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Abstract
Islet transplantation (ITx), a promising therapy for severe diabetes mellitus, needs further evolution.
Adiponectin, an adipokine that regulates lipid and glucose metabolism, has some bene�ts that may
improve (e.g., reinforcement of insulin-releasing function). This study attempted to evaluate the
possibility of adiponectin for ITx improvement. Mouse islets were treated with 10 µg/mL recombinant
mouse adiponectin by overnight culture (de�ned as adiponectin (+)). The islets’ insulin-releasing,
angiogenic, and adhesion functions were assessed and compared with islets without adiponectin
treatment (adiponectin (−)). Furthermore, 80 syngeneic islets, with or without adiponectin treatment, were
transplanted into the renal subcapsular space of diabetic mice. In vitro assessment showed improved
insulin-releasing, angiogenic, and adhesion functions adiponectin (+). Moreover, released insulin volume
at high glucose stimulation, insulin content, and expressions of vascular endothelial growth factor and
integrin β1 were improved in islets with adiponectin treatment. Furthermore, the ITx therapeutic effect
with adiponectin treatment was partial. There was a signi�cant improvement in blood glucose levels in
adiponectin (+). No signi�cant differences were noted in plasma insulin and area under the curve of
blood glucose level in glucose tolerance test. In conclusion, adiponectin has various usefulness for
improving ITx outcomes. Thus, further studies are necessary for this possibility.

Introduction
Islet transplantation (ITx) is considered a promising therapy for patients with severe diabetes mellitus
(DM), suffering from severe hypoglycemic events. Intraportal islet infusions perform clinical ITx for liver
engraftment. The recent multicenter clinical trial for type 1 DM patients with normal renal function
complicated by severe hypoglycemia (clinical islet transplantation 07) revealed that approximately 90%
of the participants had hemoglobin A1c level improvement and severe hypoglycemic events prevention1.
However, the ITx transplant e�cacy is inferior to that of pancreatic organ transplantation. In general, two
and three islet transplantations are recommended to stabilize blood glucose levels, including insulin
treatment withdrawal2. The inferiority mostly depends on instant blood-mediated in�ammatory reaction,
an acute thrombotic and in�ammatory reaction induced by activation of complement, coagulation, and
innate immunity, which impairs transplanted islets3. Furthermore, ischemia until completion of vascular
network formation is a major reason for preventing islet engraftments4. According to these hurdles,
transplant e�cacy deteriorated5,6. Therefore, novel supportive treatments for promoting engraftment of
transplanted islets are required.

Adiponectin is a major adipokine circulating in the blood vessels7 produced by both white and brown
adipose tissues. Adiponectin has several metabolic functions in lipid synthesis and storage,
neoglucogenesis, and peripheral glucose utilization. It plays an important role in improving the insulin-
sensitizing property by preventing insulin resistance in the skeletal muscle7 and anti-atherogenesis by
preventing dyslipidemia8. Yamauchi et al. revealed that adiponectin administration ameliorated the
hyperglycemia of lipoatrophic mice by compromising insulin resistance in skeletal muscle and liver9.
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They also clari�ed that adiponectin functions were provided via adiponectin receptors (AdipoR1 and
AdipoR2)10. The receptors are expressed not only in the skeletal muscle or liver10,11 but also in islets11.
Recent studies elucidated the bene�ts of adiponectin for islets with anti-apoptotic effect12 and insulin-
releasing function13 via the receptors, which may improve ITx outcome. Also, the current study elucidates
visceral white adipose tissue’s usefulness as a transplant site for islets, indicating that adiponectin may
promote angiogenesis of the transplanted islets by inducing angiogenic factors14. However, the potential
of adiponectin for this treatment has not examined closely.

This study attempted to evaluate the possibility of adiponectin to improve ITx outcomes.

Methods

Animals and ethical statement
This study used 8- to 12-week-old C57BL/6J male mice (CLEA Japan Inc., Tokyo, Japan) as syngeneic
donors for islet and diabetic recipients. They were housed under speci�c pathogen-free conditions and
freely fed diet and water. There was no fasting treatment before a challenge or assessment except before
the glucose tolerance test (GTT). The care of mice and experimental procedures complied with the
“Principles of Laboratory Animal Care” (Guide for the Care and Use of Laboratory Animals, National
Institutes of Health publication 86 − 23, 1985). The experimental protocol was approved by the Animal
Care and Use Committee of Fukuoka University (approval number: 2010058).

