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Supplementary Table 1. Changes in gene expression resulting from treatment with glucokinase 
activator Cpd A in mouse islets. Mouse islets were treated for 24 h with 30 μM GKA (Cpd A) or vehicle 
(DMSO). Replicate (n = 2) microarray studies were performed for each treatment. Results were filtered 
for fold change (>2-fold change up-regulation, <0.5-fold down-regulation, P-values < 0.05) and were 
analyzed using Genespring GX software. The genes listed were part of those significantly up-regulated 
(>2-fold) or down-regulated (<0.5-fold) by GKA. All the data files have been deposited in the NCBI 
GEO database GSE41248. (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41248) 

Fold 
Change 

Gene 
Symbol 

Ref Seq 
Accession 

Gene Name 

14.19 Nr4a2 NM_013613 nuclear receptor subfamily 4, group A, member 2 
6.65 Stc2 NM_011491 stanniocalcin 2 
5.34 Prlr NM_011169 prolactin receptor 
4.88 Dnajb7 NM_021317 DnaJ (Hsp40) homolog, subfamily B, member 7 
2.68 Hspa13 NM_030201 heat shock protein 70 family, member 13 
2.67 Sdf2l1 NM_022324 stromal cell-derived factor 2-like 1 
2.59 Ero1lb NM_026184 ERO1-like beta (S. cerevisiae) 
2.46 Edem2 NM_145537 ER degradation enhancer, mannosidase alpha-like 2 
2.31 Irs2 NM_001081212 insulin receptor substrate 2 
2.18 Dnajc25 NM_001033165 DnaJ (Hsp40) homolog, subfamily C, member 25 
2.15 Pdx1 NM_008814 pancreatic and duodenal homeobox 1 
2.13 Dnajb9 NM_013760 DnaJ (Hsp40) homolog, subfamily B, member 9 
2.02 Dnajc10 NM_024181 DnaJ (Hsp40) homolog, subfamily C, member 10 
2.01 Slc30a7 NM_023214 solute carrier family 30 (zinc transporter), member 7 
0.49 Klf15 NM_023184 Kruppel-like factor 15 
0.47 Foxo6 NM_194060 forkhead box O6 
0.39 Gcgr NM_008101 glucagon receptor 

