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The vitamin A dependency of ster- 
oidogenic organ function in rats has re- 
mained a controversial subject. Both adre- 
nal (1, 2) and gonadal (3) dysfunction have 
been reported in hypovitaminosis A. At- 
tempts have been made to apply this theo- 
ry as an explanation for the apparent anti- 
carcinogenic effects of vitamin A. Light (4) 
has proposed the existence of subclinical 
vitamin A deficiencies which result in de- 
creased adrenocortical output. The correc- 
tion of such a condition in a patient with 
cancer would be the equivalent of steroid 
therapy. In addition, Van Thiel et al. (5) 
have shown that ethanol interferes with 
testicular vitamin A metabolism, and they 
theorized that this could account for the 
occurrence of sterility in alcoholics. How- 
ever, no attempt has been made to recon- 
cile these theories with recent work that 
does not support the involvement of vita- 
min A in steroidogenesis (6, 7). A review of 
this field revealed that none of the investi- 
gators who attempted to produce a hypovi- 
taminosis A condition (1-3, 6, 7) noted an 
important effect of hypovitaminosis A in 
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the rat, a reduction in the hepatic biosyn- 
thesis of ascorbic acid (8). An examination 
of the diets used indicated that in those ex- 
periments where significant steroidogenic 
dysfunction was noted both vitamins A 
and C were lacking in most of the reported 
diets (1-3). In one of the experiments that 
failed to support the aforementioned work 
(7), significant amounts of ascorbic acid 
were present in the diet (9). In another re- 
port (6) showing the absence of adrenal ef- 
fects in vitamin A deficiency, no vitamin C 
was in the reported diet; but retinoic acid 
was used to deplete the vitamin A stores, 
and was then abruptly withdrawn. The ef- 
fect of this regimen on the hepatic ascorbic 
acid synthesizing enzyme, gulonolactone 
oxidase, is not known. 

With these facts in mind we decided to 
repeat the experiments that attempted to 
show vitamin A involvement in adrenal 
function. However, we maintained groups 
on vitamin A- and vitamin C-free diets. 

We used 50 male, weanling Long- 
Evans rats (Charles River, Wilmington, 
Mass.). To eliminate the parameter of 
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stress, the rats were handled every day for 
3 weeks before and during the experiment. 
The animals were housed in wide mesh 
steel cages which allowed their feces and 
urine to drop through, leaving little residue 
and preventing ingestion of excreta. A light 
schedule of 10 hours of light (from 0800 to 
1800) alternating with 14 hours of dark- 
ness was maintained. This regimen per- 
mitted stabilization of daily rhythms of en- 
zyme and hormone activity so that normal 
fluctuations would occur at predictable 
time periods. At 6 weeks of age the rats 
were divided into groups and the experi- 
ment begun. 

Custom-formulated diets were obtained 
from Nutritional Biochemicals Corp. 
Twenty animals were designated controls 
(group 1), and fed a nondeficient diet that 
contained 20 units of vitamin A and 1 mg 
of ascorbic acid per gram of feed. Groups 
2, 3, and 4 (each containing ten animals) 
were maintained on diets free of vitamins 
A and C (10); this diet in every other aspect 
was identical to that given group 1. Vita- 
min supplements were provided as follows. 
Group 3 received an intraperitoneal in- 
jection of 10 mg of sodium ascorbate per 
100 g of body weight per day; group 4 was 
given 20 international units of vitamin A 
palmitate per 100 g of body weight per 
day. Groups 1 and 2 were given equivalent 
injections of vehicle alone. Half of group 1 
and all of groups 3 and 4 were pair-fed to 
group 2. The remaining animals of group 1 
were given free access to their diet. How- 
ever, in the results that follow the data 
from both control groups were pooled be- 
cause there were no significant differences 
between them. 

