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ABSTRACT

Introduction: The number of diabetic patients has recently been increasing worldwide, and
numerous anti-diabetic drugs have been developed to induce good glycemic control. In par-
ticular, metformin, which exhibits glucose-lowering effects by suppressing gluconeogenesis
in the liver, is widely used as a first line oral anti-diabetic drug for type 2 diabetes mellitus.
Material and Methods: In this study, the pharmacological effects of metformin were inves-
tigated using female and male Spontaneously Diabetic Torii (SDT) fatty rats, a new obese
type 2 diabetic model. Results: Two experiments were performed: an assessment of repeated
treatment with metformin in female SDT fatty rats 5 to 13 weeks of age (experiment 1), and an
assessment of repeated treatment with metformin in male SDT fatty rats 6 to 10 weeks of age
(experiment 2). In female SDT fatty rats, metformin treatment led to good glycemic control,
increases in sensory nerve conduction velocity, and improvements in pancreatic abnormali-
ties such as irregular boundaries and vacuole form of islets. In male SDT fatty rats, metformin
decreased blood glucose levels 4 weeks after treatment. Conclusion: Metformin treatment
led to maintained good glycemic control and improved neuropathy and pancreatic lesions in
female SDT fatty rats. The SDT fatty rat is useful for the development of novel anti-diabetic

agents that show potential to improve glucose metabolic disorders in the liver.
Keywords: Anti-diabetic drugs, Metformin, SDT fatty rat, Type 2 diabetes.

1. INTRODUCTION

Metabolic diseases, such as diabe-
tes, obesity, and dyslipidemia, have
become health problems worldwide,
and the number of patients suffer-
ing from these diseases has rapidly
increased with changes in lifestyle,
including leading a sedentary life
and consuming a high-calorie diet
(1-3). In particular, type 2 diabetes
is a serious challenge to healthcare
services (4). The growing population
of patients with type 2 diabetes has
resulted in an increase in the number
of patients who have micro-vascular
complications, such as nephropathy,
retinopathy, and neuropathy (5-7).
In addition to the deterioration in
quality of life of such patients, the
growing number of patients contrib-
utes to an increase in medical costs
(8). Preventing the development of
type 2 diabetes is extremely import-
ant; however, the pathophysiology is
complex, involving multiple mecha-
nisms affecting multiple organs. In-
sulin resistance in peripheral tissues
and the inability to secrete sufficient

insulin to cover this reduction in
insulin sensitivity are pivotal to the
pathophysiology (9).

Since the critical causes for dia-
betes in patients vary, including ge-
netic and environmental factors and
a complex pathophysiology, various
anti-diabetic drugs that demonstrate
different mechanisms have been de-
veloped (10). Metformin is a first line
oral anti-diabetic drug, and has been
used to treat type 2 diabetic patients
for over 60 years. Moreover, met-
formin is taken by over 150 million
people each year because of its effica-
cy as a therapeutic agent and due to
its affordable price (11). Guidelines
for the treatment of type 2 diabetes,
published by the American Diabetes
Association and the European Asso-
ciation for the Study of Diabetes in
2012, recommend metformin as the
initial drug for treatment (12). Met-
formin ameliorates hyperglycemia in
type 2 diabetes, chiefly through the
direct suppression of hepatic glucose
production (11).
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Diabetic animal models are indispensable for investi-
gating the pathophysiology of diabetes and developing
novel anti-diabetic drugs. The Spontaneously Diabetic
Torii (SDT) fatty rat was established by introducing the
fa allele of the Zucker fatty rat into the SDT rat genome,
leading to the onset of hyperphagia, obesity, hyper-
glycemia and dyslipidemia in these rats at a young age
compared with normal rats. Furthermore, with the early
onset of diabetes mellitus, diabetes-associated compli-
cations, such as nephropathy, retinopathy, and neurop-
athy, in the SDT fatty rat are observed at a young age
compared with lean rats (13). Female SDT fatty rats also
develop diabetes and related complications at a young
age, suggesting the potential to become an important
diabetic animal model, especially for women, for which
few models currently exist (14). In fact, the SDT fatty rat
is considered to be a suitable model to understand the
properties of obese type 2 diabetes. In addition to the
pathophysiological analysis of diabetes in the model, the
assessment of pharmacological effects of anti-diabetic
drugs to elucidate the properties of the rats as a diabetic
animal model is important. In this study, metformin was
repeatedly administered to female and male SDT fatty
rats, and the pharmacological effects of metformin were
investigated.