Islet isolation
The islet isolation technique was summarized by collagenase digestion and puri�cation. The current
study’s protocol was modi�ed from the original method shown by Gotoh et al.28 Pancreatic tissue
digestion, using 1 mg/mL collagenase V (Merck, Sigma-Aldrich, St. Louis, MO, USA) solution, was
undertaken at 37°C for 18 min, after which islets were isolated by Biocall-Separating solution (Biochrom
GmbH, Berlin, Germany), density gradient (1.100, 1.083, 1.077, and 1.040), and centrifugation at 2,000
rpm for 13 min. Approximately 100% purity was guaranteed using a 70 µm Cell Strainer (Corning Inc.,
Corning, NY, USA) and handpicking under the microscope.

Adiponectin treatment
Isolated islets were cultured in low glucose Dulbecco’s Modi�ed Eagle Medium (DMEM; Thermo Fisher
Scienti�c, Gibco, Tokyo, Japan) with 0.2% bovine serum albumin (Merck, Sigma-Aldrich) and 1%
penicillin-streptomycin solution (Thermo Fisher Scienti�c, Invitrogen™, Waltham, MA, USA) overnight.
Fetal bovine serum (FBS) was not used to avoid the in�uence of some growth factors in FBS, which may
ameliorate the condition of isolated islets. Inoculation of adiponectin to the islets was done by containing
recombinant mouse adiponectin (10 µg/mL; Adiponectin Mouse HEK293, BioVendor Research and
Diagnostic Products, Brno, Czech Republic) in the culture medium (de�ned as adiponectin (+) group). As
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the control, islets without adiponectin treatment were prepared (adiponectin (−) group). The dose of
adiponectin was determined according to previous publications22,29.

Real-time reverse-transcription polymerase chain reaction
analysis
Total RNA was extracted from islets (over 500 islets) using TRIzol™ Reagents (Invitrogen™, Thermo Fisher
Scienti�c) and a PureLink® RNA Mini Kit (Thermo Fisher Scienti�c) following the manufacturer’s
instructions. Reverse-transcription was performed using the QuantiTect Reverse-Transcription Kit
(QIAGEN K.K., Tokyo, Japan). Real-time reverse-transcription polymerase chain reaction (RT-PCR) analysis
was undertaken using the CFX Connect™ Real-Time PCR Detection Systems (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) with 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 F: CATCCGTAAAGACCTCTATGCCAAC 67.2

Actb R: ATGGAGCCACCGATCCACA 69.0

AdipoR1 F: CCGTCCGGGCAGTACACT 61.4

AdipoR1 R: ATCTGTGAAGGAGCAGCAG 57.1

AdipoR2 F: CACCGGAGCTGCCCTCTA 60.8

AdipoR2 R: AGTGAAACCAGATGTCACA 53.9

Ins2 F: TCAAGCAGCACCTTTGTGGTT 63.1

Ins2 R: TCCACCCAGCTCCAGTTGT 61.7

Itgb1 F: CCATGCCAGGGACTGACAGA 64.7

Itgb1 R: GAGCTTGATTCCAATGGTCCAGA 64.8

Itgb2 F: GCATCTGTGGGCAGTGTGTA 60.8

Itgb2 R: ATTTGCCACAGTTGCAGGA 60.3

Vegfa F: ACATTGGCTCACTTCCAGAAACAC 67.2

Vegfa R: TGGTTGGAACCGGCATCTTTA 68.2
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Vegfb F: CACTGGGCAACACCAAGTC 64.4

