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Abstract Introduction

Many abnormalities in collagen have been reported in insulin-
dependent diabetes mellitus, some or all of which have been
attributed to increased cross-linking. Although recent work
has focused on the role of glucose-derived collagen cross-links
in the pathogenesis of diabetic complications, relatively few
studies have investigated the role of lysyl oxidase-dependent
(LOX) cross-links. In the present study, LOXcross-links and
nonenzymatic glycosylation were quantified in skin collagen
from diabetic subjects. There was an increase in the difunc-
tional cross-link dihydroxylysinonorleucine (DHLNL) as well
as in one of its trifunctional maturation products, hydroxypyri-
dinium. All other LOXcrosslinks were normal. Nonenzymatic
glycosylation was increased in diabetic skin collagen, and this
increase was correlated with increases in DHLNL(P < 0.001).
The biochemical results were examined for correlations with
clinical data from the same subjects. Increases in DHLNL
content were associated with duration of diabetes (P < 0.003),
glycohemoglobin levels (P < 0.001), hand contractures (P
< 0.05), skin changes (P < 0.005), and microalbuminuria (P
< 0.01). In nondiabetic subjects age was not correlated with
collagen cross-link content with the exception that his-HLNL
increased with age (r = 0.79, P < 0.02). In diabetic subjects,
PA levels decreased with age (r = 0.51, P < 0.02). With in-
creased duration of diabetes, DHLNLcontent was increased (r
= 0.55, P < 0.003) and OHPwas increased (r = 0.59, P
< 0.01), whereas PA levels were decreased (r = -0.48, P
< 0.04) (Fig. 5). Nonenzymatic glycosylation of collagen was
also increased with increased duration of diabetes (hex-lys, r
= 0.47, P < 0.02; hex-hyl, r = 039, P < 0.05). Weconclude
that: (a) lysyl oxidase-dependent cross-linking is increased in
skin collagen in diabetes and (b) that these changes in skin
collagen are correlated with duration of diabetes, glycemic
control, and long-term complications. (J. Clin. Invest. 1990.
86:1046-1054.) Key words: collagen - cross-links * diabetes -

nonenzymatic glycosylation
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There is considerable evidence suggesting that widespread de-
rangements in collagen metabolism occur in insulin-depen-
dent diabetes mellitus (IDDM).' Collagen from many tissues
and organs in diabetic patients, as well as in experimental
diabetes, has long been reported to be more insoluble and
more resistant to enzymatic digestion than normal collagen
(1-3). Increased deposition of type IV collagen in capillary
basement membranes may contribute, in part, to vascular
complications such as retinopathy and nephropathy (4). In the
syndrome of limited joint mobility, waxy skin, and short stat-
ure first described by Rosenbloom et al. (5), increased deposi-
tion of type I collagen in the dermis has been reported (6). It
has been suggested that many of the observed abnormalities of
collagen in IDDM may be attributed to increased cross-link-
ing. What might be the nature of such crosslinks? Present
knowledge suggests that there are at least two main pathways
by which collagen molecules become progressively cross-
linked. One pathway (Fig. 1 A) begins with nonenzymatic gly-
cosylation of lysine and hydroxylysine residues. These early
glycosylation products are believed to undergo a series of reac-
tions to form complex fluorophores and chromophores collec-
tively referred to as advanced Maillard products or advanced
glycosylation end-products (7). Several studies have shown
that early glycosylation products are increased in collagen in
both human and experimental diabetes (8). Advanced Mail-
lard products are also believed to be increased in diabetic col-
lagen (7, 9).

A second cross-link pathway (Fig. 1 B) begins with the lysyl
oxidase-dependent oxidative deamination of certain lysine
and hydroxylysine residues. The resultant aldehyde moieties
may undergo further reactions with lysine, hydroxylysine, and
histidine residues to form di-, tri- and tetrafunctional cross-
links (10). There is evidence that lysyl oxidase-dependent
crosslinking is increased in experimental diabetes (1 1). To our
knowledge, no such studies have been done on tissue from
patients with IDDM.

In the present study, we have used highly specific HPLC
techniques to quantify both nonenzymatic glycosylation prod-
ucts and lysyl oxidase-dependent crosslinks in skin collagen
biopsies obtained from patients with IDDM in order to test the
following hypotheses: (a) that lysyl oxidase-dependent cross-
links are increased in collagen in IDDM; (b) that nonenzyma-
tic glycosylation of collagen may affect the formation of spe-

1. Abbreviations used in this paper: DHLNL, dihydroxylysinornorleu-
cine; hex-hyl, hexosyl-hydroxylysine; hex-lys, hexosyl lysine; HHMD,
histidinohydroxymerodesmosine; HLNL, hydroxylysinonorleucine;
IDDM, insulin-dependent diabetes mellitus; LP, lysyl pyridinium;
OHP, hydroxypyridinium; PA, pyridinoline analogue.
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A

