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Effect of Carbohydrate-Restricted Diet on Glucose Tolerance in Streptozotocin-Induced Diabetic Rats

Shunsuke Higaki', Reiko Inai® and Tatsuhiro Matsuo

Abstract

Diabetes is a chronic disease that occurs when insulin production by the pancreas is reduced or when the body

cannot effectively use the produced insulin. Type 2 diabetes is a serious problem among middle-aged and elderly in-

dividuals. Therefore, a healthy and balanced diet, moderate exercise, and proper weight control are effective in pre-

venting and alleviating type 2 diabetes. In recent years, a carbohydrate-restricted diet (a very low-carbohydrate diet)

has been recognized as effective for the prevention and alleviation of diabetes. In this study, we investigated the ef-

fects of moderate and severe carbohydrate-restricted diets on glucose tolerance in streptozotocin (STZ) -induced di-

abetic rats, an insulin-deficient diabetes model. Forty-eight male Wistar rats (3-week-old) were obtained, half of

which were administered STZ to induce diabetes. Both groups of rats were fed moderate and severe carbohydrate-re-

stricted diets for four weeks. We confirmed that both moderate and severe carbohydrate-restricted diets increased

fasting serum glucose levels and did not improve glucose tolerance in STZ-induced diabetic rats. However, firm con-

clusions regarding carbohydrate restriction have not yet been reached, and further research is needed to investigate

the long-term effects and metabolic mechanisms of carbohydrate restriction.
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Introduction

Diabetes is a chronic disease that occurs when insulin pro-
duction by the pancreas is reduced or when the body cannot
effectively use the produced insulin"’. According to the Inter-
national Diabetes Federation (IDF), 463 million people
worldwide had diabetes in 2019, with an estimated 382 mil-
lion people in 2013 and 108 million in 1980" . The number
of patients with diabetes is rapidly increasing, and is projected
to reach 578 million by 2030 and 700 million by 2045. Type 2
diabetes accounts for approximately 90% of cases'’. This type
of disease is common among middle-aged and elderly individ-
uals and is a preventable lifestyle-related disease*”. There-
fore, a healthy and balanced diet, moderate exercise, proper
weight control, and smoking cessation are effective in pre-
venting and alleviating type 2 diabetes®. The World Health
Organization (WHO) estimated that diabetes caused 1.5 mil-
lion deaths in 2012, making it the eighth leading cause of

death globally". However, an additional 2.2 million deaths

worldwide have been attributed to increased risks of hypergly-
cemia, cardiovascular disease, renal failure, and other related

7 all of which often lead to premature death® .

complications

In recent years, a carbohydrate-restricted diet (very
low-carbohydrate diet) has been recognized as an effective
diet for the prevention and alleviation of lifestyle-related dis-

. )
eases, such as diabetes”’

. This diet restricts carbohydrate con-
sumption to a lesser extent than usual diets. Therefore, carbo-
hydrate-rich foods (including sugar, bread, and pasta) are
restricted and replaced with foods high in fat and protein
(meat, poultry, fish, shellfish, eggs, cheese, nuts, seeds,
etc.)"”. The anti-diabetic effects of a carbohydrate-restricted
diet are based on the suppression of postprandial hyperglyce-
mia, resulting in glycation and oxidative stress, which may
lead to complications such as cardiovascular diseases" .
This is because carbohydrates are the only nutrients that
strongly increase postprandial blood glucose concentration
except in diabetes"* ™. In 2013, the American Diabetes Asso-

ciation (ADA) recommended a carbohydrate-restricted diet
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as the most appropriate option for diabetes treatment” .

However, there are also negative views regarding carbohy-
drate-restricted diets. The Japan Diabetes Society (JDS) does
not recommend the adoption of a carbohydrate-restricted diet
because of the absence of clinical data showing that carbohy-
drate-restricted diets help alleviate diabetes”. The JDS does
not allow a carbohydrate intake of less than 50% of the total
energy intake"”. The ability of Japanese people to secrete in-
sulin is lower than that of European and American people.
Therefore, even patients with mild obesity may not cope with
the increased need for insulin owing to insulin resistance,
leading to diabetes”. In insulin resistance, fasting plasma
glucose levels are often normal, and severe hyperglycemia de-
velops after a glucose load. This study investigated the effects
of moderate and severe carbohydrate-restricted diets on glu-
cose tolerance in streptozotocin (STZ)-induced diabetic rats,

an insulin-deficient model of diabetes"™” .

Materials and Methods

All animal procedures were approved by the Animal Care
and Use Committee for Kagawa University (approval num-
ber: 14030).

