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Abstract-Degradation of collagen accompanies the progression of CaEDTA toxicity in the rat. After 
the parenteral administration of CaEDTA (6 m-moles/kg/24 hr, constant i.v. infusion for 48 hr), the 
urinary excretion of hydroxyproline is markedly increased. Radioisotope studies indicated that the 
source of this enhanced urinary hydroxyproline is the degradation of both mature and immature 
collagen. The present study was concerned with the effect of known lysosomal stabilizers and 
labilizers on CaEDTA-induced collagen breakdown. Massive doses of cortisol(50 mg/kg/8 hr, i.m.), as 
well as other anti-inflammatory agents believed to stabilize lysosomal membranes, were administered 
together with CaEDTA to rats. The concurrent administration of cortisol partially antagonized the 
degradative action of CaEDTA as evidenced by a significant reduction in urinary hydroxyproline 
excretion. Radioisotope labeling experiments traced this reduction in urinary hydroxyproline to 
inhibition of CaEDTA-induced degradation of mature (insoluble) collagen. In contrast, the concurrent 
administration of CaEDTA and vitamin A palmitate (250,000 LU./kg/12 hr. s.c.), a lysosomal labilizer, 
produced a synergistic increase in urinary hydroxyproline excretion which was the result of increased 
breakdown of newly formed (soluble, immature) collagen. These results suggest that lysosomal 
mechanisms play a role in the degradation of collagen produced by CaEDTA. 

The usefulness of the calcium chelate of 
ethylenediaminetetraacetate (CaEDTA) for 
mobilizing lead as well as many radioactive metals 
in cases of accidental ingestion in man and animals 
is well established. Nevertheless, the drug can 
produce toxic reactions and death. Since treatment 
with chelating agents must be intensive and 
prolonged, an understanding of the nature of 
CaEDTA toxicity is essential to carry out rational 
therapy. 

A number of morphologic and functional changes 
have been shown to occur after CaEDTA administ- 
ration in several mammalian organs including the 
kidney [l], intestine[2-71, adrenal glands, lymph 
nodes and liver[2, 5, 6, 81. Except for studies 
demonstrating inhibition of DNA synthesis in the 
intestine[9-1 I], little definitive information is avail- 
able on the mechanisms by which the drug 
produces tissue damage. 

Recent studies by the present authors showed 
that collagen degradation was markedly enhanced 
during the course of CaEDTA toxicity in the 
rat[l2]. Since collagen plays an important role in 
maintaining the structural and functional integrity 
of connective tissue, this finding may help to 
explain some of the tissue damage associated with 
CaEDTA toxicity. 

*This work was supported by Grants HE-10054 and 
ES-00769 from the United States Public Health Service. 

tA preliminary report of a portion of this work has been 
published previously (Pharmacologist 13, 547, 1971). 

$ Much of this work was in partial fulfillment of the 
requirements for the degree of Master of Science, 
Graduate School, Cornell University, by the senior author. 

The purpose of the present work is to study the 
mechanism by which CaEDTA causes collagen 
degradation. Since increased concentrations of 
lysosomal enzymes are reported to occur in cases 
of rapid collagen breakdown[l3], the present 
investigation is concerned with assessing the 
importance of lysosomal mechanisms in the pro- 
cess of CaEDTA-induced collagen degradation. 
This objective was approached indirectly by 
determining whether known lysosomal stabilizers 
and labilizers could attenuate and accentuate, 
respectively, the effect of CaEDTA on collagen 
breakdown, as measured by their influence on the 
urinary excretion of hydroxyproline, an imino acid 
virtually specific for collagen [ 141. 

MATERIALS AND METHODS 

Materials. Male, Long Evans rats, weighing 
275-350g at the time of experiment, were purch- 
ased from Blue Spruce Farms, Altamont, N. Y. 

CaEDTA was prepared either by mixing equimo- 
lar quantities of disodium EDTA (Mallinckrodt) and 
calcium chloride, and adjusting the pH of the 
solution to 7.4 with NaOH, or by dissolving 
calcium disodium EDTA (generously supplied by 
CIBA-GEIGY, Ardsley, N. Y., as Sequestrene 
NazCa). The infusion solutions were appropriately 
diluted from a 0.1 M stock solution with 0.9% (w/v) 
NaCl solution before infusion. Osmolalities of the 
infusion solutions were adjusted to range between 
290 and 310 mOs/liter (Fiske Osmometer). 