Vegfb R: TGTCTGGCTTCACAGCACTC 64.4

Vegfc F: CAGTGCATGAACACCAGCACA 68.5

Vegfc R: TAGACATGCACCGGCAGGAA 68.9

Glucose-stimulated insulin secretion and measurement of
insulin content in islet
Glucose-stimulated insulin secretion (GSIS) was assessed using 10 islet equivalents (IEQs; 150 µm-sized
islets). Islets were preincubated with 3.3 mM glucose for 60 min. After preincubation, the islets were
stimulated with glucose at 3.3 mM (low glucose) and 16.5 mM (high glucose) for 60 min. Insulin in the
culture supernatants was measured by the enzyme-linked immunosorbent assay (ELISA) using a Mouse
Insulin ELISA Kit (RTU; FUJIFILM Wako Shibayagi Co., Shibukawa, Gumma, Japan). iMark Plate Reader
(Bio-Rad Laboratories, Inc.) with Microplate Manager® Software (ver. 6.3, Bio-Rad Laboratories, Inc.) were
used for reading plates. The stimulation index, de�ned as the ratio of insulin volumes between high and
low glucose stimulation, was calculated. Furthermore, the volume of insulin in an islet was measured
using this ELISA kit. For this assessment, insulin was extracted from 10 IEQs using 1 mL RIPA buffer
(FUJIFILM Wako Chemical, Osaka, Japan) containing protease inhibitor cocktail (×100; Nacalai Tesque,
Kyoto, Japan) and phosphatase inhibitor cocktail (Nacalai Tesque).

Cellular viability of islets
Islets were stained with Hoechst® 33342 and propidium iodide (PI) (Thermo Fisher Scienti�c). Cellular
viability of islets was de�ned as ([Hoechst® 33342-positive cells] − [PI-positive cells])/[Hoechst® 33342-
positive cells] × 100 (%).

Quanti�cation of internal vascular endothelial growth factor
and integrin β1 in islets
The quanti�cations of internal vascular endothelial growth factor (VEGF), an angiogenic factor, and
integrin β1, a receptor for various extracellular matrices including collagen, �bronectin, and laminin, were
performed using an ELISA kit. Islets were cultured in a low glucose DMEM culture medium with 0.2%
bovine serum albumin and 1% penicillin-streptomycin solution with or without adiponectin at 37 ℃ and
5% CO2 for 24 h. Regarding VEGF, 50 islets were dissolved by 100 µL radioimmunoprecipitation assay
buffer (RIPA) buffer with protease and phosphatase inhibitor. Moreover, the lysates were collected as
samples. Mouse VEGF Detection Kit (Chondrex, Inc., Woodinville, WA, USA) was used following the
manual. Regarding integrin β1, 10 islets were seeded on Costar® 96 well cell culture plate (Life Science,
Corning, Glendale, AZ, USA) with the treatment of poly-L-lysine (Merck, Sigma-Aldrich) and cultured in low
glucose DMEM culture medium with 0.2% bovine serum albumin and 1% penicillin-streptomycin solution
with or without adiponectin at 37 ℃ and 5% CO2 for 24 h. CytoGlow™ Integrin β1 (Assay Biotechnology,
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Fremont, CA, USA) was used for quanti�cation following the manual. Primary antibody (rabbit polyclonal
anti-integrin β1 antibody or mouse monoclonal antiglyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody was used as an internal control) was incubated at 4 ℃ for 16 h after treatments of endogenous
peroxidase inactivation and blocking. Color development was then done by adding TMB substrate after
reaction of horseradish peroxidase-conjugated secondary antibody. Absorbance at 450 nm (optical
density, OD450) was determined using iMark™ Microplate Absorbance Reader with Microplate Manager®
Software 6.

Diabetes induction in recipient mice
Diabetes was induced in recipient mice by one-shot intravenous injection of streptozotocin (180 mg/kg
body weight; Merk, Sigma-Aldrich). The blood glucose levels of the mice were measured using the Glutest
Mint (Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan) at 5–7 days after injection. Mice with blood
glucose levels exceeding 400 mg/dL were used as diabetic recipients.

Islet transplantation and monitoring
Eighty islets were transplanted into the renal subcapsular space of diabetic mice under general
anesthesia using iso�urane (FUJIFILM Wako Pure Chemical Corporation). Engraftment/rejection
assessment of transplanted islets was performed by monitoring blood glucose and plasma insulin levels
and changes in blood glucose level in the GTT. Nonfasting blood glucose level was measured at 8–10
a.m. on postoperative days (PODs) 0 (i.e., pretransplantation), 1, 3, 5, 7, 10, 14, 17, 21, 24, 28, 35, 42, 49,
and 56. Moreover, normoglycemia was de�ned as a BG level of < 200 mg/dL. Blood samples for plasma
insulin were collected from the tail veins of the mice on PODs 0, 3, 7, 14, 28, and 56. The collected blood
volume was 200 µL (approximately 80 µL plasma was obtained from each blood sample). The samples
were isolated in plasma and preserved at − 80°C until measurement. Plasma insulin levels were measured
using a Mouse Insulin ELISA Kit (RTU). Intraperitoneal glucose tolerance tests (IPGTTs) were also
performed 2 months after transplantation. Furthermore, glucose solution (2 g/kg body weight) was
injected into the peritoneal cavity of the mice after 10–12 h of fasting, and glucose levels were measured
at 0, 30, 60, 90, and 120 min after injection. In addition, the area under the curve values for blood glucose
level in GTT (AUCs-GTT) were calculated.

