In the present study, to evaluate the clinical significance of
measures of serum C-peptide in achieving good glycemic con-
trol, we retrospectively analyzed the use of indices of endo-
genous insulin secretion in type 2 diabétes patients admitted to
our hospital. Using data of patients who achieved the target of
glycemic control during the period of admission, the patients
were divided into two groups: one that achieved good control
without the use of insulin (non-insulin group) and the other
that required the use of insulin (insulin group), and the indices
using serum C-peptide were compared between them. Optimal
values and the utility of indices using serum C-peptide to select
insulin therapy to achieve good glycemic control were analyzed.

MATERIALS AND METHODS

Subjects

A total of 746 Japanese patients with type 2 diabetes admitted
between 2003 and 2009 to Kyoto University Hospital for poor
glycemic control were enrolled in the present study. Type 2
diabetes mellitus was diagnosed based on the criteria of
the American Diabetes Association (ADA)'. As indicated in
Figure S1, 76 patients including those with pancreatic disease
and liver disease, those taking diabetogenic medication and preg-
nant women were excluded. A total of 40 patients with incom-
plete clinical examinations also were excluded, and 66 patients
with serum creatinine >1.3 mg/dL were excluded, as serum
C-peptide immunoreactivity (CPR) is elevated by decreased
renal function'®. The data of 90 patients taking oral hypogly-
cemic agents (OHA) plus insulin at discharge were excluded.
Good control was defined as mean preprandial capillary plasma
glucose level <130 mg/dL, according to the glycemic control rec-
ommendation of ADA'. The 474 patients were divided into
two groups: 201 patients who achieved good glycemic control
(achieved group) and 273 patients who did not (non-achieved
group). As shown in Figure S2, of the 201 patients in the
achieved group, 47, 107, 38 and nine patients were treated with
diet alone, OHA, insulin and insulin plus OHA at admission,
respectively. At discharge, 24, 95 and 82 patients were treated
with diet alone, OHA and insulin, respectively. Patients treated
with diet alone and OHA at discharge comprised the non-
insulin group; patients treated with insulin at discharge com-
prised the insulin group. A total of 166 patients of the 474
patients in the achieved or non-achieved group at discharge
who could be confirmed within 6 months after discharge to
achieve <7.4% in HbA,., which excludes ‘not good’ and ‘poor’
for assessment of glycemic control in the treatment guide
for diabetes of the Japan Diabetes Society (JDS guide)®, were
re-analyzed to determine the cut-off point for C-peptide index
(CPI) for longer duration of glycemic control. Of the 201
patients in the achieved group at discharge, 85 were excluded as
a result of readmission or alteration to the mode of therapy,
or were not followed as outpatients due to a change of hospital.
Of the remaining 116 patients, 90 showed <7.4% HbA,.
within 6 months after discharge. Of the 273 patients in the
non-achieved group at discharge, 137 were excluded as a result

of readmission or alteration to the mode of therapy, or were not
followed as outpatients due to a change of hospital. In the remain-
ing 136 patients, 76 achieved <7.4% HbA,. within 6 months
after discharge. In these 166 patients, analysis of optimal values
and the utility of CPI during admission was carried out.

Methods

On the first day in hospital, medical history, physical examina-
tion and laboratory evaluation including glycosylated hemoglo-
bin were carried out. HbA;. was measured using HPLC
(HA-8180; Arcray, Kyoto, Japan). The HbA;. (%) value was
estimated as an National Glycohemoglobin Standardization
Program equivalent (%) calculated by the formula: HbA;. (%) =
HbA,. (JDS) (%) + 0.4%, considering the relational expression
of HbA,. (JDS) (%) measured by the previous Japanese standard
substance and measurement methods and HbA,. (National
Glycohemoglobin Standardization Program)™. B-cell function
was evaluated within 1 week after overnight fast by glucagon
test measuring CPR before (fasting CPR [FCPR]) and 6 min
after i.v. injection of 1 mg glucagon (CPR-6 min)’, as this test is
valid in patients taking insulin therapy. Increment of CPR
(ACPR) was obtained by subtracting FCPR from CPR-6 min.
SUIT index (SUIT) (%) was calculated by the formula:
1500 x FCPR (ng/mL)/(fasting plasma glucose [FPG; mg/dL] —
61.7)*°. CPI (ng/mg) was calculated by the formula: 100 x
FCPR (ng/mL)/FPG (mg/dL). Serum CPR was measured by
immunoenzymometric assay (EIA; ST AIA-PACK C-Peptide,
Toso corporation, Tokyo, Japan). In patients taking OHA, medi-
cation was stopped for the glucagon test, but was maintained
until 1 day before to prevent hyperglycemia during the test®.
Fasting plasma glucose was measured by the glucose oxidase
method when the glucagon test was carried out. Patients were
treated according to the JDS guide'®. Treatment policy including
diet therapy, exercise therapy, pharmacotherapy and education
for each patient was determined by Japanese Board Certified
Diabetologists certified by the Japan Diabetes Society. Patients
took medical nutritional therapy (25-30 kcal/kg of standard
bodyweight/day consisting of 58% carbohydrate, 18% protein
and 24% fat energy intake percentages) with counseling by a
registered dietitian. Preprandial capillary plasma glucose levels
were monitored three tid. during hospitalization. The study
protocol was approved by the ethics committee of Kyoto
University.

Statistical analysis

Statistical analysis was carried out with the Stat View 5.0 system
(SAS institute, Cary, NC, USA). Data are presented as
mean * SE unless otherwise stated. Clinical parameters among
the two groups were compared by Mann-Whitney U-test.
P-values <0.01 were considered statistically significant. Histo-
grams and receiver-operator characteristic (ROC) curve were
made for FCPR, CPR-6 min, ACPR, SUIT and CPI respectively,
and sensitivity, specificity, cut-off values, area under the ROC
curve (AUC) and the likelihood ratio were calculated.
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RESULTS

Clinical profiles of patients with mean preprandial capillary
plasma glucose levels at discharge of <130 mg/dL (achieved
group) and =130 mg/dL (non-achieved group), respectively, are
shown in Table 1. Patients of the non-achieved group were
older, had lower body mass index at admission, higher mean
preprandial capillary plasma glucose level both at admission and
at discharge, longer years from diagnosis and lower endogenous
insulin secretion indices than those of the achieved group. The
clinical stages of diabetic nephropathy and retinopathy were
more progressed in the non-achieved group than those in the
achieved group. The relationships between indices using serum
C-peptide and selected modes of therapy at discharge were ana-
lyzed based on the data of the achieved group.

The clinical profiles of patients not requiring insulin for good
glycemic control (non-insulin group) and those requiring insulin
(insulin group) are shown in Table 2. The patients of the insulin
group were older, has lower body mass index, higher HbA, at
admission, higher mean preprandial capillary plasma glucose
level at admission, longer years from diagnosis and lower
endogenous insulin secretion indices compared with those of
the non-insulin group. As shown in Figure S2, the mode of
therapy in 41 patients was altered from diet alone or OHA to
insulin during admission. The average number of hospital days
before altering the therapeutic mode of these patients was

Table 1 | Clinical profiles of patients who achieved good glycemic control

3.1 + 3.4 (mean + SD). The reasons for the change to insulin
therapy were the necessity of tight glycemic control before oper-
ation in five patients, marked hyperglycemia (a fasting plasma
glucose level of 250 mg/dL or above, or a causal plasma glucose
of 350 mg/dL or above)** or both the presence of hyperglycemia
and ketosis in 11 patients, and persistent hyperglycemia with
OHA in 25 patients. HbA,. at admission of these patients was
10.2 + 2.2% (mean + SD). In five patients, the mode of therapy
was altered from insulin to OHA. The average number of hospi-
tal days before this change was 7.6 + 4.3 (mean + SD); the rea-
son was improved glycemic control despite a decrease in the
required dosage of insulin. HbA, at admission of these patients
was 10.1 + 44% (mean + SD). Another patient treated with
OHA plus insulin at admission was changed to OHA alone after
nine hospital days because of improved glycemic control. Of the
113 patients with therapy of diet alone or OHA both at admis-
sion and at discharge, 19 transiently used insulin during the per-
iod of admission.

The category of OHA at discharge is shown in Table Sla. In
95 patients treated with OHA, 60 and 29 patients were pre-
scribed sulfonylurea alone or in combination, and biguanide
alone or in combination, respectively. In the insulin group, 50 of
86 patients were given premixed insulin b.id. at discharge. As
shown in Table S1b, the prescribed daily dosages of gliclazide,
glimepiride and metformin required were <80, 4 and 750 mg,

Achieved Non-achieved P
No. subjects 201 273
Duration of hospitalization (days) 220+ 07 236 +0.7 01115
Age (years) 602 + 09 645 = 0.7% 00002
Male/female 127/74 159/114
Systolic blood pressure (mmHg) 1245+ 10 1269 = 1.1 0.1076
Diastolic blood pressure (mmHg) 746 £ 07 736 £ 06 02653
BMI (kg/m?) 252 + 03 238 + 03* 00005
HbA; ¢ at admission (%) 95 + 0.1 98 + 0.1 00776
PG at admission (mg/dL) 181.1 £ 47 2095 + 39% <0.0001
PG at discharge (mg/dL) 1122 +£ 09 1632 + 19* <0.0001
Years from diagnosis 9106 135 = 06* <0.0001
FCPR (hg/mL) 187 £ 006 165 + 0.05% 00054
CPR-6 min (ng/mL) 399 +0.14 341 £ 0.10% 0.0006
ACPR (ng/mL) 212 £ 009 176 £ 007* 00011
SUIT (96 40619 324 + 207 00043
CPI (ng/mg) 134 + 005 109 + 004* <0.0001
(linical stage of nephropathy 129/56/16 (64/28/8) 133/80/60 (49/29/22)

(normal/microalbuminuria/macroalbuminuria)
Clinical stage of retinopathy
(NDR/mild NPDR/moderate NPDR/severe NPDR/PDR)