The group in which vitamin A was re- 
placed (group 4) was inserted primarily as 
a reference point for the interpretation of 
any morphological changes seen in the oth- 
er deficient groups and as a check on the 
ability of the Long-Evans strain to synthe- 
size ascorbic acid for functional needs. The 
dosage of vitamin A chosen for group 4 
was that amount reported to produce max- 
imum growth and longevity without appre- 
ciable liver storage (11). The ascorbate 
supplementation of group 3 was estimated 
from the work of Salomon and Stubbs 
(12), who found that on the average ascor- 
bate synthesis was 6 mg per 100 g of body 
weight per day. However, recent work (13) 
has shown a sizable variation in the ascor- 
bic acid requirements of a random popu- 
lation of guinea pigs, and since a similar 
variation might exist in the levels of syn- 
thesis in rats, a dose of ascorbate just in ex- 
cess of the average determined rate of syn- 
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Abstract. Previous work supporting the vitamin A dependency of adrenal function in 
rats neglected to take into account a secondary effect of the deficiency, a decrease in he- 
patic ascorbic acid biosynthesis. Vitamin A-depleted rats maintained on a diet free of as- 
corbate had a decrease in the activity of adrenal 33-hydroxysteroid dehydrogenase, and 
extensive adrenocortical degeneration. The use of an ascorbate supplement prevented the 
symptoms. The results suggest that previous evidence for direct involvement of vitamin A 
in steroidogenesis may have been due to the production of a secondary deficiency, a 
chronic scorbutic condition. 
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ly. A significant decrease (20 percent) in 
the blood ascorbic acid of the rats deficient 
in vitamins A and C (group 2), as com- 

pared to the controls or other experimen- 
tal groups, was noted after 60 days on the 
deficient diet. An additional 30 days was 
allowed to elapse before the animals were 
killed. For this period groups 2 and 3 were 
in a condition of slow liver retinol deple- 
tion, whether with or without an induced 
chronic state of ascorbate deficiency. It 
has been shown (8) that there is an imme- 
diate decrease (up to 50 percent) in ascor- 
bate synthesis which accompanies any sig- 
nificant depletion of liver vitamin A. Al- 
though in previous investigations (1-3, 6, 
7) weight loss or the appearance of gross 
symptoms of vitamin A deficiency were 
criteria for the time of killing the animals, 
we used the fall in blood ascorbic acid as a 
criterion, since there were no significant al- 
terations in the weight-growth curves of 
the four groups, nor were there any gross 
symptoms of vitamin A deficiency. The 

purpose of this was to demonstrate that 
functional and morphological changes oc- 
cur in steroidogenic organs before any 
manifestations of peripheral vitamin A 
deficiency occur. 

Animals were killed by rapid decapita- 
tion between 1100 to 1500 hours, after the 
animals were acclimated (about 1 hour) to 
the laboratory area. The time of killing, 3 
to 7 hours after the onset of light, was cho- 
sen to correspond to periods of reported 
steady low levels of circulating corticoster- 
one and ascorbic acid (14). Blood and ad- 
renal ascorbic acid and corticosterone 
were determined by the dinitrophenyl- 
hydrazine method (15) and acid fluores- 
cence (16), respectively. The activity of 3f- 
hydroxysteroid dehydrogenase (3f-HSD), 
was measured by the rate of conversion of 
dehydroepiandrosterone to androstendione 
in adrenal homogenates (17). Adrenal pro- 
tein was assayed by the technique of Lowry 
et al. (18). Liver vitamin A was measured 
by the Carr-Price method (19). Statistical 

significance of the data was determined by 
Student's t-test, at the P < .01 level. Some 
adrenals were sectioned by cryostat at 15 
,um, and were stained with hematoxylin 
and eosin for general morphology, or were 
used for the Schultz modification (20) of 
the Liebermann-Burchardt reaction for the 
visualization of cholesterol and its esters. 