Hydrocortisone (cortisol) suspension (Cortef), 
50mg/ml, was obtained from the Upjohn Co., 
Kalamazoo, Mich. The drug was administered i.m. 
every 8 hr at 50 mg/kg. Dexamethasone (Azium), 
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2 mg/ml, was obtained from the Schering Corp., 
Bloomfield, N. J. The drug was administered i.m. 
every 8 hr at 4 mg/kg. Acetylsalicylic acid was 
obtained from the Aldrich Chemical Co., Cedar 
Knolls, N. J. A solution of the drug, prepared by 
dissolving the powder in water immediately before 
use, was administered p.o. at 50 mg/kg every 12 hr 
in a volume of 0.1 mi~lOOg body weight. Phenyl- 
butazone (generously supplied by CIBA-GEIGY, 
Ardsley, N. Y.) was prepared immediately before 
use by dissolving 200 mg in 0.25 ml of 10% (w/v) 
NaOH solution and adjusting the final volume to 
20ml. The drug was administered orally at 
100 mgfkg every 12 hr. Vitamin A alcohol (retinol) 
was obtained from the Sigma Chemical Co., St. 
Louis, MO. A solution of the vitamin was prepared 
immediately before use by dissolving the crystals in 
absolute ethanol (20%, v/v, of final volume) and 
adjusting the final volume with corn oil. All 
solutions were prepared and administered with 
minimal exposure to light. The drug was adminis- 
tered p.o. at 300,000 I.U./kg (90 mg/kg) every 12 hr 
in a volume of O-3 ml/l00 g body weight. Vitamin A 
palmitate (retinyl palmitate), water dispersible, 
275,000 I.U./g, was obtained from Schwartz/Mann, 
Orangeburg, N. Y. The drug was freshly prepared 
before use by suspending the material in 0.9% NaCl 
solution at a concentration of 68,750 I.U./ml. The 
drug was administered S.C. at 250,000 I.U./kg every 
12 hr. 

L-Proline-‘“C (2.55 &i/~mole, uniformly labeled) 
was purchased from the Amersham-Searle Corp., 
Des Plaines, III. 

ExperimentaL The preparation of rats for con- 
stant i.v. infusion has been described 
previously[l2]. A control solution of 0.9% NaCl 
was infused iv. to all rats for 12 hr before the 
administration of drugs. When CaEDTA was given, 
the drug was infused continuously iv. over a period 
of 48 hr for a total dose of 12 m-moles/kg. Control 
rats continued to receive 0.9% NaCl solution during 
this time. When other drugs were administered 
(dosage schedules described under Materials), the 
rats were infused with either NaCl solution or 
CaEDTA. Urine was quantitatively collected under 
toluene at 12-hr intervals and stored frozen at - 15” 
until analyzed for hydroxyproline. 

Analysis for urinary hydroxyproline. Urinary 
hydroxyproline was determined by a 
modi~cation[lS] of the method of Prockop and 
Udenfriend [ 161. Total (peptide-bound -t free) hyd- 
roxyproline was measured after hydrolyzing 1 ml 
urine in 6 N HCI for 3 hr in an autoclave at 124”. 

~e~erm~~~utjo~ of the source of ar~~lar}l ~l)~droxyp- 
refine. Hydroxyproline in the mature collagen pool 
was labeled by injecting a radioactive collagen 
precursor, L-proline-14C. The urinary excretion of 
hydroxyproline-‘4C reflects the degradation of 
mature collagen approximately 4 weeks 
later[l7, 181. Male rats weighing 12Og each re- 
ceived a total of .50&i in three equal and 
consecutive daily i.p. injections. After 4 weeks, one 
rat was infused with CaEDTA and the other with 
0.9% NaCl solution; vitamin A palmitate was 
administered to both rats. In a second experiment, 
cortisol was administered concurrently with 
CaEDTA to two rats. 

The total radioactivity of hydroxyproline-‘“C was 
determined according to the method of Juva and 
Prockop[l9]. Samples were counted with a Beck- 
man LS-100 liquid ScintiIlation counter. The 
specific activity of hydroxyproline 
(dis./min/pmole) was calculated by dividing the 
total radioactivity by the quantity of hydroxyp- 
roline present [ 151. 