141/25/26/4/5 (71/12/13/2/2)

112/53/45/22/41 (41/20/16/8/15)

Data are presented as mean =+ SE. *P < 001 versus achieved. Achieved group: mean preprandial capillary plasma glucose levels at discharge
<130 mg/dL compared with those who did not achieve good glycemic control {non-achieved group =130 mg/dL). BMI, body mass index; CPI,
C-peptide index; ACPR, increment of C-peptide immunoreactivity; CPR-6 min, C-peptide immunoreactivity 6 min after intravenous injection of
glucagon; FCPR, fasting C-peptide immunoreactivity; NDR, no diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative
diabetic retinopathy; PG, mean preprandial capillary plasma glucose level; SUIT, secretory unit of islet in transplantation index. Numbers in

parentheses indicate percentages.
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Table 2 | Clinical profiles of patients who achieved good glycemic
control without requiring the use of insulin and those requiring insulin
to achieve good glycemic control

Non-insulin Insulin P
No. subjects 119 82
Male/female 82/37 45/37
Age (years) 584 + 1.1 629 £ 1.3* 0.0099
Systolic blood 1244 + 14 1264 £ 17 03598
pressure (mmHg)
Diastolic blood 773+ 10 733+ 13 00135
pressure (mmHg)
BMI (kg/m?) 260 * 04 240 + 04% 00019
HbA, . at admission (%) 92+02 100 + Q2% 00050
PG at admission (mg/dL) 1632 £ 50 2069 + 80* <0.0001
PG at discharge (mg/dL) 1109 + 1.2 1142 £ 13 00602
Years from diagnosis 78 £06 109 £ 1.0% 00052
FCPR (ng/mb) 206 = 007 161 £ 009* 00001
CPR-6 min (ng/mL) 448 + 018 329 £ 0197 <0.0001
ACPR {ng/mL) 243 £ 012 168 + 0.12% <0.0001
SUIT (%) 472 £ 25 311 £ 27% <0.0001
CP! (ng/mg) 157 + 007 106 + 006  <00001

Data are presented as mean =+ SE. *P < 001 versus non-insulin. Good
glycemic control: mean preprandial capillary plasma glucose levels at
discharge <130 mg/dL.

BMI, body mass index; CPI, C-peptide index; ACPR, increment of
C-peptide immunoreactivity; CPR-6 min, C-peptide immunoreactivity
6 min after intravenous injection of glucagon; FCPR, fasting C-peptide
immunoreactivity; PG, mean preprandial capillary plasma glucose level;
SUIT, secretory unit of islet in transplantation index.

respectively in almost all (more than 95%) patients. Daily insulin
dosage was 22.0 + 11.1 U (mean * SD) in the insulin group.

In Figure S3, peak relative frequency of indices using CPR of
patients with mean preprandial capillary plasma glucose levels
of <130 mg/dL at discharge in the insulin group and the non-
insulin group, respectively, is shown (FCPR: 1.50-1.75, 2.00-
225 ng/mL; CPR-6 min: 2.75-3.00, 4.00-4.25 ng/mL; ACPR:
1.25-1.50, 1.25-1.50 plus 2.25-2.50 ng/mL; SUIT: 15-20, 25-30
plus 35-40 plus 45-50%; and CPIL: 0.8-0.9, 1.5-1.6 ng/mg).
According to ROC curves of indices using CPR shown in
Figure 1, AUC, cut-off values and values at optimal cut-off
points including sensitivity, specificity and the likelihood ratio
were determined and shown in Table 3. CPI is the most relevant
of these indices for selecting insulin therapy to achieve good
glycemic control, because the likelihood ratio and AUC of CPI
is greatest.

The ROC curve of CPI of patients who achieved <7.4%
HbA,. within 6 months after discharge is shown in Figure 2.
According to ROC curves of CPI in Figure 2, the AUC (0.75),
cut-off values (optimal: 1.2; 90% specificity 0.8; 90% sensitivity
1.7 ng/mg), and values at optimal cut-off points including sensi-
tivity (73%), specificity (71%) and the likelihood ratio (2.5) were
determined.
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Figure 1 | Receiver-operator characteristic curves of () fasting
C-peptide immunoreactivity (FCPR), (b) CPR 6 min after intravenous
injection of glucagon (CPR-6 min), (¢) increment of CPR (ACPR), (d)
secretory unit of islet in transplantation index (SUIT) and (e) C-peptide
index (CP) of patients with mean preprandial capillary plasma glucose
levels of <130 mg/dL at discharge.

DISCUSSION

Medical nutritional therapy (MNT) improves glycemic control
in patients with type 2 diabetes regardless of their modes of
therapy including diet alone, OHA and insulin®*. Diet therapy
is the basis and starting point of treatment of all patients with
diabetes, and failure of diet therapy alone might predict the
inability to attain optimal glycemic control by any of these
modes of therapy. To precisely analyze the relationship between
endogenous insulin secretion and the appropriate mode of ther-
apy for achieving good glycemic control, we used data of hospi-
talized patients under optimal therapy including proper MNT.
Thus, our results are more likely to be valid in patients with
appropriate care behaviors. Although inappropriate care behav-
ior is an obstacle to achieving good glycemic control over a
longer duration, our results suggest a basis for beginning insulin
therapy in patients who do not achieve good glycemic control
with diet alone or OHA despite the practice of appropriate care
behavior.
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Table 3 | Analysis of indices using serum C-peptide of patients with mean preprandial capillary plasma glucose levels of <130 mg/dL at discharge

FCPR CPR-6 min ACPR SuIm CPI

AUC 069 071 069 072 0.75
Cut-off values (ng/mL) (ng/mL) (ng/ml) (%) (ng/mg)

Optimal 175 375 225 30 1.1

90% Specificity 100 225 100 20 07

90% Sensitivity 275 525 325 55 1.7
Values at optimal cut-off points

Sensitivity (%) 70 74 82 61 61

Spedificity (%) 66 65 49 73 78

Likelihood ratio 20 2.1 16 23 28

AUC, area under receiver-operator characteristics curve; CPl, C-peptide index; ACPR, increment of C-peptide immunoreactivity; CPR-6 min,
C-peptide immunoreactivity 6 min after intravenous injection of glucagon; FCPR, fasting C-peptide immunoreactivity; SUIT, secretory unit of islet in

transplantation index
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Figure 2 | Receiver-operator characteristic curve of C-peptide index
(CP)) of patients who achieved <74% HbA,. within 6 months after
discharge.

In the present study, just 42% of patients achieved good con-
trol during hospital admission, partly because the aim of admis-
sion was not necessarily to achieve good control during the
period of admission, but to establish a treatment policy for the
achievement of good control after discharge. The percentage of
patients treated with insulin at discharge was higher in the non-
achieved group than in the achieved group (non-achieved
group: 67%; achieved group: 41%). Of the patients treated with
OHA at admission in the achieved group, 39% had therapy
changed to insulin, whereas 73% of the patients treated with
OHA at admission in the non-achieved group had therapy
changed to insulin. These results might indicate more intensive
therapy in the case of the non-achieved group. Of the 136
patients in the non-achieved group at discharge, 76 showed

<7.4% HbA,. within 6 months after discharge, showing fair gly-
cemic control in some of the patients of this group over the
longer term. As shown in Table 1, the non-achieved group had
more progressive diabetic complications and more years from
diagnosis compared with the achieved group. These factors
might prompt therapy that aims at a more gradual improve-
ment of glycemic control to prevent hypoglycemia. In addition,
the non-achieved group showed higher glycemic levels at admis-
sion than that of the achieved group, whereas the duration of
hospitalization was similar.

Although there have been several reports regarding the utility
of indices of endogenous insulin secretion to indicate initiation
of insulin therapy to improve glycemic control'’™"% none has
compared the utility of the various indices. In the present study,
as shown by the likelihood ratio and by AUC, CPI is shown to
be the most useful among the five indices.

CPI was used as an index of endogenous insulin secretion in
several reports® 2%, but its advantage over other indices and the
scientific basis was unclear. The SUIT index (SUIT) was devel-
oped using FCPR and plasma glucose level after islet transplan-
tation'”. The linear relationship between FCPR and FPG in
individual subjects shows a plasma glucose level (61.7 mg/dL)
assumed to suppress C-peptide to zero. Transplantation of
islets from non-diabetic donors increases the slope (FCPR/
[FPG - 61.7]), suggesting an index of transplanted [-cell
mass. Although a correlation between SUIT and CPR 6 min
after intravenous injection of 1 mg glucagon (CPR-6 min) is
observed in type 2 diabetes (r = 0.58), it is weaker than that in
patients after islet transplantation (r = 0.82) 15

Autopsy reveals that B-cell mass is decreased in patients with
type 2 diabetes compared with that in healthy subjects™ ",
Recently, in 33 subjects at various stages of glucose tolerance, a
correlation between B-cell areas of a sample obtained during
pancreatectomy, and serum levels of CPR and insulin before the
operation was analyzed™. Interestingly, B-cell areas are positively
correlated with fasting insulin/FPG (r = 0.51, P = 0.0024) and
FCPR/FPG (r = 0.63, P < 0.0001), but are not significantly
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correlated with homeostasis model assessment f-cell function
(HOMA-B). Because SUIT resembles HOMA-f in that insulin
secretion is assumed to be suppressed to zero at approximately
60 mg/dL glucose in the formula, CPI might be a better index
of residual B-cell mass than SUIT in subjects with glucose intol-
erance. Furthermore, CPI is not affected by exogenous insulin®,
which might favor reproducibility of the results in patients with
insulin therapy. Determination of the index using a one-point
blood sample without the use of loading agents also favors CPL

In results derived from CPI of patients with mean preprandial
capillary plasma glucose levels of <130 mg/dL at discharge,
AUC was 0.75, optimal cut-off value was 1.1 ng/mg with 61%
sensitivity and 78% specificity, and values at 90% sensitivity and
at 90% specificity were 1.7 and 0.7 ng/mg, respectively. Interest-
ingly, in results derived from CPI of patients who achieved
<74% HbA,. within 6 months after discharge, AUC was 0.75,
optimal cut-off value was 1.2 ng/mg with 73% sensitivity and
71% specificity, and values at 90% sensitivity and at 90% speci-
ficity were 1.7 and 0.8 ng/mg, respectively, similar to the values
evaluated by mean preprandial glucose levels at discharge. These
values are also similar to those in a previous report in Japanese
using the data of 180 subjects from another institution (optimal
cut-off value: 1.0 with 62% sensitivity and 81% specificity; values
at 90% sensitivity: 1.8; 90% specificity: 0.7 ng/mg), although
good glycemic control was defined as 8.4% in HbA,,, which is
somewhat inadequate™. Thus, CPI might be a predictor of suit-
able therapy to achieve fair glycemic control not only for the
short-term, but also for longer duration.