Group 2 showed significant decreases in 
both blood and adrenal ascorbic acid, 18 
and 33 percent, respectively, as compared 
to controls (Table 1). Group 3 showed a 
slightly higher concentration of ascorbic 
acid in the blood (18 percent) as compared 
to controls, as a result of administered ex- 
cess replacement. However, the ascorbic 
acid concentration in the adrenals was 
identical to that of the control group. 
6 FEBRUARY 1976 

Table 1. The effect of selected vitamin deficiencies on the adrenal weight and ascorbic acid in the rat. 
Group 1 rats received a normal diet containing 1 mg of ascorbic acid and 20 units of vitamin A 
palmitate per gram of feed. Groups 2, 3, and 4 were maintained on a diet deficient in vitamins A and 
C; group 3 received 10 mg of sodium ascorbate per 100 g of body weight; group 4 received 20 inter- 
national units of vitamin A palmitate per 100 g of body weight per day. Numbers in each case repre- 
sent the mean ? standard error of the mean. 

Adrenal Protein (mg)/ Ascorbic acid (mg)/ Ascorbic acid ( g)/ 
Group weight (mg) adrenal (mg) adrenal protein (mg) 100 ml of blood 

1 24.0 ? 1.0 0.261 + .008 0.0195 + .0007 808.3 + 38.7 
2 31.7 + 1.6 0.289 +.023* 0.0161 .0011* 541.6 ? 10.7* 
3 40.6 4.3 0.268 .014 0.0198 ? .0015 979.15 85.6 
4 28.4 2.2 0.284 .010* 0.0183 .0011 627.5 + 41.68t 

*Significant compared to normal group, with P < .01. tSignificant compared to normal group, with P < .05. 

Group 4 showed only slight decreases in 
both blood and adrenal ascorbic acid, and 
this decrease represents the basal levels 
produced by the liver with minimal vita- 
min A replacement. The ratio of protein 
(milligrams) to adrenal weight (milli- 
grams) (Table 1) indicates whether an in- 
crease in weight is due to an increase in the 
protein content of the gland. The increased 
weight in group 3 was not due to an in- 
crease in protein content, but the slight in- 
crease in weights in groups 2 and 4 were 
accompanied by a significant increase in 
protein. 

The adrenal 30-HSD activity and corti- 
costerone levels, as well as the blood corti- 
costerone levels when the animals were 
killed are shown in Table 2. The synthesis 
of adrenal steroids requires 38-HSD, since 
the conversion of a 3,-hydroxy to a 
3-keto group is necessary for the biologi- 
cal activity of most steroid hormones. 
There are conflicting reports concerning 
this enzyme's activity: some suggest that it 
is dependent on vitamin A (1, 5, 6), and 
others suggest vitamin C (21). The enzyme 
levels of group 2 were significantly lowered 
as compared to those of the other groups, 
whose values did not differ. This relation 
held whether the activities were expressed 
per two adrenal glands or per milligram of 
protein. The adrenal stores of corticoster- 
one of group 3 were 36 percent lower 
(P < .05), while the blood levels were 34 
percent higher. There were no differences 
in the blood and adrenal corticosterones of 

group 2 compared to the control group. 
Liver vitamin A of the two groups deficient 
in vitamin A (groups 2 and 3) showed a de- 
pletion of 50 and 70 percent, respectively, 
when compared to the control group (22). 

The morphological appearance of the 
gland from an animal supplemented with 
vitamin C and deficient in vitamin A (Fig. 
1D) was indistinguishable from that of the 
control group (Fig. 1A). The animals 
deficient in vitamins A and C (group 2) and 
the group given minimal vitamin A re- 
placement (group 4) had hyperplasia of the 
glomerulosa with infiltration of the zona 
fasciculata and a lack of a distinct bound- 
ary between the zones (Fig. 1, B and E). In 
group 2 there were areas of multiple cell 
cytolysis forming "lumina" in which could 
sometimes be seen necrotic nuclei from the 
disintegrated cells (Fig. 1C). Similar hy- 
perplasia and tissue destruction found in 
rabbits and guinea pigs on a scorbutic diet 
(23) were indistinguishable from that pro- 
duced by prolonged stimulation of adreno- 
corticotrophic hormone (ACTH) in stress 
(24). Selye and Stone suggested that this 
syndrome was caused by extensive de- 
mands on the adrenal cortex as a result of 
long-term or overstimulation by ACTH 
(25). Staining for adrenal cholesterol 
showed undetectable amounts in group 2 
(Fig. 1G), implying that less than 3 to 6 
percent 7-hydroxycholesterol was present 
(26); the group deficient in vitamin A but 
with vitamin C replaced (Fig. 1H) and the 
control (Fig. IF) group showed varied de- 

