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ABSTRACT After prolonged exposure to ascorbate, collagen
synthesis in cultured human skin fibroblasts increased approximately 8-fold with no significant change in synthesis of noncollagen
protein. This effect of ascorbate appears to be unrelated to its cofactor function in collagen hydroxylation. The collagenous protein
secreted in the absence of added ascorbate was normal in hydroxylysine but was mildly deficient in hydroxyproline. In parallel
experiments, lysine hydroxylase (peptidyllysine, 2-oxoglutarate:oxygen 5-oxidoreductase, EC 1.14.11.4) activity increased 3fold in response to ascorbate administration whereas proline hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate:oxygen oxidoreductase, EC 1.14.11.2) activity decreased considerably. These results suggest that collagen polypeptide synthesis, posttranslational
hydroxylations, and activities of the two bydroxylases are independently regulated by ascorbate.

Ascorbic acid is essential for normal collagen formation (1-3) by
virtue of the fact that it is a required component in the synthesis
of hydroxyproline and hydroxylysine in collagen (4). Hydroxyproline serves to stabilize the collagen triple helix (5, 6); its absence results in structurally unstable collagen (7, 8) which is not
secreted from cells at a normal rate (9). Hydroxylysine is necessary for formation of the intermolecular crosslinks in collagen
(10). In addition, specific carbohydrate residues are linked glycosidically to collagen through hydroxylysine, a process that
may be important in the regulation of crosslink formation (11).
It is generally believed that ascorbate modulates collagen
production through its effect on prolyl hydroxylation (12). There
have been indications, however, that ascorbate may have an
additional role in collagen biosynthesis (13-16). Notable are the
early studies by Jeffrey and Martin (13) who observed a substantial increase in the size of chicken long bones cultured in
the presence of ascorbate, concomitant with an increase in the
incorporation of proline into peptidyl hydroxyproline.
In this study we have examined the long-term effect of ascorbate on collagen production by cultured human skin fibroblasts. The influence ofascorbate on prolyl hydroxylase (prolylglycyl-peptide, 2-oxoglutarate:oxygen oxidoreductase, EC
1.14.11.2) and lysyl hydroxylase (peptidyllysine, 2 oxoglutarate:oxygen 5-oxidoreductase, EC 1.14.11.4) levels was also examined simultaneously to understand better the interrelationship of collagen synthesis and posttranslational hydroxylation.
The data indicate that ascorbate increases collagen synthesis by
acting at a level other than hydroxylation.
MATERIALS AND METHODS
Human skin fibroblasts from a normal 3-day-old boy (GM 970)
were obtained from the Institute for Medical Research (Camden, NJ) and grown to confluent density in Dulbecco's modified

