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Abstract

Considerable interest has been generated in age-related non-enzymatic
glycosylation and crosslinking of collagen in view of its extracellular
nature, and its long biological half-life. The effects of UVA, which
penetrates deep in dermis, and reactive oxygen species(ROS) on age-
related changes of dermal collagen were studied. The amount of
nonenzymatic glycosylation, fragmentation, and crosslinking of collagen
were monitored from the mixtures of Type I collagen from calf skin and
glucose, irradiated by UVA, with or without scavengers of ROS. At
both high and low glucose dosages, non-enzymatic glycosylation was not
affected by UVA irradiation. At high glucose dosage, however,
glycosylation was reduced by the scavengers of superoxide radical and
singlet oxygen, but not by hydroxyl radical scavengers. Fragmentation
was increased by UVA and decreased by all ROS scavengers.
Crosslinking was also enhanced by UVA, and heffectively blocked
crosslinking. Superoxide radical and singlet oxygen, which were

produced by autoxidation of glucose independently to UVA, may
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encounter the initial phase of glycation. ROS generated from Amadory
compounds by UVA enhanced fragmentation and crosslinking. Hydroxyl
radical was thought to be a major ROS affecting crosslinking. These
results suggest that UVA and ROS are able to enhance age-related
structural changes of collagen, as affecting many other tissue and

cellular components

Introduction

Aging process is characterized as being progressive and irreversible
under usual condition. Among the most characteristic and definite age
changes are changes in mechanical properties of tissues. With age,
there is a loss of elasticity in skin, arteries, lungs, and joints(1).
Mechanical properties of organs are largely determined by the
connective tissues. The state of fibrous proteins of connective tissue,
e.g., collagen and elastin, would be expected to play a role in age-
related alterations in mechanical properties of organ. Collagen is the
most abundant protein in the body and skin. Furthermore, collagen
has little turnover and is, thus, good candidate for progressive
alteration.

Skin from elderly individuals contains thickened, clumped collageneous
material and shows some thickened collagen fibers. Skin collagen
becomes less soluble in acid, less digestible by collagenase, less
expandable, and more resistant to heat denaturation with advancing age
and diabetes melitus(2,3).Several age-related chemical changes have

been described in skin collagen. The molar ratio of glycosylated
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hydroxylysine residues to unsubstituted hydroxylysine residues have been
reported to increase with age in human skin(4). A reducible fraction
from human dermal collagen, which may represent a lysine-carbohydrate
condensation product, has also been reported to increase with age(5).
Maillard demonstrated the reaction between reducible sugars and amino
acids(6), and this reaction was thought to participate in age-related
collagen changes(7). The amount of non-enzymatically bound glucose
associated with insoluble human skin collagen has been shown to
increase as a function of age(8). The age-related increase in
glycosylation of human skin collagen may play a role in crosslinking of
collagen and the decreased solubility of collagen with increasing age was
to be caused by progressive crosslinking. It is noteworthy that skin
samples of subjects with diabetes melitus had significantly more
insoluble, as well as more glycosylated insoluble, and highly
glycosylated collagen(8,9). And several complications of diabetes
melitus resemble the general characteristics of aging which occur in
collagen rich tissues(10).

Wolff and coworkers(l1l) demonstrated that glycosylation and
fragmentation of proteins were mediated by active species generated
through autoxidation of sugar, and they termed "autoxidative
glycosylation”. Mizunaki and Satto(12) showed that ROS might mediate
Maillard reaction. Pathak and coworkers(13) demonstrated the
possibility that ROS may participate in collagen crosslinking. They
reported that UV enhanced collagen crosslinking in vitro, and singlet
oxgen quenchers reduced the effect of‘ uv.

The purpose of present work was to investigate the role of each ROS
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and UVA on age-related structural changes of dermal collagen in vitro.