Table 2. Effect of selected vitamin deficiencies on blood, adrenal, and liver. Group 1 rats received a 
normal diet containing 1 mg of ascorbic acid and 20 units of vitamin A palmitate per gram of feed. 
Groups 2 and 3 were maintained on a diet deficient in vitamins A and C, in addition to which 
group 3 received 10 mg of sodium ascorbate per 100 g of body weight per day. Numbers in each case 
represent the mean - standard error of the mean. 

LvCortico- 33-HSD activity per minute Liver Corticosterone 
Group vitamin A ( ug)/adrenal sterone (g)/ Androstendione gg/mg of 

(unit/g) protein (mg) 100 ml (Cg)/two adrenal 
of blood adrenals protein 

1 1165 ? 6.1 0.0704 + .0055 18.76 ? 6.5 7.65 + 0.23 0.306 ? .04 
2 580 ? 16.3* 0.0603 + .0049 19.70 ? 0.5 2.65 + 0.17* 0.136 - .03* 
3 345 ? 6.1* 0.0473 ? .0059t 28.38 ? 7.0* 7.48 ? 0.31 0.407 + .08 

*Significant compared to normal group, with P < .01. tSignificant compared to normal group, with P < .05. 
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grees of staining, an indication that 12 to 
25 percent hydroxycholesterol and 40 to 50 
percent total lipids were present. ACTH 
lowers adrenal cholesterol, and depletion 
occurs in long-term stimulation (27). Also, 
the decrease in adrenal cholesterol in 
scurvy is attributed to diminished acety- 
lation in the body (28) with decreased ace- 
tate uptake and utilization by the adrenal 
(29). Vitamin A is nonessential for choles- 
terol biosynthesis (2, 30). 

In the control group, the levels of 3;3- 
HSD, blood and adrenal ascorbic acid, and 
of corticosterone and a positive Schultz re- 
action indicated that the glands actively 
produced and stored corticosterone and 
maintained blood levels. In the group in 

which vitamin C was replaced, the 33-HSD 
activity, blood and adrenal ascorbic acid 
were the same as that in the controls; the 
corticosterone was slightly lower in the 
gland and higher in the blood, and the in- 
tracellular cholesterol was slightly in- 
creased with a resulting increase in adrenal 
weight. This indicated that the average 
gland at the time the animals were killed 
produced and released corticosterone. In 
contrast, the group deficient in vitamins A 
and C (group 2) had low gland and blood 
ascorbic acid, no detectable cholesterol, 
very low 3/3-HSD, and normal cortico- 
sterone levels. This indicated that the 
glands produced adequate corticosterone, 
but at the peak of glandular capability 

(that is, under high ACTH stimulation). 
That this stimulation had been long-term 
can be seen by the hyperplasia of zona 
glomerulosa and cytolysis, and by hyper- 
trophy as evidenced by an increase in the 
gland weight and a larger ratio of protein 
weight to adrenal weight. The group in 
which vitamin A was replaced (group 4) 
showed a small decrease in ascorbic acid in 
the gland and blood. The increase in the 
ratio of gland weight to protein weight 
was due to the hyperplasia of zona glomer- 
ulosa seen in the stained sections. These 
adrenals, containing a low level of ascorbic 
acid, present a similar histological picture 
to that of the animals of the vitamin C- 
deficient group. The lower level of tissue 