The main limitation of the present study is that it is a retro-
spective analysis of inpatients at one hospital, and the protocol
for starting insulin therapy was not defined precisely. However,
in the achieved group analyzed as subjects, the decisions as to
whether to start insulin therapy made by Japanese Board Certi-
fied Diabetologists were confirmed retrospectively to have been
made according to the treatment guide for diabetes of the Japan
Diabetes Society, as discussed in the results section.

In conclusion, we have shown the advantage of CPI of indices
using CPR to select insulin therapy to achieve good glycemic
control. However, limitations of the predictive abilities of indices
using CPR generally and the importance of observation of the
clinical therapeutic course must be taken into consideration.
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Beneficial Effects of Exendin-4 on Experimental
Polyneuropathy in Diabetic Mice
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OBJECTIVE—The therapeutic potential of exendin-4, an agonist
of the glucagon-like peptide-1 receptor (GLP-1R), on diabetic poly-
neuropathy (DPN) in streptozotocin (STZ)-induced diabetic mice
was investigated.

RESEARCH DESIGN AND METHODS—The presence of the
GLP-1R in lumbar dorsal root ganglion (DRG) was evaluated by
immunohistochemical analyses. DRG neurons were dissected
from C57BL6/J mice and cultured with or without Schwann cell-
conditioned media in the presence or absence of GLP-1 (7-37) or
exendin-4. Then neurite outgrowth was determined. In animal-
model experiments, mice were made diabetic by STZ administra-
tion, and after 12 weeks of diabetes, exendin-4 (10 nmol/kg) was
intraperitoneally administered once daily for 4 weeks. Peripheral
nerve function was determined by the current perception thresh-
old and motor and sensory nerve conduction velocity (MNCV and
SNCV, respectively). Sciatic nerve blood flow (SNBF) and intra-
epidermal nerve fiber densities (IENFDs) also were evaluated.

RESULTS—The expression of the GLP-1R in DRG neurons was
confirmed. GLP-1 (7-37) and exendin-4 significantly promoted
neurite outgrowth of DRG neurons. Both GLP-1R agonists accel-
erated the impaired neurite outgrowth of DRG neurons cultured
with Schwann cell-conditioned media that mimicked the diabetic
condition. At the doses used, exendin-4 had no effect on blood
glucose or HbA, .. levels. Hypoalgesia and delayed MNCV and SNCV
in diabetic mice were improved by exendin-4 without affecting
the reduced SNBF. The decreased IENFDs in sole skins of di-
abetic mice were ameliorated by exendin4.

CONCLUSIONS—Our findings indicate that exendin4 amelio-
rates the severity of DPN, which may be achieved by its direct
actions on DRG neurons and their axons. Diabetes 60:2397—
2406, 2011
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iabetes is the most common cause of peripheral

neuropathy encompassing both mononeuropathy

and polyneuropathy (1,2). In general, diabetic

polyneuropathy (DPN) develops symmetrically
in a nerve length—dependent fashion, with dying-back de-
generation of both myelinated and unmyelinated fibers.
Diabetic patients may exhibit various symptoms of DPN, such
as spontaneous pain, hyperalgesia, and diminished sensation
(3). It has been shown that tight glycemic control is effective
in slowing the progression of DPN but cannot completely
prevent it (4). We have focused on the role of reduced nerve
blood flow in the development and the progression of DPN
(6=7). In addition to the hemodynamic deterioration of di-
abetic nerves, previous studies have described a number of
pathogenic mechanisms suggesting favorable treatments
of DPN, but these treatments have generally failed in
clinical trials (2). Thus, at this time, there are few ef-
fective therapies for DPN. Because the etiology of DPN
seems to be multifactorial, a multitargeted intervention
may be necessary.

An incretin hormone, glucagon-like peptide (GLP)-1, is
released from the L cells of the small intestine (8). GLP-1
and a GLP-1 receptor (GLP-1R) agonist, exendin4, poten-
tiate glucose-stimulated insulin secretion after a meal, and
GLP-1R agonists have been used as therapeutic agents for
type 2 diabetes (9-11). In addition to this antihyperglycemic
effect, GLP-1R agonists have been shown to have several
actions, such as slowing gastric emptying (11) and reducing
food intake (12), that are independent of insulin secretion
(13). Many reports have suggested that GLP-1R agonists
have neurotrophic and neuroprotective properties in some
neurons and neural cells (14-18). It has been revealed that
prolonged neurite extension is induced by mechanisms
involving cAMP (19), which also is involved in the cascade
mechanisms of insulin secretion induced by GLP-1R ago-
nists. In addition, the therapeutic effects of GLP-1R agonists
on stroke, Parkinsonism, and pyridoxine-induced peripheral
sensory neuropathy (18-20) using animal models have been
reported.

Although several beneficial effects of GLP-1 or the GLP-
1R agonist on central and peripheral nervous systems have
been reported, their effects under the diabetic condition
have not yet been evaluated. Here, we investigated the ef-
fects of the GLP-1R agonist exendin4 on DPN by both in
vitro and in vivo experiments.

RESEARCH DESIGN AND METHODS

Schwann cell culture and preparation of Schwann cell-conditioned
media. Immortalized Schwann cells (IMS32), established by long-term cul-
ture of adult mouse dorsal root ganglions (DRGs) and peripheral nerves (21),
were a gift from Dr. Kazuhiro Watabe. IMS32 were cultured in Dulbecco’s
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FIG. 1. Expression of GLP-1R in DRGs and sciatic nerves. A, C, D, and F: Immunohistochemically, GLP-1R (green) in DRG was detected with anti—
GLP-1R antibody (sc-66911). Both DRG neurons, indicated by NF70 antibody (red) (E and F'), and satellite glia cells, indicated by S100b antibody
(red) (B and C), expressed GLP-1R. C, F, and G: Nuclei (blue) were stained with diaminido phenyl indol. A-F: White arrowheads indicate satellite
glia cells. White arrows indicate neurons. G: GLP-1R protein (red) was not detected in DRG neurons of glpIr~'" mice. H: The transcript levels of
glpIr in DRGs and sciatic nerves of diabetic mice were not significantly different from those of normal mice (DRG: normal mice [N] [n = 6], 1 = 0.54,
threshold cycle value [C;] of glpIr 34.8 + 2.3, C of 18S rRNA 11.2 *+ 1.0 and diabetic mice [DM] [n = 7], 0.65 * 0.23, C, of glpIr 34.0 = 1.5, C of 18S
rRNA 11.0 + 1.4, P = 0.544; sciatic nerves: normal mice [n = 4], 1 + 0.34, C, of glpIr 33.6 = 1.6, C. of 18S rRNA 14.7 = 1.1 and diabetic mice [n = 5],
1.95 = 1.29, C; of glpIr 34.5 + 1.3, C of 18S rRNA 12.5 + 2.8, P = 0.606). I: There were no significant differences in the protein levels of GLP-1R
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FIG. 2. Neurite outgrowth of DRG neurons by GLP-1 (7-37) and exendin-4 (Ex4). Representative fluorescence micrograph of DRG neurons cul-
tured in the absence (A4) or presence (B) of GLP-1 (7-37) (GLP-1) (10 nmoV/L). GLP-1 (7-37) (10 nmoV/L) or exendin-4 (0.1, 1, 10, and 100 nmol/L)
increased the total neurite length (C) and joint number (D) of neurites. Results are means = SD. CON, control medium. *P < 0.05 vs. control
medium (n = 10-20). Control medium, joint number 23.5 + 17.2 per cell, total length 833 + 462 pm per cell, 10 nmol/L GLP-1 (7-37); joint number
54.8 = 58.3, total length 2,786 = 2,976, 0.1 nmol/L exendin-4; joint number 19.81 + 29.59, total length 1,056.3 = 904.5, 1 nmoV/L exendin-4; joint
number 32.23 *+ 29.35, total length 761.9 = 414.7, 10 nmol/L exendin-4; joint number 78.1 + 58.4, total length 2,035 + 1,162, 100 nmoV/L exendin-4;
and joint number 63.1 = 33.8, total length 2,329 + 1,104. (A high-quality digital representation of this figure is available in the online issue.)

modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) containing
5.5 mmol/L p-glucose, penicillin (100 units/mL)-streptomycin (100 mg/mL), and
5% FBS (Moregate Biotech, Bulimba QLD, Australia). When the cells reached
~T70% confluency, they were maintained in DMEM with 2% FBS containing 5.5
mmol/L p-glucose (normal glucose [NG]) or 30 mmol/L p-glucose (high glucose
[HG]). After a 3-day culture, the cells were maintained in serum-free DMEM
containing NG or HG. After 24 h, culture media were collected, concentrated
10 times using 10 kD centrifugal filters (Amicom Ultra-15; Nihon Millipore,
Tokyo, Japan), and frozen at —80°C until use. We defined these media as NG-
IMS media or HG-IMS media.

