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TABLE I. Serum Transaminase—Pre-irradiation and at Intervals Post-exposure. Means and
standard errors.

Pre-
irradiation + 3 hr -+ 6 hr -+ 24 hr
N  TUnits/ml N  Units/ml N  Units/ml N TUnits/ml
Sham controls 15 22=+1.3 15 35+ 22 15 30x 2.2 15 24+ 1.7
500 r 12 24409 12 33+ 13 12 38+ 2.7* 11 31 =+ 2.7%
750 r 12 22+27 12 65 += 14.1* 9 50+ 35.3* 6 45+ 7.9%
1,000 r 13 26 + 1.7 12 52 = 5.6* 11 66 = 13.5*% 8 42+ 3.7*

* Difference statistically significant. Difference between means of sham controls and experi-
mentals exceeds the stand. crror for the differcnee by 2 + times.

TABLE II. Serum Transaminase and Time of
Death (625 r Total Body Exposure).

Max value

6-24 hr
Pre- post-
Rabbit irrad., irrad., A, No. days
No. units/ml  units/ml  units/ml ’til death
1 36 40 + 4 12
2 26 20 +24 S* 304
3 30 50 +20 S 30d
4 25 73 + 46 21
5 26 51 425 S 304
6 28 87 +59 8
7 29 43 +14 7
8 26 39 +13 S 304
9 38 33 - 3 13
10 15 50 35 8

* 8 — Survived.

irradiation in dosages of 500, 750, and 1,000
r. Serum glutamic oxaloacetic transaminase
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estimations were accomplished at 3, 6, and
24 hours post-irradiation. A significant in-
crease in G-O-T activity could be identified
at 6 hours in the rabbit group subjected to
500 r, and as early as 3 hours post-irradiation
in the 750 r and 1,000 r animal groups. For
the latter animals, the noted increase at 6
hours served to segregate 75% of the group
on an individual basis. In rabbits subjected
to 625 r of x-irradiation no relation was found
between the serum G-O-T elevation and sur-
vival time.
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We have demonstrated that the standard-
ized production of severe arteriosclerosis
(Méonckeberg type) and myocardial necrosis
by means of renal injury in the albino rat
can be completely prevented by prior thyro-
parathyroidectomy (1). Studies  directed
towards elucidation of the mechanism under-
lying this striking protective effect of thyro-
parathyroidectomy, led to the conclusion that
the cardiovascular injury of intact rats was

* This investigation has been aided by grant H-890
(C5) of N. Heart Inst., N.I.H., U.S. Public Health
Service.

caused primarily by autointoxication with
parathyroid hormone. On further analysis
it was inferred that excess function of the
parathyroid glands following standard renal
damage was mediated through the adrenal
cortex. This communication describes ex-
periments which formed the basis for these
conclusions, and outlines our present concept
of the mechanism of experimental arterial
mediosclerosis.

Procedures. The method used for produc-
tion of lesions has been described previously
(2). The procedure consists in a single par-
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enteral injection of the sodium salt of a
poorly soluble sulfonamide in excessive dos-
age. This induces invariably massive and
long-lasting intrarenal deposition of sparingly
soluble crystals and results in obstructive
nephropathy and permanent kidney damage,
followed by severe disseminated cardiovascu-
lar and smooth muscle lesions in 4 to
7 days. The pathologic-anatomic changes
are readily recognizable with the naked
eye. Rats with typical injury manifest
enlargement of parathyroids and adrenals
as well as atrophy of thymus gland.
Animals permited to survive for longer pe-
riods (2 to 5 weeks) show apparently no
substantial progression of the injury but cor-
respondingly increasing degrees of reparative
changes in damaged organs such as scar for-
mation and intense calcification of necrotic
areas. Since emergence of these severe cardio-
vascular lesions could be obviated by prior
thyro-parathyroidectomy, and since, in pre-
liminary observations, a similar protective ef-
fect was achieved by adrenalectomy(3), fur-
ther analysis of the mechanism responsible
for disseminated muscular necrosis concerned
the relative importance of the separate thy-
roid and parathyroid hormones and their pos-
sible relationship to the adrenal cortex. Three
hundred adult male and female albino rats
were used. In addition to thyro-parathyroid-
ectomy, hypophysectomy and nephrectomy,
the following procedures were carried out:
Surgical removal of parathyroids and
adrenals separately as well as in combination,
elective and graded hormone substitution in
such animals and in thyro-parathyroidecto-
mized rats, and finally chemical “thyroidec-
tomy,” using 0.01% propylthiouracil in
drinking water for a minimum of 4 weeks pre-
ceding the experiment. For hormonal substi-
tution or treatment, cortisone and desoxycor-
ticosterone acetate were injected subcu-
taneously in daily dosages of 3 mg each, start-
ing 3 days prior to initiation of renal injury
and continuing for a minimum of 3 days
thereafter.  Similarly, parathyroid extract
was injected subcutaneously for substitution
or poisoning in daily dosages ranging from 10
to 200 International Units, starting 5 days
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prior to kidney block and continuing for at
least 5 days thereafter. Serial microdeter-
minations of calcium(4) and inorganic phos-
phate(5) were done in plasma of rats from
most experimental groups. Complete post-
mortem examinations were performed on
every animal. All important organs were
fixed in formalin and sectioned for micro-
scopic study using routine and special stains.

