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Abstract

Background: Advanced glycation end products (AGEs) are associ-
ated with diabetes mellitus. Digested food-derived AGEs have been 
implicated in the pathogenesis of AGE-related disorders, and restrict-
ing diet-derived AGEs improves insulin resistance in animal models. 
The AGE content in foods changes according to cooking method, and 
it is higher in baked or oven-fried foods than in those prepared by 
steaming or simmering. Here, we examined the feasibility of crosso-
ver comparison tests for determining how different cooking methods 
(normal diet vs. low-AGE diet) affect insulin levels in non-diabetic 
Japanese subjects.

Methods: Five adult men and women (age, 41 ± 7 years; body mass 
index (BMI), 21.7 ± 2.6 kg/m2) were enrolled. The following dietary 
regimen was used: days 1 - 3, control meal; day 4, test meal (normal 
diet vs. low-AGE diet); day 5, washout day; and day 6, test meal. On 
days 4 and 6, blood samples were collected before and at 2, 4, and 6 
h after meals.

Results: Blood levels of N-(carboxymethyl) lysine (CML) increased 
with dietary intake, but the increase was similar for the normal diet 
and low-AGE diet groups. Mean plasma glucose, insulin, triglyc-
erides (TG), and CML did not differ significantly between the two 
groups. The area under the curve (AUC) for insulin levels was lower 
in the low-AGE diet group (d = 0.8). The sample size calculated from 
the effect size of the insulin AUC change was 22.

Conclusions: Twenty-two subjects may be needed to investigate the 
changes in clinical parameters attributable to cooking method in non-
diabetic Japanese subjects.
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Introduction

Insulin resistance, alone or as part of the metabolic syndrome, 
has become an increasingly common problem in modern soci-
ety [1, 2]. Epidemiological studies have shown that increased 
incidences of insulin resistance and type 2 diabetes are ob-
served in individuals who adopt the modern diet compared 
with those with the same genetic background who do not [3-5].

Advanced glycation end products (AGEs), which are 
formed in the Maillard reaction, cause various types of disor-
ders, including diabetes mellitus (DM) [6-8]. The formation 
and accumulation of AGEs increases with age [1] and pro-
gresses at an extremely accelerated rate, particularly in pa-
tients who are hyperglycemic [9]. Moreover, the consumption 
of foods that contain high levels of AGEs [6] may also play 
an important role in the pathogenesis of AGE-related disor-
ders and DM. Because the amount of AGEs in foods that are 
baked or fried in the oven is higher than the amount in foods 
that are steamed or simmered, the modern diet may be AGE-
rich [10]. Animal studies have indicated that consuming high 
levels of dietary AGEs contributes to increased insulin levels, 
insulin resistance, and defects in first phase insulin secretion, 
and low-AGE diets were shown to protect against decreasing 
insulin sensitivity in a mouse model of type 2 diabetes as well 
as wild-type mice [5, 11, 12]. The mechanism for these effects 
may involve the secretion of inflammatory cytokines [13] and 
induction of oxidative stress through the interaction between 
AGEs and their receptor RAGE [14]. The results of our previ-
ous study on non-diabetic subjects indicated that anti-oxidant-
rich foods [15, 16] or a short-term low-calorie diet [17] sup-
presses the accumulation of AGEs. Therefore, a low-AGE diet 
possibly improves insulin resistance not only in patients with 
type 2 and type 1 diabetes [13, 18] but also in non-diabetic 
individuals. However, the effect of a low-AGE diet on insulin 
levels in non-diabetic individuals is unclear, as the macronutri-
ents were not matched in a controlled diet study [10]. Specifi-
cally, the effects of a low-AGE diet on insulin levels in Asian 
individuals are still not clear, and the sample size necessary for 
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clinical studies has not been calculated.
In this pilot study, we compared the effects of different 

cooking methods on insulin levels in non-diabetic Japanese 
subjects. The primary aim was to calculate the sample size 
based on the effects of a low-AGE diet on insulin levels in 
non-diabetic Japanese subjects.

Materials and Methods

Participants

Five non-diabetic subjects (two men and three women with 
a mean age of 41 ± 7 years and body mass index (BMI) of 
21.7 ± 2.6 kg/m2) participated in this study. The exclusion 
criteria included those who had a history of serious problems 
involving the liver, kidney, heart, lungs, digestive organs (in-
cluding gastrectomy), and metabolic systems; those with a 
history of abnormalities, other serious diseases, or morbidity; 
those who were hospitalized, smokers, alcohol drinkers (60 
g/day alcohol or more), shift workers, or late night workers. 
Written informed consent was obtained from each patient. 
The study protocol conformed to the ethical guidelines of the 
1975 Declaration of Helsinki, as reflected in prior approval 
by the Ethics Committee of Kyoto Medical Center (approval 
number: 16-092). This trial was registered with UMIN as 
000026413.

We conducted a randomized crossover study over 6 days 
(Fig. 1). The subjects were given a standardized reference diet 
on days 1 - 3 and day 5. On days 4 and 6, in the morning (9:00 
am), the effects of normal and low-AGEs meals were studied. 
Day 5 was a washout day [19].