Figure 1. Reactions of collagen-
bound lysine and hydroxylysine,
illustrating (A) nonenzymatic
glycosylation, which results in
formation of hexosyl-lysine and
hexosyl-hydroxylysine; some of
these early difunctional products
(the Schiff bases and their Ama-
dori rearrangement products)
may mature to advanced Mail-
lard products. (B) Lysyl oxidase-

B dependent reactions, showing
progression from aldehyde moi-
eties (HNL and DHNL) to di-,
tri-, and tetrafunctional cross-
links. The numbers of residues
are indicated by arrows at the
top of B. Compounds in bold-
faced boxes were analyzed in
this study; compounds in solid
black boxes were increased in di-
abetic skin collagen in this study.

cific lysyl oxidase-dependent cross-links; and (c) that alter-
ations in lysyl oxidase-dependent cross-links would be
correlated with such clinical findings as glycemic control, du-
ration of diabetes and long-term cutaneous and vascular com-
plications.

Methods

Patient population. 26 patients with IDDM participated in this study
after signing an informed consent form approved by the Children's
Hospital of Orange County Human Subjects Review Committee (the
institutional review board on human experimentation). There were 8
males and 18 females with a mean age of 16 yr (range; 7-29 yr) and a
mean duration of diabetes of 9.5 yr (range: I -16.5 yr). A 3-mmBaker's
punch skin biopsy was obtained from the upper thigh after local anes-
thesia with 2%xylocaine with epinephrine. Nine control skin biopsies
were obtained from nondiabetic subjects (two at autopsy, two at the
time of surgical procedure, and five were punch biopsies after subjects
gave informed consent). There were five male and four female controls
with a mean age of 16 yr (range: 7-29 yr).

Clinical studies. At the time of initial biopsy each patient was
examined by an ophthalmologist specializing in diabetic retinal disease
and a fluorescein angiogram was obtained. Eye changes were graded as:
(a) no retinopathy; (b) background retinopathy (the presence of micro-
aneurysms; or (c) more severe retinopathy, including changes such as
retinal hemorrhages, hard exudates, soft exudates, or proliferation of
new vessels. 22 of the 26 patients completed a 24-h urine determina-
tion for microalbuminuria, which was determined by an RIA (Clinical
Assays, Los Angeles, CA). Skin changes were assessed over the dorsum
of the fingers and over the forearm by a single observer (B. Buck-
ingham) by palpation and by attempting to tent the skin. Skin changes
were graded into three categories: (a) normal; (b) mild but definite
thickening; or (c) more severe thickening associated with skin tight-

ness. This method of clinical assessment has been used in previous
studies of skin changes in diabetes (12, 13) and has been shown to
correlate with skin core biopsy weight and total dermal collagen in
systemic sclerosis (14). At the time of biopsy, each patient was also
assessed for flexion contractures of the proximal interphalangeal joints
(PIP) of fingers 2-5 by having the patient approximate his fingers in a
prayer position; each PIP joint was also assessed with a goniometer.
Glycohemoglobin levels were determined by affinity column chroma-
tography (Endocrine Sciences, Tarzana, CA). All diabetic subjects had
glycohemoglobin levels measured at the time of biopsy; in addition,
most had levels determined 3, 6, 9, 12, and 15 mobefore biopsy.

Biochemical analyses. Skin samples (2-3 mg wet weight) were
minced into fine pieces, washed, and reduced with NaB3H4 (142 Ci/
mol; Amersham Corp., Arlington Heights, IL) as described by us pre-
viously (15). The effective reducing capacity of each batch of NaB3H4
was determined using 0amino levulinic acid as a standard compound
for reduction (16), thus allowing us to determine molar quantities of
cross-links from their radioactivity. Reduced tissues were hydrolyzed
in 6 N HCOand hydroxyproline content was determined colorimetri-
cally (16). The difunctional crosslinks dihydroxylysinonorleucine
(DHLNL) and hydroxylysinonorleucine (HLNL), as well as nonenzy-
matically glycosylated lysine and hydroxylysine, were analyzed by
HPLCusing an isocratic solvent as eluant, a procedure we have de-
scribed in detail previously (15, 16). Fig. 2 shows a typical chromato-
graph of a reduced skin hydrolysate. Preparation and characterization
of DHLNLand HLNLstandards have been described previously (15).
Wehave also prepared and characterized '4C-labeled standards for
nonenzymatically glycosylated lysine and hydroxylysine by the
method of Robins (10). Briefly, equimolar amounts of glucose and
radiolabeled lysine (100 mCi/mol; Amersham Corp.) were incubated
in the presence of NaCNBH3for 24 h; glycosylated lysine was sepa-
rated from unreacted lysine with a boronate afinity column (17). This
procedure yields radiolabeled alpha and epsilon glycosylated lysine,
which are separated by HPLCusing our difunctional cross-link analy-
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Figure 2. Radiochromatograph of reduced skin hydrolysate, contain-
ing -10Itg of hydroxyproline, showing the elution positions of hex-
osyl-hydroxylysine (HHL), hexosyl-lysine and its hydrolysis rear-