RESULTS 

Eflect of lysosomal stabilizers on the increased 
urinary excretion of hydroxyproline associated with 
CaElXA admin~straf~on. When either cortisol 
(50 mg/kg) or dexamethasone (4 mg/kg) was ad- 
ministered i.m. every 8 hr concurrently with 
CaEDTA (6 m-moles/kg/24 hr, constant i.v. infu- 
sion), the urinary excretion of hydroxyproline was 
markedly reduced when compared to CaEDTA 
infusion alone (Fig. 1). When the steroids were 
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Fig. 1. Urinary excretion of hydroxyproline during the 
infusion of CaEDTA alone and the effect of the 
concurrent administration of either cortisol 
(50 mg/k& hr. i.m.) or dexamethasone (4 mg/kgB hr, 
i.m.). All rats were infused i.v. with 0.9% NaCI solution 
for 12 hr. CaEDTA was then infused i.v. beginning at time 
0 for 48 hr at a rate of 6 m-moles/kg/24 hr; control rats 
continued to receive 0.9% NaCl solution during this 
time. Quantitative urine collections were made every 
12 hr. Number of rats per group is stated in parentheses; 

points represent means 2 S. E. 

given alone, the urinary excretion of hydroxyproline 
was not altered. This is in accord with previously 
published data[20] demonstrating the inability of 
corticosteroids alone to affect the urinary excretion 
of hydroxyproline in mature rats. 

Since the degradation of both mature and 
immature collagen is enhanced by CaEDTA [ 121, it 
was of interest to determine whether one collagen 
pool was more affected than the other. Thus, 
CaEDTA and cortisol were given concurrently to 
two rats treated with L-proline-“?Z 4 weeks previ- 
ously. A moderate increase Q-fold) in urinary 
hydroxyproline-14C occurred (upper curves of Fig. 
2); however, the increase was not as marked as that 
measured for total urinary hydroxyproline excre- 
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Fig. 2. Effect of the concurrent administration of 
CaEDTA and cortisol on the urinary excretion of 
hydroxyproline-14C in two rats. Trials 1 and 2 represent 
the data from each rat. The upper graph illustrates the 
excretion of total urinary hydroxyproline-“C. The lower 
graph illustrates the specific activity (dis./min/~mole) of 
total urinary hydroxyproline. Proline-‘“C was adminis- 
tered i.p. 4 weeks prior to the experiment. Starting at 0 
time, cortisol was administered at SO mg/kgB hr i.m. and 
CaEDTA was infused continuously iv. at 6m- 

moles/kg/24 hr for 48 hr. 

tion. Consequently, the specific activity of urinary 
hydroxyproline (lower curves of Fig. 2) decreased. 

The protective effect of nonsteroidal anti- 
inflammatory agents on CaEDTA-induced collagen 
degradation was somewhat ambiguous. When 
acetylsalicylic acid was administered together with 
CaEDTA, a significant degree of protection was 
apparent after hr 24 of infusion, almost to the same 
degree as with cortisol (Fig. 3 compared to Fig. I). 
Some protection occurred with phenylbutazone up 
to hr 36 of infusion. but was no longer evident by 
the end of 48 hr (Fig. 3). 

E$ect of lysosomal lnbilizers on the increased 
urinary excretion of hydroxyproline associated with 
CaEDTA administration. Vitamin A palmitate 
produced an increase in urinary hydroxyproline 
excretion even more striking than CaEDTA (Fig. 
4). The initial rate of increase was especially 
prominent. When vitamin A palmitate was adminis- 
tered concurrently with CaEDTA, the effect on 
enhanced urinary hydroxyproline excretion was 
synergistic; a 25fold increase over controls was 
measured by hr 48 of infusion (Fig. 4). However, 
equimolar doses of vitamin A alcohol p.o. produced 
no measurable difference in urinary hydroxyproline 
excretion compared to controls (Fig. 4). Also, when 
vitamin A alcohol was given with CaEDTA, the 
effect on urinary hydroxyproline excretion was the 
same as that anticipated for CaEDTA alone. The 
inability of vitamin A alcohol in the present study 
to enhance urinary hydroxyproline excretion may 
be due to insufficient dosage. Vitamin A alcohol 
was administered orally at a dosage approximately 
equimolar to the palmitate form (90 mg/kg) based 
on ;I report that this dosage regimen resulted in 
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Fig. 3. Urinary excretion of hydroxyproline during the 
infusion of CaEDTA alone and the effect of the 
concurrent administration of either acetylsalicyclic acid 
or phenylbutazone (both drugs given p.o. at 
lOOmg/kg/24 hr). All rats were infused i.v. with 0.9% 
NaCl solution for 12 hr. CaEDTA was then infused i.v. 
beginning at time 0 for the next 48 hr at 6 m- 
moles/kg/24 hr: control rats continued to receive 0.9% 
NaCl solution during this time. Quantitative urine 
collections were made every 12 hr. Number of rats per 
group is stated in parentheses; points represent means 2 

