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A

bnormalities in the metabolism of ascorbic acid
have been reported in diabetes (1-5). Ascorbic
acid is an important cofactor in the synthesis of
collagen and proteoglycan (6-8). These two
classes of extracellular matrix proteins play major roles in
determining the properties and functions of many vital structures, including the blood vessels, granulation tissue, and
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basement membrane (9-12). In addition, proteoglycan associated with cell membranes regulates growth and cell-cell
interaction (13-16). Many abnormalities of collagen and proteoglycan have been described in diabetes and may be
responsible for some of the tissue damage seen in diabetes
(10-12,17,18). In view of the relationship between ascorbic
acid, collagen, and proteoglycan metabolism, it is possible
that the disturbance of ascorbic acid homeostasis in diabetes may play a pathogenetic role in some diabetic complications.
A decrease in the plasma concentration of ascorbic acid
has been observed in both animals and humans with diabetes (1-5). This suggests the possibility of reduced availability of this vitamin to fulfill its various biological functions.
The uptake of ascorbic acid into the cell is mediated by
processes related to glucose transport and has been shown
to be inhibited by glucose (19-21). Thus, there is the potential that the high extracellular glucose concentration in
diabetes may further impair cellular uptake of ascorbic acid
and accentuate any problem associated with its deficiency.
In this study, we explored this possibility with a fibroblast
culture system to examine the interaction of glucose and
ascorbic acid on collagen and proteoglycan metabolism.

