incubated with thapsigargin (Thap) or vehicle (DMSO) in the 
presence of 2.8, 5.6, 11.1, or 22.2 mmol/L glucose (n = 6; ANOVA). j: Sema3c expression levels in the islets of 
8- to 10-week-old C57BL/6J mice incubated with thapsigargin (Thap) and GKA in the presence of diazoxide 
or vehicle (DMSO) (n = 6; ANOVA). Islets were incubated in the presence of 5.6 mmol/L glucose (a, c-h, and 
j). The relative values were presented with C57BL/6J mouse islets treated with vehicle after 2 h incubation (a), 
C57BL/6J mouse islets under 2.8mM glucose (b and i), IRS-2+/+ mouse islets treated with vehicle (c), db/+ 
mouse islets treated with vehicle (d), NC-fed mouse islets treated with vehicle (e), and C57BL/6J mouse islets 
treated with vehicle (f-h and j) as the controls. The results are expressed as the mean ± SE. *P < 0.05, **P < 0.01.
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CRMP-1-/- mice presented slight elevations in blood glucose levels during the GTT, which were omitted by the 
HF-induced metabolic load (Fig. 6a and c). There were no differences in insulin levels between CRMP-1-/- mice 
and wild-type controls under either NC- or HF-fed conditions (Fig. 6b and d). CRMP-2-/- mice exhibited slight 
glucose intolerance after HF feeding but not after NC feeding, even though there were no significant changes 

Fig. 3.  Tissue semaphorin, plexin, and CRMP levels in metabolic organs from C57BL/6J mice. a-c: 
Semaphorin (a), plexin (b), and CRMP (c) mRNA expression levels in the cerebral cortex, olfactory bulb, liver, 
adipose tissue, skeletal muscle, and islets of 8- to 10-week-old C57BL/6J mice (n = 4 per group). The relative 
values were presented with cerebral cortex as the control.
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in insulin secretion (Fig. 6e-h). β-cell mass, glucose-induced insulin secretion, and the expression levels of key 
insulin signaling molecules, including IRS-2, Pdx-1, MafA, and MafB, were comparable between CRMP-2-/- and 
wild-type mice islets (Supplementary Fig. 3a-e). In contrast, the transcriptional factor NeuroD1 expression was 
downregulated in CRMP-2-/- islets (Supplementary Fig. 3e). The degree of steatosis and fibrosis according to 
liver histology and the gene expression of G6pc and Pck-1 were not altered in NC- or HF-fed CRMP-2-/- mice 
(Supplementary Fig. 3f-i).

Fig. 4.  Mouse pancreatic islet semaphorin, plexin, and CRMP levels under diabetic conditions. a-c: 
Semaphorin, plexin, and CRMP mRNA expression levels in isolated mouse islets. a: Islets were isolated from 
8- to 10-week-old C57BL/6J mice and incubated in the presence of 3.9 or 16.7 mmol/L glucose for 24 h. b: 
Islets were isolated from 8- to 10-week-old C57BL/6J mice and incubated with GKA or vehicle (DMSO) for 
24 h in the presence of 3.9 mmol/L glucose. c: Islets were isolated from 15-week-old db/db and db/+ mice that 
were cultured for 24 h in the presence of 5.6 mmol/L glucose. *P < 0.05, **P < 0.01 (n = 4–5 per group; multiple 
t-testing). The relative values were presented with C57BL/6J mouse islets under 3.9mM glucose (a), C57BL/6J 
mouse islets treated with vehicle (b), and db/+ mouse islets (c) as the controls.
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Discussion
In this study, we determined the distinct expression patterns of semaphorin/plexin/CRMP families in the 
endocrine pancreas, which were altered by glucose/glucokinase activation, and in db/db islets and demonstrated 
that CRMP-2 knockout mice exhibited impaired glucose tolerance after HF feeding.