Fig. 1. Cryostat, 15-um sections of representative adrenal glands; (A to E) stained with hematoxylin and eosin; (F to H) stained for cholesterol by 
the Schultz technique (20). (A) Normal rat adrenal from group 1 (x 125). (B) Rats deficient in vitamins A and C (group 2). Vitamin C deficiency causes 
hyperplasia of zona glomerulosa, which infiltrates the fasciculata, resulting in an indistinct boundary between the zones (x 125). (C) From rats deficient 
in vitamins A and C (group 2). The zona fasciculata of the vitamin C-deficient adrenal has areas of focal necrosis or cytolysis. These form lumina, into 
which protrude nuclei of the disintegrated cells (x 125). (D) Glands of rats deficient in vitamins A and C, but supplemented with ascorbic acid (group 3) 
appear normal (x 125). (E) Glands of rats deficient in vitamins A and C but with minimal vitamin A supplement (low level liver synthesis of ascorbic 
acid) (group 4) show only hyperplasia of zona glomerulosa (x 100). (F) In the adrenal gland from the normal rats (group 1), the dark staining reaction 
product outlines the zona glomerulosa with moderate precipitation in zona fasciculata. It indicates the presence of cholesterol and its esters (x 10). (G) 
Glands from rats deficient in vitamins A and C (group 2). The glands deficient in vitamin C show very slight reaction in the zona glomerulosa 
and none in the zona fasciculata. It indicates a depletion of 7-hydroxycholesterol to less than 3 to 6 percent, which is not detectable by the Schultz reac- 
tion (x25). (H) In glands from rats deficient in vitamins A and C, but with vitamin C replaced (group 3), intense staining in the zona glomerulosa and 
throughout the zona fasciculata indicates increased cholesterol deposits. Other glands tested showed moderate amounts of reaction product sim- 
ilar to the control group (x 25). 
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and blood ascorbic acid in this group rep- 
resents hepatic synthesis on a low intake 
of vitamin A, with no liver storage. 

In summary, depletion of liver vitamin 
A will cause a decrease in the hepatic syn- 
thesis of ascorbic acid, confirming pre- 
viously reported work (8). Rogers (31) has 
suggested that this effect is due more to in- 
anition than the vitamin A deficiency. 
However, the fact that our vitamin A-de- 
pleted groups did not show any significant 
differences in their weight-growth curves 
from the controls tends to rule out this pos- 
sibility. In addition, if inanition was the 
cause of the decrease in ascorbic acid syn- 
thesis, then depletion studies with other vi- 
tamins should have shown adrenocortical 
effects. To our knowledge this is not the 
case. 

The result of the reduction in ascorbic 
acid biosynthesis is a decrease in the activi- 
ty of adrenal 33-HSD, and a series of his- 
tological changes in the adrenal which re- 
semble scurvy in the guinea pig (23, 24). 
These changes have been attributed to the 
vitamin A dependency of adrenocortical 
function (1, 2). The use of an ascorbate 
supplement in vitamin A-depleted rats 
prevented all of the aforementioned symp- 
toms. 

The above data provide a possible ex- 
planation for the conflicting reports con- 
cerning the effects of hypovitaminosis A on 
the adrenal cortex of the rat; that is, a lack 
of vitamin C in their diet. Further work is 
needed to ascertain whether the "protec- 
tive" effect of ascorbic acid is still present 
in more extreme cases of vitamin A-defi- 
ciency. However, our work shows the im- 
portance of ascertaining that only one defi- 
ciency exists when performing vitamin de- 
pletion studies. 

KENNETH A. GRUBER* 
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New York University, 
342 East 26 Street, New York 10010 

References and Notes 

1. B. H. Ershoff, Vitam. Horm. (N.Y.) 10, 79 (1952); 
G. Wolf, S. R. Wagle, R. A. Van Dyke, B. C. 
Johnson, J. Biol. Chem. 230, 979 (1958); B. C. 
Johnson and G. Wolf, Vitam. Horm. (N.Y.) 18, 
457 (1960); H. S. Juneja, K. Murthy, J. Ganguly, 
Biochem. J. 99, 138 (1966); R. Granguard and M. 
Nicol, C. R. Acad. Sci. Ser. D 263, 466 (1966); 
__ , D. Desplanques, ibid. 264, 2822 (1967). 

2. G. Wolf, M. D. Love, B. C. Johnson, J. Biol. 
Chem. 225, 995 (1957); J. S. Lowe, R. A. Morton, 
R. G. Harrison, Nature (London) 172, 716 (1953). 