2. MATERIALS AND METHODS

Animals and drug treatment

Female and male SDT fatty rats were purchased from
CLEA Japan Inc. (Tokyo, Japan). Age-matched female
and male Sprague-Dawley (SD) rats (CLEA Japan Inc.)
were used as normal control animals. Rats were housed
in suspended bracket cages and given a standard labora-
tory diet (CRF-1, Oriental Yeast Co., Ltd. Tokyo, Japan)
and water ad libitum in a controlled room for tempera-
ture, humidity and lightning. Female SDT fatty rats (Ex-
periment 1) and male SDT fatty rats (Experiment 2) were
prepared to investigate the gender difference in pharma-
cological responses. For the convenience of work, the
experiment 1 was started from 5 weeks of age, and the
experiment 2 was started from 6 weeks of age in the male
rats.

Experiment 1: Metformin (Wako, Osaka, Japan) (100,
300 mg/kg) was administered to female SDT fatty rats
that were 5 to 9 weeks of age (n=>5) in a dietary mixture.
After 9 weeks of age, the administration period in the
metformin 300 mg/kg group was prolonged for 4 weeks.

Experiment 2: Metformin (300 mg/kg) was adminis-
tered to male SDT fatty rats that were 6 to 10 weeks of
age (n=5) in a dietary mixture.

Measurement of biological parameters

Food intake, body weight, and non-fasting serum bio-
chemical parameters, such as glucose, insulin, triglycer-
ide (TG) and total cholesterol (TC) levels, were evaluat-
ed every two weeks. The glucose, TG, and TC levels were
measured using commercial kits (Roche Diagnostics,
Basel, Switzerland) and an automatic analyzer (Hitachi,
Tokyo, Japan). Serum insulin levels were measured using
a rat-insulin enzyme-linked immunosorbent assay (ELI-
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SA) kit (Morinaga Institute of Biological Science, Yoko-
hama, Japan).

Measurement of nerve conduction velocity

The evaluation of neuropathy, via nerve conduction
velocity, was performed at 10 weeks of age in female SDT
fatty rats. Nerve conduction velocity was measured in
accordance with previously described methods (15). The
sciatic nerve was stimulated at the sciatic notch and the
Achilles tendon using adequate intensity under 37.5 mg/
kg of sodium pentobarbital (Kanto chemical, Tokyo, Ja-
pan) and 3 mg/kg of diazepam anesthesia. The action po-
tential in the muscle was recorded via PowerLab through
a needle electrode (Figure 1A). Motor nerve conduction
velocity (MNCV) was calculated from the delta latency
between M-wave peaks divided by the distance of the
nerve length measured. Sensory nerve conduction ve-
locity (SNCV) was also calculated from H-wave peaks
(Figure 1B).

The formulas used to calculate MNCV and SNCV
were as follows.

MNCYV (m/sec) = distance between the sciatic notch
and Achilles tendon (mm)/peak latency of an M-wave
in the sciatic notch — peak latency of an M-wave in the
Achilles tendon (msec).

SNCV (m/sec) = distance between the sciatic notch
and Achilles tendon (mm)/peak latency of an H-wave in
the Achilles tendon — peak latency of an H-wave in the
sciatic notch (msec).