Materials and Methods

Materials Type I collagen from calf skin, glucose, mannitol, tetrakis-
N,N,N’, N’ (2-pyridylmethyl) ethylene diamine (TPEN), 1, 4-diazabicyclo
(2,2,2)octane (DABCO), cyanogen bromide(CNBr), cimetidine, oxalic
acid, 5-hydroxymethylfurfural(5-HMF), sodium azide, thiobarbituric
acid(TBA), formic acid, and acetonitrile were purchased from Sigma
Chem., St. Louis. All other chemicals were of reagent grade.

In vitro glycosylation of collagen The mixtures of Type I collagen
from calf skin(2 mg/ml) and glucose(0, 50 or 200 mM) in phosphate
buffered saline with or without scavengers of ROS were irradiated by
UVA (140 mJ/day), and incubated at 37tC for 4 weeks. After 0, 3, 7, 14,
and 28 days of incubation(0, 0.5, 1, 2, and 4J UVA), aliquotes were
removed to determine non-enzymatic glycosylation, fragmentation, and
crosslinking. Scavengers used were TPEN-Fe(10# M) and cimetidine-Cu
(10# M) for superoxide radical, azide(100 mM) and DABCO (100 mM) for
singlet oxygen, and mannitol (200 mM) for hydroxyl radical. Table 1

lists the experiments
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Table 1 Experiments conducted in this study

glucose (mM) scavenger UVA (mdJ/day)

1 0 - -

2 50 - -

3 50 - 140
4 50 mannitol (200 mM) 140
5 50 azide (100 mM) 140
6 50 DABCO(100 mM) 140
7 50 TPEN-Fe (102 M) 140
8 50 cimetidine-Cu (10# M) 140
9 200 - -
10 200 - 140
11 200 mannitol (200 mM) 140
12 200 azide (100 mM) 140
13 200 cimetidine-Cu(10# M) 140

conducted in the study. All experiments were done in triplicate.

Determination of nonenzymatic glycosylation After incubation
period, the collagen was recovered by centrifugation, washed repeatedly
in distilled water to remove unreacted glucose, and lyophilized.
Approximate 3-4 mg pieces of lyophilized material were added to 1 ml of
0.5 M oxalic acid. Hydrolysis was carried out for 1 hour in an
autoclave at 121 € and 1.2 Kg/cm2(14). Ketoamine bound carbohydrates
were measured according to the method of Trueb et al (15) with some
modifications. 400¢ 1 of 40 % trichloroacetic acid were added to collagen
hydrolysates, followed by 500¢ 1 of 50 mM thiobarbituric acid. The color
was developed by incubation at 40T for 45 min, and the absorption was
measured at 433 nm using Beckman DU7500 spectrophotometer. All
results were expressed as nmole 5-HMF/mg protein, relative to a

standard of 5-HMF which was carried through the same procedure.
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Protein was measured by Lowry method (16).

Determination of fragmentation Fragmentation was determined by
protein measurement. Unprecipitated collagen fragment in the

supernatants after centrifugation was quantified by Lowry method.

CNBr fragmentation and SDS/PAGE Collagen crosslinking was measured
by the method of Kent et al(17) with modification. 300#1 of each
sample was added to 700#1 formic acid. 2041 of CNBr(1 g/ml
acetonitrile) was added, and mixtures were incubated in screw-cap
bottles at 37T for 18 hours. Samples were dialyzed against 0.125 M
Tris-Cl buffer pH 6.8(containing 0.2 % SDS and 0.2 % glycerine).
CNBr peptides were examined by 8 % sodium dodecyl! sulfate

polyacrylamide gel electrophoresis(SDS/PAGE) with 4 % stacking gel.
Results and Discussion

