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Therapeutic effects of acylated 
ghrelin‑specific receptor GHS‑R1a 
antagonist in islet transplantation
Kiyoshi Chinen1,2, Naoaki Sakata1*, Gumpei Yoshimatsu1, Masafumi Nakamura2 & 
Shohta Kodama1

Islet transplantation is a type of cellular replacement therapy for severe diabetes that is limited by 
compromising effect on engrafted islets. Trials aiming to improve the function of transplanted islets 
have also been challenging. This study attempted to elucidate whether regulation of growth hormone 
secretagogue receptor-1a (GHS-R1a), one of the ghrelin receptors, improve the therapeutic effects 
of islet transplantation using [D-Lys3]-GHRP-6 (DLS), a specific GHS-R1a antagonist. The therapeutic 
effects of DLS were assessed in terms of the expression/production of endocrine genes/proteins, 
insulin-releasing function under glucose stimulation of mouse islets, and outcomes of syngeneic 
murine islet transplantation with systemic DLS administration. DLS treatment promoted insulin 
production and suppressed somatostatin production, suggesting that cancelation of the binding 
between ghrelin and GHS-R1a on β or δ cells improved insulin expression. DLS also promoted the 
glucose-dependent insulin-releasing function of β cells. However, the therapeutic effect of DLS in 
islet transplantation was fractional. In conclusion, the GHS-R1a antagonist showed preferable effects 
in improving the therapeutic outcomes of islet transplantation, including the promotion of insulin-
releasing function.

Islet transplantation is a promising therapy for patients with severe diabetes mellitus (DM), especially type 1 DM 
with insulin deficiency. This therapeutic approach enables blood glucose regulation by maintaining appropriate 
insulin supply from transplanted islets. A recent multicenter phase 3 clinical trial (CIT-07) that enrolled patients 
with type 1 DM without stimulated C-peptide elevation showed that episodes of severe hypoglycemia proved 
the usefulness of islet transplantation. Moreover, 87.5% and 71% of the participants achieved improvement in 
HbA1c level and prevention of severe hypoglycemic events at 1 and 2 years, respectively1. Although studies 
have confirmed the usefulness of this treatment, islet transplantation has still faced some challenges, including 
limited donor supplies and engraftment difficulty, which may compromise therapeutic outcomes. Regarding 
limited donor supplies, some novel donor sources, including xenogeneic porcine islets, have been considered 
a feasible therapeutic option2. The development of novel and promising immunosuppressants also contributes 
toward extending graft survival3,4. Furthermore, several preclinical studies on the regulation of innate immunity5,6 
and ischemia/hypoxia7,8 have been promoted, with the aim of improving/supporting the engraftment of trans-
planted islets. These several trials have sought to improve the quantity of engrafted islets. Indeed, clinical islet 
transplantation data elucidated that multiple transplantations with higher amount of islets contributed to the 
better outcomes of islet transplantation9.

Trials aiming to improve the quality of transplanted islets have also been considered pivotal. Moreover, quality 
suggests good insulin-releasing function according to the blood glucose level or toughness against stress caused 
by the islet isolation and transplantation processes. To establish a novel therapy aiming to improve quality, the 
current study focused on the crosstalk among the islet endocrine cells for ameliorating the insulin-releasing func-
tion of β cells, particularly on ghrelin receptors. In general, ghrelin is known as a hunger hormone that induces 
hyperphagia10. Furthermore, this hormone increases blood glucose levels by suppressing insulin release from 
β cells11,12. Ghrelin is classified into two subtypes, namely, acylated and unacylated. Acylated ghrelin binds to a 
specific receptor named growth hormone secretagogue receptor-1a (GHS-R1a) on β cells and restricts insulin 
release13. This restriction depends on direct and indirect effects via δ cells10,14,15. Previous studies have elucidated 
that acylated ghrelin via GHS-R1a on δ cells induces a decrease in insulin secretion by β cells by promoting 
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somatostatin secretion15,16. In contrast, unacylated ghrelin, which does not bind to GHS-R1a, promotes cellular 
proliferation and increases insulin sensitivity by binding to β cells17.

It is considered that specific GHS-R1a suppression prevents the reduction of insulin secretion by maintaining 
β cell proliferation10. However, the usefulness of this treatment in islet transplantation remains unclear. The cur-
rent study attempted to clarify whether GHS-R1a regulation improved therapeutic effects of islet transplantation.