We demonstrated Sema3c expression in mouse pancreatic islets is precisely regulated by glucose signaling. 
High glucose stimulation increases IRS-2 expression in β-cells through the Ca2+/calcineurin/NFAT pathway25. 
Consistent with this, we confirmed that glucokinase activation, which mimics hyperglycemia, upregulated the 
expression of IRS-2. This effect was attenuated by nifedipine, a calcium channel blocker, and FK506, a calcineurin 
inhibitor, in β-cells. Similarly, high glucose and glucokinase activation enhanced Sema3c in islets; however, this 
upregulation was only slightly observed in IRS-2 knockout islets. Notably, unlike IRS-2, Sema3c upregulation by 
GKA was not inhibited by nifedipine or FK506, suggesting that glucokinase-induced Sema3c expression involves 
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both an IRS-2-dependent pathway and a separate pathway independent of Ca2+/calcineurin-IRS-2 signaling. 
This is further supported by our finding that diazoxide, a K+ ATP channel opener, did not affect GKA-induced 
Sema3c expression. In addition, IRS-2 may play a role in the upregulation of Sema3c observed in the islets of 
HF-fed mice, in which insulin signaling is known to be enhanced.

ER stress in islets induces  β-cell apoptosis29, which contributes to the onset of diabetes30. Short-term 
treatment with GKA suppressed the expression of ER stress-related genes and consequently protected β-cells 
from apoptosis in an IRS-2-independent manner22. Here, we showed that thapsigargin-induced ER stress 
enhanced the expression of Sema3c, and this effect was further amplified by high glucose stimulation, but not 
by GKA in islets. This suggests that the upregulation of Sema3c by GKA may be attributed to its inhibitory effect 
on ER stress in islets. Due to its involvement in glucose metabolism-related pathways, Sema3c may influence 
insulin secretion, β-cell proliferation, and apoptosis. Further study is needed to elucidate the precise effects and 
mechanisms of Sema3c action in islets.

To the best of our knowledge, this is the first report demonstrating the involvement of CRMPs in glucose 
metabolism. We detected the expression of CRMP-2 in primary mouse islets and MIN6 cells and found 
enhanced expression and phosphorylation of CRMP-2 in islets from HF-fed mice. CRMP-2 is an intracellular 
messenger of Sema3A17 and Sema3B31 signaling, and its phosphorylation mediates semaphorin signaling32.
　The involvement of CRMP-2 in Sema3C signaling remains unclear. Sema3C is co-expressed with Sema3A in 
the cortical midline and exerts its effects through a PLXNA1 and NRP1/2 heterodimer, playing a crucial role in 
regulating midline crossing during neuronal development33,34. Post-crossing repulsion has also been suggested 
to be mediated by Sema3A34. These findings imply a potential link between CRMP-2 function in glucose 
metabolism and Sema3C signaling within pancreatic islets. Our observation suggested that CRMP-2-mediated 
semaphorin signaling might be facilitated in pancreatic β-cells under HF feeding conditions. While the mild 
glucose intolerance in NC-fed CRMP-1−/− mice was alleviated by HF feeding, CRMP-2−/− mice showed impaired 
glucose tolerance in the HF-fed group but not in the NC-fed group. These results suggested that CRMP-2 acted 
under insulin resistance conditions, such as HF feeding. This is further supported by our observation in db/db 
mice, where CRMP-2 gene expression in islets was significantly reduced compared to that in db/+ mice, while 
CRMP-1 mRNA expression remained unchanged.

CRMP-2−/− mice exhibited comparable insulin sensitivity and histology of insulin-sensitive organs including 
the liver. In HF-fed CRMP-2−/− mice, a slight reduction in β-cell mass or function was observed though it did not 
reach statistical significance. Gene expression levels of IRS-2 and Pdx-1 in CRMP-2−/− islets remained unchanged, 
suggesting that CRMP-2 has a minimal effect on insulin signaling. CRMP-2 modulates Ca2+ influx through 
presynaptic voltage-gated calcium channels during neurotransmitter release in neurons35. Therefore, CRMP 
deficiency might also cause calcium channel dysfunction, potentially impairing insulin secretion in β-cells.