rangement products (HL), and the difunctional cross-links DHLNL
and HLNL. The elution positions of histidine and arginine are indi-
cated by arrows. Column, ultrasphere C18 reverse-phase, 15 X 25
mm. Mobile phase, 0.01 MNa phosphate, 0.3% SDS, 24% n-pro-

panol, pH 2.8. Flow rate, 1 ml/min. Fractions were collected at
1-min intervals and counted by liquid scintillation counting.

sis program (15). To confirm the identity of the epsilon glycosylated
compound, unlabeled epsilon-glycosylated lysine was prepared by in-
cubating poly(L-lysine) (Pierce Chemical Co., Rockford, IL) with glu-
cose followed by hydrolysis (10) and boronate affinity column chroma-
tography. Further confirmation of the identity of the radiolabeled
marker was obtained by subjecting an aliquot to a Smith degradation
as described by Robins (10); all of the radioactivity coeluted with
authentic lysine. Markers for glycosylated hydroxylysine were pre-

pared by incubating ['4C]glucose and hydroxylysine in the presence of
NaCNBH3as described above. To confirm that the 3H-labeled com-

pounds in skin that coeluted with the '4C-labeled marker represented
only glycosylated lysine and not contaminating coelutants, an aliquot
of reduced skin hydrolysate was chromatographed on a boronate af-
finity column; the only radioactive peaks present in the eluate coeluted
with the "'C-labeled markers.

The trifunctional fluorescent cross-links lysyl pyridinium (LP) and
hydroxypyridinium (OHP) were analyzed by a modification of the
method of Eyre et al. (18). Standards were prepared as described else-
where (16). Samples containing 5 Mg of hydroxyproline were chro-
matographed on a 0.4 X 25 cm C18 reverse-phase column (Ultra-
sphere; Altex, Berkeley, CA), with an elution solvent of 18% acetoni-
trile in 0.01 Mheptafluorobutyric acid. A fluorometer (model 2000,
Hitachi Ltd., Tokyo, Japan) was used for detection (excitation = 295
nm, emission = 395 nm). Samples were also analyzed for the presence

of histidinohydroxymerodesmosine (HHMD); histidine-HLNL (his-
HLNL), a recently described trifunctional, nonreducible cross-link
(19); and PA, a nonfluorescent deoxy analogue of hydroxypyridinium
(20). Preparation of an HHMDstandard has been described by us

previously (21). A standard of known concentration of his-HLNL was

generously provided by Dr. Gerald Mechanic (School of Dental Re-
search, University of North Carolina, Chapel Hill, NC). Weprepared a

partially purified standard of PA from mature bovine skin. It was

identified by its elution position relative to all the other cross-links, its
predominance in mature skin, and its size as determined by molecular
sieve chromatography (20). Samples containing 10-20 Mg of hydroxy-
proline were chromatographed on a 0.25 X10 cm C18 reversed-phase
column, and eluted over 55 minutes with a gradient of 40-60% aceto-

nitrile in water, 0.15% Na dodecylsulfate, pH adjusted to 1.5 with
trifluoroacetic acid, a modification of the method of Tilson et al. (20).
All three cross-links (HHMD, his-HLNL, and PA) were detected as

their fluorescent adducts after post-column derivatization with o-

phthalaldehyde (OPA) as previously described (15). HHMDwas also
detected and quantified by its radioactivity.

Insufficient material was available in the skin biopsies to perform
analyses of collagen-linked fluorescence (as an index of advanced

Maillard product content) in addition to the other assays described
above.

Statistical analysis. All biochemical studies were done without
knowledge of clinical findings or whether the biopsies were from non-

diabetic or diabetic subjects. Clinical assessments were done without
knowledge of biochemical data. Fluorescein angiograms were read
without knowledge of biochemical or clinical data. Statistical analyses
were performed using the Biomedical Programs (22) for correlation
between two variables (6D), comparison of two groups with t tests
(3D), analysis of two-way and multiway frequency tables (4F), and
stepwise regression (2R). Tau # values were calculated using the Sta-
tistical Package for the Social Sciences (SPSS) (23).