Results
Administration of GHS‑R1a antagonist suppressed GHS‑R1a expression on islets.  Initially, 
appropriate dose of the GHS-R1a antagonist [D-Lys3]-GHRP-6 (DLS; R&D Systems, Northeast Minneapolis, 
MN, USA) for administration to isolated islets was determined using the glucose-stimulated insulin secretion 
(GSIS) assay. Although no difference in the released insulin volume under low-glucose stimulation was observed 
between the no-treatment and DLS administration groups, a dose-dependent increase in insulin volume under 
high-glucose stimulation was detected in the DLS group, with the volume being highest at 4.0 µg/mL of DLS 
(16.73 ± 2.27, 22.41 ± 2.29, 21.93 ± 2.57, and 32.44 ± 1.68 pg/islet × h in the no-treatment, DLS 0.5, 2.0, and 4.0 µg/
mL groups, respectively; p < 0.01; Supplemental Fig. 1A). Furthermore, administration of 4.0 µg/mL DLS did 
not impair the viability of islets and residual rate of cultured islets. Regarding viability, approximately 90% of 
the islets were maintained 7 days after the beginning of the culture in both the no-treatment and DLS 4.0 µg/
mL groups (92.17% ± 3.07% in the no-treatment group vs. 87.04% ± 4.42% in DLS 4.0 µg/mL group; Supple-
mental Fig. 1B, C). Although the residual rates of islets gradually decreased, both groups maintained high levels 
(79.35% ± 1.94% in the no-treatment group vs. 81.25% ± 2.10% in DLS 4.0 µg/mL group at day 7; Supplemen-
tal Fig. 1D). Furthermore, no significant difference in the ratio of Ki-67-positive cells was noted between the 
no-treatment and DLS groups (2.38% ± 0.21% in the no-treatment group vs. 2.69% ± 0.26% in the DLS group; 
Supplemental Fig. 2A, B), revealing that DLS treatment did not affect cellular growth of islet cells. Based on the 
aforementioned data, 4.0 µg/mL was considered an appropriate dose of DLS in this study.

Subsequently, it was assessed whether GHS-R1a expression was detected on islets and whether DLS admin-
istration suppressed such expression. Regarding mRNA, Ghsr expression in isolated islets was detected via 
real-time polymerase chain reaction (RT-PCR) and was suppressed by DLS administration (p < 0.05; Fig. 1A). 
Immunohistological examination for isolated islets also elucidated that GHS-R1a expression was detected on 
insulin-positive cells and that the expression was attenuated by DLS administration. Islets in Fig. 1B were DLS-
treated. The percentage of GHS-R1a-positive β cells in the no-treatment group was 8.15% ± 1.15%, which was 
significantly greater than that in the DLS group (4.09% ± 0.49%, p = 0.0074; Fig. 1B, C left). Moreover, some soma-
tostatin-positive cells expressed GHS-R1a on the surface (Fig. 1B, C center). The percentage of GHS-R1a-positive 
δ cells in the no-treatment and DLS groups was 12.20% ± 1.14% and 7.28% ± 1.05%, respectively (p = 0.016; Fig. 1C 
center). Furthermore, GHS-R1a was expressed on pancreatic polypeptide (PP) cells (Fig. 1B right), the percentage 
of which (approximately 20%) was higher that on β and δ cells. DLS treatment also decreased the expression of 
GHS-R1a on PP cells, similar to that on β and δ cells (22.43% ± 1.74% vs. 16.20% ± 1.56%, p = 0.035; Fig. 1C right). 
The aforementioned data indicated that GHS-R1a was expressed on islets, at least on β, δ, and PP cells, with its 
expression being prominent on PP cells. The administration of GHS-R1a antagonist prevented the expressions.

Administration of GHS‑R1a antagonist improved the insulin‑releasing function of islets.  The 
therapeutic impact of DLS on the insulin-releasing function of islets was subsequently examined. DLS treat-
ment promoted the expression of insulin gene Ins2 (p < 0.05; Fig. 2A) and increased internal insulin content in 
the islets (222.01 ± 4.62 ng/islet in the no-treatment group vs. 269.01 ± 12.19 ng/islet in the DLS group; p < 0.05; 
Fig. 2B). GSIS analysis also revealed that DLS administration increased the volume of insulin released from the 
islets under high-glucose stimulation (16.73 ± 2.27 pg/islet × h in the no-treatment group vs. 32.44 ± 1.68 pg/
islet × h in the DLS group; p < 0.001; Fig. 2C), whereas no change was noted under low-glucose stimulation. The 
DLS-positive group also had a higher stimulation index (i.e., the ratio of released insulin volume between high- 
and low-glucose solution), comparing with no-treatment group (1.59 ± 0.19 vs. 3.04 ± 0.51; p < 0.05; Fig. 2C).