3. S. B. Wolbach and P. R. Howe, J. Exp. Med. 42, 
753 (1925); T. Moore, in The Vitamins, W. H. 
Sebrell and R. S. Harris, Eds. (Academic Press, 

and blood ascorbic acid in this group rep- 
resents hepatic synthesis on a low intake 
of vitamin A, with no liver storage. 

In summary, depletion of liver vitamin 
A will cause a decrease in the hepatic syn- 
thesis of ascorbic acid, confirming pre- 
viously reported work (8). Rogers (31) has 
suggested that this effect is due more to in- 
anition than the vitamin A deficiency. 
However, the fact that our vitamin A-de- 
pleted groups did not show any significant 
differences in their weight-growth curves 
from the controls tends to rule out this pos- 
sibility. In addition, if inanition was the 
cause of the decrease in ascorbic acid syn- 
thesis, then depletion studies with other vi- 
tamins should have shown adrenocortical 
effects. To our knowledge this is not the 
case. 

The result of the reduction in ascorbic 
acid biosynthesis is a decrease in the activi- 
ty of adrenal 33-HSD, and a series of his- 
tological changes in the adrenal which re- 
semble scurvy in the guinea pig (23, 24). 
These changes have been attributed to the 
vitamin A dependency of adrenocortical 
function (1, 2). The use of an ascorbate 
supplement in vitamin A-depleted rats 
prevented all of the aforementioned symp- 
toms. 

The above data provide a possible ex- 
planation for the conflicting reports con- 
cerning the effects of hypovitaminosis A on 
the adrenal cortex of the rat; that is, a lack 
of vitamin C in their diet. Further work is 
needed to ascertain whether the "protec- 
tive" effect of ascorbic acid is still present 
in more extreme cases of vitamin A-defi- 
ciency. However, our work shows the im- 
portance of ascertaining that only one defi- 
ciency exists when performing vitamin de- 
pletion studies. 

KENNETH A. GRUBER* 

LAURA V. O'BRIENt 

ROBERT GERSTNER 

Department of Anatomy, 
New York University, 
342 East 26 Street, New York 10010 

References and Notes 

1. B. H. Ershoff, Vitam. Horm. (N.Y.) 10, 79 (1952); 
G. Wolf, S. R. Wagle, R. A. Van Dyke, B. C. 
Johnson, J. Biol. Chem. 230, 979 (1958); B. C. 
Johnson and G. Wolf, Vitam. Horm. (N.Y.) 18, 
457 (1960); H. S. Juneja, K. Murthy, J. Ganguly, 
Biochem. J. 99, 138 (1966); R. Granguard and M. 
Nicol, C. R. Acad. Sci. Ser. D 263, 466 (1966); 
__ , D. Desplanques, ibid. 264, 2822 (1967). 

2. G. Wolf, M. D. Love, B. C. Johnson, J. Biol. 
Chem. 225, 995 (1957); J. S. Lowe, R. A. Morton, 
R. G. Harrison, Nature (London) 172, 716 (1953). 

3. S. B. Wolbach and P. R. Howe, J. Exp. Med. 42, 
753 (1925); T. Moore, in The Vitamins, W. H. 
Sebrell and R. S. Harris, Eds. (Academic Press, 
New York, 1954), vol. 1, pp. 245-266; Vitamin A 
(Elsevier, Amsterdam, 1957), pp. 499-524; S. W. 
Chausen, J. Am. Med. Assoc. 111, 144 (1939); 
H. M. Evans, Am. J. Physiol. 99, 477 (1932). 

4. M. H. Light, Science 187, 185 (1975). 
5. D. H. Van Thiel, J. Gavaler, R. Lester, ibid. 186, 

941 (1974). 
6. W. E. Rogers and J. G. Bieri, J. Biol. Chem. 243, 

3404(1968). 
7. M. A. Schor and D. Glick, Endocrinology 86, 693 

(1968). 
8. P. Malathi and J. Ganguly, Biochem. J. 92, 521 

6 FEBRUARY 1976 

New York, 1954), vol. 1, pp. 245-266; Vitamin A 
(Elsevier, Amsterdam, 1957), pp. 499-524; S. W. 
Chausen, J. Am. Med. Assoc. 111, 144 (1939); 
H. M. Evans, Am. J. Physiol. 99, 477 (1932). 