Primary culture of DRG neurons and evaluation of neurite outgrowth.
DRG neuron cultures were prepared from 5-week-old male C57BL/6 mice
(Chubu Kagaku Shizai, Nagoya, Japan), as previously described (22). In brief,
DRGs were collected, dissociated by collagenase (Wako Pure Chemical, Osaka,
Japan), and diluted in a medium consisting of F-12 media, 10 mmol/L glucose,
and 30 nmol/L selenium. Isolated DRG neurons were seeded on glass cover-
slips coated with poly-L-lysine. DRG neurons were cultured with or without
10 nmoV/L GLP-1 (7-37) (Bachem Bioscience, Torrance, CA) or exendin-4

(Sigma-Aldrich) (0.1, 1, 10, and 100 nmol/L). To evaluate the effects of GLP-1R
agonists on impaired neurite outgrowth under the diabetic condition, DRG
neurons were cultured in HG-IMS media that was diluted one-tenth with F-12
media.

After a 24-h culture, DRG neurons fixed with 4% paraformaldehyde were
immunostained with rabbit polyclonal antineurofilament heavy-chain antibody
(1:5,000; Nihon Millipore) and visualized with Alexa Fluor 488—coupled goat
anti-rabbit IgG antibody (1:200; Invitrogen, Carlsbad, CA). Coverslips were
counterstained with 4',6-Diamidine-2'-phenylindole dihydrochloride (Merck,
Tokyo, Japan). Images were captured by a charge-coupled device camera
(DP70; Olympus Optical, Tokyo, Japan) using a fluorescence microscope
(BX51; Olympus Optical). Neurite outgrowth was observed in 10-20 neurons
per coverslip and evaluated by a computed image analysis system (Angio-
genesis Image Analyzer version 2; KURABO Industries, Osaka, Japan).
Animals and induction of diabetes. Five-week-old male C57BL/6 mice
(Chubu Kagaku Shizai) were used. Diabetes was induced by intraperitoneal
injection of streptozotocin (STZ) (150 mg/kg; Sigma-Aldrich). Control mice re-
ceived an equal volume of citric acid buffer. One week after STZ administration,

evaluated by Western blotting analyses between diabetic and normal mice (DRG: normal mice [r = 4], 1 = 0.09 and diabetic mice [n = 4], 1.02 + 0.20,
P = 0.875; sciatic nerves: normal mice [n = 4], 1 = 0.17 and diabetic mice [r = 4], 1.09 = 1.35, P = 0.438). (A high-quality digital representation of

this figure is available in the online issue.)
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FIG. 3. Neurite outgrowth of DRG neurons in IMS media with or with-
out exendin-4 (Ex4). Total length (A) and joint number (B) of DRG
neurons cultured in IMS media were measured. Decreased total length
and joint number of DRG neurites cultured in HG were ameliorated by
Ex4 in a dose-dependent fashion. Results are means = SD. @, Neurite
cultured in HG-IMS media; O, neurite cultured in NG-IMS media.
NG-IMS media were obtained from IMS cultured in F-12 media with
5.5 mmol/L p-glucose; HG-IMS media were obtained from IMS cul-
tured in F-12 media with 30 mmol/L p-glucose. **P < 0.005 vs. NG-
IMS media without exendin-4; {{P < 0.005 vs. HG-IMS media without
exendin-4. n = 10-20. Total length: NG 1,635 = 1,014 pm per cell and
HG 684 = 410; joint number: NG 79.2 + 52.5 per cell and HG 24.2 %
23.8. Total length: HG with 10 nmol/L exendin-4 1,278 + 457 and HG
with 100 nmoVL exendin-4 2,045 * 1,029. Joint number: HG with
10 nmol/L exendin-4 32.3 = 12.0 and HG with 100 nmol/L exendin-4
55.1 + 28.8. Total length: NG with 10 nmol/L exendin-4 1,839 + 915
and NG with 100 nmoVL exendin-4 1,614 + 821. Joint number: NG with
10 nmoVL exendin-4 72.7 + 36.3 and NG with 100 nmoV/L exendin-4
49.3 + 22.3.
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the mice with plasma glucose concentrations >16 mmol/L were selected as
diabetic mice. Twelve weeks after the induction of diabetes, mice were
treated once daily with exendin-4 (10 nmol/kg in 0.1 mL of water i.p.) or
vehicle (saline) over 4 weeks (n = 10 in each group). Before and after exendin-4
treatment, fasting blood glucose levels and HbA, . were examined by a FreeStyle
Freedom Glucose Meter (Nipro, Osaka, Japan) and a RAPIDIA Auto HbAlc-L
assay kit using latex agglutination (Fujirebio, Tokyo, Japan), respectively. After
the exendin4 treatment, intraperitoneal glucose tolerance tests (IPGTTSs) were
performed on the mice. Serum insulin and glucagon levels also were measured
in fasted mice by an insulin ELISA kit (Morinaga Institute of Biological Science,
Yokohama, Japan) and a glucagon enzyme immune assay kit (Yanaihara In-
stitute, Fujinomiya, Japan), respectively. The Nagoya University Institutional
Animal Care and Use Committee approved the protocols of this experiment.

Measurement of current perception threshold using a neurometer. To
determine a nociceptive threshold, the current perception threshold (CPT) was
measured in 12- and 16-week diabetic and age-matched normal mice using
a CPT/laboratory neurometer (Neurotron, Denver, CO). The electrodes (SRE-
0405-8; Neurotron) for stimulation were attached to plantar surfaces. Each
mouse was kept in a Ballman cage (Natsume Seisakusho, Tokyo, Japan) suitable
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for light restraint to keep awake. Three transcutaneous-sine-wave stimuli with
different frequencies (2,000, 250, and 5 Hz) were applied to the plantar
surfaces. The intensity of each stimulation was gradually increased automati-
cally (increments of 0.01 mA for 5 and 250 Hz and increments of 0.02 mA for
2,000 Hz). The minimum intensity at which the mouse withdrew its paw was
defined as the CPT. Six consecutive measurements were conducted at each
frequency.

Nerve conduction velocity. Mice anesthetized with pentobarbital were
placed on a heated pad in a room maintained at 25°C to ensure a constant rectal
temperature of 37°C. Motor nerve conduction velocity (MNCV) was deter-
mined between the sciatic notch and ankle with a Neuropak NEM-3102 instru-
ment (Nihon-Koden, Osaka, Japan), as previously described (5,6,23). The
sensory nerve conduction velocity (SNCV) was measured between the knee
and ankle with retrograde stimulation.

Sciatic nerve blood flow. Sciatic nerve blood flow (SNBF) was measured by
laser-Doppler flowmetry (FLO-N1; Omegawave, Tokyo, Japan). The thigh skin
of an anesthetized mouse was cut along the femur and then an incision through
the fascia was carefully made to expose the sciatic nerve. Five minutes after this
procedure, the blood flow was measured by a laser-Doppler probe placed 1 mm
above the nerve. During this measurement, the mouse was placed on a heated
pad in a room maintained at 25°C to ensure a constant rectal temperature of
37°C.

Tissue collection. Four weeks after the treatment with exendin-4, mice were
killed by an overdose of pentobarbital or perfusion with 50 mL of 4% para-
formaldehyde. DRGs and sciatic nerves were obtained from normal and dia-
betic mice. Some of the tissues were snap frozen in liquid nitrogen, followed by
preservation at -80°C until use, and others were transferred to RNAlater so-
Iution (Invitrogen), followed by freezing preservation for RT-PCR. For immu-
nohistochemistry, DRGs, pancreas, and sole skin were excised, fixed in 4%
paraformaldehyde, and frozen in optimal cutting temperature compound (Sakura
Finetechnical, Tokyo, Japan) after cryoprotection.

GLP-1R mRNA expression in DRGs and sciatic nerves. RNAs were extracted
from frozen samples of DRGs and sciatic nerves using Isogen (Nippon Gene,
Toyama, Japan) and were quantified spectrophotometrically. Starting from 1 ug
of RNA, cDNA was synthesized using ReverTra Ace (Toyobo, Osaka, Japan).
TaqMan gene expression assays (Applied Biosystems, Foster City, CA) were
used for GLP-1R and 18S rRNA for the endogenous control. Real-time quanti-
tative RT-PCR was performed using the Mx3000P QPCR System (Stratagene,
La Jolla, CA). Relative quantity was calculated by the AAC; method with
normalization to 18S rRNA (24).

Western blotting. DRGs and sciatic nerves were used for Western blotting.
Samples were lysed in detergent lysis buffer (Cell Lysis Buffer; Cell Signaling
Technology, Boston, MA) adding 1 mmol/LL phenylmethanesulfonylfluoride
(Sigma-Aldrich), following centrifugation. Proteins were quantitated the con-
cenfrations with a bicinchoninic acid assay (Sigma Chemical) and were trans-
ferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA) after
SDS-PAGE. Membranes were blocked and incubated with rabbit polyclonal
anti-GLP-1R antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) and
rabbit polyclonal anti-B-actin antibody (1:10,000; Abcam, Cambridge, MA).
Antigen detection was performed using ECL Plus Western Blotting Detection
Reagents (Amersham Pharmacia Biotech, Piscataway, NJ) with horseradish
peroxidase—conjugated anti-rabbit IgG antibody (1:6,000; Cell Signaling Tech-
nology). Images were scanned and their densities were determined by ImageJ
(National Institutes of Health, Bethesda, MD). The expression of the GLP-1R
protein was corrected by B-actin density, and the expression in tissues of
normal mice was arbitrarily set at 1.0.

Immunocytochemistry and frozen section staining. After a 24-h culture,
DRG cells, as indicated above, were fixed with 4% paraformaldehyde. The cells
were blocked with 3% goat serum, and the following primary antibodies were
applied to the glass coverslips at 4°C overnight: rabbit polyclonal anti-GLP-1R
antibody (1:200, sc-66911; Santa Cruz Biotechnology); mouse monoclonal anti-
neurofilament 70 kDa (NF70) antibody (1:1,000, MAB1615; Millipore); and
mouse monoclonal anti-S100b antibody (1:300, S25632; Sigma-Aldrich). After
washing, the following secondary antibodies were loaded for 1 h at room
temperature in a dark box: Alexa Fluor 488-coupled goat anti-rabbit IgG
antibody (1:200; Invitrogen) and Alexa Fluor 594—coupled goat anti-mouse an-
tibody (1:300; Invitrogen).