GHS‑R1a antagonist suppressed the expression/production of somatostatin in δ cells.  Fig-
ure 3 shows the influence of DLS on the expression/production of somatostatin in δ cells. Notably, DLS treat-
ment significantly suppressed the expression of the somatostatin gene Sst (Fig. 3A) but increased the expres-
sion of Ins2 (Fig.  2A). No significant differences in Gca and Ghrl were observed between the no-treatment 
and DLS groups (glucagon and ghrelin genes, respectively; Supplemental Fig. 4). DLS also inhibited somato-
statin production from the islets (i.e., internal somatostatin content: 1.49 ± 0.14  ng/islet in the no-treatment 
group vs. 1.02 ± 0.11  ng/islet in the DLS group; p < 0.05; Fig.  3B). Furthermore, DLS treatment significantly 
decreased the volume of somatostatin released from an islet (11.49 ± 0.09 pg/islet × h in the no-treatment group 
vs. 9.98 ± 0.05 pg/islet × h in the DLS group; p < 0.05; Fig. 3C). These findings, including the location of GHS-R1a 
on endocrine cells (Fig. 1B), indicated that GHS-R1a antagonist inhibited the production/secretion of somato-
statin in δ cells and promoted the insulin release from β cells by prohibiting the binding between acylated ghrelin 
and GHS-R1a.

Limited contribution of GHS‑R1a antagonist to the improvement of islet transplantation.  The 
current study then assessed the therapeutic effects of DLS on islet transplantation using an animal model of dia-
betes. Mice with streptozotocin-induced diabetes received renal subcapsular islet transplantation, and following 
DLS intraperitoneal injections every 2 days for 15 days, mice were classified into the ITx DLS group (Fig. 4A). 
Accordingly, ITx DLS group had comparatively lower plasma somatostatin levels than the ITx group, which 
comprised islet-transplanted mice with no DLS treatment, on postoperative day (POD) 14 (0.89 ± 0.02 ng/mL 
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Figure 1.   Expression of GHS-R1a on islets. (A) Expression of Ghsr in islets with and without DLS treatment. 
Gene expression was quantified using real-time RT-PCR with Actb as the internal control. (B) Histological 
findings of DLS-treated islets stained for insulin (green: left), somatostatin (green: center), pancreatic polypeptide 
(green: right), and GHS-R1a (red). Nuclei were stained using DAPI (blue). The size of the scale bar is 100 µm. 
(C) Percentage of GHS-R1a-positive β (left), δ (center), and PP (right) cells per each endocrine cells in both 
no-treatment and DLS groups. Data are presented as means ± SEMs. P value of < 0.05 was considered statistically 
significant; *p < 0.05.
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in the ITx group vs. 0.59 ± 0.04 ng/mL in the ITx DLS group; p < 0.01; Fig. 4B). After discontinuing DLS admin-
istration, no difference was noted between both the groups (Fig. 4B). Moreover, the ITx DLS group maintained 
a higher plasma insulin level in until POD 28, although no significant differences was observed between both 
groups (208.20 ± 32.79 pg/mL in the ITx group vs. 360.40 ± 73.74 pg/mL in the ITx DLS group on POD 28; 
p = 0.09; Fig. 4C). However, the DLS w/o ITx and STZ w/o DLS and ITx groups maintained lower plasma insulin 
and somatostatin levels than the other two groups (Fig. 4B, C). These data indicated that DLS administration 

Figure 2.   Therapeutic effect of the GHS-R1a antagonist in insulin-releasing function. (A) Expression of Ins2 in 
islets in the no-treatment and DLS groups. Gene expression was quantified using real-time RT-PCR with Actb 
as the internal control. (B) Insulin content of islets in the no-treatment and DLS groups. (C) Released insulin 
volume from islets under low-/high-glucose stimulation (left) and stimulation index of islets (right) in the 
no-treatment and DLS groups. Data are presented as means ± SEMs. P value of < 0.05 was considered statistically 
significant; *p < 0.05, ***p < 0.001.
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suppressed the release of somatostatin and may promote the release of insulin from transplanted islets. The 
therapeutic effects were abolished after DLS withdrawal.