Graftectomy
After the assessment of the ITx therapeutic effect, the left kidneys were recovered from the mice in both
adiponectin (+) and adiponectin (−) groups under general anesthesia. The left nephrectomy procedure
was characterized by ligation of the left renal artery and vein at the hilum of the kidney. Blood glucose
levels in adiponectin (+) group were measured before and after the nephrectomy.

Histological assessment
Kidney and isolated islets samples were used for histological assessment. The left kidney was recovered
at PODs 14 and 56 after transplantation to evaluate any early changes in transplanted islets. Moreover,
islets embedded in 2% agarose (UltraPure™ LMP Agarose; Invitrogen™) gel were used to detect
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adiponectin receptor AdipoR1. The organs and tissues were �xed using a 10% neutral formalin buffer
solution and embedded using para�n. Para�n sections (3 µm) of kidney specimens were either stained
with hematoxylin and eosin or subjected to immunohistochemistry to examine insulin (to detect islets)
and von Willebrand factor (vWF, to detect vessels). The primary antibodies were guinea pig anti-insulin
(1:100; Agilent, Dako, Tokyo, Japan), rabbit anti-vWF antibody (1:100; Abcam, Cambridge, UK), rabbit anti-
AdipoR1 (1:1,000; Abcam), and goat anti-AdipoR2 (1:250; Abcam). After incubation with the primary
antibodies, Alexa 488-conjugated donkey anti-guinea pig (1:100; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA), Alexa 647-conjugated donkey antirabbit (1:100; Jackson ImmunoResearch
Laboratories, Inc.), Alexa 488-conjugated goat antirabbit (1:100; Jackson ImmunoResearch Laboratories,
Inc.), Cy3-conjugated goat antirabbit (1:100; Jackson ImmunoResearch Laboratories, Inc.), Alexa 488
antigoat, and Cy3 antigoat were used as secondary antibodies. Nuclear staining was performed using
4′,6-diamidino-2-phenylindole (DAPI). All histology was observed using a BZ-X700 microscope (Keyence,
Itasca, IL, USA). These �ndings were quanti�ed for statistical evaluation. The vessel density in the
engrafted islets was calculated using the following formula: [numbers of vessels (vWF-positive) in an
islet/area of an islet] (/mm2) and [vWF-positive area / area of an islet] in a �eld of view at ×200
magni�cation. AdipoR1 or AdipoR2-positive area per islet (in percentage) was also quanti�ed using the
same method. These quanti�cations were performed using ImageJ® software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis
Blood glucose, plasma insulin, and change in blood glucose in the IPGTT were compared between the fat-
covered and other groups using two-way repeated-measures analysis of variance. Comparison of
normoglycemia rate was made using the Kaplan–Meier method with the log-rank test. All multiple
comparisons were assessed using Dunnett’s test. All the data are presented as mean ± standard error of
the mean. Signi�cant differences were de�ned as P < 0.05. All tests were two-sided, and all statistical
analyses were performed by JMP®12.0.0 (SAS Institute Inc., Cary, NC, USA).

Statement on ARRIVE guidelines
Study is reported in accordance with ARRIVE guidelines. All experiments were performed in accordance
with relevant guidelines and regulations.