Non-enzymatic glycosylation At high dose of glucose(200 mM),
glycosylation reached its maximum level at 14 days of incubation, and
at low glucose level(50 mM), significant increase of 5-HMF content was
not detected. At both cases, UVA has no accelerating effect(Figure 1).
Superoxide radical and singlet oxygen scavengers greatly reduced non-
enzymatic glycosylation under high glucose level, which was about 50%
reduction after 28 days, but hydroxyl radical scavenger was ineffective
(Figure 2). It means that superoxide radilcal and singlet oxygen possibly

mediate non-enzymatic glycosylation in vitro, but these oxygen species
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were generated independently with UVA. Autoxidative glycosylation,
suggested by Wolff and coworkers{(l1), might be the case of this
reaction. They found that simple sugars are shown to autoxidize, under
physiological condition, forming organic free radical, superoxide radical,
and hydroxyl radical(18). It should be confirmed by testing the effects
of ROS by the same experiments without UVA. In vivo situation,
however, ROS were generated by UVA through the action of
photosensitizers or by UVA-induced inflammatory reactions in the skin
(19, 20). Therefore, non-enzymatic glycosylation of dermal collagen was

thought to be stimulated indirectly by UVA.

Fragmentation The effects of UVA on fragmentation, measured as a
protein content in the supernatants after centrifugation, are shown in
Figure 3. At high glucose concentration, fragmentation reached
maximum at 14 days and UVA showed no alteration. At low glucose
concentration, however, the reaction rate was very low without UVA,
and UVA enhanced fragmentation to the level of high glucose
concentration. The protective effects of scavengers against UVA-induced
fragmentation were tested at low glucose concentration(Figures 4-6). It
was shown that all tested scavengers reduced the effect of UVA until 14
days of incubation and, after 28 days, the fragmentation reached to its
maximum level. Electrophoresis results showed that low molecular
weight fragments were formed by glucose even at low concentration, and
UVA enhanced the fragmentation. These fragments were disappeared by
all scavengers tested. Azevedo et al(21), reported that Amadory

compounds, as a result of non-enzymatic glycosylation of protein, are
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able to generate superoxide radical. We think that Amadory compounds
possibly act as photosensitizer, and ROS produced by Amadory

compounds and UVA may cause collagen degradation.

Crosslinking Crosslinked high molecular weight material was detected
by SDS/PAGE. Like fragmentation, crosslinking was enhanced by UVA
under low glucose concentration. Hydroxyl radical scavenger effectively
protected collagen from UVA-induced crosslinking(Figures 7).
Therefore, hydroxyl radical was thought to play a major role in
crosslinking. In this case, hydroxyl radical was also thought to be
generated from Amadory compounds by the action of UVA. Yamamoto
and Ishiwatari(22) proposed a mechanism of crosslinking from casein
and glucose via Maillard reaction. According to their hypothesis,
proteins react with reducible sugar to form Amadory compounds, after
then proteins are cleaved and produce fragments, followed by
polymerization. They suggested crosslinking was occured by Miallard
reaction, as same as initial glycosylation. It was possible that
crosslinking was the product of Maillard reaction of primarily
.glycosylated basic amino acid residues and free basic amino groups in
protein molecules. From our results, however, initial glycosylation was
mediated by superoxide radical and singlet oxygen, while crosslinking

was enhanced by hydroxyl radical.
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Conclusion

Followings were concluded, for the effects of UVA and ROS on age-
related collagen changes in vitro, that

1. non-enzymatic glycosylation was mediated by superoxide radical and
singlet oxygen, which were generated by autoxidation of glucose,
independently from UVA irradiation,

2. ROS, produced from Amadory compounds by UVA, caused protein
fragmentation, and

3. crosslinking, possibly occurred via Maillard reaction, was resulted
mainly from the action of hydroxyl radical which was also generated
from Amadory compounds by UVA.

According to our results, it is certain that ROS and UVA play a crucial

role in the aging of dermal collagen.