Although DLS had clear therapeutic effects on transplanted islets, its impact on islet transplantation remained 
to be elucidated. Notably, mice that received DLS without islet transplantation showed no improvement in blood 
glucose levels (categorized as DLS w/o ITx group), indicating that DLS played no role in improving blood glucose 
level in animals with streptozotocin (STZ)-induced diabetes (Fig. 4D). The blood glucose level and body weight 
tended to subsequently improve in both the ITx DLS and ITx groups (Fig. 4D, F). No improvements in blood 
glucose and body weight were observed in the DLS w/o ITx and STZ w/o DLS and ITx groups. This suggests that 
DLS had no adverse effects (Fig. 4D, F). However, no difference between the two groups was noted throughout 

Figure 3.   Therapeutic effect of the GHS-R1a antagonist in somatostatin-releasing function. (A) Expression 
of Sst in islets in the no-treatment and DLS groups. Gene expression was quantified using real-time RT-PCR 
with Actb as the internal control. (B) Somatostatin content of islets in the no-treatment and DLS groups. (C) 
Somatostatin volume released from islets in the culture medium for 24 h. Data are presented as means ± SEMs. P 
value of < 0.05 was considered statistically significant; *p < 0.05.
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Figure 4.   Therapeutic effect of the GHS-R1a antagonist in islet transplantation. (A) Scheme of DLS treatment 
protocol for islet transplantation (ITx DLS group). (B) Changes in plasma somatostatin level in the ITx DLS, 
ITx, DLS w/o ITx and STZ w/o DLS, and ITx groups. (C) Changes in plasma insulin level in the four groups. 
Triangles indicate the day of DLS injection. Data are presented as means ± SEMs. P value of < 0.05 was considered 
statistically significant. (D) and (F) Blood glucose (D) and body weight (F) levels after islet transplantation in 
ITx DLS (red; n = 14), ITx (green; n = 11), DLS w/o ITx (n = 5), and STZ w/o DLS and ITx (n = 4) groups. (E) 
Blood glucose levels before and after graftectomy in the ITx DLS group. (G) Glucose tolerance test (GTT) at 
POD 56. The data shows the area under the curve for the blood glucose level (AUC-GTT). Data are presented as 
means ± SEMs. P value < 0.05 was considered statistically significant.
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the observation period (56 days; Fig. 4D, F). Furthermore, the ITx DLS group did not show a superior area under 
the curve for the glucose tolerance test (AUC-GTT) on POD 56 (47,937.27 ± 3,835.97 mg/dL × min in the ITx 
group and 47,048.08 ± 2,706.24 mg/dL × min in the ITx DLS group; Fig. 4G). The transplanted islets in the ITx 
DLS group ameliorated blood glucose levels. Moreover, all the mice in the ITx DLS group exhibited re-elevation 
of blood glucose levels after graftectomy (289.20 ± 44.03 mg/dL before graftectomy vs. 532.70 ± 55.23 mg/dL; 
p = 0.021; Fig. 4E). However, the present study failed to demonstrate the supportive effects of DLS that contributed 
to the improved outcomes of islet transplantation. The therapeutic effect of DLS was also assessed according 
to different administration methods. Supplemental Fig. 5, which compares changes in the blood glucose level 
between mice with transplanted islets incubated with DLS (ITx DLS-incubated group) and the ITx DLS group, 
shows that the ITx DLS-incubated group was not superior but inferior. Figure 5 shows the histological images of 
the graft in the ITx DLS-IP and ITx groups on PODs 14 and 56. Transplanted islets were successfully engrafted 
in both groups (Fig. 5A). No differences in both insulin- and somatostatin-positive areas were noted between 
the ITx and ITx DLS groups (Fig. 5B and C), indicating that DLS did not affect the proliferation/diminishment 
of these cells.