Histopathological analysis

Necropsy was performed at 13 weeks of age in female
SDT fatty rats. The pancreas was fixed in 10% neutral
buffered formalin. After resection, the tissue was paraf-
fin-embedded using standard techniques and thin-sec-
tioned (3 to 5 um). The sections were stained with hema-
toxylin and eosin (HE).

Statistical analysis

Results of biological parameters and assessments of
nerve conduction velocity were expressed as means +*
standard deviation. A statistical analysis of differences
between mean values was performed using a One-way
analysis of variance (ANOVA) followed by Dunnett’s
two-tailed test.

3. RESULTS

Biological parameters

Changes in food intake, body weight, and blood chem-
ical parameters in female SDT fatty rats are shown in
Table 1. The female SDT fatty rat developed metabolic
disorders, such as hyperphagia, obesity, hyperglycemia,
hyperinsulinemia, and hyperlipidemia as previously re-
ported. Blood glucose levels in the metformin 300 mg/
kg group significantly decreased from 7 to 9 weeks of
age compared with those in the control group. Effects on
metabolic disorders were not observed in the metformin
100 mg/kg group.

Changes in food intake, body weight, and blood chem-
ical parameters in male SDT fatty rats are shown in Table
2. The male SDT fatty rat also developed metabolic dis-
orders, such as hyperphagia, obesity, hyperglycemia, hy-
perinsulinemia, and hyperlipidemia. Blood insulin levels
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at 10 weeks of age in the SDT fatty 5 weeks 7 weeks 9 weeks
rat were comparable to that in nor- Control N.D. 33.7+2.0 ## 333+ 1.9##
mal rats. Food intake and blood i q4intake  Metformin 100mg/kg  N.D. 30.5+3.0 33.3:54
glucose levels in the metformin (g/qay) Metformin 300 mg/kg  N.D. 32.0:2.8 322:26
300 mg/kg group significantly de- Normal rat N.D. 188+4.0 19.6 5.0
creased ?thlohweek,s thage com Control 2103+ 11.7## 3336=142#% 422.030.4 ##
gf(r) i‘;. ‘%fe btlo‘(’)ile t%;cgriﬁnltx. Bodyweight  Metformin 100mg/kg  211.8:86  335.0:8.1 424.2+84
cls in the metformin 300 mg/kg (g Metformin 300mg/kg  209.0:56  331.6+5.6 430.0+8.1
group significantly increased at 10 Normal rat 1794:57  239.9+10.0 290.5+10.0
weeks of age compared with that  giood gucoss Control_ 1594+ 16.3#% 464.4:170.0#% 466.6+172.9 ##
in the control group, and the total puy Metformin 100mg/kg  157.0:13.9  404.0+98.8 464.8+199.4
cholesterol levels in blood in the  (mg/d) Metformin300mg/kg  155.6+12.1  279.8:37.8*  193.2:37.5*
metformin 300 mg/kg group sig- Normal rat 1334:63  146.4+15.7 127.2+134
nificantly increased from 8 to 10 o .~ Contil_ 137:27#F  215:50#  214:1564
weeks of age. level Metformin 100 mg/kg  11.2+2.2 22919 21.1+7.6

Nerve conduction velocity (ng/ml) Metformin 300 mg/kg  21.1+7.6 25.1+6.4 284+4.0

The device used to measure Normal rat 1.6+0.9 2.4+0.6 1.4+0.4
nerve conduction velocity and the _ Control 340.8+435## 668.0+191.4## 377.1+57.6##
results are shown in Figure 1. The ~Blood iglycer “yioico i 100 mg/kg 32092419  650.2:2441 303312438
SNCV in the control group signifi- '(fne '/ed"l‘;' Metformin300mg/kg  300.2+59.1 64131638  291.2+69.8
cantly decreased compared with ¢ Normal rat 64.4+316 962205 81.4+33.0
that in the normal rat group, and Control 128.1+3.54## 111.7+5.2## 128.0 + 20.7 ##
the SNCV in the metformin 300 Bloodtotal = "y in100mgkg 1216290 1144294 1431311
mg/kg group recovered to levels chlesterollevel Metformin 300 mg/kg ~ 131.4+3.5 112.5+6.9 132.3+10.8
similar to those observed in the (Mmg/d) Normal rat 786273 77132 822:79

normal rat group (control group,
38.5 £ 3.4 m/s; metformin 300 mg/
kg group, 46.6 + 4.8 m/s; normal
rat group, 47.2 + 6.6 m/s). The
MNCYV in the control group was