2 o

Collagen2 M 9o} A3}, Eale] $£10o] mi¢ N dfdolng, 3ot #A
g vaszd 3 didoz €2 #4do EopXan Un. € dFedMe Ay
collagen®] ¥ AL ZFstst Ea R 7tud o] dig Aed (UVA) I F4TEFES
FE¥ES FEIAUT. dx HFEZFEH 2L collagen glucosed] EFES H/HA &
Aits 2AAE APt UVAE ZAbete] ®lE2z 23, o F3, 7tadde
FEE BEIAS. v¥ELH BIe AYdd i FrhHA] @sker], FHSA=
BHogds I3 Adxe AAC dAe HadRoy, IA=FA FUF LAAA o

EMERICREE $18% 1992) (72)



HAAe w7 . EuAd 2o tad e AYgdd o ForERed, e
H7EA 84atae] £AA BFe o FaHULY, tndEe 53 =84 OF
&AM ¥l AT, F FHFA|E FUBH AFTY Ade AYdFde #A §lo
B AFitstel] s wAH F3tz AF Wke 27| dAA FAHm, g AR
EoMe deudn Ao o wEol IE=FKA 2tz FE qELE dn 9
o 3718 FR2RE FPLLFEF AU L dE 23 P AZEIEL &3
xo] k3ot BHE collagen HAE F7HAI7E A& € & UM ole Agd %
gAS §A ANLE 2 EFAEL YEEXde Ao HFFHY HE2E Yoy

B AN E Hidted E&0 € F &S V@,

References

1. Robert R. KOHN and Vincent M. MONNIER, Normal aging and its
parameters. In C.G. SWIFT(ed) "Clinical Pharmacology in the
Elderly”, 3-30, 1987, Marcel Dekker, Inc., New York

2. Stuart L. SCHNIDER and Robert R. KOHN, Effects of age and
diabetes melitus on the solubility of collagen from human skin,
tracheal cartilage and dura mater, Exp Gerontol, 17:185-194, 1982

3. Stuart L. SCHNIDER and Robert R. KOHN, Glycosylation of
human collagen in aging and diabetes melitus, J Clin Invest,
66:1179-1181, 1980

4. Atsushi MURAI, Tadao MIYAHARA and Shigeo SHIOZAWA,
Age-related variations in glycosylation of hydroxylysine in
human and rat skin collagen, Biochem Biophys Acta, 404:345-

348, 1975

feMER LB EE #1884 (1992) (73)



5. Robert R. KOHN and Stuart L. SCHNIDER, Collagen changes in
aging skin. In Arthur K. BALIN and Albert M. KLIGMAN
(ed), "Aging and the Skin”, 121-139, Raven Press Ltd., New
York, 1989

6. Luis C. MAILLARD, Action des acides amines sur les sucres ;

formation des melanoidines par voie methodique, C R Acad

Sci, 154 : 66-68, 1912

7. Vincent M. MONNIER, Toward a Maillard reaction theory of
aging, In John W. BAYNES and Vincent M. MONNIER (ed),
"The Maillard Reaction in Aging, Diabetes, and Nutrition, 1-
22, 1989, Alan R.
Liss, Inc., New York

8. Alain LE PAPE, Lean-Pierre MUH and Allen J. BAILEY,
Characterization of N-glycosylated type I collagen instreptozo-
tocin-induced diabetes, Biochem J, 197:405-412, 1981

9. Stuart L. SCHNIDER and Robert R. KOHN, Effect of age and
diabetes melitus on the solubility and nonenzymatic glycosylation of
human skin collagen, J Clin Inves, 67:1630- 1635, 1981

10. Vincent M. MONNIER and Anthony CERAMI, Non-enzymatic
glycosylation and browning of protein in diabetes, Clin Endocrinol
Metab, 11:431-452, 1982

11. Simon P. WOLFF, Zainab A. BASCAL and James V. HUNT,
"Autoxidative glycosylation” : free radicals and glycatio theory.
In John W. BAYNES and Vincent M. MONNIER(ed), "The Maillard
Reaction in Aging, Diabetes, and Nutrition, 259-275, 1989, Alan R.

bR eats 188 (1992) (74)