Eagle's medium buffered with 24 mM sodium bicarbonate and
25 mM Hepes and supplemented with 20% fetal calf serum
(GIBCO) which had been inactivated for 30 min at 560C. Cultures were growth arrested for 90 hr in the medium as above
but containing 0.5% dialyzed fetal calf serum. Medium was
changed each 48 hr. L-Ascorbic acid or D-isoascorbic acid solution was prepared fresh daily and added for 0, 24, or 96 hr
prior to harvest. Washed cells were incubated for the final 6 hr
in lysine-free Dulbecco's modified Eagle's medium buffered
with 24 mM sodium bicarbonate and 25 mM Hepes and supplemented with glucose at 3.5 mg/ml, 0.5% dialyzed fetal calf
serum, 0.2 mM ,B-aminopropionitrile fumarate, 30 tLCi of L[2,3-3H]proline (New England Nuclear; 1 Ci = 3.7 X 101'
becquerels), and 4 ,uCi of L-['4C]lysine (New England Nuclear).
After incubation, protease inhibitors were added to the medium
in the following concentrations: N-ethylmaleimide, 1 mM;
phenylmethylsulfonyl fluoride, 1 mM; EDTA, 1 mM. The cell
layer was harvested with 0.05% trypsin/0.5 mM EDTA and an
aliquot was assayed in the Coulter Counter. Cultures were studied in triplicate.
For enzyme studies, parallel cultures were established as
described above except the labeling medium was replaced by
Dulbecco's modified Eagle's medium buffered with 24 mM sodium bicarbonate and 25 mM Hepes and supplemented with
0.5% dialyzed fetal calf serum. Medium was changed daily.
Measurement of Collagen Synthesis. Radioactivity incorporated into collagen was determined after digestion with
highly purified bacterial collagenase (form III, Advance Biofactures) (17, 18). For amino acid analysis, aliquots of collagenasedigested medium, after precipitation ofnondigested protein by
25% trichloroacetic acid/1.25% tannic acid, were hydrolyzed
in 6 M HCl for 20 hr at 108°C.
Isolation of Procollagen I. Procollagen I was isolated by
DEAE-cellulose chromatography (17, 19). For amino acid analysis, pooled samples were hydrolyzed in 6 M HCI for 20 hr at
1080C.
Amino Acid Analysis. Amino acids were separated on a Beckman model 116 amino acid analyzer. Radioactivities in proline,
hydroxyproline, lysine, and hydroxylysine were determined by
liquid scintillation counting in Aquasol-2 (New England Nuclear).
Prolyl and Lysyl Hydroxylase Assays. Prolyl and lysyl hydroxylase activities in cell extracts were determined essentially
as described (20).
RESULTS
Total collagen production was stimulated approximately 8-fold
by L-ascorbate as well as D-isoascorbate (Fig. 1). Cell pellet
collagen represented a greater fraction of total collagen in asPresent address: Moses Cone Hospital, 1200 N. Elm, Greensboro,
NC 27420.
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fibrillar collagen have been found to accumulate in the cell layer
fractions of human lung fibroblasts grown in the presence of
ascorbate (16).
The production of total noncollagen protein remained essentially unchanged under the influence of L-ascorbate or D-isoascorbate (Fig. 1). Cell growth was not affected as judged from
final mean cell counts: 2.67, 2.70, 2.67, and 2.64 X 106 per 100mm plate for control, 24-hr L-ascorbate-treated, 96-hr L-ascorbate-treated, and 96-hr D-isoascorbate-treated cultures,
respectively.
Lysyl hydroxylase activity increased 3-fold in response to Lascorbate or D-isoascorbate administration (Fig. 2). The stimulation was already maximal by 24 hr. Surprisingly, prolyl hydroxylase activity decreased after prolonged exposure of cells
to L-ascorbate or D-isoascorbate. The apparently higher prolyl
hydroxylase activity of 24-hr ascorbate-treated cultures is probably due to underestimation of the activity of untreated cultures, resulting from competition of labeled substrate in the
assay with endogenous substrate. This is supported by the observation that prolyl hydroxylase activity in extracts from untreated cultures but not from ascorbate-treated cultures increased upon preincubation with cofactors for the hydroxylation
reaction (data not shown).
Because treatment ofcells with ascorbate resulted in changes
in prolyl and lysyl hydroxylase activities, we measured the extent of hydroxylation of proline and lysine in the newly synthesized collagen. Type I procollagen was isolated from media of
ascorbate-treated cultures but could not be isolated from media
of untreated cultures despite repeated attempts. When collagenase-digested media proteins were examined, hydroxyproline content for untreated cultures was lower than for ascorbatetreated cultures whereas hydroxylysine content was similar
(Table 1). Relative hydroxylation levels of prolyl and lysyl res-

60

50

1-

40

r-

I-

:r

30

co

20

10

0
50

40
U-

CDQ
0:
T-

30

E-.

Prolyl hydroxylase

20

60 I

10

40
._
0

bD

0

0.

Control

2
Ascorbic
acid

96 hr
Isoascorbic
acid

'O IF

o

*:i

0

FIG. 1. Effect of ascorbate and isoascorbate on relative collagen
synthesis. Human skin fibroblasts at confluent density were incubated
for 4 days in Dulbecco's modified Eagle's medium supplemented with
0.5% serum. L-Ascorbic acid or D-isoascorbic acid at 0.25 mM was added
before harvest for intervals of time as noted. Control cells received no
additions. All cultures were labeled for the last 6 hr with L-[2,33H]proline and L-[14C]lysine. Radioactivities incorporated into collagen (hatched) and noncollagen (open) protein were determined after
digestion with clostridial collagenase free from detectable nonspecific
protease activity. Only 3H cpm are plotted. Data represent mean SD
for triplicate cultures. Cells were in passage 21.
±

