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Abstract

Objective: The cleavage of AGE crosslinks represents a mechanism for the degradation of advanced glycation end products
(AGEs) of proteins. This study was conducted to evaluate the effects of melatonin (a sleep-related hormone) on AGE degradation,
in comparison with representative plant-containing components.
Methods: Melatonin (0.4 nmol/L) was chosen as the test material, with N-phenacylthiazolium bromide (PTB) as a positive
control, and 28 plant-containing flavonoids (0.4 nmol/L) and 6 tea plant-containing catechins (10 mg/mL) as reference controls.
The evaluation of AGE crosslink cleaving activity was based on the phenomenon in which an equimolar amount of benzoic
acid is produced upon degradation of 1-phenyl-1,2-propanegione (PPD). After the reaction of PPD and each sample solution
or PTB (0.4 and 10 nmol/L), the benzoic acid released was quantified using high performance liquid chromatography. [All
measurements are expressed herein as mean ± standard deviation (n=3).]
Results: AGE crosslink degradation activity was determined to be 15.76 ± 0.38% for melatonin, 6.37 ± 2.71% for PTB (0.4
nmol/L), and 23.00 ± 7.50% for PTB (10 nmol/L); melatonin was found to be more potent than the same amount of PTB.
Of the plant-containing flavonoids examined, urolithin B (14.89 ± 0.01%) and carnosic acid (9.01 ± 0.93%) were more active
than the same amount of PTB, but less active than melatonin. Of the catechins (10 mg/mL) examined, (-)-epigallocatechin
gallate (8.78 ± 0.05%) and (-)-epigallocatechin (8.45 ± 0.64%) were highly active, but less active than melatonin (0.4 nmol/L).
Conclusion: Since melatonin proved to be markedly effective in AGE crosslink degradation, it may be biologically active in
reducing AGE accumulation in living organisms.
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Introduction

catechin, AGE breaker,

Accelerated degenerative changes in senescence due to
the production and accumulation of advanced glycation end
products (AGEs) of protein in living organisms have recently
been recognized to be problematic in view of the concept of
glycation stress 1, 2). The AGE production process is mediated
by a wide variety of reactions, including oxidation and
crosslinking, and it is thought to be influenced by lifestyle
habits such as diet, exercise, sleep, and stress 3 - 6).
Our laboratory previously quantified skin fluorescent
AGEs in healthy humans in a non-invasive manner, and
reported that the AGE content increased with aging, and that
individual differences widened accordingly 7). The increased
individual differences were shown to be related to lifestyle
factors such as smoking, drinking, and lack of sleep 8).
Melatonin, a representative sleep-related hormone, has

been investigated from a broad range of perspectives 9-14);
however, only a few studies have been focused on glycative
stress.
One study showed that melatonin is weakly active in
suppressing AGE production 15). On the other hand, to facilitate
AGE degradation in living organisms, and thus contribute
to the prevention of senescence and disease, studies were
undertaken to determine substances that promote AGE
degradation. Based on these studies, pomegranate 16) , water
chestnut 17) , and rosemary 18) extracts were found to be such
substances. The present study was conducted, with a focus
on crosslink-cleaving action as a mechanism for AGE
degradation 19) , to evaluate the AGE crosslink cleaving
effects of melatonin.
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Methods

Test materials

The main compound tested was melatonin and the
comparison included 28 kinds of flavonoids as follows;
apigenin, 7, 4’-dihydroxyflavone, liquiritigenin, chrysin,
pinocembrin, 5 - hydroxyflavone, 7- hydroxyflavanone,
naringenin, flavone, 4’-hydroxflavanone, 7-hydroxyflavone,
luteolin, scutellarein, quercetagetin, apigenin-7-O-glucoside,
daidzein, genistein, acacetin, carnosic acid, kaempferol,
corosoric acid, diosmetin, pinitol, maslinic acid, rutin,
rubusoside, rosmarinic acid, urolithin B. remove it These
compounds were dissolved and with distilled water, 100%
ethanol or 100% dimethyl sulfoxide (DMSO) and were
adjusted to a concentration of 0.4 mmol/L. Furthermore, 6
kinds of catechins, which are known compounds in tea leaf
(Camelia sinensis) 20) were used for comparison; (+)-catechin,
(-)-epicatechin, (-)-epicatechin gallate, (-)-epigallocatechin,
(-)-epigallocatechin gallate, (-)-gallocatehin. Catechins were
adjusted to a concentration of 10 mg/mLwith distilled water.
As a positive control for AGE-derived crosslink cleaving
activity, 10 mmol/L N-phenacylthiazolium bromide (PTB)
were used.