S. E. 
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Fig. 4. Urinary excretion of hydroxyproline during the 
administration of either CaEDTA or vitamin A prepara- 
tions alone and the effect of the concurrent administration 
of CaEDTA and vitamin A palmitate. All rats were 
infused i.v. with 0.9% NaCl solution for I2 hr. CaEDTA- 
treated rats then were infused i.v. (6 m-moles/kg/24 hr for 
48 hr) beginning at time 0. Other rats continued to 
receive 0.9% NaCl solution as well as vitamin A 
treatment (vitamin A palmitate, S.C. at 250,000 
I.U./kg/lZ hr: vitamin A alcohol, p.o. at 300,000 
I.U./kg/lZ hr). Quantitative urine collections were made 
every I2 hr. Number of rats per group is stated in 

parentheses; points represent means 2 S. E. 

labilization of lysosomes in the rabbit [21]. We were 
unable to measure any effect on the integrity of rat 
liver or kidney lysosomes with this dosage[22]. 
Another recent study(231 showed that oral ad- 
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ministration of vitamin A alcohol to rats induced 
marked lysosomal disruption at 175 and 350 mg/kg, 
but was without appreciable effect at doses of 50 or 
100 mg/kg. 

Proline-“C was administered 4 weeks preceding 
treatment with either vitamin A palmitate alone, or 
vitamin A palmitate plus CaEDTA in order to 
ascertain the collagen pool affected by the vitamin. 
The results (upper curves, Fig. 5) show that 
treatment with the vitamin alone had no effect on 
the urinary excretion of hydroxyproline-‘4C. The 
increase in radioactivity occurring with the 
concurrent administration of the vitamin and 
CaEDTA was similar to that anticipated for 
CaEDTA alone[l2]. The marked decrease in the 
specific activity (lower curves, Fig. 5) is a reflection 
of a markedly elevated excretion of the imino acid 
without a corresponding increase in 
hydroxyproline-‘4C. 
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Fig. 5. Effect of vitamin A palmitate alone and the 
concurrent administration of vitamin A palmitate and 
CaEDTA on urinary hydroxyproline-‘4C excretion. The 
upper graph illustrates the excretion of total urinary 
hydroxyproline-“C. The lower graph illustrates the 
specific activity (dis./min/~mole) of total urinary hyd- 
roxyproline. Proline-‘*C was administered i.p. 4 weeks 
prior to the experiment. Vitamin A palmitate was 
administered beginning at time 0 at 250.000 1.U ./kg/l 2 hr 
S.C. for a total of 48 hr and CaEDTA was infused 

continuously i.v. at 6 m-moles/kg/24 for 48 hr. 

DISCUSSION 

The data indicated that known lysosomal stabiliz- 
ing agents such as cortisol[21, 24-261 or acetyl- 
salicylic acid and phenylbutazone [27-3 11 antagon- 
ized the action of CaEDTA in increasing urinary 
hydroxyproline excretion. Conversely, vitamin A, 
an agent known to labilize lysosomes[32-351, 
markedly enhanced this effect of CaEDTA. Thus, 
cortisol reduced and vitamin A palmitate increased 
the ability of CaEDTA to induce collagen degrada- 
tion. Support for this contention stems from the 
fact that urinary hydroxyproline originates from 
the degradation of collagen or its immediate 
precursors [36-381. 

The collagen pool affected by CaEDTA and 
lysosomal stabilizers or labilizers was investigated 
using a radioisotope labeling techniqueI 171 which 
provided the basis for distinguishing effects on the 
degradation of immature (newly synthesized, solu- 
ble) and mature (insoluble) collagen. When proline- 
14C is administered to rats, it is incorporated into 
collagen precursors, whereupon it undergoes hyd- 
roxylation to hydroxyproline. Newly synthesized 
collagen gradually undergoes polymerization to 
form mature collagen. The urinary excretion of 
hydroxyproline-‘4C reflects the degradation of 
mature collagen approximately 4 weeks after the 
administration of proline-? [ 181. 

Using the technique described above, we previ- 
ously demonstrated that CaEDTA induced the 
degradation of mature and immature collagen about 
equally[l2]. When CaEDTA was administered to 
rats 4 weeks after the injection of proline-‘“C, 
enhanced urinary excretion of hydroxyproline and 
hydroxyproline-‘4C occurred with no change in 
specific activity. If only immature collagen were 
degraded, the specific activity in the urine would 
have decreased; by contrast, if only mature 
collagen were degraded, the specific activity would 
have increased. 