For immunohistochemistry, after the microwave irradiation in citrate buffer
(pH 6.0), cryostat sections were blocked with 5% skim milk (Meiji Milk, Tokyo,
Japan) and the following primary antibodies were applied to the sections at 4°C
overnight: rabbit polyclonal anti-protein-gene-product 9.5 (PGP 9.5) antibody
(1:500; Millipore); guinea-pig polyclonal anti-insulin antibody (1:500, Ab7842-
500; Abcam); rabbit polyclonal anti-GLP-1R antibody (1:200, sc-66911, Santa
Cruz Biotechnology; LS-A1205 and LS-A1206, MBL International, Woburm, MA);
mouse monoclonal NF70 antibody (1:1,000; Millipore); and mouse monoclonal
anti-S100b antibody (1:300; Sigma-Aldrich). After washing, the secondary
antibodies, as indicated above, were loaded for 1 h at room temperature.
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TABLE 1

Body weight, blood glucose, and HbA,, levels in normal and diabetic mice

Normal mice

Diabetic mice

Posttreatment Posttreatment
Pretreatment Saline Exendin-4 Pretreatment Saline Exendin-4
n 8 5 6-8 9-10 8 9
Blood glucose (mmol/L) 91=x16 91=*16 8.7+ 24 23.1 = 2.8* 26.6 = 2.9* 23.9 = 2.3*
HbA;. (%) 4.0 = 0.1 4.1 *0.2 3.9 +0.1 7.6 = 1.2*% 7.7 + 2.1%* 6.9 + 2.1*
Body weight (g) 31 +3 31 +3 27 = 21 26 + 3* 24 * 4* 23 + 2%

Data are means * SD. *P < 0.05 vs. pretreatment normal mice. TP < 0.05 vs. normal mice treated with saline.

Coverslips and tissues were counterstained with diaminido phenyl indol
(Merck). Images were captured by a charge-coupled device camera (DP70;
Olympus Optical) using a fluorescence microscope (BX51; Olympus Optical).
Measurement of intraepidermal nerve fiber densities. Nerve fibers stained
with anti-PGP 9.5 antibody were counted as previously reported (25). In brief,
each individual nerve fiber with branching inside the epidermis was counted as
one, and a nerve fiber with branching in the dermis was counted separately. Six
fields from each section were randomly selected for the intraepidermal nerve
fiber (JENF) densities (IENFDs). IENFDs were derived and expressed as epi-
dermal nerve fiber numbers per length of the epidermal basement membrane
(fibers per millimeter).

Statistical analysis. All the group values were expressed as means *= SD.
Statistical analyses were made by one-way ANOVA, with the Bonferroni cor-
rection for multiple comparisons. All analyses were performed by personnel
who were unaware of the animal identities.

RESULTS

DRG neurons and satellite cells expressed GLP-1Rs.
To confirm the quality of GLP-1R antibody, we stained
the islets of glpIr~/~ mice. GLP-1R antibody obtained
from Santa Cruz (sc-66911) detected the B-cells of wild-type
mice but not those of glpIr~'~ mice. In contrast, GLP-1R
antibodies from MBL International (LS-A1205 and LS-
A1206) nonspecifically stained the islets of glp! ™" mice
(Supplementary Fig. 1). In addition to immunohistochem-
istry, GLP-1R protein in the pancreas of wild-type mice was
specifically detected and that of glpIr™'~ mice was un-
detected with the GLP-1R antibody from Santa Cruz by
Western blotting methods (Supplementary Fig. 2). There-
fore, in this study, we used sc-66911 as a primary antibody
to detect the expression of GLP-1R in DRGs. GLP-1R ex-
pression was detected in both DRG neurons indicated by
NF70 and satellite cells indicated by S100b antibody
(Fig. 1A-F). In contrast to these wild-type mice DRGs,
GLP-1R expression was not detected in the DRGs of
glpIr~"" mice (Fig. 1G). To further evaluate the localization
of GLP-1R, we stained enzymatically dissociated DRG cells
with GLP-1R antibody in addition to S100b or NF70 an-
tibody. GLP-1R proteins also were expressed in both DRG
neurons and satellite cells by this immucytochemical method
(Supplementary Fig. 3).
GLP-1R agonists promoted neurite outgrowth of DRG
neurons. In our DRG culture system, GLP-1R protein was
expressed in all neurons and in about two-thirds of glia
cells (data not shown). Therefore, we used our DRG culture
system to evaluate the impact of the GLP-1R agonist on the
sensory nervous system, especially sensory neurons.
Neurite outgrowth of DRG neurons was increased in the
presence of GLP-1 (7-37) or exendin4 (Fig. 24 and B).
Total length and joint number of neurites were significantly
increased by GLP-1 (7-37) or exendin4 (joint number:
control vs. 10 nmol/L exendin-4, P = 0.0002; control vs. 100
nmol/L. exendin4, P = 0.0093; and control vs. 10 nmol/L
GLP-1 (7-37), P < 0.0001; total length: control vs. 10 nmoV/L

diabetes.diabetesjournals.org

exendin-4, P = 0.0003; control vs. 100 nmol/L. exendin4,
P < 0.0001; and control vs. 10 nmol/L GLP-1 (7-37), P <
0.0001) (Fig. 2C and D). '
Exendin-4 ameliorated high glucose-induced reduction
in neurite outgrowth of DRG neurons. DRG neurons
cultured with HG-IMS media, which mimicked the diabetic
state, had shorter neurites and smaller joint numbers com-
pared with those cultured with NG-IMS media, which mim-
icked the nondiabetic normal state (total length: P = 0.0205,
joint number: P = 0.0006) (Fig. 3). The impaired neurite
outgrowth of DRG neurons cultured with HG-IMS media was
improved by exendin4 (total length: HG with 10 nmol/L
exendin4, P = 0.1620, and HG with 100 nmol/L. exendin+4,
P = 0.0012; joint number: HG with 10 nmol/L exendin-4, P =
0.5871, and HG with 100 nmol/L. exendin4, P = 0.0433). In
contrast, exendin-4 did not promote the neurite outgrowth of
DRG neurons cultured with NG-IMS media. |

Levels of GLP-1R in DRGs and sciatic nerves were not
impaired in diabetic mice. To ascertain the levels of
glplr mRNA and protein, we carried out real-time PCR
analyses and Western blotting analyses in the DRGs and sci-
atic nerves of normal and diabetic mice before the exendin4
treatment. The levels of glpIr transcript in DRGs and sci-
atic nerves of diabetic mice were not significantly different
between those of normal mice (DRG: P = 0.544, sciatic
nerves: P = 0.606) (Fig. 1H). Furthermore, there were no
significant differences in GLP-1R protein contents between
diabetic and normal mice (DRG: P = 0.875, sciatic nerves:
P = 0.438) (Fig. 1D).

Body weights, blood glucose levels, and HbA,.. At 12
weeks, diabetic mice showed severe hyperglycemia (P =
0.0003) and significantly reduced body weight gain (P =
0.003). Random blood glucose levels measured during the
experimental period were not significantly different in any
group. Exendin-4 treatment for 4 weeks did not alter body
weight, blood glucose, or HbA, levels in the diabetic groups
(Table 1).

Serum insulin and glucagon levels and IPGTTs. After
the exendin-4 treatment, serum insulin levels were signif-
icantly decreased in diabetic mice, and exendin-4 admin-
istration provided no significant improvement in both
diabetic and normal mice (Supplementary Fig. 44). In
IPGTT, blood glucose levels in diabetic mice after 15 min
of glucose injection were significantly elevated compared
with those in normal mice. These elevations were not sig-
nificantly decreased by exendin-4 treatment (Supplemen-
tary Fig. 4C).

Although serum glucagon concentrations were not in-
cremented in diabetic mice compared with those in normal
mice, the concentrations in diabetic mice had a high pro-
pensity to be decreased by exendin-4 treatment (Supple-
mentary Fig. 4B).
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FIG. 4. Evaluation of sensory nerve functions. Measurements of CPTs
at 2,000 (4), 250 (B), and 5 (C) Hz by a neurometer were performed
before and at the end of exendin-4 (Ex4) administration. CPTs for all
pulses were significantly increased in the diabetic group (DM), and
these deficits were significantly prevented by exendin-4. N, normal
mice; S, saline. Results are means + SD. #P < 0.05 vs. pretreatment
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Reduced sensory perception in diabetic mice was
ameliorated by exendin-4 administration. After 12
weeks of diabetes, CPTs at 5, 250, and 2,000 Hz were
significantly increased compared with those in normal mice
(6 Hz: P = 0.015, 250 Hz: P = 0.019, and 2,000 Hz: P = 0.028),
representing hypoalgesia in diabetic mice. After the 4 weeks
of exendin-4 administration, these deficits in sensation
were significantly improved in diabetic mice compared
with saline-treated diabetic controls (6 Hz: P = 0.0161,
250 Hz: P = 0.0012, and 2,000 Hz: P = 0.0011). The injection
of exendin-4 into normal mice did not induce significant
changes in CPTs (Fig. 44-C).

Exendin-4 improved delayed NCVs in diabetic mice.
MNCVs and SNCVs of diabetic mice were significantly
delayed compared with those of normal mice (MNCV: P =
0.0341, SNCV: P = 0.0489). The delay in MNCVs and SNCVs
was significantly restored by exendin-4 treatment (MNCV:
P = 0.0289, SNCV: P = 0.0201) (Fig. bA and B). However,
exendin-4 administration did not alter NCVs in normal mice.
Nerve fibers in epidermis were preserved by exendin-4.
IENFDs were evident in both the epidermis and the dermis
of the foot skin by the fluorescent imaging (Fig. 6A).
Although IENFDs were decreased in diabetic mice (P =
0.0011), this decrement was significantly ameliorated by
exendin4 (P = 0.0007) (Fig. 6B). Administration of exendin-4
did not change IENFDs in normal mice (P = 0.2212).
Exendin-4 had no effects on SNBF. SNBF in diabetic
mice was significantly decreased compared with those in
normal mice (P = 0.0203), and the decrease was not ame-
liorated by exendin-4 (P = 0.7407) (Fig. 7).