4. M. H. Light, Science 187, 185 (1975). 
5. D. H. Van Thiel, J. Gavaler, R. Lester, ibid. 186, 

941 (1974). 
6. W. E. Rogers and J. G. Bieri, J. Biol. Chem. 243, 

3404(1968). 
7. M. A. Schor and D. Glick, Endocrinology 86, 693 

(1968). 
8. P. Malathi and J. Ganguly, Biochem. J. 92, 521 

6 FEBRUARY 1976 

(1964); N. C. Ghosh, I. Chatterjee, G. C. Chat- 
terjee, ibid. 97, 247 (1965). 

9. Schor and Glick (7) used a hypovitamin A diet pre- 
pared by Nutritional Biochemicals Corp. This diet 
contains large amounts of ascorbic acid. 

10. We analyzed the feed on its arrival to ensure the 
absence of vitamin A, carotene, and ascorbic acid. 

11. J. M. Lewis, O. Bodansky, K. G. Fald, G. 
McGuire, J. Nutr. 23, 351 (1942); G. S. Fraps, 
Arch. Biochem. 15, 239 (1947); H. C. Sherman and 
H. L. Campbell, Proc. Natl. Acad. Sci. U.S.A. 31, 
107 and 164 (1945); H. Y. Trupp, J. Nutr. 37, 67 
(1946); H. E. Paul and M. F. Paul, ibid. 31, 67 
(1946). 

12. L. L. Salomon and D. W. Stubbs, Ann. N.Y. Acad. 
Sci. 92, 128 (1961). 

13. R. J. Williams and G. Deason, Proc. Natl. Acad. 
Sci. U.S.A. 57, 1638 (1967); M. Yew, ibid. 70, 969 
(1973). 

14. V. Critchlow, R. A. Liebelt, M. Bar-sela, W. 
Mountcastle,. H. S. Lipscomb, Am. J. Physiol. 205, 
807 (1963); U. K. Rinne and 0. Kytomaki, Ex- 
perientia 17, 512 (1961). 

15. J. H. Roe and K. Keuther, J. Biol. Chem. 147, 399 
(1943). 

16. D. Glick, D. Von Redleck, S. Levine, Endocrinolo- 
gy 74, 653 (1964). 

17. B. Rubin, G. Liepsner, H. W. Deane, ibid. 69, 619 
(1961). 

18. 0. H. Lowry, N. J. Rosebrough, A. C. Farr, R. J. 
Randall, J. Biol. Chem. 193, 265 (1951). 

19. W. Horiwite, Ed., Official Methods of Analyses of 
the Association of Official Analytical Chemists 
(Association of Official Analytical Chemists, 
Washington, D.C., 1970), p. 767. 

20. A. Schultz, Zentralbl. Allg. Pathol. Pathol. Anat. 
35, 314(1924). 

21. S. Koritz, Biochim. Biophys. Acta 59, 326 (1962); 
J. Kolena, Arch. Int. Physiol. Biochim. 76, 533 
(1968). 

22. Why group 3 on ascorbic acid supplement depleted 
further than group 2 is not known since parallel ex- 

(1964); N. C. Ghosh, I. Chatterjee, G. C. Chat- 
terjee, ibid. 97, 247 (1965). 

9. Schor and Glick (7) used a hypovitamin A diet pre- 
pared by Nutritional Biochemicals Corp. This diet 
contains large amounts of ascorbic acid. 

10. We analyzed the feed on its arrival to ensure the 
absence of vitamin A, carotene, and ascorbic acid. 

11. J. M. Lewis, O. Bodansky, K. G. Fald, G. 
McGuire, J. Nutr. 23, 351 (1942); G. S. Fraps, 
Arch. Biochem. 15, 239 (1947); H. C. Sherman and 
H. L. Campbell, Proc. Natl. Acad. Sci. U.S.A. 31, 
107 and 164 (1945); H. Y. Trupp, J. Nutr. 37, 67 
(1946); H. E. Paul and M. F. Paul, ibid. 31, 67 
(1946). 