corbate-deficient cultures than it did in 96-hr ascorbate-treated
cultures (37% vs. 12%); nonetheless, the amount of cell pellet
collagen was higher in the latter (Fig. 1). In the absence of ascorbate, collagen is underhydroxylated and would be expected
to accumulate in cells. In the presence of ascorbate, secretion
is enhanced and cell pellet collagen would include more insoluble extracellular collagen. In fact, large quantities of insoluble
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FIG. 2. Effect of ascorbate and D-isoascorbate on prolyl hydroxylase and lysyl hydroxylase levels. Details were as for Fig. 1 except cultures were not labeled. Enzyme activities in cell extracts were measured by 3H release assays.
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Table 1. Effect of ascorbate and D-isoascorbate on relative
hydroxylation of proline and lysine irn soluble extracellular
collagen
% prolyl
% lysyl
hydroxylation*
hydroxylationt
CollaCollaProcol- genase
Procol- genase
Treatment
lagen It digest§
lagen It digest§
None
34
26
L-Ascorbate, 24 hr
42
47
16
25
L-Ascorbate, 96 hr
41
46
20
28
D-Isoascorbate, 96 hr
43
44
20
28
* Calculated from cpm in proline and hydroxyproline isolated in the
amino acid analyzer.
t Calculated from cpm in lysine and hydroxylysine isolated in the
amino acid analyzer.
t Isolated by DEAE-cellulose chromatography.
§ Material digested by clostridial collagenase free from detectable non-

specific proteases.

idues were similar for 24-hr and 96-hr ascorbate-treated cultures. Values for isolated procollagen were somewhat lower
than for collagenase-digested material, perhaps due to additional prolyl and lysyl residues in the noncollagenous extension
peptides of procollagen.
DISCUSSION
The influence of ascorbate on collagen production has been
largely attributed to its role in prolyl hydroxylation (12). In the
present study, collagen synthesis was assessed by measuring the
incorporation of proline into collagenase-sensitive protein. The
observed stimulation of collagen synthesis under the influence
of ascorbate is thus independent of hydroxylation. As a corollary, it appears that, although fairly stable during growth in culture (21), phenotypic expression of fibroblasts with respect to
collagen synthesis can be modified by ascorbate.
The present studies are in contrast to previous studies with
human fibroblasts whose collagen synthesis either was not altered (22) or was decreased (23) by ascorbate. Whether this
difference is related to cell types, experimental conditions, or
method is not clear. Ascorbate has been found to have no effect
on collagen synthesis in L-929 (24, 25), 3T6 (25, 26), and 3T3
(14) cells. This is not surprising because animal cell lines differ
from human cell strains in many characteristics such as life-span
in culture, karyotype, density dependent inhibition, and serum
requirement. Human skin fibroblasts devote up to 15% oftheir
protein synthetic capacity to collagen synthesis (17). The relatively low rate of collagen synthesis exhibited by established cell
lines (25, 27) may be a consequence of the loss of ascorbate-dependent regulatory mechanism. It should be noted that collagen
synthesis in transformed cells also is low and is not regulated
by ascorbate (28). Ascorbate also has been found to have no
effect on total collagen synthesis in human synovial cells, but
this may be due to the much shorter duration of treatment used
(29). In primary avian tendon cells, however, collagen synthesis
was stimulated by ascorbate (15) although a later report from
the same laboratory contradicted the earlier observation (30).
Furthermore, it was difficult to be sure if this was a primary
effect or was secondary to changes in cell density which has been
found to exert a significant influence on collagen synthesis relative to noncollagen protein synthesis (17).
Most of the collagen produced under the influence of ascorbate appeared in the culture medium. The short labeling period
used may have been insufficient for appreciable processing of
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the newly synthesized procollagen into insoluble collagen associated with the cell layer. Indeed, insoluble extracellular collagen has been found to accumulate during continuous labeling
for a longer period in the presence of ascorbate (31).
The absence of detectable procollagen in medium of ascorbate-deficient cultures may be related to the instability of underhydroxylated collagen at the physiological temperature (7,
8) and consequently its susceptibility to proteolytic degradation.
It is noteworthy in this regard that low molecular weight fragments presumably derived from intracellular degradation of
collagen formed in the absence of ascorbate have been found
in culture medium (32). However, such degradation has not
been observed in other studies (26).
The collagenase-sensitive protein in medium of cultures not
given ascorbate was mildly deficient in hydroxyproline. This
observation is in agreement with some (23, 32) but not all (14,
16, 31, 33, 34) reports which show that collagen secreted in the
absence of ascorbate is severely deficient in hydroxyproline. It
is remarkable that considerable hydroxylation of prolyl residues
occurred even though 0.5% dialyzed serum was used in order
to minimize the contribution ofserum-derived ascorbate. These
results indicate the presence in cultured cells of a reducing factor that can partially replace ascorbate, as suggested earlier (24,
25).
The decline of prolyl hydroxylase activity after prolonged
exposure of cells to ascorbate is unusual because changes in
prolyl hydroxylase activity often accompany changes in collagen
synthesis (4, 35). One report, however, indicates an adverse
effect of ascorbate on prolyl hydroxylase activity with no significant change in lysyl hydroxylase activity during culture
growth (36). In our experiments with growth-arrested confluent
cells, lysyl hydroxylase activity was markedly stimulated by ascorbate. The significance of these observations in relation to
collagen synthesis is not clear.
A comparison of short-term and long-term effects of ascorbate
shows that collagen synthesis continued to increase even after
prolyl hydroxylation had been maximally stimulated, suggesting
that ascorbate acts at a level other than hydroxylation. This conclusion is incompatible with the postulate that intracellular accumulation of underhydroxylated collagen in ascorbate deficiency might inhibit further collagen synthesis and this inhibition
could be relieved by ascorbate through hydroxylation (14). Our
results raise the possibility that ascorbate may exert a more
direct influence on collagen synthesis. An action of ascorbate
at the level of gene expression is an attractive possibility. However, in studies with bone organ culture the stimulation of collagen synthesis under the influence of ascorbate could not be
abolished by actinomycin D, suggesting a lack of effect on the
synthesis of collagen mRNA (37). An alternative mechanism for
ascorbate action may involve the protein synthesis machinery
itself. A shift in the distribution of collagen synthesizing ribosomes toward polysomes has been observed in the presence of
ascorbate (38, 39). Ultrastructural examination of normal and
scorbutic tissues revealed a considerable reduction in rough
endoplasmic reticulum in ascorbate deficiency, consistent with
this effect of ascorbate (40).
The clinical implications of this study are appreciable. The
importance of ascorbate in wound healing has been recognized
for years. Ascorbate is concentrated in wounded tissues and
rapidly utilized during wound healing (41-44). Tensile strength
of wounds (45, 46) and incidence of wound dehiscence (47) are
related to ascorbate levels. Because humans are dependent on
dietary sources for ascorbate, deficiency is common in the elderly as well as sick and debilitated persons (48), who most commonly undergo surgical treatment. Such patients may need supplemental ascorbate for optimal wound healing.