Results

Biochemical assays. We found significant differences in lysyl
oxidase-dependent cross-linking and in nonenzymatic glyco-
sylation between diabetic and control skin collagen; the data
are summarized in Table I. Diabetics had significantly in-
creased levels of the difunctional cross-link DHLNLwith nor-
mal levels of HLNL; thus DHLNL:HLNL ratios were also
increased. OHP, a trifunctional maturational product of
DHLNLand hydroxylysine, was also significantly increased in
diabetic skin. OHPwas present in 20 of 21 diabetic skin biop-
sies; however, only 2 of 9 nondiabetics, both 13-yr-old adoles-
cents, had detectable levels of this collagen cross-link. LP was
not detected in either control or diabetic skin. PA, a recently
described nonfluorescent deoxy analogue of OHPthat is pres-
ent in normal skin (20), was not significantly increased in
diabetic skin-collagen. The content of his-HLNL and HHMD,
two other collagen crosslinks present in human skin, was nor-
mal in diabetic skin collagen. The content of nonenzymati-
cally glycosylated lysine (hex-lys) and hydroxylysine (hex-hyl)
was significantly increased in diabetic skin collagen; the ratio
of hex-hyl to hex-lys did not differ between control and dia-
betic subjects.

The relationship between DHLNLcontent and OHPcon-
tent was of particular interest, as DHLNL is the immediate

Table I. Collagen Content of Lysyl Oxidase-dependent
Cross-Links and Nonenzymatically Glycosylated Lysine
and Hydroxylysine in Skin Collagen from Control
and Diabetic Patients

Crosslink Control* Diabetic

DHLNL 0.021±0.016 (9) 0.096±0.058 (26)t
HLNL 0.187±0.030 (9) 0.204±0.023 (26)
DHLNL/HLNL 0.098±0.020 (9) 0.619±0.094 (26)t
His-HLNL 0.109±0.023 (8) 0.15 1±0.024 (19)
HHMD 0.531±0.086 (8) 0.469±0.064 (17)
OHP 0.004±0.002 (9) 0.023±0.004 (17)§
PA 4.914±0.084 (8) 7.028±0.083 (19)
Hex-lys 0.292±0.081 (9) 1.126±0.146 (26)t
Hex-hyl 0.054±0.017 (9) 0.181±0.026 (26)"

* All data are expressed as moles of cross-link/moles of collagen,
with the exception of PA, which is expressed as arbitrary fluores-
cence units per mol of collagen. The data are presented as

mean±SEM, with the number of samples analyzed in parentheses.
Significance was determined using two-tailed t tests without assum-

ing equal variances of the populations.
tP<0.0000l;§P<0.00I; P<0.000l.
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Table II. Correlation of Nonenzymatic Glycosylation
of Collagen with Lysyl Oxidase-derived Collagen Cross-Links

Hexosyl-lysine* Hexosyl-hydroxylysine
Cross-link
analyzed IDDM Control IDDM Control

DHLNL 0.79t 0.56 0.80t 0.48
HLNL 0.45 0.80§ 0.33 0.741
OHP 0.42 -0.18 0.541 -0.29
PA -0.25 -0.731 -0.461 -0.751
His-HLNL 0.15 0.59 0.06 0.38
HHMD 0.491 -0.12 0.39 -0.09

* Relationships between nonenzymatically glycosylated lysine and
hydroxylysine residues and lysyl oxidase-derived cross-links are ex-

pressed as Pearson correlation coefficients.
t P < 0.001; § P < 0.01; 1" P < 0.05.

precursor of OHP. We found a strong correlation between
DHLNLand OHPvalues (r = 0.84, P < 0.001).

Wenext examined if correlations existed between nonen-

zymatic glycosylation and lysyl oxidase-dependent crosslinks
(Table II). In diabetic subjects, increases in hex-lys and hex-
hyl were strongly correlated with increased DHLNLlevels, as

shown in Fig. 3. In nondiabetic subjects, increased hex-lys and
hex-hyl were correlated with increased HLNLand decreased PA.

Clinical correlations. In nondiabetic subjects age was not
correlated with collagen cross-link content with the exception
that his-HLNL increased with age (r = 0.79, P < 0.02). Fig. 4
shows the relationship between age and DHLNL, OHP, and
PA in both control and diabetic subjects. In diabetic subjects,
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Figure 3. Scattergrams illustrating the correlation between nonenzy-

matic glycosylation of collagen (hexosyl-lysine and hexosyl-hydroxy-
lysine) and DHLNLin diabetic subjects. Both correlations were sig-
nificant at P < 0.001.