RESEARCH DESIGN AND METHODS
[35S]sulfuric acid (98%), L-[carboxyl-14C]ascorbic acid, and
L-[2,3-3H]proline were obtained from Amersham (Aylesbury,
UK). Heparin, trypsin, soybean trypsin inhibitor, beef insulin,
cetylpyridinium chloride, A/-ethylmaleimide, phenylmethylsulfonyl fluoride, e-amino-n-caproic acid, benzamidine HCI,
collagenase type VII, chondroitinase ABC, and heparinase
were obtained from Sigma (St. Louis, MO). Basal modified
Eagle's (BME) culture medium was purchased from Commonwealth Serum Laboratories (Melbourne, Australia) and
fetal calf serum (FCS) from Cytosystems (Castle Hill, Sydney,
Australia). Fluorescamine was purchased from Roche
(Basel) and 3MM filter paper from Whatman (Mainstone,
UK). Culture flasks were purchased from Corning (Corning,
NY).
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Collagen and proteoglycans are two major
constituents of the extracellular matrix, and their
abnormalities have been incriminated in the
pathogenesis of diabetic complications. A decrease of
plasma ascorbic acid has been reported in diabetes
and thus may play a role in the collagen and
proteoglycan abnormalities in diabetes. Ascorbic acid
and glucose share structural similarity, and their
metabolism may interact at the level of membrane
transport and cellular action. In this study, we used a
fibroblast culture system to explore this possibility.
Ascorbic acid increased collagen and proteoglycan
both in the culture medium and the cell layer. This
stimulatory action of ascorbic acid was inhibited by
the presence of glucose at a concentration of 25 mM.
The effect of high glucose concentration was not
mediated by inhibition of ascorbic acid uptake by
fibroblasts. Insulin is able to abolish this inhibitory
action of glucose on collagen production, but the
precise mechanism is unclear. These results show that
the high glucose concentration in diabetes can impair
the action of ascorbic acid at the cellular level. This
may further accentuate the problem of decreased
availability of this vitamin as a result of its low plasma
concentration. Diabetes 40:371-76, 1991
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were spotted onto filter paper (3MM) impregnated with 2.5%
cetylpyridinium chloride, which served to precipitate the
highly charged proteoglycans and glycosaminoglycans
(23). Other sulfated proteins and free [35S]sulfuric acid were
washed away by sodium sulfate (25 mM) and water before
the paper was dried and counted. To determine the radioactivity specifically incorporated into proteoglycan (rather
than glycosaminoglycan), the filter paper was shaken for an
additional 2 h in 20% trichloroacetic acid to precipitate proteoglycan and release the low-molecular-weight glycosaminoglycan. Results were expressed as DPM per flask.
The proteoglycan in the culture medium was characterized
by the technique of Robinson and Gospodarowicz (24).
Briefly, the labeled proteoglycan was separated from free
35
S by Sephadex G-50 chromatography. The radioactive
peak present in the void volume was applied onto a DEAESephacel column and eluted with a gradient of 0.1-1.2 M
NaCI. This separated proteoglycan from other labeled molecules. The proteoglycan was then incubated with papain
to release glycosaminoglycan, which was then characterized
by digestion with either chondroitinase ABC or heparinase.
Confluent fibroblasts were washed four times in BME medium containing protease inhibitors (10 mM A/-ethylmaleimide, 5 mM phenylmethylsulfonyl fluoride, 0.1 mM e-amino-ncaproic acid, 5 mM benzamidine HCI) and then solubilized
in 250 |xl of 1% Triton X-100. The solubilized product was
loaded onto cetylpyridinium chloride-impregnated filter paper, and the proteoglycan and glycosaminoglycan content
was measured as described for the medium.
After removal of the medium, the fibroblasts were washed
twice in medium containing protease inhibitors. The cells
were then scraped from the well and washed once more in
medium containing protease inhibitors. Membrane-associated proteoglycans were then released sequentially by incubation of the cells in 1 ml of heparin (1 mg/ml) and trypsin
(50 jig/ml) at 37°C for 30 min (25,26). The action of trypsin
was stopped by adding 500 |xl soybean trypsin inhibitor (1
mg/ml). A 500-jxl aliquot of each supernatant was counted,
and the results were expressed as disintegrations per minute
released per well.
The transport of ascorbic acid into fibroblasts was studied
by the uptake of L-[carboxyl-14C]ascorbic acid. At the
beginning of the experiment, the medium was changed to
one containing 25 |xl of i_-[carboxyl-14C]ascorbic acid (25
|xCi/ml) in either 5 or 25 mM glucose. At various time points
(2, 10, 15, and 30 min and 24 h), the medium was removed
and the cells placed on ice before being washed three times
with ice-cold PBS. The cells were solubilized in 500 |xl of 1%
sodium dodecyl sulfate, and an aliquot of 400 fjil was then
counted to determine the intracellular accumulation of L-[carboxyl-14C]ascorbic acid.
Results are expressed as means ± SD and were compared by analysis of variance with post hoc Duncan's multiple range test.
RESULTS