Evaluation for AGE-derived crosslink cleaving
activity

The AGE-derived crosslink cleaving activity was
evaluated by the modified method 16) of Vasan et al. 19).
Briefly, 1-phenyl-1, 2-propane dione (PPD), dissolved in 50%
acetonitrile, was used as a reactive substrate in the AGE
crosslink model. For the measurement of AGE-derived
crosslink cleaving activity, the samples (500 μL) were mixed
with 10 mmol/L PPD 100 μL and 0.2 mol/L phosphate
buffered saline (PBS) 400 μL, and then incubated at 37°C
for 8 hours. The reaction was stopped by adding 2 mol/L
hydrochloric acid (HCl) 200 μL, followed by centrifugation
at 10,000 rpm (9,170g) for 2 minutes. The benzoic acid amount
in the supernatant was measured by high performance liquid
chromatography (HPLC).
An HPLC (LC-10A; Shimadzu, Nakagyo-ku, Kyoto,
Japan) equipped with Cadenza CD- C18 75 x 4.6 mmID
(Imtakt, Shimogyo-ku, Kyoto, Japan) was used. Analytical
conditions were as follows: eluate, 0.2 % acetic acid/
acetonitrile (70/30) containing 2 mmol/L ethylenediamineN, N, N’, N’- tetraacetic acid - disodium salt ( EDTA-2Na) dehydrate; flow rate, 1.0 mL/min; column temperature,
40°C; detection wave length, UV 270 nm; injection volume,
50 μL.
When 1 mol of PPD breaks down, 1 mol of benzoic acid
is formed 3). Calculation of AGE crosslink cleaving activity
ratio was conducted after measuring bezoic acid by HPLC
as previously reported 16). The measurement was conducted
in triplets (n = 3) and the results were expressed as mean ±
standard deviation.

Results

The AGE-derived crosslink cleaving activity is presented
in Table 1. Among the 29 kinds of compounds examined, the
cleaving activity was the highest in melatonin (15.76 ± 0.38%).
The cleaving activity was higher in melatonin, urolithin

B and carnosic acid of 0.4 mmol/L than that in a positive
control PTB of the same concentration. The activity of
(-)-epigallocatechin gallate and (-)-epigallocatechin (10 mg/
mL) was higher than that in 0.4 mmol/L PTB.

Discussion

Etiological associations between sleep time and lifestylerelated diseases with severe glycation stress, such as obesity,
dyslipidemia, and type 2 diabetes mellitus have recently been
attracting attention.
In these days many people have a wide variety of sleeprelated problems, including short sleeping hours due to
lengthy commutes and long working hours and time-shift
work, sleep time reductions, and decreased quality of sleep;
the number of people with such problems has recently been
increasing year by year 21, 22). Several lines of evidence 23 -27)
indicate that such sleep problems represent a risk factor for
diabetes mellitus and obesity; a recent study even insist upon
advocating sound sleep as a third-choice treatment for diabetes
mellitus 28).
A U-shaped relationship exists between sleep time and
lifestyle-related disease, with a negative correlation found
between too long or short of a sleep time and lifestyle-related
disease 29). The percentage complication of diabetes mellitus
in people with a sleep time of ≤ 5 hr is approximately 2.5
times higher than in those with a sleep time of 7 to 8 hr 30).
In fact, many diabetic patients have sleep disorders as a
diabetic complication 31). Sleep environment deterioration can
further worsen blood glucose control in diabetic patients 31).
In a cohort study of lifestyle-related disease in 8, 218
children, known as the Toyama Study, sleep disorders
such as a late bedtime and short sleeping hours were shown
to be associated with conditions such as overweight and
obesity 32, 33). Since sleep disorders represent a causal factor
for childhood obesity, and can progress to type 2 diabetes
mellitus with increased insulin resistance, diabetes mellitus
is often preceded by sleep problems. Our past study revealed
sleep time shortening to be a factor for increasing the skin
accumulation of fluorescent AGEs 8) ; sleep disorders are
thought to intensify glycation stress.
Sleep disorders cause alteration of the hormone balance
in the body. Abnormalities of the balance among eatingrelated hormones such as leptin and ghrelin due to sleep time
shortening, secondary increased insulin resistance due to
intensified obesity, and increased anti-insulin hormones such
as cortisol secretion in nighttime are involved in the onset
of type 2 diabetes mellitus 30). Increased secretion of the
adrenal medullary hormones adrenalin and noradrenalin
is involved in hypertension 34). Growth hormones secreted
during sleep, classified in a class of anti-insulin hormones,
have blood glucose elevating effects; however, their secretion
can be rather decreased with sleep time shortening, and seem
to be little involved in the onset of diabetes mellitus.
Although the pineal hormone melatonin is expected
to be largely influenced by sleep disorders, much remains
unknown. In most regions in the Northern Hemisphere,
diabetic patients have seasonal changes in their blood glucose
levels irrespective of the type of diabetes. HbA1c values
change seasonally in 12-month cycles, tending to minimize in
spring and summer and maximize in winter, with a variation
of about 0.2 to 0.6% 35) . Melatonin secretion increases in the
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Table 1. AGE-derived crosslink cleaving activity.