150 * -

C:100 a-

o100 *

X80~~~~

0.00 0

0-_ .0

100. B

o 60v

40.~~~~~40 v *

20_ 0
~~~~~~0

0.

14 * C

,,12X-

X~ ~ 10 1 0 5 3

AGE (YEARS)

Figure 4. Scattergrams illustrating the relationship between age of
control and diabetic subjects and skin content of DHLNL(A), OHP
(B), and PA (C). Data are expressed as millimoles of cross-link/
moles of collagen in the case of DHLNLand OHP, and as arbitrary
fluorescence units/mol of collagen in the case of PA. A significant
correlation (r = 0.51, P < 0.02) between age and PA content in dia-
betic subjects was observed; no other correlations were significant.
(Open circles) Control subjects; (closed circles) diabetic subjects.

PA levels decreased with age (r = 0.51, P < 0.02). There were

no other correlations between cross-link content and age in
diabetic subjects. With increased duration of diabetes,
DHLNLcontent was increased (r = 0.55, P< 0.003) and OHP
was increased (r = 0.59, P < 0.01), whereas PA levels were

decreased (r = -0.48, P < 0.04) (Fig. 5). Nonenzymatic glyco-
sylation of collagen was also increased with increased duration
of diabetes (hex-lys, r = 0.47, P < 0.02; hex-hyl, r = 0.39, P
< 0.05).

Glycohemoglobin levels measured at the time of biopsy
were correlated with hex-lys, hex-hyl, DHLNL, DHLNL:
HLNLand OHP. DHLNLcontent and the ratio of DHLNLto
HLNL were correlated with glycohemoglobin levels obtained
up to 15 mobefore biopsy (Table III, Fig. 6).

Long-term complications were associated with changes in
lysyl oxidase-dependent cross-linking. Analysis of these rela-
tionships used Pearson product correlations for continuous
variables, such as microalbuminuria, (Table IV) and Kendall's
Tau values for noncontinuous variables, such as the presence

or absence of background retinopathy (Table VI).
Microalbuminuria was positively correlated with increased

levels of hex-lys, hex-hyl, and DHLNL(Fig. 7), as well as with
the ratio of DHLNLto HLNL (Table IV). Whenthe effect of
age was factored out by using stepwise regression (Table IV),
all correlations of microalbuminuria with collagen cross-links
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and nonenzymatic glycosylation remained significant. When
the effect of diabetes duration was factored out, the correlation
of microalbuminuria with nonenzymatic glycosylation per-
sisted, but the correlation with DHLNL and with the
DHLNL/HLNL ratio was no longer significant. The signifi-
cant correlation between microalbuminuria and HHMDre-
mained after the effect of diabetes duration was factored out.
The patient with the highest microalbuminuria value (120
mg/g creatinine) was retested 6 mo after the initial value was
obtained to determine if this high value was valid. The second
test revealed a value of 136 mg/g, suggesting that the initial
measurement was biologically valid. If data obtained from this
patient are excluded, significant correlations exist between al-

Table III. Correlation of Glycohemoglobin Levels Measured
up to 15 mobefore Biopsy with Skin Collagen Content
of Nonenzymatically Glycosylated Lysine and Hydroxylysine
and with DHLNLand DHLNL/HLNL Ratios

Time* Hex-hyl Hex-lys DHLNL DHLNL/HLNL

0 (26) 0.45* 0.51I 0.621 0.59"
3 (19) 0.05 0.23 0.39 0.62§
6 (21) 0.09 0.32 0.34 0.47*
9 (20)' 0.37* 0.501 0.56§ 0.71"

12 (22) 0.49* 0.68"1 0.49* 0.37
15 (10) 0.33 0.29 0.63$ 0.64*

* Time refers to months prior to biopsy; the number of subjects is
shown in parentheses. Relationships between glycohemoglobin levels
and skin content of hex-hyl, hex-lys, and DHLNLand the ratio of
DHLNL/HLNL are expressed as Pearson correlation coefficients.
t P <0.05; §P < 0.01;1 P < 0.001.
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Figure 6. Scattergram illustrating the correlation between glycohe-
moglobin levels and skin collagen content of DHLNL. The lower
scattergram shows glycohemoglobin levels at the time of biopsy and
the upper scattergram shows levels obtained 9 mobefore the biopsy.

buminuria and DHLNLand hexosyl hydroxylysine content,
but not between albuminuria and HHMD,DHLNL:HLNL
and hexosyl lysine content.

Four diabetic subjects had contractures of their fifth finger,
and eight had multiple joint involvement. Clinical assessment
of hand contractures was associated with increased DHLNL/
HLNL ratios (X2 = 7.77, P < 0.005). Goniometer measure-
ments of fifth finger proximal interphalangeal contractures
were correlated with increased DHLNL levels and increased

Table IV. Correlation of Microalbuminuria with Collagen
Cross-Links and Nonenzymatic Glycosylation of Collagen

Partial correlation
Partial correlation controlling for

Assay Correlation* controlling for age duration of DM

DHLNL 0.49t 0.49* 0.31
HLNL -0.07
DHLNL/HLNL 0.43§ 0.43§ 0.28
OHP 0.22
PA -0.36
HHMD 0.63t 0.63* 0.63t
his-HLNL 0.12
Hex-lys 0.65"1 0.65"
Hex-hyl 0.66"1 0.66"1 0.55"1

Microalbuminuria ranged from I to 120 mg/g of creatinine in a 24-h
urine collection.
* Correlations are expressed as Pearson correlation coefficients. Par-