Figure 4.   (continued)



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21239  | https://doi.org/10.1038/s41598-021-00740-6

www.nature.com/scientificreports/

Figure 5.   Histological findings of the graft in the ITx DLS and ITx groups. (A) Histological findings of 
transplanted islets in the renal subcapsular space of the ITx DLS and ITx groups at PODs 14 (upper) and 56 
(lower) stained for insulin (green) and somatostatin (red). Nuclei were stained using DAPI (blue). (B) Insulin-
positive area in engrafted islets. (C) Somatostatin-positive area in engrafted islets. Data are presented as 
means ± SEMs. P value < 0.05 was considered statistically significant.
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Discussion
GHS-R1a is a seven-transmembrane G protein-coupled receptor for acylated ghrelin expressed in various sites, 
such as the brain18, islets, thyroid, and heart19. Moreover, GHS-R1a does not bind to unacylated ghrelin con-
sidering that acylation by ghrelin O-acyl-transferase is an essential reaction for binding with this receptor20,21. 
Previous studies have revealed that ghrelin administration increased blood glucose levels in humans and rodents 
by decreasing insulin release from β cells11,12, indicating that ghrelin is the primary contributor to the decrease 
in insulin release. Furthermore, Dezaki et al. revealed that the binding of acylated ghrelin to GHS-R1a on β cells 
suppressed insulin release via cyclic AMP pathway suppression13. Moreover, DiGruccio et al. showed that acylated 
ghrelin acted on GHS-R1a found on δ cells and induced somatostatin secretion that restricted insulin release 
from β cells15. They also demonstrated that unacylated ghrelin did not increase the secretion of somatostatin15. 
Therefore, inhibiting the binding of acylated ghrelin to GHS-R1a enabled the estimation of the increase in insulin 
release by directly and indirectly acting on β cells via a decrease in somatostatin release from δ cells.

The current study demonstrated that the administration of specific GHS-R1a antagonist DLS promoted 
insulin expression/production and improved insulin-releasing function depending on change in glucose lev-
els. DLS treatment also suppressed the expression/production of somatostatin, which may have improved the 
insulin-releasing function of β cells. Furthermore, continuous DLS administrations promoted a decrease in 
plasma somatostatin level. This phenomenon may have been induced by suppression of the production/release 
of somatostatin from δ cells by DLS, which contributed to the recovery of insulin release from β cells. The 
aforementioned data confirmed our hypothesis that preventing the binding of ghrelin to GHS-R1a directly and 
indirectly promoted insulin release from β cells. Additionally, data presented herein indicated that DLS did not 
affect cellular growth, which may improve islet function.

The in vitro assay showed that GHS-R1a antagonist administration could benefit islet transplantation. How-
ever, this treatment did not improve the therapeutic effect of islet transplantation in animals. The present study 
demonstrated that DLS administration every 2 days for 2 weeks may suppress the increase in plasma somato-
statin level. The ITx DLS group maintained higher plasma insulin levels than the ITx group until POD 28. The 
decrease in plasma somatostatin and subsequent elevation of plasma insulin levels was abolished after stopping 
DLS administration. Moreover, although DLS may regulate somatostatin/insulin release by transplanted islets, 
it did not improve blood glucose levels, body weight, and glucose tolerance in a mouse model of diabetes that 
received islet transplantation.

Although GHS-R1a antagonist treatment may support the insulin-releasing function of transplanted islets, 
it may be insufficient to improve the therapeutic effects of islet transplantation considering that this treatment 
did not promote the proliferation of endocrine cells. Thus, some modifications to this strategy may be necessary 
for it to successfully affect islet transplantation. For instance, long-term continuous administration of GHS-R1a 
antagonist can be one such option. Another option could be the administration of a combination of acylated 
and unacylated ghrelin, which may be used as supportive therapy. Unacylated ghrelin has two useful roles in 
treating diabetes, namely, improving insulin sensitivity and cellular proliferation. Moreover, insulin sensitivity 
is defined as the ability of insulin to clear glucose from the blood. Glycogen and lipid syntheses by insulin are 
major contributors to insulin sensitivity22. Thus, improving insulin sensitivity can allow good management of 
blood glucose levels. Furthermore, unacylated ghrelin can increase islet cell mass and improve β cell survival. 
Granata et al. found that the administration of unacylated ghrelin increased the plasma insulin level, islet area, 
islet number, and β cell mass of animals with STZ-induced diabetes. Moreover, they revealed that unacylated 
ghrelin promoted the expression of pancreatic/duodenal homeobox-1 (Pdx-1), a promotor of pancreatic develop-
ment, and BCL2, an antiapoptotic marker23, and exerted cytoprotective effects by preventing oxidative stress24. 
These effects may improve the therapeutic outcomes of islet transplantation using a GHS-R1a antagonist.