Table 1. Quantitative analysis in metformin treatment in female SDT fatty rats. Data represent mean
+ standard deviation (n = 5). *p<0.05: significantly different from Control group. #p<0.05, ##p<0.01:
significantly different from Normal rat. N.D.: not determined

comparable to that in the normal 6 weeks 8 woeks 10 woeks
rat group, and the effect of met- fooginae O N.D. 44.0+23#F  439:18##
formin on MNCV was not shown.  (g/day) Metformin 300 mg/kg ~ N.D. 414:15 38427
Histopathology Normal rat N.D. 25.2+15 24.0+4.5
Histopathological changes in  pog ciont Control 2836+26.7## 377.3+8.8##  460.9+11.0##
the pancreas are shown in Figure @ Metformin 300 mg/kg 270.4 +25.5 380.2+20.9 470.7 £ 27.2
2. Histopathological abnormali- Normal rat 2155+15.7 312.4+37.0 393.2+31.7
ties, such as irregular boundaries Blood glucose Control 589.0 +211.2## 690.8+75.8## 739.2+82.5##
and vacuole form in islets, were level Metformin 300 mg/kg  582.2 + 195.6 703.6+130.4 627.6 +53.2*
observed in the pancreas of female ~ (mg/dl) Normal rat 159.8+6.8 148.0 + 7.4 165.6+9.5
SDT fatty rats. These changes were  Bjgodinsulin  Control 189+ 4.54# 6.8+ 0.7 ## 5.6+ 1.5
not observed in the metformin 300  |evel Metformin 300 mg/kg  16.8=3.9 7.1:23 58+1.9
mg/kg group. (ng/mi) Normal rat 2.0+0.6 3.9:+0.8 57+18
Blood triglvcer-  Control 516.9+77.0## 431.4+93.14# 281.7+74.1##
4. DISCUSSION delevel  Mefrmn300mghe 47182425  5405:1004  6139s 1525
The pathogenesis of type 2 dia-  (mg/di) Normal rat 1080112 1458301  131.0+24.9
!’etes is heterogeneous, and genet- " Control 103.3=5.4##  103.4:3.6#F  104.0+8.9##
ic and environmental factors are oo olee Metformin 300 mgkg 1064+ 1.9 1183:102* 119.0:99*
complexly related with the devel- oy Normal rat 746+28 75233 795+83

opment of the disease. Metabolic
abnormalities including hypergly-
cemia and dyslipidemia in diabetic
patients are caused by defects in
insulin secretion from the pancre-

Table 2. Quantitative analysis in metformin treatment in male SDT fatty rats. Data represent mean +
standard deviation (n = 5). *p<0.05, **p<0.01: significantly different from Control group. ##p<0.01:
significantly different from Normal rat group. N.D.: not determined

as and insulin sensitivity in peripheral tissues (16, 17).
Improvements in insulin deficiency in pancreatic [ cells
and the enhancement of insulin sensitivity are necessary
to achieve tight blood glucose control, and numerous
drugs have been developed to treat type 2 diabetic pa-
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tients. Sulfonylureas and dipeptidyl peptidase (DPP)-4
inhibitors have been developed to improve insulin de-
ficiency, and biguanides and thiazolidinedione-based
agents have been developed to enhance insulin sensitiv-
ity (16, 18).
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Figure 1. Effects of metformin on assessments of nerve conduction
velocity at 10 weeks of age in female SDT fatty rats. (A) The appearance
of the measurement device. (B) Representative data of M- and H-
aves. (C) Changes in sensory and motor nerve conduction velocities
fter metformin 300 mg/kg treatment. Data represent mean =+ standard
deviation (n=5). * p<0.05; significantly different from the control. #
p<0.05; significantly different from normal rats.