Animals, diets, and experimental design

Forty-eight male Wistar rats (3-week-old) were obtained
from Japan SLC (Shizuoka, Japan) and were individually
caged at 22 = 1°C, with light from 08:00 to 20:00. As an ac-
climatization period for six weeks, they were fed MF, a com-
mercial rodent diet (Oriental Yeast Co., Ltd., Tokyo, Japan),
and had access to water ad libitum until they were six weeks
old (after three weeks of starting the acclimatization period).
Then, the rats were meal-fed the MF from 8:00 h to 9:00 h
and 20:00 h to 21:00 h for the next three weeks. One week af-
ter starting the acclimatization period, rats with equal mean
body weight were randomized into two groups, the STZ-in-
jected (diabetic) and non-injected (normal) groups. STZ-in-
duced diabetic rats, which exhibited impaired insulin secretion
due to B-cell destruction, were generated by intraperitoneal in-
jection of 5 mg/5 mL/kg STZ (FUJIFILM Wako Chemicals,
Osaka, Japan), and normal rats were injected with 5 mL/kg
saline. Three weeks after injection, STZ-injected rats were
bled from the tail vein using a capillary tube after overnight
starvation, plasma glucose levels were measured, and diabetes
was confirmed (glucose level > 140 mg/dL) **. STZ-injected

rats with a glucose level of less than 140 mg/dL were re-in-

jected STZ, and all STZ-injected rats were confirmed to de-
velop diabetes within six weeks of the acclimatization period.
Rats in the normal (N) and diabetic (D) groups were divided
into three sub-groups (n=8 each) with equal mean body
weight and mean fasting plasma glucose levels. The composi-
tion of the experimental diets was shown in Table 1. Control
(CO), moderate carbohydrate-restricted (MCR), and severe
carbohydrate-restricted (SCR) diets contained 55.0, 23.3, and
13.0% carbohydrates of energy, respectively. Soy protein pro-
vided by J-Oil Mills, Inc. (Kanagawa, Japan) was used as the
protein source for the experimental diets. Vitamin and mineral
mixtures were purchased from Oriental Yeast Co., Ltd. (To-
kyo, Japan). Three sub-groups each of groups N and D (N-
CO, N-MCR, N-SCR, D-CO, D-MCR, and D-SCR) were fed
the experimental diets (Table 1) from 8:00 h to 9:00 h and
20:00 h to 21:00h with free access to water for four weeks.
Body weights and food intake were recorded daily. On the fi-

Table 1. Composition of experimental diets.

CO MCR SCR
Ingredients (g/kg)
Soy protein 280.0 365.0 550.0
DL-Methionine 30 3.0 3.0
Corn starch 5199 2379 59.6
Soybean oil 50.0 50.0 50.0
Beef tallow 50.0 250.0 250.0
Mineral mixture' 35.0 35.0 35.0
Vitamin mixture' 10.0 10.0 10.0
Cellulose 50.0 470 40.3
Chorine chloride 20 20 20
Butylhydroxytoluene 0.1 0.1 0.1
Total 1000.0 1000.0 1000.0
Nutritional composition (g/kg)
Carbohydrate 509.1 279.8 156.7
Fat 100.1 299.8 2999
Protein 1904 2473 3712
Fiber 60.1 60.1 60.1
Energy ratio (%)
Carbohydrate 55.0 23.3 13.0
Fat 244 56.1 56.1
Protein 20.6 20.6 309
Energy (kcal/g)* 370 481 481

' Based on the AIN-76 mixture.

* Carbohydrate, fat, and protein provide energy at 4, 9, and 4 kcal/g,
respectively.

CO, MCR, and SCR are abbreviations for the control, moderate
carbohydrate-restricted, and severe carbohydrate-restricted diets.
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nal day, all rats were euthanized by decapitation at 9:00 h after
overnight starvation and then dissected. Blood was collected
to obtain the serum. The heart, liver, pancreas, kidneys,
spleen, and abdominal adipose tissues (epididymal, perirenal,

and mesenteric) were quickly excised.

Serum glucose, insulin, and pancreatic insulin analyses
Pancreatic insulin was extracted by the method described
by Flock et al."”. The concentrations of fasting serum glucose
and insulin, and pancreatic insulin level were determined us-
ing kits (Glucose C II -test, LBIS Rat Insulin ELISA Kit [FU-
JIFILM Wako Pure Chemical Corporation, Osaka, Japan] ).

Oral glucose tolerance test

After 3 weeks of feeding, oral glucose tolerance tests
(OGTTs) were performed for each group of rats. Rats were
weighed after 12 h of fasting. Subsequently, a 2 g/kg body
weight freshly prepared 50% glucose solution was adminis-
tered orally through a gavage needle. Blood samples were ob-

tained from the tail vein using a capillary tube at baseline (0)

and 30, 60, 90, and 120 min after glucose administration.
Plasma glucose concentration measurements were performed
in the same manner as serum glucose measurements, as previ-

ously described.