PP cells are endocrine cells that release pancreatic peptide. PP cells comprise a small proportion of islet cells, 
accounting for < 2% of the islet cells in humans and < 5% in rodents25. Recently, Fukaishi and colleagues eluci-
dated that PP cells may get converted to β cells when β cells are impaired. They concluded that PP cells served 
as progenitors of β cells and contributed to the maintenance of homeostasis of pancreatic islets26. However, the 
correlation between PP and other endocrine cells has not been fully discussed. The current study confirmed 
that the percentage of GHS-R1a-positive PP cells was higher than those of β and δ cells. Although the correla-
tion between PP cells and GHS-R1a has not been fully discussed for a long time, two recent publications have 
investigated such a correlation. After performing a comprehensive gene expression analysis using human and 
rodent islets, Yu and colleagues detected GHS-R1 gene expression in PP cells27. Furthermore, Gupta and colleague 
elucidated that GHS-R1a was expressed on most PP and δ cells in human and mouse islets28. Hence, GHS-R1a-
positive PP cells might play a pivotal role in the regulation of glucose homeostasis. Further studies elucidating 
this correlation are recommended.

In conclusion, despite its limited effects, the GHS-R1a antagonist contributed toward improving the thera-
peutic effects of islet transplantation. Further studies are necessary to prove the efficacy of this treatment and 
establish strategies for improving islet transplantation.

Materials and methods
Ethical statement.  All experimental protocols were approved by the Animal Care and Use Committee of 
Fukuoka University (approval number: 1907036). The handling of mice and experimental procedures was in 
compliance with the Principles of Laboratory Animal Care (Guide for the Care and Use of Laboratory Animals, 
National Institutes of Health publication 86-23, 1985).

Animal.  This study used 8- to 10-week-old C57BL/6 J male mice (CLEA Japan Inc., Tokyo, Japan) weighing 
20–24 g as syngeneic donors for islet and diabetic recipients. They were housed under specific pathogen-free 
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conditions and had free access to food and water. Fasting before a challenge or assessment was not undertaken 
except before GTT.

Islet isolation.  Donor mice received median laparotomy under general anesthesia using isoflurane (FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan). Collagenase solution (Merck, Sigma-Aldrich, St. Louis, 
MO, USA) at 1 mg/mL was then infused into the pancreata via the common bile duct and distended. The pan-
creata was then digested using a water bath at 37  °C for 18 min. Islets were purified from the digestions by 
centrifugation at 2,000 rpm for 13 min using Biocoll separation solution (Biochrom, Berlin, Germany) at 1.100, 
1.086, 1.077, and 1.040 density gradients by filtration using a 40 µm size Cell Strainer (Corning Inc., Corning, 
NY, USA) and handpicking. Purified islets were cultured overnight at 22 °C in low-glucose Dulbecco’s modified 
Eagle’s medium (L-DMEM; Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum 
(FBS; Thermo Fisher Scientific) and 1% penicillin–streptomycin (PS; Thermo Fisher Scientific).

Administration of GHS‑R1a antagonist for in vitro examinations.  GHS-R1a antagonist, [D-Lys3]-
GHRP-6 (DLS; R&D Systems), was administered to the isolated islets for in vitro examinations. Thereafter, 50 
islet equivalents (IEQs: 1 IEQ means 150 µm-sized islets) were incubated with 4 µg/mL of DLS (defined as DLS 
group) or without DLS (no-treatment group) in L-DMEM with 10% FBS and 1% PS at 37 °C for 4 h.

RT‑PCR.  Total RNA was extracted from 200 IEQs using TRIzol Reagents (Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA, USA) and the PureLink RNA Mini Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. RT was performed using the QuantiTect Reverse Transcription Kit (QIAGEN K.K., Tokyo, 
Japan).

RT-PCR analysis was performed using the CFX Connect Real-Time PCR Detection Systems (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA) with the THUNDERBIRD SYBR qPCR Mix (Toyobo Co., LTD., Osaka, Japan). 
All primers were designed by Fasmac Co., Ltd. (Atsugi, Japan). The results were normalized to housekeeping 
genes (Actb). Data are presented as fold difference over the detectable Ct value, which was calculated using the 
ΔΔCt method. Primers for real-time RT-PCR are shown as follows:

Primer Sequence (5′–3′)
Tm 
(℃)