12. L. L. Salomon and D. W. Stubbs, Ann. N.Y. Acad. 
Sci. 92, 128 (1961). 

13. R. J. Williams and G. Deason, Proc. Natl. Acad. 
Sci. U.S.A. 57, 1638 (1967); M. Yew, ibid. 70, 969 
(1973). 

14. V. Critchlow, R. A. Liebelt, M. Bar-sela, W. 
Mountcastle,. H. S. Lipscomb, Am. J. Physiol. 205, 
807 (1963); U. K. Rinne and 0. Kytomaki, Ex- 
perientia 17, 512 (1961). 

15. J. H. Roe and K. Keuther, J. Biol. Chem. 147, 399 
(1943). 

16. D. Glick, D. Von Redleck, S. Levine, Endocrinolo- 
gy 74, 653 (1964). 

17. B. Rubin, G. Liepsner, H. W. Deane, ibid. 69, 619 
(1961). 

18. 0. H. Lowry, N. J. Rosebrough, A. C. Farr, R. J. 
Randall, J. Biol. Chem. 193, 265 (1951). 

19. W. Horiwite, Ed., Official Methods of Analyses of 
the Association of Official Analytical Chemists 
(Association of Official Analytical Chemists, 
Washington, D.C., 1970), p. 767. 

20. A. Schultz, Zentralbl. Allg. Pathol. Pathol. Anat. 
35, 314(1924). 

21. S. Koritz, Biochim. Biophys. Acta 59, 326 (1962); 
J. Kolena, Arch. Int. Physiol. Biochim. 76, 533 
(1968). 

22. Why group 3 on ascorbic acid supplement depleted 
further than group 2 is not known since parallel ex- 

Recent investigations have revealed con- 
sistent qualitative and quantitative rela- 
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sponse to mechanical stimuli would be ex- 
pected to play a major role in the differ- 
entiation, growth, and maintenance of 
cardiovascular and other connective tis- 
sues (3). The mechanisms regulating tissue 
adaptations to physical stresses are poorly 
understood, and quantitative data relating 
mechanical forces directly to cellular bio- 
synthesis are not available. Since informa- 
tion of this kind could provide a basis for 
understanding the limitations of blood ves- 
sel wall adaptation in normal and diseased 
states, we devised a modeL system in which 
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cultured aortic medial cells could be sub- 
jected to a variety of mechanical stimuli 
similar to those that prevail in the arterial 
wall. The system consists of a purified elas- 
tin membrane suspended in cell culture 
medium and coupled to an apparatus de- 
signed to stretch and relax the membranes 
at various desired frequencies and ampli- 
tudes. We report here that aortic medial 
cells attached to such elastin membranes 
and subjected to cyclic stretching consist- 
ently synthesized collagen and certain acid 
mucopolysaccharides much more rapidly 
than did cells growing on stationary mem- 
branes or on membranes subjected to agi- 
tation without stretching. To our knowl- 
edge this is the first demonstration of a di- 
rect relationship between mechanical 
forces and the synthesis of connective tis- 
sue components by smooth muscle cells. 

The elastin membranes were prepared 
by slicing blocks of fresh bovine aortic me- 
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Cyclic Stretching Stimulates Synthesis of Matrix Components 
by Arterial Smooth Muscle Cells in vitro 

Abstract. Rabbit aortic medial cells were grown on purified elastin membranes, which 
were then subjected to repeated elongation and relaxation or to agitation without stretch- 
ing. Cells remained attached to the membranes, and cyclic stretching resulted in a two- to 
fourfold increase in rates of collagen, hyaluronate, and chondroitin 6-sulfate synthesis 
over those in agitated or stationary preparations. Synthesis of types I and III collagen 
was increased to the same degree. Stretching did not increase rates of chondroitin 4-sul- 
fate or dermatan sulfate synthesis. Differences were not attributable to differences in cell 
number, for DNA synthetic rates were not increased by stretching. The model system de- 
vised to demonstrate these effects provides a means for relating various modes of me- 
chanical stimulation to cell metabolism. 
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