In 1929, dimethylbiguanides, including phenformin
and metformin, were developed, with phenformin being
more potent than metformin in terms of glucose-low-
ering effect; however, phenformin was withdrawn from
the market due to the high occurrence of the serious side
effect lactic acidosis in 1970s (11). As a treatment for pa-
tients with type 2 diabetes, metformin decreased hepatic
glucose output by suppressing gluconeogenesis (19, 20).
In animal studies, metformin also reduced hepatic glu-
cose production (21, 22). In this study, the pharmacolog-
ical effects of metformin were investigated to elucidate
the properties of SDT fatty rats, a new obese type 2 dia-
betic model.

A significant glucose-lowering effect in female SDT
fatty rats was observed with metformin 300 mg/kg treat-
ment, and the sustained glycemic control ameliorated
neuropathy in sensory neurons. In this study, female
SDT fatty rats showed dysfunctions in sensory neurons,
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Figure 2. Histopathological analysis of the pancreas. (A) female SDT
fatty rat at 13 weeks of age. (B) A metformin 300 mg/kg-treated
female SDT fatty rat. (C) A normal SD rat at 13 weeks of age. Original
magnification x 200. HE staining.

but not in motor neurons. Since the thinner nerve is easi-
ly damaged, leading to hyperglycemia, only dysfunctions
in sensory neurons may be represented in female SDT
fatty rats at 10 weeks of age. In female SDT fatty rats at
29 weeks of age, sodium glucose co-transporter (SGLT)
inhibitors reportedly improve decreases in SNCV and
MNCYV (23). Moreover, good glycemic control report-
edly leads to improvements in SNCV in other diabetic
models, including in streptozotocin (STZ) — induced
diabetic rats and Zucker diabetic fatty (ZDF) rats (24).
The female SDT fatty rat is considered to be useful for
the evaluation of the glucose-lowering effects and the
potential effects of anti-diabetic drugs on diabetic com-
plications.

The irregular boundaries and the vacuole form in pan-
creatic islets are considered to be caused by sustained
hyperglycemia in SDT fatty rats, and these changes im-
proved with glycemic control observed after metformin
treatment. In ZDF rats, pancreatic abnormalities, such
as irregular boundaries and vacuole form in islets, as well
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as fibrosis, were also reportedly improved by chronic gly-
cemic control (25).

In male SDT fatty rats, metformin 300 mg/kg treat-
ment transiently decreased blood glucose levels; howev-
er, food intake decreased and, furthermore, lipid levels
increased with metformin treatment. Since blood glu-
cose levels in male SDT fatty rats are significantly higher
than those in female SDT fatty rats, an increase in the
administration dosage may be necessary to observe a
glucose-lowering effect with metformin in male SDT fat-
ty rats. In our preliminary study, a single administration
of metformin 1000 mg/kg in male SDT fatty rats led to
significant glucose-lowering effects (blood glucose lev-
els at 3 h after oral administration, Control group: 537
+ 109 mg/dl, Metformin treatment group: 310 + 98 mg/
dl). The metformin treatment group in male SDT fatty
rats showed increases in blood lipid levels; however, the
mechanism is unknown.

5. CONCLUSION

In female SDT fatty rats, metformin treatment led to a
glycemic control and improved neuropathy and pancre-
atic abnormalities. The SDT fatty rat is useful for the de-
velopment of novel anti-diabetic agents that show poten-
tial to improve glucose metabolic disorders in the liver.

e (Conflict of interest: none declared.
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