Actb forward CAT​CCG​TAA​AGA​CCT​CTA​TGC​CAA​C 67.2

Actb reverse ATG​GAG​CCA​CCG​ATC​CAC​A 69.0

Ins2 forward TCA​AGC​AGC​ACC​TTT​GTG​GTT​ 63.1

Ins2 reverse TCC​ACC​CAG​CTC​CAG​TTG​T 61.7

Sst forward CTG​GCT​TTG​GGC​GGT​GTC​ 69.2

Sst reverse AAG​TAC​TTG​GCC​AGT​TCC​TGT​TTC​ 65.3

Ghrl forward TCT​GGG​AAG​AGG​TCA​AAG​AGGC​ 67.7

Ghrl reverse GGT​AGG​AGA​GTG​CTG​GGA​GTT​ 63.5

Ghsr forward GAC​CAG​AAC​CAC​AAA​CAG​ACAG​ 63.5

Ghsr reverse GGC​TCG​AAA​GAC​TTG​GAA​AA 63.1

Extraction and measurement of protein from islets.  Proteins (insulin, glucagon, and somatostatin) 
were extracted from 50 IEQs using 300 µL RIPA buffer (Sigma-Aldrich) containing protease and phosphatase 
inhibitor (Nacalai Tesque, Inc., Kyoto, Kyoto, Japan). Insulin content was measured using the enzyme-linked 
immunosorbent assay (ELISA) with the Mouse Insulin ELISA Kit (RTU) (FUJIFILM Wako Shibayagi Co., 
Shibukawa, Gumma, Japan). Somatostatin content was determined using the Somatostatin ELISA kit (Phoenix 
Pharmaceuticals, Inc., Burlingame, CA, USA). iMark Plate Reader (Bio-Rad Laboratories, Inc.) at OD450 with 
Microplate Manager Software (ver. 6.3, Bio-Rad Laboratories, Inc.) was used for reading sample absorbance.

Glucose‑stimulated insulin secretion assay.  GSIS assay was performed on islets treated with and with-
out DLS. During the preincubation process, 10 IEQs were incubated in low-glucose solution (3.3 mM) at 37℃ 
for 1 h. After washing, the islets were incubated in low-glucose solution at 37℃ for 1 h, and the supernatants 
were collected as samples. After incubation in high-glucose solution (16.5 mM) for 1 h, the supernatants were 
collected similar to that done with the low-glucose solution. The insulin concentration of the samples was quan-
tified using the Mouse Insulin ELISA Kit (RTU; FUJIFILM Wako Shibayagi Co). The stimulation index, which 
was defined as the ratio of insulin content in samples from high- and low-glucose solutions, was calculated.

Assessment of released somatostatin from islets.  Ten IEQs were cultured in L-DMEM containing 
10% FBS and 1% PS with 4 µg/mL of DLS (DLS) or without DLS (no treatment) at 37 °C for 4 h. After removing 
the islets, the somatostatin volume in the medium was measured using the ELISA kit as previously described 
following the manufacturer’s instruction.

Assessment of viability of islets and islet residual rate.  Islets after administration of the DLS (refer 
Administration of GHS-R1a antagonist for in vitro examinations section) or without treatment were cultured in 
L-DMEM containing 10% FBS and 1% PS for 7 days. Detection of live/dead cells in the islets at day 7 was per-
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formed by staining with Hoechst 33,342 and propidium iodide (PI; Thermo Fisher Scientific K.K.). The viability 
of the islets was defined as per the following formula: ([Hoechst 33,342-positive cells] − [PI-positive cells])/
[Hoechst 33,342-positive cells] × 100 (%).

The islet residual rate was calculated using the percentage of residual numbers of cultured islets at days 3, 5, 
and 7 and compared with the numbers at the beginning of the culture.

DM induction.  Diabetes was induced in recipient mice by one-shot intravenous injection of STZ (180 mg/kg 
body weight; Merck, Sigma-Aldrich). Blood glucose levels in mice were measured using the Glutest Mint (Sanwa 
Kagaku Kenkyusho Co. Ltd., Nagoya, Japan) 4 days after injection. Mice with blood glucose levels exceeding 
400 mg/dL were used for transplantation examination as recipients.

Islet transplantation and treatment of GHS‑R1a antagonist.  Syngeneic 100 IEQs were trans-
planted into the renal subcapsular space of the left kidney of recipient mice. Thereafter, mice were classified 
into two groups according to DLS treatment. Mice with discontinuous intraperitoneal injection of 20 µg DLS at 
PODs 1, 3, 5, 7, 9, 11, 13, and 15 were classified into the ITx DLS group (Fig. 4A), whereas those without DLS 
treatment were classified into the ITx group. Furthermore, mice with transplantation of 100 IEQs incubated 
with 4 µg/mL DLS and those that received discontinuous DLS intraperitoneal injection at similar volumes and 
time without islet transplantation were prepared. The former was classified into the ITx DLS-incubated group, 
whereas the latter were classified into the DLS w/o ITx group. Mice with STZ-induced diabetes without DLS and 
islet transplantation were also prepared as negative control and classified into the STZ w/o DLS and ITx group.