DISCUSSION

In this study, we investigated whether GLP-1R agonists have
therapeutic effects on DPN. First, we confirmed the ex-
pression of the GLP-1R on DRG neurons by immunohis-
tochemical analyses. Second, we observed that both GLP-1
(7-37) and exendin-4 promoted neurite outgrowth of DRG
neurons, and exendin-4 ameliorated the impaired neurite
outgrowth of DRG neurons in conditioned media obtained
from Schwann cell cultures under high-glucose conditions.
We then demonstrated that administration of exendin-4
improved the reduced sensory perception of the plantar
pedis, delayed NCVs of hindlimbs, and decreased IENFDs
of the plantar skin in diabetic mice. However, neither the
hyperglycemic state nor decreased SNBF were improved
by exendin-4. These results indicate that exendin4 has di-
rect effects on peripheral nerves that are independent of its
antihyperglycemic and hemodynamic effects.

Several antibodies against the GLP-1R are commercially
available. GLP-1R antibodies, LS-A1205 and LS-A1206, pro-
duced by MBL International, have recently been used in
some studies (26-28). To confirm the reliability of these
antibodies, we stained islet cells in which the presence of
the GLP-1R has repeatedly been demonstrated (29,30). LS-
A1205 and LS-A1206 distinctively reacted with B-cells that
also were clearly stained with anti-insulin antibody, but these
antisera also reacted with 3-cells or perhaps a-cells in
Glplr™’~ mice. We then tested another antibody for GLP-
1R, sc-66911 (Santa Cruz). This antiserum detected 3-cells

normal mice; *P < 0.05 vs. saline-treated normal mice; 1P < 0.05 vs.
saline-treated diabetic mice. Saline-treated normal mice, n = 8; exendin-4—
treated normal mice, n = 8; saline-treated diabetic mice, n = 9; exendin-4—
treated diabetic mice, n = 9.
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FIG. 5. NCVs. MNCV (A) and SNCV (B) were measured before and after the treatment with exendin-4 (Ex4). DM, diabetic mice; N, normal mice;
S, saline. Before the treatment: MNCYV for normal mice 45.2 + 2.7 m/s and diabetic mice 37.5 + 8.2, P = 0.0341; SNCV for normal mice 33.0 + 4.6 and
diabetic mice 28.6 = 7.2, P = 0.0489. After the treatment: MNCYV for saline-treated diabetic mice 34.5 + 8.1 and exendin-4-treated diabetic mice
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treated normal mice, n = 7; exendin-4-treated normal mice, n = 8; saline-treated diabetic mice, n = 8; exendin-4-treated diabetic mice, n = 8.

of wild-type mice but did not react with those of glpIr™/"
mice (Supplementary Fig. 1). Furthermore, the antiserum
detected GLP-1R proteins in the pancreata of wild-type mice
but not in that of glplr_/ ~ mice, using immunoblotting
assay. We confirmed the expression of GLP-1R in DRG
neurons and glia cells with a GLP-1R antibody, sc-66911.

GLP-1 and exendin4 previously have been shown to pro-
mote neurite outgrowth of rat pheochromocytoma cells
(19,31) and to protect rat primary hippocampal neurons
from cell death (14). It has been reported that exogenous
GLP-1R activation significantly reduces glucose-dependent
reactive oxygen species generation in hypothalamus (32).
These antioxidative effects of GLP-1R agonists might yield
benefits to central and peripheral nervous systems.

The dipeptidyl peptidase (DPP)-IV inhibitor (vildagliptin)
recently has been shown to prevent peripheral nerve de-
generation in STZ-induced diabetic mice (33). Although
GLP-1 is one of the substrates of DPP-IV, several bioactive
peptides, such as neuropeptide Y, substance P, glucagon-
like peptide-2, and stromal cell-derived factor-la also have
been reported as substrates of DPP-IV (34,35). Among these
peptides, neuropeptide Y and substance P are known as
neurotransmitters or modulators of peripheral nervous sys-
tems (36,37), and it also has been demonstrated that stromal
cell-derived factor-la released from DRG glia regulates
leukocyte chemotaxis and modulates neuropathic pain be-
havior (38). Therefore, the preventive effects of the DPP-IV
inhibitor on DPN may be attributed to its protective effects
on these neurotrophic peptides and mediated through in-
creased levels of GLP-1.

Although we cannot infer the precise site(s) of action of
exendin-4 in our diabetic mice that ameliorated DPN in vivo,
our data using cellular models of DPN in vitro implicate
a direct role for GLP-1 and the GLP-1R agonist exendin-4.
We previously reported that conditioned media obtained
from Schwann cell cultures under high-glucose conditions
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impaired neurite outgrowth of DRG neurons, likely medi-
ated through a decrease in nerve growth factor pro-
duction (21). In our current study, the impaired neurite
outgrowth induced by hyperglycemia-conditioned IMS
media was improved by exendin4. In contrast, under the
normal glucose—conditioned IMS media, which mimicked
the nondiabetic normal state, exendin-4 did not exert any
changes in neurite outgrowth because of basal enhance-
ment of neurite outgrowth by various growth factors,
such as nerve growth factor secreted from Schwann cells
(21). These results indicate that GLP-1R agonists exert re-
generative effects on peripheral sensory neurons under ex-
perimental conditions, mimicking diabetes in vitro. Additional
studies on the effect on the role of downstream neurotrophic
factors, such as nerve growth factor, will be required to
evaluate the mechanism of action of GLP-1R agonists.

We also demonstrated the effects of exendin4 on DPN
in STZ-induced diabetic mice. We evaluated sensory nerve
functions using a CPT/laboratory neurometer. The neuro-
meter is now widely and clinically used to evaluate the ef-
fects of analgesic drugs and peripheral nerve functions in
various painful neuropathies, including DPN (39-42). In
this study, after 12 weeks of diabetes, hypoalgesia at 2,000,
250, and 5 Hz was observed in the diabetic mice, and in-
jection of exendin4 improved these abnormalities. In addi-
tion, exendin4 ameliorated the decreased IENFDs in diabetic
mice. The restoration of sensory functions by exendin4 was
confirmed by the improvement of IENFDs.

In addition, we measured MNCVs and SNCVs that rep-
resent relatively large axonal functions. Both the delayed
MNCVs and SNCVs in diabetic mice were improved by
exendin-4, indicating that exendin4 had therapeutic effects
on impaired motor and sensory nerve functions. These data
also are consistent with previous reports (14,16,18,19) that
revealed the plausible effects of GLP-1 or GLP-1R agonists
on central and peripheral nerve disorders.
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FIG. 6. IENFDs after the treatment with exendin-4 (Ex4). A: IENFs
indicated by white arrowheads were detected by immunofluorescence
assay with anti-PGP 9.5 antibody (red). B: Quantification of the density
revealed a significant decrement in untreated diabetic mice and the
significant amelioration by exendin-4 treatment. DM, diabetic mice; N,
normal mice; S, saline. Bar: 20 pm. Saline-treated normal mice 38.5 =
3.9, saline-treated diabetic mice 27.7 = 1.9, exendin-4-treated normal
mice 42.1 + 2.4, and exendin-4-treated diabetic mice 40.2 = 3.1 fibers
per mm. Results are means + SD. #P < 0.05 vs. pretreatment normal
mice. ¥*P < 0.05 vs. saline-treated normal mice. P < 0.05 vs. saline-
treated diabetic mice. Sa.lme treated normal mice, n = 4; exendin-4-
treated normal mice, n = 3; saline-treated dlabetlc mice, n = 4;
exendin-4-treated dlabetlc mice, n = 3. (A high-quality digital rep-
resentation of this figure is available in the online issue.)

Decreased nerve blood flow has been recognized as one
of the most important mechanisms in the development of
DPN. Recently, GLP-1R has been detected in blood ves-
sels, and the beneficial effects of GLP-1 or GLP-1R agonists
on vascular functions have been reported (28,43,44). In our
experimental study, however, exendin-4 did not alter nor-
mal nerve blood flow in normal mice nor did it improve
the reduced nerve blood flow in diabetic mice. One of the
reasons for this discrepancy is that the vasodilatory
actions of GLP-1 agonists are likely mediated mainly
through a GLP-1R-independent pathway, which depends
on a GLP-1 metabolite, GLP-1 (9-36) (28). In our present
study, therefore, exendin-4 could not exert vasoregulatory
effects. Another reason is that the central-peripheral sym-
pathetic nervous system function would likely be impaired
in the diabetic state. It has been reported that GLP-1 in the
central nervous system regulates sympathetic outflow,
resulting in increases in blood pressure and heart rate in-
dependent of the peripheral actions of GLP-1 on gluco-
regulation (43,44). As mice with a long duration of diabetes
in the current study might have developed sympathetic
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nerve dysfunction, exendin-4 may have been unable to
modulate nerve blood flow after prolonged experimental
diabetes. Although the precise mechanisms remain unclear,
the effects of exendin-4 on DPN may be attributed to its
direct actions on DRG neurons and their axons.

Because GLP-1R agonists possess glucose-lowering
effects, we used a dosing regimen that did not produce sus-
tained reductions in blood glucose or body weight. Although
trends toward reduced levels of HbA,. and glucagon were
observed in exendin4—treated diabetic mice (Table 1 and
Supplementary Fig. 4), there were no significant differences
in the glucose levels, insulin concentrations, or IPGTTs
between exendin-4-treated and untreated mice. In pre-
vious studies (45,46), exendin-4 was administrated at the
same time as or before STZ injection. On the other hand,
we started exendin-4 injections 12 weeks after the onset of
diabetes. Because HbA;. in diabetic mice treated with
exendin4 tended to decrease (Table 1), longer treatment
or larger doses of exendin-4 might have significantly im-
proved hyperglycemia, indirectly contributing to the ame-
lioration of DPN. In the current study, however, it is
conceivable that the effectiveness of exendin4 on DPN
may be independent of the glucose-lowering effects.