tial correlations, determined using stepwise regression, were obtained
only for those biochemical assays in which a significant correlation
was observed with microalbuminuria.
* P <0.01; 1P <0.05; 1 P <0.001.
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matically glycosylated lysine in diabetic subjects. Values for DHLNL
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OHPlevels (Table V). When the effect of age was factored out
by stepwise regression, the correlations of contractures with
DHLNLand OHPcontent were still significant, but when the
effect of diabetes duration was factored out, these correlations
were no longer significant.

Retinal findings were limited to the presence of microaneu-
rysms in six subjects and no subject had retinal hemorrhages,
hard or soft exudates, or new vessel formation. The presence of
background retinopathy in 6 of the 25 diabetic subjects was
associated with increased DHLNL, DHLNL/HLNL ratios,

Table V. Correlation of Contractures with Collagen Cross-Links
and with Nonenzymatic Glycosylation of Collagen

Partial correlation
Partial correlation controlling for

Assay Correlation* controlling for age duration of DM

DHLNL 0.39t 0.39t 0.18
HLNL -0.15
DHLNL/HLNL 0.32
OHP 0.70§ 0.51"1 0.36
PA -0.05
HHMD 0.25
His-HLNL 0.06
Hex-lys 0.32
Hex-hyl 0.27

The amount of contracture of the right fifth finger ranged from 0 to
16 degrees by goniometer assessment.
* Correlations are expressed as Pearson correlation coefficients. Par-
tial correlations, determined using stepwise regression, were obtained
only for those biochemical assays in which a significant correlation
was observed with joint changes.

P<0.05;§P<00.002; "P<0.02.

decreased HLNL content, and increased OHPcontent (Ta-
ble VI).

Clinical assessment of skin changes over the dorsum of the
fingers revealed that 6 diabetics had no skin involvement, 5
had thickened skin, and 15 had both thickening and tightness
of their skin. On clinical assessment of skin changes over the
forearm, 10 patients had no skin changes, 7 had thickening of
their skin and 9 had both thickening and tightness of their
skin. Thickening and tightness of the skin were associated with
increased DHLNLcontent, an increased DHLNL/HLNL
ratio, increased OHP, and increased nonenzymatic glycosyla-
tion of collagen (Table VI). Skin changes over the fingers and
forearm were associated with the presence ofjoint contractures
(x2 = 8.22, P < 0.02; and x2 = 12.99, P < 0.003, respectively).
Skin changes were not significantly correlated with the degree
of microalbuminuria or the presence of background retinopa-
thy. 2 of 13 patients with microalbuminuria values of < 22
mg/g of creatinine had retinopathy and 4 of 9 patients with
increased microalbuminuria had retinopathy (P = NS). Four
patients, two of whomhad retinopathy, failed to complete a
24-h urine collection.

Discussion

This study was designed to test three hypotheses: first, that
lysyl oxidase-dependent cross-linking is increased in skin col-
lagen in IDDM; second, that changes in nonenzymatic glyco-
sylation would correlate with changes in collagen crosslinks;
third, that changes in crosslink content could be correlated
with clinical complications. Our data suggest that lysyl oxi-
dase-dependent cross-linking is indeed increased in IDDM:
Diabetic patients had significantly increased content of
DHLNLand OHPin their skin collagen as compared with
age-matched controls. Particularly intriguing is the fact that
the cross-links affected in diabetes appear to arise from one
specific pathway: DHLNLand its products (see Fig. 1 B). The
content of all of the other cross-links surveyed in this study
were normal, including HLNL, its trifunctional product his-
HLNL, and HHMD,a tetrafunctional cross-link arising from
the condensation of two lysine-derived aldehydes. To our

Table VI. Results of Frequency Table Analysis of Clinical Data
with Skin Collagen Content of Lysyl Oxidase-derived
Cross-Links and with Hexosyl Lysine and Hexosyl-Hydroxylysine

Skin changes Skin changes
Assay Retinopathy* (hand) (arm)

DHLNL 0.30t 0.40§ 0.37§
HLNL -0.44§ 0.15 0.16
DHLNL/HLNL 0.5911 0.481" 0.36'
OHP 0.42' 0.39' 0.23
PA -0.04 -0.09 -0.16
HHMD -0.04 -0.05 0.14
His-HLNL 0.08 0.24 0.27
Hex-lys 0.17 0.36' 0.38§
Hex-hyl 0.08 0.39§ 0.44"

* Data are expressed as Kendall Tau-,B values. Retinopathy catego-
ries: (a) none, (b) background. Skin change categories: (a) normal,
(b) tight, (c) thick and tight.
* P < 0.05; § P < 0.005; 11 P < 0.001; 'P < 0.01.
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knowledge, this is the first study in which specific lysyl oxi-
dase-dependent cross-links have been assayed in tissue from
patients with IDDM. The observation that the increase in lysyl
oxidase-dependent cross-links in diabetes is restricted to
DHLNLand its maturation product OHPsuggests that the
cross-linking abnormalities cannot be solely attributed to an
increase in lysyl oxidase activity. Rather, this observation sug-
gests that changes in the extent of lysine hydroxylation, an