Normal and low-AGE diets

The normal and low-AGE diets were formulated and cooked 
by a registered dietitian. The normal and low-AGE diets were 
isocaloric, contained identical ingredients, and differed only 
by the temperature and time of cooking. Each meal contained 
bread, vegetables, egg, potatoes, and banana. The components 
of the normal meals were baked or fried, whereas the com-
ponents of the low-AGE meals were served raw or boiled or 

steamed (Table 1).

Measurements

Body composition was measured using a body composition 
analyzer (InBody 720; Biospace Inc., Seoul, Korea). BMI was 
calculated based on the measured height and weight.

Blood samples were corrected on days 4 and 6. Serum 
total protein (TP) and albumin (Alb) were measured by the 
Biuret method (Serotec Co., Ltd, Hokkaido, Japan) and the 
bromocresol purple (BCP) method (Serotec Co., Ltd, Hokkai-
do, Japan), respectively. Glutamate oxaloacetate transaminase 
(GOT), glutamic pyruvic transaminase (GPT), γ-guanosine 
triphosphate (γ-GT), total cholesterol (TC), high-density li-
poprotein (HDL)-C, low-density lipoprotein (LDL)-C, tri-
glycerides (TG), and HbA1c (Kyowa Medex Co., Ltd, Tokyo, 
Japan) were determined by enzymatic methods using the au-
tomatic biochemical analyzer (JCA-BM8060; JEOL, Ltd, To-
kyo, Japan). Plasma glucose concentrations were measured 
with the hexokinase method (Serotec Co., Ltd, Hokkaido, 
Japan). Serum insulin and 25-hydroxyvitamin D (25(OH)D) 
levels were determined by chemiluminescent immunoassay 
(CLIA) (Siemens Healthineer, Tokyo, Japan). Plasma AGEs 
N-(carboxymethyl) lysine (CML) was measured using a com-
mercial ELISA kit (CircuLex Co., Ltd, Ina, Nagano, Japan). 
The blood tests were conducted four times (before and 2 h, 4 
h, and 6 h after) on days 4 and 6.

Statistical analysis

Data were expressed as the mean ± SD. A two-way analysis 
of variance with repeated measures was used to test the in-
teraction and main effect. If there was a significant interac-
tion or main effect, the differences between the baseline and 
after intervention were analyzed using Student’s t-test. Effect 
size (ES) was calculated from the mean and SD. ESs refer to 
a commonly used interpretation as small (d = 0.2), medium (d 
= 0.5), and large (d ≥ 0.8). Values were considered statistically 
significant at P < 0.05. The ES and sample size were estimated 
using the software R 2.13.0 (R Foundation for Statistical Com-
puting, Vienna, Austria). The other statistical analyses were 
performed using the SPSS program (IBM SPSS Statistics 20.0; 

Figure 1. Schematic illustration of the protocol.
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IBM Corporation, Armonk, NY, USA).

Ethics

The study protocol was approved by the Ethics Committee of 
the National Hospital Organization Kyoto Medical Center, and 
all subjects gave their written informed consents before the 
start of the study.

Results

Clinical characteristics of all subjects are shown in Table 2. 
All the mean blood parameters were within the normal ranges.

Figure 2a shows the plasma glucose levels over 6 h. The 
mean fasting plasma glucose levels before the diet interven-
tion were not significantly different between the normal diet 
(94.0 ± 1.7 mg/dL) and low-AGE diet (94.8 ± 1.9 mg/dL) 
groups. Two hours after the diet intervention, plasma glucose 
slightly increased in the normal diet group (97.4 ± 8.8 mg/
dL) and decreased in the low-AGE diet group (93.8 ± 4.9 mg/
dL), although the differences between the two groups were not 
significantly different.

Figure 2b shows the plasma immunoreactive insulin (IRI) 
levels over 6 h. The mean fasting IRI levels did not significant-
ly differ between the normal diet (6.8 ± 1.8 µU/mL) and low-
AGE diet groups (7.5 ± 2.6 µU/mL). Two hours after the diet 
intervention, the mean IRI levels significantly increased in the 
normal diet (18.2 ± 5.2 µU/mL) and low-AGE diet (21.9 ± 5.2 

µU/mL) groups, but the differences between the two groups 
were not significant.