In addition, considering that CRMP-2 is highly expressed in the nervous system and plays multiple roles in 
neuronal development, it is important to consider the potential involvement of neuronal signaling dysfunction 
in glucose intolerance. Pancreatic islets are extensively innervated by both parasympathetic and sympathetic 
nerves, which regulate insulin secretion and β-cell proliferation36,37. In CRMP-2−/− islets, the expression of 
NeuroD1, a transcriptional factor for maintaining β-cell maturation and a regulator of neuronal differentiation, 
was reduced. Furthermore, our comprehensive gene expression analysis of GKA-treated mouse islets revealed 
that glucose/glucokinase stimulation alters the expression of molecules associated with nervous system in islets, 
thereby influencing glucose metabolism. CRMPs are reportedly associated with neuropsychiatric disorders, 
especially schizophrenia38,39. It is well known that type 2 diabetes is significantly more prevalent in individuals 
with schizophrenia, with antipsychotic-naïve patients experiencing at least twice the risk of type 2 diabetes 
compared with healthy controls40. Our findings on the involvement of CRMPs in glucose metabolism may 
provide insight into the molecular basis underlying the comorbidity between type 2 diabetes and schizophrenia.

In summary, we revealed that the expression of semaphorins, plexins, and CRMPs was regulated in mouse 
islets by glucose/GKA stimulation or under diabetic conditions. We also demonstrated that CRMP-2−/− mice 
exhibited impaired glucose tolerance under HF conditions. Thus, the semaphorin/plexin/CRMP families in the 
endocrine pancreas might be involved in glucose metabolism through glucose/glucokinase signaling.

Fig. 5.  CRMP-2 was expressed in pancreatic β-cells. a: Pancreatic tissue sections from 8-12-week-old 
C57BL/6J mice were subjected to immunostaining. (Left) CRMP-2 was stained green, and glucagon was 
stained red. (Right) CRMP-2 was stained green, insulin was stained red, and nuclei were stained blue (DAPI). 
b: MIN6 cells were immunostained for nuclei (blue), insulin (light blue), CRMP-2 (red), and p-CRMP-2 
(green). c:(Left) Pancreatic sections from C57BL/6J mice were immunostained with antibodies against CRMP-
2 (red), p-CRMP-2 (green), and insulin (blue). (Upper) Normal chow (NC)-fed group at 8–12 weeks of age. 
(Lower) High-fat diet (HF)-fed group aged more than 20 weeks beginning at 8 weeks. (Right) Fluorescence 
intensity of CRMP-2 from ROI analysis of islets (n = 5; Student’s t-test). d: The mRNA expression of CRMP-1 
and CRMP-2 in islets from 12-week-old db/db and db/+ mice cultured for 24 h in the presence of 5.6 mmol/L 
glucose (n = 3–4; Student’s t-test). e: The mRNA expression of CRMP-1 and CRMP-2 in islets from 12-week-old 
IRS-2 knockout and wild-type mice cultured for 24 h in the presence of 5.6 mmol/L glucose (n = 3–4; Student’s 
t-test). The results are expressed as the mean ± SE. **P < 0.01. The relative values were presented with db/+ 
mouse islets (d), and IRS-2+/+ mouse islets (e) as the controls.
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Fig. 6.  GTTs and serum insulin levels of CRMP-1- and CRMP-2-  knockout mice. a-b: The blood glucose 
levels and area under the curve (AUC) (a) and serum insulin levels (b) of CRMP-1+/+ and CRMP-1−/− mice 
fed an NC were measured at the indicated times during the GTT. c-d: The blood glucose levels and AUCs (c) 
and serum insulin levels (d) of CRMP-1+/+ and CRMP-1−/− mice fed an HF were measured at the indicated 
times during the GTT. e-f: The blood glucose levels and AUCs (e) and serum insulin levels (f) of CRMP-2+/+ 
and CRMP-2−/− mice fed an NC were measured at the indicated times during the GTT. g-h: The blood glucose 
levels and AUCs (g) and serum insulin levels (h) of CRMP-2+/+ and CRMP-2−/− mice fed HFs were measured 
at the indicated times during the GTT. The mice were fed an NC at 8–12 weeks of age or an HF for more than 
20 weeks beginning at 8 weeks of age. The results are expressed as the mean ± SE. *P < 0.05 (n = 8–20 per group; 
Student’s t-test).
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Materials and methods
Animals and animal care
C57BL/6J mice were obtained from CLEA Japan (Tokyo, Japan). Both CRMP-1−/− mice and CRMP-2−/− mice 
on a C57BL/6J background were generated as described previously41,42. BKS. Cg-Dock7m+/+Leprdb/J (db/db) 
and their controls (db/+) were obtained from Charles River Japan (Yokohama, Japan). IRS-2−/− mice (CBA and 
C57BL/6J hybrid background) were generated as described elsewhere23. These mice were fed normal chow (MF, 
Oriental Yeast, Tokyo, Japan) or a high-fat diet (High Fat Diet 32, CLEA Japan) for 20 weeks beginning at 8 
weeks. All the experiments were conducted on male littermates. The animal housing rooms were maintained at 
a constant room temperature (25 °C) and on a 12-hour light (7:00 am) and 12-hour dark (7:00 pm) cycle. Mice 
were euthanized in a carbon dioxide chamber.