Miki et al. (47) previously reported that glucose-
responsive neurons in the hypothalamus regulate the secre-
tion of glucagon and govern the glucose homeostasis. In
addition, it was shown in a recent study that GLP-1R ago-
nists had a glucagon-lowering effect (48), which is consistent
with the present observation that glucagon concentrations
tended to be decreased by the administration of exendin-4
in diabetic mice. It remains to be evaluated whether the glu-
cagon levels influence the pathophysiology of DPN through
mechanisms independent of hyperglycemia.

In conclusion, we demonstrated the beneficial effects
of GLP-1R agonist on DPN. GLP-1 analogs and GLP-1R
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agonists have been broadly used as antihyperglycemic agents
in type 2 diabetic patients. In addition to the established use
of these agents to control blood glucose, there currently is
little data demonstrating an effect of GLP-1R agonists on
peripheral nerve functions. Our data demonstrating the
improvement of experimental DPN after administration of
GLP-1 and exendin4 suggest that additional clinical inves-
tigation with attention to whether therapy with GLP-1R
agonists produce changes in DPN may be warranted.
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ABSTRACT

Background: Factors that affect resting energy expenditure or basal
energy expenditure (BEE) in patients with type 2 diabetes under
standard treatment have not been evaluated in detail.

Objective: We determined the clinical factors that affected BEE in
addition to body composition in patients with type 2 diabetes under
standard treatment.

Design: BEE was measured by using indirect calorimetry under
a strict basal condition in 58 Japanese patients with type 2 diabetes
after >7 d as inpatients under management of diabetes with medical
nutrition therapy and medications. Insulin secretion was measured
with a glucagon test. Stepwise regression was applied to explore
determinants of BEE.

Results: In the stepwise estimation, insulin secretion (P = 0.015),
insulin therapy (P = 0.012), and pulse rate (P = 0.011) were selected
in addition to fat-free mass (FFM) (P << 0.001) and fat mass (P =
0.006) as significant independent determinants of BEE. Standard-
ized partial regression coefficients of the additional 3 factors were
—0.16, —0.15, and 0.15, respectively, whereas those for FFM and
fat mass were 0.82 and 0.19, respectively. The additional 3 factors
explained another 3.9% of the variability of BEE, and the adjusted
coefficient of determination was 83.4%. Age, sex, other medica-
tions, and parameters of glycemic control were not significant de-
terminants beyond the combined contribution of body composition,
endogenous and exogenous insulin, and pulse rate.

Conclusion: Endogenous insulin secretion and exogenous insulin
administered in treatment have significant independent effects in the
lowering of BEE in patients with diabetes under standard manage-
ment with medical nutrition therapy and medications. Am J
Clin Nutr 2011;94:1513-8.

INTRODUCTION

MNT* is the basis and starting point of treatment of all pa-
tients with diabetes, and the failure of MNT alone may predict
the inability to attain optimal glycemic control. In addition, in
obese patients with diabetes, MNT aims at weight control to
improve insulin resistance and avoid obesity-related health
problems. Therefore, estimation of the daily energy expenditure
of patients is necessary for individualized diabetic meal plans.
For example, MNT for obese patients provides a diet of 500-
1000 kcal less energy than the estimated energy expenditure (1).
REE or BEE is defined as the minimal amount of energy ex-
pended to maintain metabolic activities of cells, tissues, and
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organs and represents a large component of daily energy ex-
penditure. REE or BEE is used to estimate total energy expen-
diture as a multiple of REE or BEE according to daily activity.

In healthy subjects, 65-90% of the interindividual variation in
REE is explained by FFM or high-metabolic-rate organ mass (2,
3). In patients with diabetes, FFM is also assumed to be a main
factor that affects REE and BEE. The influence of the diabetic
condition on energy expenditure has also been examined. After
adjustment for FFM, REE and BEE in patients with diabetes were
shown to be greater than those in healthy control (4, 5). In
contrast, no difference was reported in FFM-adjusted REE be-
tween mildly hyperglycemic patients and control subjects (6). In
addition, a treatment-induced reduction of REE has been reported
in type 1 and type 2 diabetes (7, 8). However, the factors that
affect REE or BEE in patients with diabetes under standard
treatment, which are the more important in clinical practice, have
not been precisely evaluated.

In most studies that evaluated energy expenditure, REE has
been measured rather than BEE. However, resting conditions are
defined less rigorously than are basal conditions, and REE can
include components that involve physical or psychological stress
and variations in ambient and body temperature (9-11). BEE is
measured early in the morning before the subject has engaged in
any physical activity and >10 h after ingestion of any food,
drink, or nicotine and remains remarkably constant on a daily
basis (9, 11). We applied the measurement of BEE under such
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strict basal conditions to minimize the interindividual variation
derived from methodologic or external unknown factors.

In the current study, clinical factors that might affect BEE in
patients with diabetes under standard treatment were evaluated.

SUBJECTS AND METHODS

Subjects

Japanese patients with type 2 diabetes who were admitted to
the Department of Diabetes and Clinical Nutrition, Kyoto Uni-
versity Hospital, Kyoto, Japan, for diabetes self-management
education during the period of December 2007 through Sep-
tember 2009 were recruited. The study protocol was approved by
the ethics committee of Kyoto University. Written informed
consent was obtained from all participants.

During admission, which averaged ~18 d, participants took
MNT with or without medications, including oral hypoglycemic
agents and insulin, according to the treatment guide for diabetes
of the Japan Diabetes Society (12). The physical activity of
subjects was not restricted, but participants did not engage in
intensive exercise. Participants were screened by a medical his-
tory, physical examination, and laboratory examination to ensure
the absence of hepatic, renal (including macroalbuminurea),
pulmonary, thyroid, and cardiac dysfunction, inflammation, and
malignant tumors. Participants who took steroids or f-blockers
and subjects who had physical disabilities were excluded.

Energy expenditure

BEE was measured in the morning >7 d after admission under
glycemic control with MNT (29.0 = 2.6 kcal/kg of standard
body weight/d that consisted of 52% carbohydrate, 20% protein,
and 28% fat in energy-intake percentages) and with without
prescribed medications. Standard body weight (in kg) was cal-
culated by multiplying 22 (kg/m?) by square of height (in m).
Premenopausal women were studied during their follicular
phase within 7 d after the last day of menstruation.

Whole-body oxygen consumption and carbon dioxide pro-
duction were measured for >10 min with indirect calorimetry
(AE300S; Minato Medical Science) by one investigator at the
bedside of each participant under the strict condition of the
methods described previously (9, 10, 13). Briefly, afebrile pa-
tients in a postabsorptive state after an overnight fast (14 h) with
<10 mmol capillary PG/L before the measurement remained in
a supine position after waking on the bed in the ward without
smoking or taking caffeine, and measurements were performed
at room temperature between 22°C and 27°C. After discarding
the initial 5 min of data, we adopted 5 consecutive minutes of
data from the rest in accord with the steady state definition (10)
during which the CV for oxygen consumption and carbon di-
oxide production was achieved at <10% and applied them to the
Weir formula together with 24-h urinary urea nitrogen (14).

Body composition

Height was measured on the day of admission, and body
weight was measured immediately after measurement of BEE.
FFM and fat mass were measured with a dual energy X-ray
absorptiometry scanner (Discovery; Hologic) within 3 d before or
after the measurement of BEE.
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Clinical and metabolic factors

The duration of diabetes was determined from medical
records, medical histories, and previous clinical data according to
the criteria for the diagnosis of diabetes proposed by the
American Diabetes Association (15). Hb A, was measured by
using HPLC (ADAMS A1C HAS8180; Arcray) and expressed as
a National Glycohemoglobin Standardization Program equiva-
lent value (Aj.; percentage) calculated by the formula

Percentage of A, = percentage of Hb A,,
(Japan Diabetes Society) +0.4% (1)

which considers the relational expression of Hb A;. (Japan
Diabetes Society) (percentage) measured by using the previous
Japanese standard substance and measurement methods and Hb
A, (National Glycohemoglobin Standardization Program) (16).
Thyroid stimulating hormone was measured by using electro-
chemiluminescence immunoassay (Elecsys Anti-Tg; Roche Di-
agnostics GmbH) to confirm the absence of thyroid dysfunction.
Capillary glucose before each meal was measured with a glu-
cose meter (One Touch Ultra; Johnson & Johnson) and ex-
pressed as capillary PG. As a variable of glycemic control, the
mean preprandial PG for 3 consecutive days before the mea-
surement of BEE and FPG just before the measurement of BEE
was used. The mean pulse rate was calculated from the records
of checkups by nurses on 3 consecutive days including the day
of BEE measurement.

Insulin secretion

B cell function was evaluated after an overnight fast by
measuring CPR6’ (17) because the test is valid in patients who
take insulin therapy. The serum C-peptide immunoreactivity was
measured by using an immunoenzymometric assay (ST AIA-
PACK C-peptide; Toso). On the morning of the glucagon test,
participants took their medication after the test.