Data analysis

All data were analyzed using two-way analysis of variance
(ANOVA) and the Tukey-Kramer test (Bell Curve for Excel,
SSRI, Tokyo, Japan). Statistical significance was set at p <
0.05.

Results and Discussion

Body weight, energy intake, and abdominal fat weight
(Table 2)

Based on the ANOVA results, STZ injection dramatically
decreased the initial and final body weights, weight gain, food
intake, and food efficiency. Both severe and moderate carbo-
hydrate restriction significantly increased final body weight,

weight gain, and food efficiency. Final body weight was sig-

Table 2. Body weights, energy intake, and abdominal fat weights in each group of rats.

ANOVA
Groups CO MCR SCR
CR STZ CR x STZ
Body weights (g)
. N 163 £ 8 162 = 6 163 = 7
Initial e e " n.s. <001 n.s.
110+ 9 118 = 11 117 £ 7
) N 178 = 9° 2260 = 9' 211 = 10°
Final e e e <0.05 <0.05 n.s.
D 111 £ 11 143 £ 19 138 =13
) N 17+ 3 64 * 48 +
Gain - e . <005 <001 n.s.
D 1+5 25+ 9 219
E intake (g/day) N 292 8= 303 <005
nergy intake a ) n.s. n.s.
& & D 28+ 2 37+ 3 32 = 2
Abdominal fat weights (mg/g)
» N 17 £ 2° 25 = 2 22 =2
Epididymal . e s <0.01 <001 n.s.
D 4+1 14 £ 6 12+ 2
N 11 =2 24 =2 20 = 2°
Perirenal - s - <001 <001 n.s.
D 1+1 94 8§ =2
) N 14+1° 20 =1 19+ 2
Mesenteric - e e <0.01 <0.01 n.s.
D + 10 £ 3 10 =2

Data are the means * SE for 8 rats.

Superscripts indicate statistical differences within the row (P < 0.05). *P<0.05, **P<0.01 vs. N group. n.s., not significant.
CO, MCR, and SCR are abbreviations for the control, moderate carbohydrate-restricted, and severe carbohydrate-restricted groups.
N and D are abbreviations for normal and diabetic rats. CR and STZ are abbreviations for carbohydrate restriction and streptozotocin injection.



34 BN REETRAAMTHGS B76%, 2024

nificantly higher in the D-MCR and D-SCR groups than in the
D-CO group. No interaction between STZ injection and car-
bohydrate restriction was detected in terms of body weight or
food intake. STZ injection significantly increased the relative
weights of abdominal adipose tissues (epididymal, perirenal,
and mesenteric). Both severe and moderate carbohydrate re-
striction significantly increased the relative weights of the epi-
didymal, perirenal, and mesenteric adipose tissues, which
were significantly higher in the N-MCR and N-SCR groups
than in the N-CO group, and were significantly higher in the
D-MCR and D-SCR groups than in the D-CO group. No inter-
action between STZ injection and carbohydrate restriction was

detected for any of the relative tissue weights.

Serum glucose, insulin, and pancreatic insulin levels
(Table 3)

Based on the ANOVA results, STZ injection significantly
increased the concentrations of serum glucose and insulin and
decreased pancreatic insulin content. Carbohydrate restriction
significantly increased the serum glucose concentration, which
was higher in the D-MCR and D-SCR groups than in the
D-CO group. We detected an interaction between STZ injec-
tions and carbohydrate restriction in serum glucose concentra-
tion, which was increased in the D groups by carbohydrate re-

striction.

Plasma glucose concentration after oral glucose ad-
ministration (Table 4)

Three weeks after feeding, STZ injection significantly in-
creased the increments in plasma glucose levels and the area
under the curve (AUC) after glucose administration, whereas

carbohydrate restriction did not influence these parameters. At

almost all time points, the increments in glucose levels were
significantly higher in the D groups than in the N groups, ex-
cept 30 min after administration. We detected an interaction
between STZ injections and carbohydrate restriction in the in-
crease in plasma glucose concentration 120 min after adminis-
tration, which was suppressed by carbohydrate restriction. The
AUC in the STZ-injected rats was the lowest in the D-MCR
group, but the difference was not significant.