0.28 
Ddit3 
(CHOP) 

NM_007837 DNA-damage inducible transcript 3 

0.09 Vipr2 NM_009511 vasoactive intestinal peptide receptor 2 
 
Supplementary Figure 1. Experimental protocol and phenotype of Akita mice at day 19 after birth.  
(A) WT mice and Akita mice were weaned 19 days after birth. Then, WT mice were fed a normal diet 
for 14 days until day 33 after birth, and Akita mice were fed a standard diet, a diet containing 0.01% 
glucokinase activator (GKA), 0.4% sitagliptin (STG), or 0.5% phloridzin (PHZ) for 14 days until day 33 
after birth.  (B) Body weight at day 19 after birth (n = 7). (C) Fasting blood glucose levels at day 19 after 
birth. (D and E) Glucose tolerance test (n = 7).   (D) Blood glucose levels. (E) Serum insulin levels. (F) 
β-cell mass (n = 5). The β-cell area is shown as a proportion of the area of the entire pancreas (aged 19 
days). (G) Islet diameter (n = 5). (H) (left) Quantification of β-cell mass as a proportion of the total α 
cell plus β-cell mass in the islet (n = 5). (right) Pancreatic sections were stained with antibodies to 
insulin (green) and glucagon (red). * P < 0.05. 
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Supplementary Figure 2. GKA did not improve insulin secretion in Akita mice. (A) Plasma alanine aminotransferase (ALT), free fatty acid 
(FFA), total cholesterol (TChol), and triglyceride (TG) in WT mice, Gck+/- mice, and Akita mice fed a standard diet or a diet containing 
0.01% glucokinase activator (GKA), 0.4% sitagliptin (STG), or 0.5% phloridzin (PHZ) for 14 days (aged 33 days) (n = 6). (B and C) Glucose 
tolerance test after fasting for 24 hours (aged 33 days) (n = 7).  (B) Plasma glucose levels. (C) Serum insulin levels. **P < 0.01 vs. WT mice. 
(D-F) Glucose tolerance test (n = 6) in 33-day-old WT and Akita mice fed normal diet for 14 days. GKA (Cpd A, 30 mg/kg weight) or the 
vehicle was administrated orally 30 min before the glucose tolerance test. (D) Plasma glucose levels. *P < 0.05, **P < 0.01 vs. vehicle 
control. (E) Serum insulin levels at 0 min and 15 min. (F) Liver glycogen content at 120 min. (G) Pancreatic sections from the indicated mice 
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(aged 33 days) were subjected to a TUNEL assay. Insulin is stained red, nucleus is stained blue, and TUNEL-positive nuclei are stained 
green. (H) The relative IRS-2 mRNA expression levels in the islets (aged 33 days, 11 weeks, or 29 weeks, n = 4-5). * P < 0.05. 
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Supplementary Figure 3. Reversal of hyperglycemia by phloridzin in βGck+/-;Akita mice did not improve β-cell apoptosis.  
(A) Plasma alanine aminotransferase (ALT), free fatty acid (FFA), total cholesterol (TChol), and triglyceride (TG) (aged 8 weeks, n = 6). (B 
and C) Glucose tolerance test (aged 8 weeks) (n = 9). (B) Plasma glucose levels. *P < 0.05 vs. Akita mice. (C) Serum insulin levels. (D) 
Serum insulin levels under ad libitum dietary conditions. (E) Pancreatic sections from the indicated mice (aged 8 weeks) were subjected to a 
TUNEL assay. Insulin is stained red, nucleus is stained blue, and TUNEL-positive nuclei are stained green. (F-J) The experiments were 
performed in Akita (βGck+/+;Akita) mice, βGck+/-;Akita mice fed a standard diet, or βGck+/-;Akita mice fed a diet containing 0.5% phloridzin 
(PHZ) until 8 weeks of age. (F) Body weight gain (n = 7-9). (G) Fed blood glucose levels (n = 7-9).  *P < 0.05 vs. Akita mice. (H) β-cell 
mass (n = 7). The β-cell area is shown as a proportion of the area of the entire pancreas (aged 8 weeks). (I) The proportion of TUNEL-positive 
cells is shown as a percentage of the total number of insulin-positive cells in the sections (aged 8 weeks, n = 7). (J) ALT, FFA, TChol, and TG 
(aged 8 weeks, n = 6). *P < 0.05. 
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Supplementary Figure 4. IRS-2-deficient Akita (IRS-2-/-;Akita) mice demonstrated increased mortality and the facilitation of  β-cell 
apoptosis compared with Akita mice. (A) Survival rate. (B) Pancreatic sections of indicated mice (aged 8 weeks) were subjected to a TUNEL 
assay. Insulin is stained red, nucleus is stained blue, and TUNEL-positive nuclei are stained green. (C) Plasma alanine aminotransferase 
(ALT), free fatty acid (FFA), total cholesterol (TChol), and triglyceride (TG) (aged 8 weeks, n = 5). (D) Intensity of the signals of 
immunoblotting in Fig. 3F quantified by densitometry (n = 4).  (E) Isolated islets of WT (IRS-2+/+) or IRS-2-/- mice (aged 8 weeks) were 
incubated with 1 μM thapsigargin (Thaps) or vehicle for 24 hours at 5.6 mM glucose. A GSK-3 inhibitor, 0.5 μM BIO, was added 
concomitantly with thapsigargin. The islets were subjected to a TUNEL assay. Insulin is stained green, and TUNEL-positive nuclei are 
stained red. DAPI (blue) and differential interference contrast (DIC) images were also merged (bottom panels). 
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Supplementary Figure 5. Akita mice with β cell-specific transgenic overexpression of IRS-2 (βIRS-2Tg;Akita) demonstrated improved 