Animal study approval
This study was conducted with the approval of the Animal Care Committee of Yokohama City University 
(approval no. F-A-13-043). All the animal procedures and experimental protocols were performed in accordance 
with the institutional animal care guidelines and the guidelines of the Animal Care Committee of Yokohama 
City University. The study was conducted in accordance with the ARRIVE guidelines.

In vivo physiological studies
The plasma glucose levels and blood insulin levels were determined using a Glutest Neo Super (Sanwa Kagaku 
Kenkyusho, Nagoya, Japan) and an insulin kit (Morinaga, Yokohama, Japan; catalog no. M1102). All the mice 
were denied access to food overnight before the oral glucose tolerance test (GTT) and then were orally loaded 
with glucose (1.5 mg/g body weight). The insulin tolerance test (ITT) was performed by ip injection of human 
insulin at 1.5 mU/g body weight without fasting (normal chow-fed group) and 2 mU/g body weight after 2 h of 
fasting (high-fat diet-fed group).

Islet isolation and culture
Islets were isolated from the mice as described elsewhere43. Isolated islets were cultured overnight in RPMI 
1640 medium (Wako Pure Chemical Industries, Osaka, Japan) containing 5.6 mmol/L glucose supplemented 
with 10% fetal calf serum, 100 units/mL penicillin, and 100  µg/mL streptomycin. Islets were treated with 1 
µmol/L thapsigargin (Nacalai Tesque, Tokyo, Japan), 50 µmol/L nifedipine (Sigma-Aldrich, St. Louis, MO), 10 
µmol/L FK506 (Sigma-Aldrich), 30 µmol/L GKA Cpd A (Calbiochem, Darmstadt, Germany)44, 10 mmol/L 
D-mannoheptulose (Toronto Research Chemicals, Toronto, Canada), or 200 µmol/L diazoxide (Wako Pure 
Chemical Industries). All the reagents were added concomitantly to the medium in each experiment.

Glucose-stimulated insulin secretion in isolated islets
Ten islets isolated from high-fat diet-fed CRMP-2+/+ mice and CRMP-2−/− mice were incubated at 37 °C for 1.5 h 
in Krebs-Ringer bicarbonate buffer containing 2.8 or 22.2 mmol/L glucose. To measure the insulin content, the 
islets were extracted with acid ethanol. The insulin concentration of the assay buffer and the insulin content were 
measured using an insulin ELISA kit (Morinaga).

Cell culture
MIN6 cells were a kind gift from Dr. Junichi Miyazaki (University of Osaka, Osaka, Japan)45. MIN6 cells were 
cultured in DMEM containing 11.1 mmol/L glucose supplemented with 10% fetal calf serum, 100 units/mL 
penicillin, 100 µg/mL streptomycin, and 0.002% 2-mercaptoethanol.