2882

Biochemistry: Murad et al.

This work was supported by Grant 2 R01 AM-17128 from the National
Institutes of Health and Grant 5 T32 HL-07101 from the National Heart,
Lung and Blood Institute and by funds from the Howard Hughes Medical Institute. This is publication no. 85 of the Dermatological Research
Laboratories at Duke University Medical Center.
1. Chatterjee, I. B. (1978) World Rev. Nutr. Diet. 30, 69-87.
2. Wallerstein, R. 0. & Wallerstein, R. O., Jr. (1976) Semin. Hematol. 13, 211-218.
3. Gould, B. S. (1968) in Treatise on Collagen, ed. Gould, B. S.
(Academic, London), Vol. 2A, pp. 323-365.
4. Cardinale, G. J. & Udenfriend, S. (1974) Adv. Enzymol. 41,
245-300.
5. Ramachandran, G. N. & Ramakrishnan, C. (1976) in Biochemistry of Collagen, eds. Ramachandran, G. N. & Reddi, A. H.
(Plenum, New York), pp. 45-84.
6. Ramachandran, G. N., Bansal, M. & Ramakrishnan, C. (1975)
Curr. Sci. 44, 1-3.
7. Berg, R. A. & Prockop, D. J. (1973) Biochem. Biophys. Res.
Commun. 52, 115-120.
8. Jimenez, S., Harsch, M. & Rosenbloom, J. (1973) Biochem. Biophys. Res. Commun. 52, 106-114.
9. Prockop, D. J., Berg, R. A., Kivirikko, K. I. & Uitto, J. (1976) in
Biochemistry of Collagen, eds. Ramachandran, G. N. & Reddi,
A. H. (Plenum, New York), pp. 163-273.
10. Eyre, D. R. (1980) Science 207, 1315-1322.
11. Pinnell, S. R. (1978) in The Metabolic Basis of Inherited Diseases, eds. Stanbury, J. B., Wyngaarden, J. B. & Fredrickson,
D. S. (McGraw-Hill, New York), 4th Ed., pp. 1366-1394.
12. (1978) Nutr. Rev. 36, 118-121.
13. Jeffrey, J. J. & Martin, G. R. (1966) Biochim. Biophys. Acta 121,
269-280.
14. Peterkofsky, B. (1972) Biochem. Biophys. Res. Commun. 49,
1343-1350.
15. Schwarz, R. I. & Bissell, M. J. (1977) Proc. Natl. Acad. Sci. USA
74, 4453-4457.
16. Faris, B., Snider, R., Levene, A., Moscaritolo, R., Salcedo, L.
& Franzblau, C. (1978) In Vitro 14, 1022-1027.
17. Freiberger, H., Grove, D., Sivarajah, A. & Pinnell, S. R. (1980)
J. Invest. Dermatol. 75, 425-430.
18. Russell, J. D., Russell, S. B. & Trupin, K. M. (1978) J. Cell.
Physiol. 97, 221-230.
19. Uitto, J., Lichtenstein, J. R. & Bauer, E. A. (1976) Biochemistry
15, 4935-4942.
20. Murad, S., Sivarajah, A. & Pinnell, S. R. (1980)1. Invest. Dermatol. 75, 404 407.