intracellular modification of collagen mediated by the enzyme
lysyl hydroxylase, may also be an important alteration of col-
lagen metabolism in diabetic subjects.

To our knowledge, only two earlier studies have been done
in which lysyl oxidase-mediated cross-links were specifically
quantified in experimental diabetes. LePape et al. (24) found
no increases in either HLNL or HHMDcontent of rat tail
tendon 6 and 12 mo after induction of diabetes with strepto-
zotocin. Similarly, we found no changes in HLNLor HHMD
content in diabetic subjects. In a separate study, LePape et al.
(25) reported that the ratio of DHLNLto HLNLwas increased
in glomerular basement membrane (GBM) collagen in experi-
mental diabetes due to a decrease in HLNLcontent. It should
be noted that cross-link content was expressed as radioactivity
present in alkaline hydrolysates in the study cited. It is not
clear if this is an accurate technique for comparison of cross-
link content between tissues without additional information
regarding recovery and purity of the preparation. It is also
possible that diabetes does not affect type IV collagen cross-
linking in the same way that it affects cross-linking in the
interstitial collagens, such as type I (the major collagen type in
skin).

The changes in lysyl oxidase-dependent cross-links ob-
served in diabetes in this study resemble cross-link abnormali-
ties observed in other connective tissue disorders. For exam-
ple, specific increases in DHLNLand OHPhave been reported
in many types of pulmonary fibrosis, hypertrophic scarring,
and Dupuytren's contracture (26-3 1). Of interest in this regard
is the increased incidence of Dupuytren's contracture in dia-
betic patients. The levels of OHPmeasured in hypertrophic
scar collagen are very similar to those we observed in diabetic
skin collagen. Interestingly, this disorder appears to be the only
other instance in which OHPhas been reported in human
skin. Of interest, we were able to detect OHPin two pubertal
nondiabetic subjects, but not in prepubertal or postpubertal
nondiabetic subjects.

Wealso found significant increases, to more than twice the
levels found in controls, in nonenzymatically glycosylated ly-
sine and hydroxylysine residues in diabetic skin collagen.
These data are consistent with previous reports of increased
nonenzymatic glycosylation of various tissues in both human
and experimental diabetes (8). There is as yet no consensus as
to how an increase in nonenzymatic glycosylation might affect
the properties of collagen. It has been suggested that such an
increase is significant primarily because the early glycosylation
products are precursors of the advanced Maillard products
that are believed to be responsible for the pathogenesis of
many of the complications of diabetes (7-9). It was our second
hypothesis that an increased extent of nonenzymatic glycosy-
lation of collagen would correlate with changes in collagen
crosslinks. We found that increased levels of nonenzymatic
glycosylation did indeed correlate with an increased content of
DHLNL. It has been suggested that an increase in nonenzy-
matic glycosylation of collagen could lead to a decrease in lysyl

oxidase-dependent cross-linking if sugars competed for the
same lysine and hydroxylysine residues that serve as substrates
for lysyl oxidase (32). Although not conclusive on this point,
our data suggest that such a competition may not be taking
place in diabetic subjects, since we found a strong positive
correlation between extent of nonenzymatic glycosylation and
DHLNLcontent. It is of interest that in nondiabetic subjects,
increase in nonenzymatic glycosylation of collagen was corre-
lated with increases in HLNL, not in DHLNL. It is not clear
whether there is a causal relationship underlying these correla-
tions.

The third aim of our study was to examine whether our
biochemical data were correlated with clinical findings in the
diabetic subjects. Wefound that nonenzymatic glycosylation
of collagen was correlated with glycohemoglobin levels mea-
sured at the time of biopsy (and at 9 and 12 mo before the
biopsy) and to skin changes, but was not significantly corre-
lated with duration of diabetes, joint stiffness, or background
retinopathy. Our data concerning the relationship between
nonenzymatic glycosylation and clinical parameters differ
slightly from those reported by Vasanth et al. (33) in that we
found a weak correlation between extent of nonenzymatic
glycosylation and microalbuminuria. This observation may be
explained by differences in patient populations in that our
patients did not have overt nephropathy (> 500 mg/g creati-
nine) and their renal involvement was limited to micravlbu-
minuria (< 200 mg/g creatinine).

Increases in DHLNLcontent or the DHLNL/HLNL ratio
were correlated with almost all of the clinical parameters mea-
sured. The positive correlation between duration of diabetes
and the increase of DHLNLand OHPcontent suggests that
changes in skin collagen may be cumulative, as an increasingly