Some studies have demonstrated the anti-obesity and an-
ti-diabetic effects of carbohydrate-restricted diets™*. There-
fore, we expected that the ingestion of a carbohydrate-restrict-
ed diet as a therapeutic diet for diabetes could decrease fasting
blood glucose levels and improve glucose tolerance in patients
with diabetes. Unexpectedly, carbohydrate restriction in-
creased fasting serum glucose levels despite no effects on fast-
ing serum insulin and pancreatic insulin levels (Table 3). In
addition, carbohydrate restriction did not improve glucose tol-
erance (Table 4) in STZ-induced diabetic rats. These results
suggest that carbohydrate restriction exacerbates insulin resis-
tance in insulin-deficient diabetic rats. Several studies have
shown that a carbohydrate-restricted diet prevents type 2 dia-
betes, whereas other studies have shown opposite results ™.
Although it is recognized that dietary carbohydrate plays a
role in the development of type 2 diabetes, it is unknown how
much dietary carbohydrate is too much or sufficient to en-
hance type 2 diabetes in humans or animals on a carbohy-
drate-restricted diet.

A carbohydrate-restricted diet is inevitably a high-fat,
high-protein diet. A high-protein diet has been shown to in-
duce insulin resistance, possibly through the activation of the
mammalian target of rapamycin (mTOR) and S6kinase

(26, 27)

(S6K) signaling pathways . However, in the present study,

Table 3. Concentrations of serum glucose and insulin concentrations, and pancreatic insulin content in each group of rats.

P-value
Groups CO MCR SCR
CR STZ CR x STZ
N 116 = 6 117 £ 5 118 £ 6
Serum glucose (mg/dL) e . . <0.01 <0.01 <0.01
D 189 = 21 383 + 35° 344 £ 51°
o N 06 = 0.1 5+ 0.1 06 0.1
Serum insulin (ng/mL) . . . n.s. <001 n.s.
D 01 %01 01 =01 0.1 =00
o N 0.16 = 0.05 0.18 = 0.03 0.15 = 0.03
Pancreatic insulin (ug/mg) . . . n.s. <001 ns.
D 0.01 = 0.00 0.01 = 0.00 0.02 = 001

Data are the means + SE for 8 rats.

Superscripts indicate statistical differences within the row (P <0.05). *P<0.05, * *P<0.01 vs. N group. n.s., not significant.
CO, MCR, and SCR are abbreviations for the control, moderate carbohydrate-restricted, and severe carbohydrate-restricted groups.
N and D are abbreviations for normal and diabetic rats. CR and STZ are abbreviations for carbohydrate restriction and streptozotocin injection.
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Table 4. Increase in plasma glucose concentrations (mg/dL) after oral glucose administration in each group of rats.
P-value
Groups CcO MCR SCR
CR STZ CR x STZ
Time after administration (min)

N 0.0 = 0.0 0.0 = 00 00 =00

0 n.s n.s n.s
D 00 = 00 00 =00 00 =00
N 36.0 = 9.6 243 = 85 354 =151

30 on n.s <001 n.s
D 1626 + 381 1124 + 669 1056 * 40.7
N 457 = 25 420 =73 423 98

60 on . . n.s <001 n.s
D 304.1 = 30.0 2004 = 722 3775 = 1388
N 340 + 32 36.0 = 56 308 =70

90 ox . e n.s <001 n.s
D 1838 = 40.2 1742 + 588 2128 = 34.8
N 202 =45 302 £ 51 510 £ 71

120 e e . n.s <001 <001
D 2020 = 304 1786 + 376 1026 = 183
N 630 =59 60.2 £ 9.1 637 = 131

AUC e s s n.s <0.01 n.s

D 3758 = 40.0 316.0 =620 379.1 = 620

Data are the means * SE for 8 rats.

Superscripts indicate statistical differences within the row (P <(0.05). "P<0.05, **P<0.01 vs. N group. n.s., not significant.
CO, MCR, and SCR are abbreviations for the control, moderate carbohydrate-restricted, and severe carbohydrate-restricted groups.
N and D are abbreviations for normal and diabetic rats. CR and STZ are abbreviations for carbohydrate restriction and streptozotocin injection.

AUC, area under the curve.

no differences in fasting glucose and insulin levels and glu-
cose tolerance were observed between the D-MCR and
D-SCR groups fed diets with different amounts of protein
(20.6 and 30.9% energy ratio, respectively) (Tables 3 and 4).
Therefore, the mTOR-S6K signaling pathway was not the
study’s likely mechanism of insulin resistance in our study.
We confirmed that both moderate and severe carbohy-
drate-restricted diets increased fasting serum glucose levels
and did not improve glucose tolerance in STZ-induced diabet-
ic rats. However, firm conclusions regarding carbohydrate re-
striction have not yet been reached, and further research is
needed to investigate the long-term effects of carbohydrate re-

striction and metabolic mechanisms.
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