Assessment of the therapeutic effect of islet transplantation.  The therapeutic effect of islet trans-
plantation was assessed by monitoring blood glucose level, plasma insulin level, body weight, and changes in 
blood glucose level in the GTT at POD 56. Nonfasting blood glucose levels were measured in the morning 
of PODs 0, 1, 3, 5, 7, 10, 14, 17, 21, 24, 28, 35, 42, 49, and 56. Normoglycemia was defined as a blood glucose 
level of < 200  mg/dL. Blood samples for assessing plasma insulin levels were collected from the tail veins of 
mice on PODs 0, 3, 7, 14, 28, and 56. The collected blood volume was 200 µL. Samples were isolated in plasma 
by centrifugation at 16 g for 15 min and cryopreserved until measurement. Plasma insulin levels were meas-
ured using the Mouse Insulin ELISA Kit (RTU). Intraperitoneal glucose tolerance tests (IPGTTs) were also 
performed 2 months after transplantation. Glucose solution (2 g/kg body weight) was intraperitoneally injected 
after 10–12 h of fasting, and glucose levels were measured after 0, 30, 60, 90, and 120 min. The AUC-GTT was 
calculated. After finishing this monitoring, left nephrectomy was conducted for graftectomy. Blood glucose lev-
els after graftectomy were measured and compared with those before the procedure (at POD 56).

Histological assessment.  The left kidneys recovered at PODs 14 or 56 and isolated islets embedded in 
2% agarose gel (UltraPure LMP Agarose; Invitrogen) were fixed using 10% formalin neutral buffer solution and 
embedded in paraffin. Paraffin Sects. (3 μm) of specimens were subjected to immunohistochemistry to examine 
insulin (to detect β cells), somatostatin (to detect δ cells), pancreatic polypeptide (to detect PP cells), Ki-67 (for 
cellular proliferation), and GHS-R1a. The primary antibodies included guinea pig anti-insulin (1:2; Agilent, 
Dako, Tokyo, Japan), rabbit anti-somatostatin antibody (1:500; Abcam, Cambridge, UK), mouse anti-pancreatic 
polypeptide antibody (1:250; Immuno-Biological Laboratories Co., Ltd., Gunma, Japan), rabbit anti-Ki67 anti-
body (1:200; Abcam), and rabbit anti-GHSR antibody (1:500; Invitrogen). After incubation with the primary 
antibodies, Alexa 488-conjugated donkey anti-guinea pig (1:100; Abgent Cat#, 706–546-148, AB_2340473; 
Jackson Immunoresearch, West Grove, PA, USA), FITC-conjugated goat anti-mouse (1:100; Abgent Cat#, 115–
095-072; Jackson Immunoresearch), and Cy3-conjugated goat anti-rabbit (1:100; Abgent Cat#, 111–166-047, 
AB_2338010; Jackson Immunoresearch) were used as secondary antibodies. Nuclear staining was performed 
using 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). All histological analyses were performed using a 
BZ-X700 microscope (Keyence, Itasca, IL, USA), after which findings were quantified for statistical evaluation. 
The expression rate of GHS-R1a on β/δ cells was calculated using the following formula: [GHS-R1a-positive β/δ 
cells] / [total β/δ cells in islet] × 100 (%). The Ki-67-positive rate was also quantified according to the percent-
age of Ki-67-positive cells per total islet cells. These quantifications were performed using the ImageJ® software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical assessment.  Blood glucose level, plasma insulin level, body weight, and changes in blood glu-
cose levels in the IPGTT were compared between the DLS-IP and other groups using a two-way repeated-
measure analysis of variance. All multiple comparisons were assessed using Dunnett’s test. All data are presented 
as means ± standard errors of the mean (SEMs). Significant differences were defined as p < 0.05. All tests were 
two-sided, and all statistical analyses were performed using JMP12.0.0 (SAS Institute Inc., Cary, NC, USA).

Statement on ARRIVE guidelines.  Study was conducted in accordance with ARRIVE guidelines.

Data availability
No datasets were generated or analyzed during the present study.
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