Production of collagen by confluent fibroblasts was increased 5.6-fold by ascorbic acid. This stimulatory action of
ascorbic acid was substantially inhibited by glucose at a
concentration of 25 mM. Measurement of amino acid concentration in the incubation medium showed that protein
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Fibroblasts from a normal human neonatal foreskin were
cultured in BME medium supplemented with 10% FCS and
used between the 4th and 12th passage. The cells were
cultured in 25-cm2 flasks for the determination of collagen
in the medium. For the measurement of collagen in the cell
layer and proteoglycan in the medium and cell layer, fibroblasts were cultured in six-well plates. In selected experiments, to determine the effects of glucose and ascorbic acid
on fibroblast growth, the DNA content of each well was measured by fluorometry with calf thymus DNA as standard.
Radioactive labeling of collagen and proteoglycan was
required for their quantitation except in the case of collagen
in the culture medium, which was present in sufficient concentration to enable measurement of hydroxyproline by highperformance liquid chromatography (HPLC). To label cell
layer collagen, confluent fibroblasts were incubated in FCSfree medium containing 10 |xCi/ml of L-[2,3-3H]proline for 24
h before study. To label proteoglycan, confluent fibroblasts
were incubated in medium containing 12.5 |xCi/ml of 35S for
18 h.
At confluence, fibroblasts were washed twice in phosphate-buffered saline (PBS; 140 mM NaCI, 3 mM KCI, 0.3
mM Na2HPO4, 1.5 mM KH2PO4, pH 7.6). The cells were divided into groups of four to six flasks. Each flask was incubated in 2 ml of medium containing either 5 or 25 mM
glucose, with or without 0.56 mM ascorbic acid. To prevent
further cell division, FCS was not added to the medium. After
24 h, the medium was harvested, and the proteins were
precipitated by 10% trichloroacetic acid. Washing the precipitate twice in ether removed the trichloroacetic acid, and
excess ether was then removed by evaporation. The medium
was hydrolyzed for 18 h at 110°C in 6 N HCI. The collagen
content of the hydrolysate was quantitated by the measurement of hydroxyproline with a Pico-Tag HPLC amino acid
column (Waters, Milford, MA). Results were expressed as
nanomoles of hydroxyproline per flask. The protein content
of the medium was quantitated by the measurement of amino
acids in the hydrolysate with fluorescamine, and results were
expressed as micrograms of amino acid per flask.
To test the effects of insulin, the same protocol that was
used above was used with additional flasks of fibroblasts
incubated in the presence of insulin at a final concentration
of 3 x 10" 7 mM.
After the labeling of confluent fibroblasts with L-[2,3- 3 H]proline, the medium was removed, and the cell layer was
washed three times in PBS. Cells were detached by scraping
with a rubber policeman, further centrifuged, washed twice
with PBS, and then resuspended in 1 ml PBS. The cell suspension was then sonicated and the protein precipitated and
washed three times with trichloroacetic acid at a final concentration of 10%. The protein precipitate was then solubilized in 600 JJII 0.2 N NaOH, and the collagen and noncollagenous protein were quantitated by the release of
radioactivity after specific collagenase digestion as described by Peterkofsky and Diegelman (22). Results were
expressed as disintegrations per minute per well.
Release of 35S-labeled proteoglycan and glycosaminoglycan into the culture medium was studied under the same
incubation conditions (±0.56 mM ascorbic acid, 5 or 25 mM
glucose) as described above. After 18 h of incubation, the
medium was harvested, and duplicate aliquots of 100 JJLI
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production was increased 2.6-fold by ascorbic acid; this was
almost completely abolished by the presence of high glucose concentration. In the absence of ascorbic acid, glucose
had no demonstrable effect on the production of collagen
or protein by fibroblasts (Fig. 1). Ascorbic acid increased
the hydroxyproline-amino acid ratio from a basal value of
0.032 to 0.071; this was not suppressed when 25 mM of
glucose was present in the medium (0.078). The actions of
ascorbic acid and glucose were not due to a change in cell
number because they did not affect the DNA content (control
33.4 ± 2.2 |xg/ml, high glucose 36.6 ± 2.5 |xg/ml, ascorbic
acid 38.4 ± 5.6 ng/ml, glucose + ascorbic acid 36.6 ± 2.8
(xg/ml).
In a second experiment, the same pattern of interaction

Incubation medium
Control medium
With addition of ascorbic
acid
With addition of insulin
With addition of ascorbic
acid, glucose, and insulin

Hydroxyproline
(nM/flask)

Amino acid
(ixg/flask)