Sample
Melatonin

Urolithin B

Carnosic acid

Rosmarinic acid
Quercetagetin
Scutellarein

7-Hydroxyflavone

7,4'-Dihydroxyflavone
Apigenin
Flavone

Cleaving activity (%)
15.76 ± 0.38
14.89 ± 0.01
9.01 ± 0.93
1.93 ± 0.11
1.29 ± 0.13
1.20 ± 0.06
0.82 ± 0.89
0.65 ± 0.55
0.06 ± 0.42
0.00 ± 0.28

Apigenin-7-O-glucoside

-0.07 ± 0.07

Naringenin

-0.23 ± 0.05

4'-Hydroxflavanone
Luteolin

5-Hydroxyflavone

7-Hydroxyflavanone
Pinocembrin

-0.18 ± 0.03
-0.24 ± 0.06
-0.28 ± 0.13
-0.28 ± 0.20
-0.29 ± 0.11

Chrysin

-0.38 ± 0.08

Rubusoside

-0.70 ± 0.17

Rutin

-0.93 ± 0.17

Liquiritigenin

-1.09 ± 0.96

Pinitol

-1.32 ± 0.07

Acacetin

-1.46 ± 0.08

Corosoric acid

-0.68 ± 0.56

Kaempferol

-0.70 ± 0.19

Maslinic acid

-0.93 ± 0.07

Diosmetin

-1.31 ± 0.03

Daidzein

-1.34 ± 0.37

Genistein

-2.23 ± 0.34

(-)- epigallocatechin gallate

8.78 ± 0.05

(-)-gallocatechin

5.77 ± 0.04

(-)- epicatechin

3.57 ± 0.06

(-)- epigallocatechin

8.45 ± 0.64

(+)-catechin

5.12 ± 0.59

(-)- epicatechin gallate

1.95 ± 0.01

PTB (10 mmol/L)

PTB (0.4 mmol/L)

23.00 ± 7.50
6.37 ± 2.71

Relative ratio 1)
69
65
39
8
6
5
4
3
0
0
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
38
37
25
22
15
8
100
−

Relative ratio 2)
248
234
142
30
20
19
13
10
1
0
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
138
133
91
80
56
31
−