Statistical analysis

Descriptive data were expressed as means * SDs. Information
of medications, including insulin, sulfonylurea, and metformin,
was coded as use = 1 and nonuse = 0. Sex was coded as male = 1
and female = 0. The Mann-Whitney U and Fisher’s exact tests
were performed to identify differences in the characteristics of
men and women. The interrelation between BEE and clinical
factors was investigated by means of Kendall’s rank correlation
coefficients. Clinical factors include body composition (FFM
and fat mass), FPG, mean preprandial PG, A, insulin secretion,
mean pulse rate, dietary energy, and medications (ie, insulin,
sulfonylurea, and metformin). A multiple linear regression
analysis was performed to evaluate the contribution of each
determinant to BEE. Variables were selected by stepwise esti-
mation from age, sex, and the clinical factors previously de-
scribed. When P was <0.05 and >0.15, the variable was added
and removed, respectively. Data were analyzed by use of Stata
11.0 software (StataCorp). Statistical significance was set at P <
0.05 (2-tailed).
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TABLE 1
Characteristics of panicipantsI
All Men ‘Women
Patients (n) 58 35 23
Age (y) 60.2 + 927 57.6 = 9.7 64.0 = 7.1
Body weight (kg)* 63.7 = 15.6 68.3 = 16.5 56.8 = 11.2
BMI (kg/m?) 242 + 5.0 241+ 56 244 + 41
FEM (kg)* 48.4 = 11.1 54.1 £ 94 39.7 = 7.1
BEE (kcal/d)? 1294 = 227 1397 = 217 1136 = 135
CPR6’ (ng/mL) 34*138 34 x20 33+ 1.6
FPG (mg/dL) 1145 £ 252 113.7 £ 25.1 115.6 = 25.9
PPPG (mg/dL) 1439 £ 355 147.5 + 37.6 138.5 = 32.0
Ay (%) 105 =25 103 =24 109 = 2.7
Pulse rate (beats/min) 72.7 £ 10.1 75.0 = 10.8 69.2 = 7.8
Duration of diabetes (y) 84 = 7.0 100 =79 59+ 44
Treatment
Diet (kcal - SBW™! . d™h) 28.8 =24 28.7 £ 2.0 29.0 = 3.0
Medications (77)
Insulin only 24 17 7
Insulin + metformin 0 4 6
Insulin + sulfonylurea 3 2 1
Insulin + sulfonylurea + metformin 1 0 1
Sulfonylurea only 8 5 3
Sulfonylurea + metformin 5 2 3
Metformin only 4 3 1
None 3 2 1

" Ay, glycohemoglobin; BEE, basal energy expenditure; CPR6', C-peptide immunoreactivity 6 min after intravenous
glucagon injection; FFM, fat-free mass; FPG, fasting plasma glucose just before the measurement of BEE; PPPG, mean
preprandial plasma glucose for 3 consecutive days before the measurement of BEE; SBW, standard body weight.

2 Mann-Whitney U test revealed significant (P < 0.05) differences between men and women.

3 Mean * SD (all such data).

RESULTS

Participant characteristics and results of measurement are
shown in Table 1. BMI (in kg/mz), CPR6’, FPG, PPPG, Ay,
pulse rate, duration of diabetes, and treatment did not differ
significantly between men and women, whereas body weight,
FFM, and BEE were significantly higher in men, and age was
higher in women.

Significant positive correlations were observed between BEE
and FFM (r = 0.72) and dietary energy (r = 0.33), but dietary
energy also had a significant positive correlation with FEM (r =
0.37) and a significant negative correlation with fat mass (r =
—0.38) (Table 2). Fat mass had a significant negative correla-
tion with mean preprandial PG (r = —0.30) and a significant
positive correlation with insulin secretion (CPR6’) (r = 0.43)
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TABLE 2
Correlations between BEE and possible determinants of BEE’
BEE FFM FM FPG PPPG A CPR6’ PR Diet Insulin® Sulfonylureaz
1.00 — — — — — — — — — —
FFM 0.72% 1.00 — — — — — — — — —
FM 0.18% 0.16 1.00 — — — — — —_ — —
FPG -0.05 —-0.08 -0.13 1.00 — — — — — — —
PPPG -0.08 —0.08 ~0.30* 0.42% 1.00 — — — — — —
Al —-0.07 -0.03 ~0.14 0.16 0.18t 1.00 — — — — —
CPR6’ 0.197 0.19% 0.43% 0.03 -023%  —0.09 1.00 — - — —
PR 021t 0.14 0.05 0.07 0.08 —-0.06 0.07 1.00 — — —
Diet 0.33% 0.37*  —0.38% 0.07 0.20% 0.06 -0.14 0.09 1.00 — —
Insulin? -0.12 -0.06 —0.18 0.28" 0.37* 0.27% —0.24% 0.13 0.00 1.00 —
Sulfonylurea’ 0.01 —-0.00 0.12 -036*  -028"  -0.11 0.07 -0.15 =006  —0.57* 1.00
Metformin® 0.18 0.15 0.40%  —0.13 -038*  —0.01 0.29% 005 -022  ~0.16 0.01

! Aye, glycohemoglobin; BEE, basal energy expenditure (kcal/d); CPR6’, C-peptide immunoreactivity 6 min after intravenous glucagon injection (ng/
mL); Diet, energy of diet (kcal/d); FFM, fat-free mass (kg); FM, fat mass (kg); FPG, fasting plasma glucose just before the measurement of BEE (mg/dL);
PPPG, mean preprandial plasma glucose for 3 consecutive days before the measurement of BEE (mg/dL); PR, pulse rate (beats/min). =T ¥Kendall’s
correlation coefficients (n = 58): *P < 0.001, TP < 005, *P < 0.01.

2 Use = 1; nonuse = 0.
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TABLE 3
Regression models for BEE and body composition and other clinical factors’
Coef (95% CI) SE Std coef P Adjusted R?
Model 1
BEE (FFM + FM) 0.795
Intercept 400.0 (277.1, 523.1) 61.4 — <0.001
FFM 17.0 (14.3, 19.7) 1.3 0.83 <0.001
M 43 (03, 8.4) 2.0 0.14 0.038
Model 22
BEE (FFM + FM + CPR6’ + INS + PR) 0.834
Intercept 256.2 (59.3, 453.0) 98.1 — 0.012
FFM 16.9 (14.3, 19.4) 1.3 0.82 <0.001
FM 5.8 (1.8, 9.8) 2.0 0.19 0.006
CPR6’ ’ —19.9 (—35.6, —4.1) 79 —0.16 0.015
Insulin® —69.9 (—124.0, —15.7) 27.0 —0.15 0.012
PR 33(0.8,5.9) 1.3 0.15 0.011

" Model 1 predicted BEE only from body composition by linear regression analysis (n = 58). The final regression model (model 2) used independent
variables selected from FFM, FM, age, sex, CPR6’, fasting plasma glucose, mean preprandial plasma glucose, A;., dietary energy, use of insulin, use of
metformin, use of sulfonylurea, and pulse rate by stepwise estimation (n = 58). A, glycohemoglobin (%); BEE, basal energy expenditure (kcal/d); Coef,
partial regression coefficient; CPR6’, C-peptide immunoreactivity 6 min after intravenous glucagon injection (ng/mL); FFM, fat-free mass (kg) measured by
using dual energy X-ray absorptiometry; FM, fat mass (kg) measured by using dual energy X-ray absorptiometry (kg); INS, insulin; PR, pulse rate (beats/min);

Std coef, standardized coefficient.
2 Use = 1; nonuse = 0.

and use of metformin (r = 0.40). FPG had a negative correlation
with the use of sulfonylurea (r = —0.36). Mean preprandial PG
had a positive correlation with the use of insulin (r = 0.37) and
a negative correlation with the use of metformin (» = —0.38).
Insulin secretion (CPR6') had a negative correlation with the
use of insulin (r = —0.24) and a positive correlation with the use
of metformin (r = 0.29).

Because clinical factors were naturally correlated with each
other, possible spurious correlation and suppressor variables were
investigated by means of multiple regression analysis. The model
that predicted BEE from body composition alone is shown in
Table 3 (model 1). Another model included selected variables
by stepwise estimation (model 2). Insulin secretion (CPR6’; P =
0.015), use of insulin (P = 0.012) and pulse rate (P = 0.011)
were significant determinants of BEE in addition to FFM (P <
0.001) and fat mass (P = 0.006). These additional factors ex-
plained another 3.9% of the variability of BEE, and the adjusted
coefficient of determination was 83.4%. Standardized co-
efficients of FFM, fat mass, insulin secretion (CPR6"), use of
insulin, and pulse rate in model 2 were 0.82, 0.19, —0.16,
—0.15, and 0.15, respectively. Variance inflation factors of
variables in model 2 were all <1.5. Other plausible determinants
(ie, FPG, mean preprandial PG, A, dietary energy, use of
sulfonylurea, use of metformin, age, and sex) were not selected
as significant contributors by stepwise estimation. The effect of
insulin secretion (CPR6’) in BEE adjusted for FFM, fat mass,
use of insulin, and pulse rate is illustrated in Figure 1.

DISCUSSION

In the current study, endogenous insulin secretion and exog-
enous insulin administered in treatment were both significant
independent variables that predicted BEE in Japanese patients
with type 2 diabetes under MNT and medications. In addition,
both factors were negatively correlated with BEE. The current
results suggested that the effect of insulin, regardless of the en-

dogenous or exogenous source, had a significant negative impact
on energy expenditure in patients with fair glycemic control under
medical care.

In the current study, clinical factors regarding the effects of
insulin predicted BEE, whereas factors regarding glycemic
control did not predict BEE. The cause of these differing results is
not clear, but the present results indicated that the effects of
insulin affected BEE independently of glycemia. In a previous
report, EGO was shown to be a significant predictor of elevated
REE of patients with diabetes after adjustment for body com-
position, but the glucose concentration was not (18). Although
FPG was correlated with EGO, it accounted for only 21% of its
variability (19). Gluconeogenesis is an energy-consuming met-
abolic pathway and is thought to be a major source of increased
EGO in diabetes (20-22). Because hepatic insulin deficiency
plays an important role in increased gluconeogenesis in diabetes
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FIGURE 1. Relation between CPR6’ and BEE after adjustment for fat-
free mass, fat mass, pulse rate, and insulin use (n = 58). BEE, basal energy
expenditure; CPR6’, C-peptide immunoreactivity 6 min after intravenous
glucagon injection.
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