The decreased urinary excretion of hydroxyp- 
roline measured when cortisol was administered 
concurrently with CaEDTA was associated with a 
decreased urinary excretion of hydroxyproline-“‘C. 
Considering that cortisol reduced the urinary 
excretion of hydroxyproline associated with 
CaEDTA administration by a factor of 2 (i.e. a 
h-fold increase in the urinary excretion effected by 
CaEDTA alone compared with only a 3-fold 
increase when cortisol was administered concur- 
rently), and that the specific activity of urinary 
hydroxyproline also was reduced by a factor of 2. it 
seems reasonable to conclude that cortisol almost 
exclusively antagonized the CaEDTA-induced de- 
gradation of mature collagen but was without 
discernible effect on the CaEDTA-induced degra- 
dation of immature collagen. 

When vitamin A palmitate was administered 
alone, a marked increase in urinary hydroxyproline 
occurred with no measurable effect on urinary 
hydroxyproline-‘4C excretion. This indicated that 
the vitamin induced the degradation of immature 
collagen with no discernible effect on mature 
collagen. This finding sheds some light on the 
collagen pool affected by the concurrent administ- 
ration of CaEDTA and vitamin A palmitate. When 
the two drugs were administered together. there 
was a synergistic increase in total urinary hyd- 
roxyproline excretion. Since the urinary excretion 
of hydroxyproline-“C was about the same as that 
expected for CaEDTA alone, it would appear that 
the synergistic increase in urinary hydroxyproline 
was derived from the immature collagen pool. 

The data reported in this study are consistent 
with recently published studies indicating that 
steroidal and nonsteroidal anti-inflammatory agents 
inhibit collagen degradation. Beta-methasone was 
shown to inhibit collagen degradation in rat 
carrageenin granuloma[39]. Acetylsalicylic acid has 
been shown to inhibit the degradation of cartilage 
matrix [28]. The finding that triamcinolone inhibits 
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the degradation of mature collagen [4O] is of special 
interest, since in the present study cortisol also 
appeared to antagonize only the CaEDTA-induced 
degradation of mature collagen. On the other hand, 
excess vitamin A is known to cause the dissolution 
of cartilage matrix and connective tissue in 
uivo [32,33]. The effect of vitamin A has been 
attributed to a rupturing of lysosomal membranes 
and the consequent release of lysosomal 
proteases [4l]. Enhanced collagenase activity also 
has been demonstrated in vitamin A-induced 
resorption of bone [42]. 

We have shown that CaEDTA, as well as vitamin 
A palmitate, induces an activation of lysosomes in 
uivo under the same conditions that cause collagen 
degradation [22]. Moreover, cortisol antagonized 
both the activation of lysosomes and the break- 
down of collagen induced by CaEDTA. The 
correlation between collagen degradation and acti- 
vation of lysosomes in viuo suggests that the two 
events may be causally related. Lysosomes have 
been shown to participate in collagen breakdown; 
electron micrographic studies have demonstrated 
the digestion of collagen fibrils within 
lysosomes [43,-451. 

Although both CaEDTA and vitamin A palmitate 
increase lysosomal enzyme activity in viuo [22], it is 
clear that their action on collagen breakdown is 
different. The equally enhanced degradation of 
mature and immature collagen resulting from 
CaEDTA administration is suggestive of enhance- 
ment of existing pathways of collagen degradation. 
In this regard it may be noteworthy that CaEDTA 
produces an effect on collagen breakdown qualita- 
tively identical to parathyroid hormone [46]. In 
contrast, vitamin A palmitate only enhanced the 
degradation of newly synthesized collagen. 

Chelation of metals undoubtedly is involved in 
the action of CaEDTA; chelates of greater stability, 
e.g. Cr-. Zn- or CoEDTA, neither produce collagen 
degradation[l2] nor alter the distribution or total 
amount of cathepsin D in uiuo (unpublished 
observations). Certain metals have been implicated 
in the action of lysosomal collagenolytic cathep- 
sins. For example, zinc, copper and iron have been 
shown to inhibit [47,48] and EDTA to activate [48] 
cathepsins capable of digesting soluble as well as 
insoluble collagen in uitro. Thus, chelation of 
inhibiting metals constitutes a plausible mechanism 
for the activation of these enzymes after their 
release from lysosomes during CaEDTA administ- 
ration. Although the low pH optimum of these 
enzymes would preclude them from acting freely 
outside the cell, it has been suggested that the pH at 
the surface of connective tissue cells in uiuo may 
be sufficiently low for significant lysosomal col- 
lagenolytic activity [49]. This possibility is sup- 
ported by histologic studies demonstrating the 
presence of cathepsin D at extracellular sites where 
proteoglycans have been degraded and lost from 
tissues [50]. 
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