100

1) : Relative ratio of AGE crosslink cleaving activity when the ratio of 1 0 mmol/L PTB is assumed to be 100.
2) : Relative ratio of AGE crosslink cleaving activity when the ratio of 0.4 mmol/L PTB is assumed to be 100.
Concentrations of components are 0.4 mmol/L except catechins of which concentration are 10 mg/mL. Results are expressed as mean ± standard
deviation, n = 3. AGE, advanced glycation end product; NE, not effective; PTB, N-phenacylthiazolium bromide．
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long-night season of winter, and may someway respond to
increased blood glucose levels in the season.
As stated above, patients with a lack of sleep as a diabetic
complication are severely affected by glycative stress 8) ,
and can therefore be at increased risk of disease caused by
glycative stress. We hypothesized that melatonin, a sleeprelated hormone, lessened glycative stress. Methods of
reducing glucose-associated glycative stress include the
following: i) glucose consumption reduction and glucose
absorption retardation, ii ) AGE production inhibition,
iii) promotion of AGE degradation, and iv) inhibition of
AGEs/RAGE binding/activation 1, 2 ). In addition, since AGE
production is in part related to oxidizing reactions,
antioxidants act to reduce AGE production. Melatonin has
antioxidant action, and in this regard, it may have some
contribution to the suppression of AGE production; however,
melatonin did not suppress AGE production in an in vitro
glucose/human serum albumin reaction model 15). In the
present study, melatonin was found to have AGE degradation
promoting effects. The mechanism is based on the cleavage
of AGE crosslinks 19). This may account, in part, for the fact
that skin deposition of AGEs is relatively common among
persons with lack of sleep 8).
AGEs are degraded mainly in two ways: cleavage of the
α-diketone structure in crosslinked AGEs 19) and the action
of oxidized protein hydrolase (OPH), an enzyme that
preferentially degrades oxidized and glycated proteins 36).
AGE crosslink degradation activity is attracting attention
in attempt to determine a therapeutic approach to degrade
and eliminate AGEs by cleaving AGE crosslinks, and
it is suggested to suppress AGE accumulation in blood
vessels, and contribute to the treatment of diabetic vascular
complications 37). PTB, when ingested, can pose safety
issues, including adverse reactions 38). Accordingly, research
is ongoing to identify natural substances that can suppress
AGE accumulation with little influence on the body.
Substances reported to cleave AGE crosslinks include
mugwort and rooibos extracts 39), as well as pomegranate 16),
water chestnut 17), and rosemary 18) extracts.
The positive control N-phenacylthiazolium bromide (PTB)
is a compound that cleaves the C-C bonds of the α-diketone
structure in AGEs to degrade the AGEs 19). Here, melatonin
had potent AGE crosslink cleaving effects which were equal
to or higher than those of PTB at the same concentrations. A
comparison with flavonoid polyphenol controls revealed that
melatonin possessed higher activity than 28 representative
flavonoids contained in vegetables and herbs.
Measurements of the cleaving activity of catechins
contained in tea revealed (-)-epigallocatechin gallate 40)
to be the most potent single component, suggesting that
(-)-epigallocatechin gallate in tea is associated with AGE
crosslink cleaving effects. Tea also contains (-)-epigallocatechin
and (-)-gallocatechin 41), which were ranked second to
(-)-epigallocatechin gallate in cleaving activity. Hence,
catechins with a benzenetriol structure are expected to have
AGE crosslink cleaving effects. Although it was difficult
to accurately compare prepared concentrations, 0.4 mmol/
L melatonin was found to be more potent than tea plantderived catechins (10 mg/mL) in terms of AGE crosslink
degradation activity.
Among various fruit extracts, pomegranate extracts
possess relatively high activity to suppress AGE production 42) ;
a pilot study in human subjects reported an improvement

of serum HbA1c with pomegranate extracts 43). A study to
evaluate the AGE crosslink cleaving effects of pomegranate
components revealed that gallic acid (0.4 nmol/L) was had
an extremely high activity of 26.02 ± 0.07%, followed by
pinicalagin (0.4 nmol/L) at 15.32 ± 2.57%, eucalbanin B at
13.93 ± 0.31%, and pomegraniin A at 13.51 ± 0.08%, with
other components accounting for less than 13% each ( 0.4
nmol/L concentration each) 1 6 ) . Although its activity was
weaker than that of gallic acid, melatonin was found to be as
active as other components or higher.
Among various extracts from vegetables, root crops,
and nuts/berries, water chestnut extracts possess a relatively
high activity to suppress AGE production 4 4 ) . With regard to
AGE crosslink cleaving effects, water chestnut extracts had
activities of 7.2% (100μg/mL) and 32.49% (1 mg/mL), which
were equal to or higher than the activity of the positive
control PTB 17). When comparing the activity at a dose of 0.4
nmol/L, melatonin is approximately 2.5 times more potent
than PTB, and it is comparable to water chestnut extracts in
terms of activity potency.
Taken toether, the above results suggest that melatonin
is biologically active to prevent AGE accumulation in the
body via its more potent AGE crosslink degradation effects
compared to those of the positive control PTB and
representative plant components. Melatonin secretion
decreases with aging and qualitative deteriorations of sleep,
including sleep under bright conditions and sleep time
shortening. This situation is likely to retard AGE degradation,
causing AGE accumulation, and increasing the risk of onset
of glycation stress-induced disease.

Conclusion

Melatonin proved to be potently effective in AGE
crosslink degradation in vitro, and was suggested to be
biologically active in reducing AGE accumulation in living
organisms. Decreased melatonin secretion with aging and
sleep disorders may intensify glycative stress.
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