Results

Adiponectin receptor was strongly expressed on isolated
islets
In the beginning of this study, we certi�ed the expressions of adiponectin receptors in isolated rodent
islets with or without adiponectin treatment. Regarding gene level, the expressions of both AdipoR1 and
R2 were detected in islets in both adiponectin (+: Inoculation of adiponectin to the islets) and (−: islets
without adiponectin treatment) groups (Fig. 1A and Supplemental Fig. 1A). The AdipoR1 expression
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seemed to be higher in adiponectin (+) while no signi�cant difference was seen in adiponectin (−) (1.44 ± 
0.12 vs. 1.05 ± 0.19, p = 0.24; Fig. 1A). Immunohistochemistry for AdipoR1 and R2 was done to isolated
islets to visually detect the receptors on islets. Figure 1B shows the histological images of islets with or
without adiponectin treatment. The AdipoR1 expressions were diffusely seen on endocrine cells, including
β cells (detected as yellow regions) in both islets with and without adiponectin treatment. The AdipoR1-
positive area seemed to be wider in islets with adiponectin treatment. The impression accuracy was
emphasized by image analysis. The percentage of AdipoR1-positive area per islet was signi�cantly higher
in islets with adiponectin treatment (2.10 ± 0.20 % vs 1.24 ± 0.17 %, p = 0.004; Fig. 1C). Moreover, the
AdipoR2 expressions were weaker than those of AdipoR1, and no difference was noted in the percentage
of AdipoR2-positive area between the two groups (0.89 ± 0.13% vs. 0.76 ± 0.13%; Supplemental Fig. 1B
and C).

Inoculation of adiponectin improved insulin-releasing
function of islets
This study then evaluated whether adiponectin promoted the insulin-releasing function of islets. The
GSIS data revealed that the released insulin volume under high glucose stimulation was signi�cantly
higher in islets in the adiponectin (+) (104.97 ± 7.45 vs. 73.96 ± 6.31 pg/islet × h, p = 0.016; Fig. 2A). There
was no difference in low glucose stimulation between the two groups (37.63 ± 2.86 vs. 36.55 ± 1.80
pg/islet × h; Fig. 2A). The stimulation index was signi�cantly higher in islets in the adiponectin (+) (2.81 ± 
0.15 vs. 2.02 ± 0.15, p = 0.008; Fig. 2A). Furthermore, islets in the adiponectin (+) contained higher volume
of insulin (79.12 ± 4.05 vs. 62.75 ± 3.24 ng/islet, p = 0.017; Fig. 2B). Regarding Ins2 expression, the level
tended to be higher in islets in adiponectin, which is likely due to insulin content, while there was no
signi�cant difference (1.33 ± 0.13 vs. 1.00 ± 0.02, p = 0.16; Fig. 2B). These inoculation data indicated that
adiponectin improved the islets’ insulin-releasing function, depending on glucose concentration, and may
promote insulin production. Furthermore, the islets’ viability under overnight inoculation of adiponectin
was preserved in higher levels, similar to islets without adiponectin, indicating that adiponectin did not
impair viability (95.70 ± 1.20% vs. 95.65 ± 1.09%; Fig. 2C).

Adiponectin inoculation may promote angiogenesis of
transplanted islets
Moreover, adiponectin’s angiogenic effect was evaluated because new vessel formation increased
signi�cantly in transplanted islets in white adipose tissue compared to renal subcapsular space in a
previous study14. Figure 3A shows the histological �ndings of transplanted islets in renal subcapsular
space at PODs 14 and 56 in adiponectin (+) and (−) groups. They reveal that prominent angiogenesis (an
increase of vWF-positive capillaries and area) was seen in adiponectin-inoculated islets at POD 14 (p = 
0.02 in vWF-positive capillaries and p = 0.004 in vWF-positive area; Fig. 3A-C). Thus, adiponectin
treatment may promote the production of angiogenic factors in islets. Therefore, the expression of
angiogenic factors in protein/gene levels was assessed. The assessment clari�ed that internal VEGF in
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islets was signi�cantly increased by adiponectin treatment (6.29 ± 0.48 vs. 4.70 ± 0.40, p = 0.023; Fig. 4A).
Regarding gene levels, the comparatively higher expressions in Vegfa (1.21 ± 0.07 vs. 1.00 ± 0.01, p = 
0.12) and b (1.17 ± 0.06 vs. 1.00 ± 0.02, p = 0.14) were seen in islets in adiponectin (+) (Fig. 4B).