Histological analysis
Formalin-fixed, paraffin-embedded pancreas sections and 4% paraformaldehyde-fixed MIN6 cells on cover 
slides were immunostained with antibodies against insulin (Santa Cruz, CA), glucagon (Abcam, Cambridge, 
UK), CRMP-2 or p-CRMP-2 (as described elsewhere46). Alexa Fluor 488-, 555-, and 647-conjugated secondary 
antibodies (Invitrogen, Carlsbad, CA) were used for fluorescence microscopic analysis. Images were acquired 
using a FluoView FV1000-D confocal laser scanning microscope (Olympus, Southborough, MA). The 
fluorescence intensity of CRMP-2 was calculated in 5 randomly selected areas per islet using ImageJ software 
(http://imagej.nih.gov/ij, using version 1.53k), and the normalized intensity of insulin is shown in the graph. 
Biotinylated secondary antibodies, a VECTASTAIN Elite ABC Kit, and a DAB Substrate Kit (Vector Laboratories, 
Burlingame, CA) were used to examine the sections using bright-field microscopy to determine the β-cell mass. 
Images were acquired using a BZ-9000 microscope (Keyence, Osaka, Japan). The percent area of the pancreatic 
tissue occupied by the β-cells was calculated using the software provided with BIOREVO BZ-9000 (Keyence), 
as described elsewhere43. Formalin-fixed, paraffin-embedded liver sections were stained with Masson Goldner.

Real-time PCR
Total RNA from the liver, skeletal muscle, and pancreatic islets was isolated using a QIA shredder and an RNeasy 
kit (QIAGEN, Hilden, Germany). Total RNA from the cerebral cortex, olfactory bulb, and epididymal fat was 
isolated using an Isogen reagent (Nippon Gene, Toyama, Japan) and an RNeasy kit (QIAGEN). cDNA was 
prepared using High-Capacity cDNA reverse transcription kits (Applied Biosystems, Foster City, CA, USA) 
and subjected to quantitative PCR (7900 real-time PCR system; Applied Biosystems) using THUNDERBIRD 
qPCR Master Mix (Toyobo, Osaka, Japan) for Taqman assays (Fig. 2a-j and 5d-e, Supplementary Fig. 3e, 3g-i) or 
THUNDERBIRD SYBR qPCR Master Mix (Toyobo) for SYBR Green assays (Fig. 3a-c and 4a-c, Supplementary 
Fig. 3e). The relative values were presented with C57BL/6J mouse islets treated with vehicle after 2 h incubation 
(Fig. 2a), C57BL/6J mouse islets under 2.8mM glucose (Fig. 2b and i), IRS-2+/+ mouse islets treated with vehicle 
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(Fig.  2c), db/+ mouse islets treated with vehicle (Fig.  2d), normal chow (NC)-fed mouse islets treated with 
vehicle (Fig. 2e), C57BL/6J mouse islets treated with vehicle (Fig. 2f-h and j, and 4b), C57BL/6J mouse islets 
treated with vehicle under 2.8mM glucose (Fig. 2i), cerebral cortex (Fig. 3a-c), C57BL/6J mouse islets under 
3.9mM glucose (Fig. 4a), db/+ mouse islets (Figs. 4c and 5d), and IRS-2+/+ mouse islets (Fig. 5e) as the controls. 
Each quantitative reaction was performed in duplicate. The data were normalized to the β-actin level. For the 
Taqman assay, primers were purchased from Applied Biosystems. The SYBR Green primers used are listed in 
Supplementary Table 2.

Single-cell RNA sequencing
Isolated mouse pancreatic islets from normal chow diet-fed and 8-week high fat-diet fed mice for single-cell 
RNA sequencing using a method described elsewhere47. The single-cell RNA-seq data we used in this study are 
available from Gene Expression Omnibus (GEO) with the accession numbers GSE20337626.

Statistical analysis
All the data are reported as the means ± SEs and were analyzed using Student’s t test, multiple t-testing, or 
ANOVA in the GraphPad Prism 8 (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​g​r​a​p​h​p​a​​d​.​c​​​o​m​/​s​c​i​e​n​t​i​f​​i​c​-​s​o​f​t​w​​a​r​e​/​p​r​i​s​m​/, using version 8.0.2; 
GraphPad). Differences were considered significant if the P value was < 0.05 (*) or < 0.01 (**).

Data availability
All the data analyzed during this study are included in this article and its Supplementary Information files.
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