The area under the curve (AUC) for insulin levels was 

Table 1.  Components of the Test Diets and Cooking Methods

Menu Cooking method Energy Protein Fat Carbohydrate
Normal diet
  Bread Baked 158 5.6 2.6 28
  Fried vegetables Fried 177 6.3 7.8 23
  Fried egg Fried 76 6.2 5.2 0.2
  Olive oil 55 0 6 0
  Hashed browns Oven 91 1.4 4.5 11.8
  Banana Chip Fried 103 0.3 5.5 12.7
  Total 660 19.8 31.6 75.7

E% 12.0 43.1 45.9
Low-AGE diet
  Bread 106 3.7 1.7 18.7
  Olive oil Raw 92 0 10 0
  Salad Raw 113 6.3 0.8 23
  Olive oil 92 0 10 0
  Boiled egg Boiled 76 6.2 5.2 0.2
  Steamed potatoes Steam 76 1.4 0.1 17.7
  Banana Raw 77 0.9 0.1 20.2
 Total 632 18.5 27.9 79.8

E% 11.7 39.7 50.5

Table 2.  Baseline Characteristics

Variables Baseline, mean (SD)
Number (male/female) 5 (2/3)
Age (years) 41.4 (7.6)
Weight (kg) 59.0 (9.2)
BMI (kg/m2) 21.7 (2.6)
Plasma glucose (mmol/L) 5.3 (0.1)
IRI (pmol/L) 46.0 (15.7)
HbA1c (%) 5.6 (0.3)
Total cholesterol (mmol/L) 5.5 (0.7)
Triglycerides (mmol/L) 0.8 (0.3)
HDL-cholesterol (mmol/L) 1.7 (0.4)
LDL-cholesterol (mmol/L) 3.3 (0.4)
Total protein (g/dL) 8.1 (0.3)
Albumin (g/dL) 5.1 (0.2)
AST (U/L) 26.8 (8.2)
ALT (U/L) 31.2 (19.7)
γ-GTP (U/L) 26.0 (12.8)
25(OH) D (nmol/L) 40.7 (18.0)

BMI: body mass index; IRI: plasma immunoreactive insulin.
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lower in the low-AGE group (d = 0.8). The sample size was 
calculated using ES, 80% power and 5% significance. The 
sample size calculated from the ES of the insulin AUC change 
amount was 22 subjects.

Figure 2c shows the TG levels over 6 h. The mean fast-
ing TG levels were not significantly different between the nor-
mal diet (68.6 ± 30.2 mmol/L) and low-AGE diet (74.6 ± 29.5 
mmol/L) groups. On the other hand, the values at 2 h were 
significantly higher (P < 0.05) than those measured at baseline, 
but no significant differences between the two groups were ob-
served.

Figure 2d shows the CML levels over 6 h. The mean fast-
ing plasma CML levels did not significantly differ between 
the normal diet (1.66 ± 0.17 µg/mL) and low-AGE diet (1.74 
± 0.58 µg/mL) groups. Plasma CML increased 6 h after the 
intake of the meals (P < 0.05), but the increase was similar 
between the normal and low-AGE meals.

Discussion

This is the first study to investigate the effects of a low-AGE 
diet on insulin levels in non-diabetic Asian subjects. As a re-
sult, although the AUC results for insulin levels did not reach 
significance between the normal and low-AGE diet groups, the 
ES was large, whereas the plasma glucose level did not sig-
nificantly differ between the two groups. Previous studies that 
examined the effect of AGE foods on insulin levels studied pa-
tients with diabetes over several weeks to several months [18]. 
The AUC result for insulin levels in our study was consist-
ent with the results of these studies. However, the sample size 
was very small, and it was estimated that 22 subjects would be 
needed for future studies.

There is a paucity of data on the effects of AGEs on insulin 

resistance in humans. Uribarri et al [18] showed that in patients 
with type 2 diabetes, but not in healthy individuals, insulin re-
sistance (estimated by HOMA-IR) improved after 4 months 
of dietary AGE restriction. The adverse effects of AGEs on 
insulin sensitivity could be mediated by increased oxidative 
stress and inflammation [13, 14, 20]. One study showed that 
a high-AGE diet increased E-selectin, IL-6, and thiobarbitu-
ric acid-reactive substances, whereas a low-AGE diet did not 
significantly change their levels in acute testing [19]. These 
effects appear to be mediated by changes in the AGE receptor, 
RAGE [21-23].

Our study had several limitations. First, a relatively small 
number of participants were included in the study, and thus, 
this was a pilot study to determine the appropriate sample size. 
In addition, since sample size was calculated using a single 
meal test design, it is unknown whether it can be applied in a 
long-term study. Although blood CML is considered the main 
AGE index, it is also necessary to evaluate other indices such 
as blood methylglyoxal [24] and urinary CML [25]. We also 
did not evaluate oxidative stress and inflammation markers. 
Although the diets were isocaloric, the normal diet contained 
slightly more fat (e.g., the difference was 3 g olive oil) than the 
low-AGE diet. Therefore, it is unclear whether the adjusted 
calorie value is representative of the normal diet and low-AGE 
diet used in this study. Finally, we did not measure the AGEs 
in the foods in the diets; therefore, CML content in the meals 
was not known.

Conclusions

In conclusion, the results indicated that 22 subjects may be 
needed to investigate the differences in clinical parameters due 
to cooking method in non-diabetic Japanese subjects by a sin-

Figure 2. (a) Plasma glucose, (b) plasma immunoreactive insulin (IRI), (c) triglycerides, and (d) Nε-(carboxymethyl) lysine (CML).
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gle meal study. Future intervention studies with more than 22 
participants should be conducted.
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