Adiponectin inoculation may promote the adhesion factor
of transplanted islets
This study then attempted to clarify whether adiponectin promoted expressions of adhesion factors in
islets. Figure 5A shows the integrin β1 expression on islets in adiponectin (+) and adiponectin (−) and
reveals that the level was signi�cantly higher in islets in adiponectin (+) compared with those in
adiponectin (−) (1.89 ± 0.36 OD450 vs. 0.53 ± 0.09 OD450, p = 0.044; Fig. 5A), while there was no difference
compared to GAPDH, which is the internal control (Fig. 5A). Regarding gene assessment, the Itgb1
expression was signi�cantly higher in islets in adiponectin (+) than in adiponectin (−) which is similar to
protein (1.42 ± 0.07 vs. 1.00 ± 0.04, p = 0.022; Fig. 5B).

Adiponectin inoculation partially contributed to the
improvement of the therapeutic effect of islet
transplantation
The therapeutic effect of adiponectin was assessed using the ITx animal model using 80 islet equivalents
(IEQs). Before this assessment, we preliminaly demonstrated ITx using 150 and 100 IEQs and certi�ed
almost all the mice achieved normoglycemia (Supplememtal Fig. 2A and B). The decrease of blood
glucose level was mild in both adiponectin (+) and adiponectin (−) groups until POD 28. The decrease
became more prominent after that and reached to nearly normal level by POD 56 in adiponectin (+) (p = 
0.047; Fig. 6A). The normoglycemia rate of the adiponectin (+) group was signi�cantly higher (76.9% vs
25%, p = 0.007; Fig. 6B). Furthermore, the blood glucose elevation level were seen in all the mice in
adiponectin (+) (n = 13) after graftectomy (207.23 ± 5.86 vs. 631.15 ± 71.49 mg/dL, p < 0.0001; Fig. 6C).
The therapeutic effect of adiponectin treatment was visible in the blood glucose level, but the
effectiveness was not prominent in the plasma insulin level. Although the adiponectin (+) remained at a
higher level than adiponectin (−) during the observation period, there was no signi�cant difference
between the two groups, especially at POD 56 (Fig. 6D). Furthermore, no difference in the AUC-GTT level
at POD 56 was noted between adiponectin (+) and adiponectin (−) groups (799.96 ± 22.96 vs. 848.11 ± 
27.92 mg/dL × h; Fig. 6E).

Renal subcapsular ITx with an intraperitoneal injection of 1 mg/kg adiponectin (de�ned as adiponectin
intraperitoneal injection) was performed in two mice for further assessment. The blood glucose levels
were not normalized during the observation period (Supplemental Fig. 3A). The AUC-GTT of this group
was higher compared with adiponectin (+) (799.96 ± 22.96 vs. 1,037.63 ± 8.43 mg/dL × h, p = 0.0002;
Supplemental Fig. 3B), indicating that one-time injection of adiponectin did not improve ITx outcomes.
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In summary, adiponectin treatment may reinforce the ITx therapeutic effect, but it seemed to be partial.

Discussion
Adiponectin has widely examined the characteristics and roles correlated with obese and type II DM since
the �rst discovery in 199615. Adiponectin plays a pivotal role in glucose and lipid metabolism through the
process9,16. Yamauchi et al. revealed that adiponectin de�ciency caused insulin resistance with glucose
intolerance using genetically modi�ed animals9,17. They also clari�ed that adiponectin activated 5′AMP-
activated protein kinase (AMPK) via AdipoR1 on skeletal muscle and improved glucose uptake and
reduced gluconeogenesis, and increased insulin sensitivity in the tissue18,19. Furthermore, adiponectin’s
direct effect on pancreatic islets has been gradually elucidated. The effects are mainly characterized by
anti-apoptotic and improvement of insulin-releasing functions. Regarding the former, Jian et al. revealed
that apoptosis of β cells induced by streptozotocin administration and high-fat diet was attenuated in
adiponectin overexpressed mice by cleavages prevention of caspase 8, 9, and 312. Regarding the latter,
Kadowaki et al. elucidated the administration of adiponectin-induced improvement of the insulin-
releasing function of β cells both in in vitro and in vivo models13. The mechanism of the two effects of
adiponectin is relied on the activations of phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt) and
mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathways via
AdipoR1 and R2 rather than AMPK pathway. Wijesekara et al. clari�ed some �ndings, including the
expression of both AdipoR1 (prominently on skeletal muscle) and AdipoR2 (especially on the liver) on
mouse pancreatic islets, phosphorylation of both Akt and ERK was promoted in adiponectin-treated islets,
and insulin-releasing and anti-apoptotic functions were canceled by Akt or ERK inactivation20. Similar
�ndings were indicated by Ye et al., and they also showed evidence that adiponectin contributed the islet
regeneration via Nkx6.1 and MafA expressions21.