2.6 ± 2.9

42.5 ± 21.2

25.2 ± 17.4
1.8 ± 2.9

82.4 ± 26.9
34.1 ± 3.5

22.5 ± 14.8

97.6 ± 18.7

Ascorbic acid was present at concentration of 0.56 mM, glucose at
25 mM, and insulin at 3 x 10"7 M. Values are means ± SD.
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FIG. 1. Effects of ascorbic acid (AA) and glucose on collagen {A) and
amino acid (B) production by fibroblasts. *P < 0.001 vs. cells
incubated in 5 mM glucose.
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FIG. 2. Effects of ascorbic acid (AA) and glucose (G) on collagen
content of fibroblast cell layer. DPM, disintegrations/min. *P < 0.05 vs.
cells incubated in 5 mM glucose.
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between ascorbic acid and glucose on fibroblast function
was again demonstrated. Insulin alone had no effect on collagen or protein production but was able to preserve the
stimulatory effects of ascorbic acid in the presence of a high
glucose concentration (Table 1).
As shown in Fig. 2, a high glucose concentration (25 mM)
was also able to inhibit the ascorbic acid-induced stimulation of collagen production within the cell layer.
Ascorbic acid and glucose affected proteoglycan production by fibroblast in a manner similar to their effects on
collagen. In the presence of ascorbic acid, the release of
proteoglycans and glycosaminoglycans by fibroblasts into
the medium was greatly increased. This stimulatory action
was completely abolished by a high glucose concentration
(Fig. 3). The 25 mM of glucose also inhibited the stimulation
of proteoglycan production by ascorbic acid within the cell
layer (Fig. 36). By contrast, neither ascorbic acid nor glucose
had any effect on the 35S radioactivity released by heparin
or trypsin from fibroblast cell membranes (Fig. 4).
Treatment of cetylpyridinium chloride precipitate of the
medium with trichloroacetic acid showed that 22.1 ± 2.2%
of the radioactivity was in the form of proteoglycan, the balance being glycosaminoglycan. The proportion was not
changed by ascorbic acid or glucose. Further characteriza-
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TABLE 1
Effects of ascorbic acid, glucose, and insulin on production of
collagen and protein by fibroblasts
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tion showed that 46% of the total glycosaminoglycan was
degraded by chondroitinase ABC and 52% by heparinase.
The uptake of L-[carboxyl-14C]ascorbic acid by fibroblasts
at various time points is shown in Table 2. At 2 min, ascorbic
acid uptake was 36% lower in the presence of high glucose
concentration. At 24 h, the corresponding figure was only
12%.
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DISCUSSION
A decrease in the plasma concentration of ascorbic acid in
diabetes has been reported previously (1-5). The reduction
occurs regardless of a species' ability to synthesize this
vitamin because it has been observed in both humans and
rats. The precise mechanism underlying this decrease of
ascorbic acid in diabetes is unclear, but it has been found,
at least in the rats, to be related to the polyol pathway because it can be prevented by the administration of aldose
reductase inhibitors and myo-inositol (2,3).
Ascorbic acid has many important biological functions,
and its deficiency has been postulated to be important in
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FIG. 4. Effects of ascorbic acid (AA) and glucose (G) on heparindisplaceable (open bars) and trypsin-releasable (hatched bars)
fractions of cell-associated proteoglycans. DPM, disintegrations/min.
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the pathogenesis of some diabetic complications (19,21).
Ascorbic acid is an antioxidant, and its depletion may accentuate oxidative damage leading to secondary effects on
many cellular structures and functions (6,27). Ascorbic acid
also stimulates the synthesis of collagen and proteoglycan,
which are both important constituents of tissue and are
widely distributed in the body (8,9). In recent studies of
diabetic complications, considerable attention has focused
on the abnormalities of these two classes of extracellular
matrix proteins. They include the increase in biochemical
strength of collagen fibers, the impairment of granulation
tissue formation, and the decrease of proteoglycan in basement membrane (10-12,28). These changes could in turn
have profound effects on the physical properties of blood
vessels, the process of wound healing, and the filtration characteristics of glomeruli. Although it remains unproved, there
is reason to believe that ascorbic acid deficiency may play
a role in the pathogenesis of diabetic complications.