large percentage of skin contains collagen synthesized under
"diabetic conditions." Increases in the DHLNLcontent or the
DHLNL/HLNL ratio of skin collagen in diabetic patients were
correlated with the presence of background retinopathy, mi-
croalbuminuria, and skin and joint changes. These correla-
tions were not dependent on the age of the subject but were
dependent on the duration of diabetes. Increases in OHPcon-
tent of diabetic skin collagen were correlated with retinopathy,
skin changes and joint contractures. The relationship between
the changes in dermal (presumably types I and III) collagen
(skin and joint complications) shown in this study and pre-
sumed changes in basement membrane type IV collagen (renal
and retinal complications) may be explained by the suggestion
that similar biochemical changes are affecting all collagen
types in diabetic subjects. Changes in type III collagen might
be directly related to changes in diabetic basement membrane
collagen since recent studies in diabetic rats have demon-
strated that insulin treatment causes expression of type III
collagen in the mesangial matrix (34).

The inverse correlation between PA and duration of dia-
betes deserves comment. It is possible that PAand OHPrepre-
sent competing biosynthetic pathways in which DHLNLis the
common precursor, and in diabetes OHP formation might
take precedence. Possibly the increase in nonenzymatic glyco-
sylation of lysine and/or hydroxylysine blocks biosynthesis of
PA. Alternatively, PA may not be a maturation product of
DHLNL, and any correlations between DHLNLand PA con-
tent may simply be associative.

Although we cannot impute causal relationships to our
observations, we can speculate on the implications. The corre-
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lation between DHLNLcontent and glycohemoglobin mea-
surements up to 9 mo before biopsy suggests that long-term
glycemic control may play a role in modulating lysyl oxidase-
dependent cross-linking. Lien et al. (35) suggest that collagen
that is synthesized under hyperglycemic conditions will be
more susceptible to degradation than normal collagen; hence,
diabetic tissue would be selectively depleted of newly synthe-
sized collagen and contain a higher percentage of crosslinked
collagen than normal collagen. Such selective depletion could
result in collagen with a higher content of DHLNL, a more
stable cross-link than HLNL under certain conditions.

Hyperglycemia may also affect intracellular events related
to crosslinking. Cagliero et al. (36) have shown that high glu-
cose concentrations lead to an increase in mRNAlevels of
both type IV collagen and fibronectin in cultured endothelial
cells; fibronectin may serve an important regulatory role in the
extracellular matrix. Increased lysine hydroxylation has been
reported to be increased in hyperglycemic states, and could
affect the type of crosslinks synthesized (37, 38). Enzymati-
cally mediated glycosylation of collagen may also be associated
with hyperglycemia, although there is controversy on this
point (37-39). Yamauchi et al. (40) have shown that alter-
ations in enzymatic glycosylation can directly affect the types
of crosslinks formed.

It is of interest that several of the biochemical changes
described in diabetic skin collagen are similar to changes ob-
served in fetal collagen; i.e., an increase in type III collagen
relative to type I collagen (34, 41) and, in our present report,
an increase in DHLNL. Perhaps some of the hormonal
changes associated with diabetes, such as increased insulin and
growth hormone levels, stimulate epithelial cells to revert to a
pattern of fetal collagen production, with increased lysyl hy-
droxylase activity and increased type III collagen production.
Although it is possible that the alterations in DHLNLobserved
in diabetic skin could be attributed to an increase in type III
collagen, there is evidence that, at least in hypertrophic scar-
ring, increases in DHLNLare associated with type I collagen
as well as with type III collagen (29).

Much recent attention has focused on the role of advanced
Maillard products in the pathogenesis of diabetic complica-
tions. Collagen-linked fluorescence, imputed to the presence
of such products, has been shown to be increased in diabetic
skin collagen and the increased content is strongly correlated
with long-term complications (7-9). Our data are consistent
with the hypothesis that Maillard products play a central role
in diabetic complications. Indeed, the two processes of colla-
gen crosslinking may be interrelated. It is possible, for exam-
ple, that abnormal lysyl oxidase-dependent cross-linking re-
sults in collagen that turns over more slowly, thus facilitating
the further stabilization of these fibrils by Maillard products.
Alternatively, the two processes may proceed independently,
the net result being the accumulation of physical, chemical,
and microscopic abnormalities observed in diabetic collagen.
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