Liss, Inc., New York

12. Miyanao MIZUNAKI and Hideyaki SATTO, Reactive oxygenspecies
and Maillard reaction, {L#& 1%, 11:2045-2047, 1989

13. Madhu A. PATHAK, S. MOBILIO and M. Dalle CARBONARE,
Photoaging of skin and crosslinking of collagen by reactive oxygen,
18th Annual meeting of American Society for Photobiology, June
16-20, 1990, Vancouver, Canada

14. T.J. LYONS and L. KENNEDY, Effect of in vitro non-enzymatic
glycosylation of human skin collagen on susceptibility to collagenase
digestion, Eur J Clin Invest, 15:128-131, 1985

15. Beat TRUEB, Rudolf FLUCKIGER and Kaspar H. WINTER-
HALTEN, Nonenzymatic glycosylation of basement membrane
caused by diabetes melitus, Collagen Rel Res, 4:239-251, 1984

16. Oliver H. LOWRY, Nira J. ROSEBROUGH, A. Lewis FARR and Rose J.
RANDALL, Protein measurement with the Folin Phenol Reagent, J Biol
Chem, 193:265-275, 1951

17. M.dJ. Christine KENT, Nicholas D. LIGHT and Allen J. BAILEY, Evidence
for glucose-mediated covalent cross-linking of collagen after glycosylation
in vitro, Biochem J, 225:745-752, 1985

18. Simon P. WOLFF, M.J.C. CRABBE and P.J. THORNALLEY, The
autoxidation of glyceraldehyde and other simple monosacc - harides,
Experientia, 40:244-246, 1984

19. Atsushi ITO and Takashi ITO, Generation of singlet oxygen and oxy-
radicals via photosensitization process, EEEIEREFR, 33:143- 150, 1988

20, Homer S. BLACK, Potential involvement of free radical reactions

e R{CAREE 185 (1992) (75)



in ultraviolet light-mediated cutaneous damage, Photochem Photobiol, 46:
213-221, 1987

21. M. AZEVEDO, J. FALCAO, J. RAPOSO and C. MANSO, Superoxide
radical generation by Amadory compounds, Free Rad Res Comms, 4331-
335, 1988

22. Shuichi YAMAMOTO and Ryoshi ISHIWATARI, A study of formation
mechanism of sedimentary humic substances-II. Protein based

melanoidin model, Org Geochem, 14:479-489, 1989

Xt {bEit #1852 (1992) (76)



nmole HMF/mg protein

0 5 10 15 20 25 30
day

Figure 1. Effect of glucose and UV A on non-enzymatic

glycosylation
O without glucose and UVA; o 50 mM glucose;

® 50 mM glucose, irradiated; A 200 mM glucose;
A 200 mM glucose, irradiated.
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Figure 2. Effect of ROS on non-enzymatic glycosylation
in the presence of 200 mM glucose
—~ without glucose; g nc scavenger;
cimetidine-Cu; @ azide; A mannitol
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Figure 3 Effect of UV A on collagen fragmentation
O without glucose and UVA; 0 50 mM glucose;

® 50 mM glucose, irradiated; A 200 mM glucose;
A 200 mM glucose, irradiated.
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Figure 4 Effect of superoxide radical on fragmentation
in the presence of 50 mM glucose

D wunirradiated; ¢ irradiated; g irradiated with TPEN-Fe
@® irradiated with cimetidine-Cu
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Figure 5 Effect of hydroxyl radical on fragmentation

in the presence of 50 mM glucose
T unirradiated; © irradiated; B irradiated with mannitol
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Figure 6 Effect of singlet oxygen on collagen fragmentation
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In the presence of 50 md Liucose
unirradiarced; irradicced; g Lrradiated witn DABCO
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Figure 7. Crosslinking of collagen by glucose and UVA
A. collagen incubated at 50 mM glucose, UVA-irradiated, at
various incubation periods(a;0, b;3, ¢;7, d;14, and e;28 days)
B. collagen treated same as A., with ROS scavengers
(c;mannitol, d;azide, e;TPEN-Fe, f;DABCO, and g;cimetidine-Cu).
a;without glucose and UVA. b;50 mM glucose, unirradiated
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