Proc. Natl. Acad. Sci. USA 78 (1981)
21. Breul, S. D., Bradley, K. H., Hance, A. J., Schaffer, M. P.,
Berg, R. A. & Crystal, R. G. (1980) J. Biol. Chem. 255,
5250-5260.
22. Booth, B. A., Polak, K. L. & Uitto, J. (1979) Clin. Res. 27, 623A.
23. Paz, M. A. & Gallop, P. M. (1975) In Vitro 5, 302-312.
24. Peterkofsky, B. (1972) Arch. Biochem. Biophys. 152, 318-328.
25. Nolan, J. C., Cardinale, G. J. & Udenfriend, S. (1978) Biochim.
Biophys. Acta 543, 116-122.
26. Bates, C. J., Bailey, A. J., Prynne, C. J. & Levene, C. I. (1972)
Biochim. Biophys. Acta 278, 372-390.
27. Green, H. & Goldberg, B. (1968) in Differentiation and Immunology, Symposia of the International Society for Cell Biology,
ed. Warren, K. B. (Academic, New York), Vol. 7, pp. 123-134.
28. Schwarz, R. I., Farson, D. A. & Bissell, M. J. (1978)J. Cell Biol.
79, 672-679.
29. Kuttan, R., Parrott, D. P., Kaplan, S. R. & Fuller, G. C. (1979)
Res. Commun. Chem. Pathol. Pharmacol. 26, 337-345.
30. Bissell, M. J., Hatie, C., Farson, D. A., Schwarz, R. I. & Soo,
W.-J. (1980) Proc. Natl. Acad. Sci. USA 77, 2711-2715.
31. De Clerck, Y. A. & Jones, P. A. (1980) Biochem.J. 186, 217-225.
32. Kao, W. W.-Y., Flaks, J. G. & Prockop, D. G. (1976) Arch.
Biochem. Biophys. 173, 638-648.
33. Bates, C. J. Prynne, C. J. & Levene, C. I. (1972) Biochim. Biophys. Acta 263, 397-405.
34. Quinn, R. S. & Krane, S. M. (1979) Biochim. Biophys. Acta 585,
589-598.
35. Kuutti-Savolainen, E.-R., Risteli, J., Miettinen, T. A. & Kivirikko, K. I. (1979) Eur. J. Clin. Invest. 9, 89-95.
36. Quinn, R. S. & Krane, S. M. (1976) J. Clin. Invest. 57, 83-93.
37. Jeffrey, J. J. & Martin, G. R. (1966) Biochim. Biophys. Acta 121,
281-291.
38. Fernandez-Madrid, F. & Pita, J., Jr. (1970) in Chemistry and
Molecular Biology of the Intercellular Matrix, ed. Balazs, E. A.
(Academic, London), Vol. 1, pp. 439-448.
39. Harwood, R., Grant, M. E. & Jackson, D. S. (1974) Biochem. J.
142, 641-651.
40. Ross, R. & Benditt, E. P. (1964) J. Cell. Biol. 22, 365-389.
41. Schwartz, P. L. (1970) J. Am. Diet. Assoc. 56, 497-503.
42. Bartlett, M. K., Jones, C. M. & Ryan, A. F. (1942) N. Engl. J.
Med. 226, 469-473.
43. Abt, A. F., Schuching, S. V. & Roe, J. H. (1959) Bull.Johns Hopkins Hosp. 104, 163-173.
44. Shukla, S. P. (1969) Experientia 25, 704.
45. Bourne, G. H. (1944) Lancet i, 688-691.
46. Van Winkle, W., Jr. (1969) Surg. Gynecol. Obstet. 129, 819-842.
47. Crandon, J. H., Lennihan, R., Jr., Mikal, S. & Reif, A. E. (1961)
Ann. N.Y. Acad. Sci. 92, 246-267.
48. Kirk, J. E. & Chieffi, M. (1953) J. Gerontol. 8, 301-304.