glucose tolerance, insulin secretion, and ER stress-induced apoptosis. (A and B) Glucose tolerance test (aged 8 weeks) (n = 9). (A) Plasma 
glucose levels. *P < 0.05 vs. Akita mice. (B) Serum insulin levels. *P < 0.05. (C) Pancreatic sections of indicated mice (aged 8 weeks) were 
subjected to a TUNEL assay. Insulin is stained red, nucleus is stained blue, and TUNEL-positive nuclei are stained green. (D) Isolated islets 
of WT or βIRS-2Tg mice were incubated with 1 μM thapsigargin (Thaps) or vehicle for 24 hours at 5.6 mM glucose. The islets were 
subjected to a TUNEL assay. Insulin is stained green, and TUNEL-positive nuclei are stained red. DAPI (blue) and differential interference 
contrast (DIC) images were also merged (bottom panels). 
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Supplementary Figure 6. GKA-induced regulation of ER stress-related genes in various situations. (A-H) The mRNA expression levels in 
the islets were determined using real-time quantitative RT-PCR and were normalized to the level of β-actin mRNA (n = 6). (A) Islets of 
C57BL/6J mice (aged 8 weeks) were incubated at the indicated glucose levels for 24 hours. (B) Islets of C57BL/6J mice (aged 8 weeks) were 
incubated with 30 μM GKA (Cpd A) at 5.6 mM glucose for 24 hours in the presence of 10 mM D-mannoheptulose (MN, glucokinase 
inhibitor).  (C) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 30 μM GKA at 5.6 mM glucose for 24 hours, in the presence of 
200 μM diazoxide (Diaz, ATP-sensitive K+ (KATP) channel opener). (D) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 30 μM 
GKA at 5.6 mM glucose for 24 hours, in the presence of 200 nM OSI-906 (selective inhibitor of IGF-1 receptor and insulin receptor). (E) 
Islets of obese diabetes db/db or db/+ mice (aged 8 weeks) were incubated with 30 μM GKA at 5.6 mM glucose for 24 hours. (F) Islets of β 
cell-specific glucokinase haploinsufficient (βGck+/-) or WT (βGck+/+) mice fed a normal diet (Lean) or a high-fat diet (diet-induced obesity, 
DIO) for 30 weeks were incubated with 30 μM GKA at 5.6 mM glucose for 24 hours. (G) Islets of C57BL/6J mice (aged 8 weeks) were 
incubated with 30 μM GKA at 5.6 mM glucose for 24 hours, in the presence of 10 μM UK14304 (a potent and selective α2-adrenoceptor 
agonist). (G) MIN6 cells were incubated with 30 μM GKA for indicated hours. 
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Supplementary Figure 7. GKA ameliorates ER stress-induced apoptosis in β cells via ERK-dependent pathway. (A-C and E-I) The mRNA 
expression levels in the islets were determined using real-time quantitative RT-PCR and were normalized to the level of β-actin mRNA (n = 
6). (A) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 1 μM thapsigargin (Thaps) and 30 μM GKA (Cpd A) at 5.6 mM or 11.1 
mM glucose for 24 hours. (B) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 0.5 mM palmitate and 30 μM GKA (Cpd A) at 
5.6 mM glucose for 24 hours. (C) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 1 μM thapsigargin (Thaps) and 10 μM GKA 
(Ro-28-1675) or 2 μM GKA (Cpd B) at 5.6 mM glucose for 24 hours. (D) Intensity of the signals of immunoblotting in Fig. 6C quantified by 
densitometry (n = 4). (E) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 30 μM GKA or 1 μM thapsigargin (Thaps) at 5.6 mM 
glucose for 24 hours, in the presence of 10 μM UK14304 (a potent and selective α2-adrenoceptor agonist). (F) Islets of C57BL/6J mice (aged 
8 weeks) were incubated with 30 μM GKA or 1 μM thapsigargin (Thaps) at 5.6 mM glucose for 24 hours, in the presence of 20 μM U0126 
(MEK inhibitor). (G) Islets of C57BL/6J mice (aged 8 weeks) were incubated with 30 μM GKA or 1 μM thapsigargin (Thaps) at 5.6 mM 
glucose for 24 hours, in the presence of 200 nM OSI-906 (selective inhibitor of IGF-1 receptor and insulin receptor). (H) Islets of C57BL/6J 
mice (aged 8 weeks) were incubated with 1 μM thapsigargin (Thaps) at 2.8, 5.6, 11.1, or 22.2 mM glucose for 24 hours. (I) MIN6 cells were 
incubated with 1 mM tunicamycin for indicated hours. (J) Flow-cytometric analysis of cleaved caspase-3 levels in islets. Values shown 
represent the mean fluorescence of normal sized cells (upper populations of forward scatter (FSC), i.e. viable cells) in the indicated 
population. Results are shown for one of the three independent experiments. (K) Isolated islets of WT (IRS-2+/+) or IRS-2-/- mice (aged 8 
weeks) were incubated with 1 μM thapsigargin (Thaps) and 30 μM GKA (Cpd A) for 24 hours at 5.6 mM glucose. The islets were subjected 
to a TUNEL assay. Insulin is stained green, and TUNEL-positive nuclei are stained red. DAPI (blue) and differential interference contrast 
(DIC) images were also merged (bottom panels). (L) Pancreatic sections of indicated mice (aged 33 days) were subjected to a TUNEL assay. 
Insulin is stained red, nucleus is stained blue, and TUNEL-positive nuclei are stained green. 
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