These studies showed the possibility of adiponectin for ITx application with some advantages in the
engraftment of transplanted islets and regulating blood glucose after engraftment. Du et al. previously
demonstrated that adiponectin inoculation protected from apoptosis and preserved insulin function of
cultured islets with the hypoxic condition and improved ITx outcomes. They concluded that adiponectin
treatment protected islets from ischemia-reperfusion injury by preventing tumor necrosis factor-alpha
production22. However, the therapeutic effects of adiponectin in ITx are not fully discussed. Visceral white
adipose tissue’s usefulness in the epididymal fat pad of mice was recently shown in a recent study14. The
ITx outcome, using white adipose tissue, was superior to that of intraperitoneal ITx (abdomen) and
almost equal to renal subcapsular ITx (kidney) in improving blood glucose and plasma insulin levels.
Furthermore, neovascularization of the engrafted islets was most prominent in visceral white adipose
tissue. Moreover, vessel densities and angiogenic factor expressions were the poorest compared with the
other sites. These �ndings indicated that white adipose tissue did not directly contribute to the
angiogenesis of transplanted islets, but some factors derived from this tissue may support the
engraftments. Adiponectin should contribute to the engraftment of islets into white adipose tissue and
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certi�ed that adiponectin-inoculated islets had higher expressions of both angiogenic and adhesion
factors14.

This study clari�ed some usages of adiponectin that may contribute to ITx reinforcement. First,
adiponectin treatment improved insulin-releasing function depending on glucose concentration. At the
same time, there was no difference between adiponectin (+) and adiponectin (−) at low glucose
stimulation, and secretion was higher in adiponectin (+) at high glucose stimulation. Furthermore, volume
of insulin in islets with adiponectin inoculation was high. Thus, Ins2 expression may support the
effectiveness of adiponectin, although there was no signi�cant difference between the groups. These
�ndings on adiponectin’s therapeutic effects on the insulin-releasing function support the accuracy of
previous studies13,20. It is considered an important use of adiponectin because the improvement of the
insulin-releasing function of islets (in other words, islets of high quality) may contribute to the success of
ITx using a smaller number of islets which leads to saving the usage of the donor. Second, adiponectin
treatment may promote islet engraftment via inductions of angiogenic and adhesion factors. The current
study’s data revealed that neovascularization of transplanted islets was signi�cantly seen at POD 14 in
the adiponectin (+) group. VEGF production in adiponectin-treated islets increased. Furthermore,
expressions of some angiogenic factor genes (Vegfa and b) tended to be higher in the adiponectin (+)
group. Lee et al. also revealed that adiponectin promoted Vegfa expression via AdipoR and following
PI3K/Akt pathway using human chondrosarcoma cell line23. The importance of vascularization for the
engraftment of transplanted islets has been well-discussed in many studies24–26. The integrin β1
expression on islets was stimulated under adiponectin treatment in both gene and protein levels
regarding adhesion factor. Integrin β1 is a receptor of various extracellular matrices, including collagen
and laminin27. These extracellular matrices are the vascular endothelial basement membrane30, an
engraftment site for transplanted islets in the case of intraportal islet transplantation. Thus, integrin β1
may contribute to the engraftment of transplanted islets by promoting adhesion to the transplant site.

While adiponectin has some ITx bene�ts, the therapeutic effect in in vivo model of adiponectin may be
partial in this study. The discrepancy between in vitro and in vivo data depended on the adiponectin
inoculation method. The current study administered adiponectin to isolated islets by overnight culture.
The engraftment of the islets may be promoted via the angiogenic and adhesion effects of adiponectin.
However, the improved insulin-releasing function was not maintained for 2 months after transplantation
because engrafted islets did not receive continuous adiponectin inoculation. This may be why there was
no signi�cant difference in plasma insulin level and AUC-GTT at POD 56. The methodology progress,
including the gene-editing system and development of the method for mass production of new
recombinant adiponectin at a lower price, will elucidate the more detailed therapeutic effects of
adiponectin for ITx to apply this treatment to clinical settings. Regarding the clinical setting of this
treatment, adiponectin can be one of the supplements included in the solution for islet isolation and
transplantation. An isolation process is a harsh event for islets because they suffer from ischemia and
the enzyme for pancreas digestion injures them in this process. Thus, adiponectin treatment can prevent
the loss of islets in the isolation process and promote transplantation engraftment.
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In conclusion, adiponectin various usage to improve the ITx outcome. Thus, further study will be
necessary for this possibility.
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Figure 1