1000

TABLE 2
Effects of high glucose concentration on fibroblast uptake of
L-fcarboxyl-^CJascorbic acid

500

L-[carboxyl-14C]ascorbic acid uptake

Time
G(5mM)

G(5mM)
G(25mM)
+
AA(.56mM)

G(25mM)
+
AA(.56mM)

FIG. 3. Effects of ascorbic acid (AA) and glucose (G) on proteoglycan
in culture medium (A) and fibroblast cell layer (B). DPM,
disintegrations/min. *P < 0.05 vs. cells incubated in 5 mM glucose.
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2 min
10 min
15 min
30 min
24 h

Glucose (5 m M )
3571 ±
2888 ±
4585 ±
8645 ±
12,548 ±

828
134
307
773
2993

Glucose (25 m M )
2298
2621
4002
7737
11,061

± 954
± 591
± 678
± 842
± 3636

Values are means ± SD.
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able forms of membrane-bound proteoglycan. This indicates
that the observed changes of proteoglycan concentration in
the culture medium are not due to the release of these specific types of proteoglycans from the membrane site. Although no effect of glucose or ascorbic acid on fibroblast
cell membrane proteoglycan is demonstrable, different cell
types may behave differently, and each will need to be investigated separately.
Whether ascorbic acid deficiency plays a significant role
in the pathogenesis of diabetic complications is unknown.
This study reveals the complex interaction between glucose
and ascorbic acid on cellular function. To evaluate the importance of vitamin C in diabetes, consideration must be
paid to its interrelationship with glucose and insulin metabolism.
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This study confirms the dependence of fibroblasts on ascorbic acid for production of collagen and proteoglycans.
Thus, the reduction of ascorbic acid level in diabetes could
in its own right affect the synthesis of the two classes of
matrix protein. Our results show that this situation can be
further aggravated by the presence of hyperglycemia, which
impairs the action of ascorbic acid.
Ascorbic acid increases the release of both hydroxyproline and amino acid into the culture medium, but its effect
is greater on the former, indicating a preferential action on
collagen production. By contrast, a high glucose concentration reduces collagen and protein synthesis equally, thus
the hydroxyproline-amino acid ratio remains elevated when
ascorbic acid and high glucose concentrations are present
together. Although we have been able to show that a high
glucose concentration causes a slight inhibition of ascorbic
acid uptake in the early phase, as reported by others (1921), the accumulation of ascorbic acid by fibroblasts over
the 24 h of the experiment was only slightly suppressed.
From our dose-response curve (results not shown), this reduction in ascorbic acid uptake cannot explain the fall in
collagen and proteoglycan production. Thus, 25 mM of glucose does not produce these results solely by interfering
with the availability of ascorbic acid to the fibroblasts.
Many conflicting results on the effects of high glucose
concentrations have been reported in the literature. High
glucose concentration has been shown to stimulate collagen
and proteoglycan synthesis of basement membrane producing Engelbreth-Holm-Swamn tumor. In cultured chondrocytes and fibroblasts, high glucose concentration has been
reported to have no stimulatory action on proteoglycans (2931). In addition, an increase or no change in collagen production has been reported in fibroblasts cultured in a high
glucose concentration (32,33). These differences may be
due to variations in methodology and the types of cells studied. In our study, the effects of glucose on collagen and
proteoglycans are the same in the medium and the cell layer,
suggesting that what happens in the medium is a reflection
of intracellular events. Whatever the mechanism, the ability
of glucose to reduce the synthesis of some components of
the extracellular matrix may be an important component of
the general phenomenon of glucose toxicity (30). Note that
the consequence of high glucose concentration is different
when insulin is present. In insulin-dependent and noninsulin-dependent diabetes, the same degree of hyperglycemia can be present under vastly different insulin concentrations. Perhaps these patients will also react to the
combination of ascorbic acid deficiency and hyperglycemia
differently.
Studies on the disturbance of proteoglycan metabolism in
diabetes have traditionally focused on its function as an extracellular matrix protein such as in the maintenance of the
charge and permeability properties of basement membrane
(10-12). It is less well appreciated that the intracellular and
membrane-associated proteoglycans are also carefully regulated and have important functions in the control of cell
growth and cell-cell interaction. Whether the metabolism of
these cell-associated proteoglycans is abnormal in diabetes is largely unknown. In contrast to the findings in the
medium and cell layer, glucose and ascorbic acid have no
effect on either the heparin-displaceable or trypsin-releas-
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