AdipoR1 expression on isolated islets. A AdipoR1 expressions in islets with and without adiponectin
inoculation (de�ned as adiponectin (+) (blue) and adiponectin (−) (orange), respectively) quanti�ed by
real-time RT-PCR. 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. B Histological
�ndings of isolated islets in the adiponectin (+) (upper) and (−) (lower): stained for AdipoR1 (red), insulin
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(green), and nuclear (blue, using DAPI). The AdipoR1 regions expressed β cells are indicated by white
triangles (yellow). Scale bar 100 µm. C Quanti�cation of AdipoR1-positive area per islet. Data are
presented as mean ± standard error of the mean. P value < 0.05 was considered statistically signi�cant.

Figure 2

GSIS, volume of insulin in islet, and viability of islets. GSIS (A), volume of insulin (B), and viability (C) of
islets in adiponectin (+) (blue) and adiponectin (−) (orange). A Released insulin volume of an islet at low
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glucose (upper; blue) and high glucose (orange); stimulation index (lower). B Volume of insulin in an islet
(upper); the Ins2 expression in islets quanti�ed by real-time RT-PCR (lower). The results were normalized
to Actb. C Staining for evaluating viability of islet cells (left). Hoechst® 33342 (blue) was used for
detecting total islet cells and propidium iodide (PI; red) for dead islet cells. C Cellular viability of islets
(right). Data are presented as the mean ± standard error of the mean. P value < 0.05 was considered
statistically signi�cant.

Figure 3
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Angiogenesis in transplanted islets. A Histological �ndings of transplanted islets in renal subcapsular
space at PODs 14 (upper) and 56 (lower). Adiponectin (+) (left), adiponectin (−) (right). Stained for insulin
(green) and vWF (red, indicated by arrows). Nuclear staining was stained by DAPI (blue). B Vessel
densities, de�ned as the number of vWF-positive capillaries per area of islets, at PODs 14 and 56. C
Vessel densities, de�ned as the vWF-positive area per area of islets, at PODs 14 and 56. Data are
presented as the mean ± standard error of the mean. P value < 0.05 was considered statistically
signi�cant.
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Figure 4

Expressions of angiogenic factors in islets. A Internal VEGF in islets in adiponectin (+) (blue) and
adiponectin (−) (orange). B The expression of Vegfa (upper), b (middle) and c (lower) in islets quanti�ed
by real-time RT-PCR. The results were normalized to Actb. Adiponectin (+) (blue), adiponectin (−) (orange).
Data are presented as the mean ± standard error of the mean. P value <0.05 was considered statistically
signi�cant.
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Figure 5

Expression of adhesion factor on islets. A Integrin β1 (upper) and GAPDH (lower) on islets in adiponectin
(+) (blue) and adiponectin (−) (orange). GAPDH was an internal control. B The Itgb1 expression in islets
quanti�ed by real-time RT-PCR. The results were normalized to Actb. Adiponectin (+) (blue), adiponectin
(−) (orange). Data are presented as the mean ± standard error of the mean. P value < 0.05 was considered
statistically signi�cant.
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Figure 6

The therapeutic effect of inoculation of adiponectin in islet transplantation. Blood glucose (A) and
plasma insulin (D) levels after islet transplantation in adiponectin (+) (n = 13) and adiponectin (−) (n =
16) groups. Normoglycemia was de�ned as a blood glucose level of <200 mg/dL. The normoglycemia
rate was shown in B. Assessment of data from the glucose tolerance test at 2 months after
transplantation was performed using area under the curve calculated by multiplication of blood glucose
and time (E). The change of blood glucose level in adiponectin (+) group before and after nephrectomy
was also assessed (C). Data are presented as the mean ± standard error of the mean. P value <0.05 was
considered statistically signi�cant.
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