Results. Distribution of 9 sub-groups com-
prising 215 rats with various hormonal de-
ficiencies and type of hormone employed are
shown in Table I (Groups 2-11). For con-
ciseness, experimental results are presented
only for medionecrosis and calcification of the
arterial tree as the severest and most con-
sistent lesion (93% in intact rats, Group 1).
However, data on vascular damage are fully
in line with those for muscular necrosis in
heart and gut.

Table I shows that treatment of thyro-
parathyroidectomized rats with parathyroid
extract in amounts of 50 units daily induced
typical vascular damage (Group 3). Since
even the smallest dosage (10 units) raised
plasma calcium levels to normal and allowed
for development of nephrocalcinosis, parathy-
roid substitution was believed to be more
than adequate so that these rats could be
considered as thyroidectomized only. It is
clear, therefore, that vascular necrosis did oc-
cur in complete absence of the thyroid gland.
Similarly, chemical “thyroidectomy” did not
prevent vascular injury, although it did pro-
vide a substantial reduction of its incidence
(Group 4). The lowered incidence was in-
terpreted as due to diminution of parathyroid
hormone formation in the absence of thyroid
hormone.

The singular significance of parathyroid
hormone in pathogenesis of arterial necrosis
is illustrated by the full protection afforded
the 30 rats of Group 5 by parathyroidectomy
alone. Moreover, one can readily enlarge
this number by adding the 29 rats of Group
2, and, with some reservations, the 14 animals
of Group 9. Thus, none of a total of 73 para-
thyroprive rats showed vascular lesions or
other muscular necrosis under careful micro-
scopic examination. Exhibition of parathy-
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TABLE I. Hormonal Influences upon Development of Renogenic Arterial Medionecrosis in
Albino Rats. (215, 4- to 6-mo-old animals of hoth sexes, with standard renal injury.)

Endocrine
status prior No. with Incidence
Group tohormone  Hormone treatment ~—— No. in group —— arterial of arterial
No. admin, or substitution daily & Q Total necrosis necrosis, %
1 Intact — 31 15 46 43 93
2 TP X — 24 5 29 0 0
3 TP X PE (10-20 units) 5 5 0
PE ( 50 ) 5 5 2
4 “erx” — 4 8 12 3 25
5 PX — 22 8 30 0 0
6 PX PE (100 units) 18 18 13 72
7 AX Cortisone 18 6 24 0 0
8 AX Cortisone & DCA 10 10 20 12 60
9 AX&PX Idem 7 7 14 0 0
10 AX Cortisone & PE 12 12 8 67

(200 units)

X = Removal of gland, T — Thyroid, P — Parathyroid, A — Adrenal.
PE — Parathyroid extract, DCA — Desoxycorticosterone acetate,

roprive rats to excess amounts of parathyroid
extract (100 I.U. daily) restored their ability
to develop the characteristic lesions, as de-
picted in Group 6. Of 18 rats in this group,
13 or 729 presented typical vascular dam-
age.

It was postulated, therefore, that autoin-
toxication with hormone from excessively se-
creting parathyroid glands was responsible
for emergence of muscular necrosis in intact
rats with renal injury, (Group 1). Further
evidence was seen in behavior of plasma cal-
cium and phosphate levels of these animals
in the initial stages of renal disease, in which
calcium levels were normal or even elevated
(9-15 mg%) in the face of marked retention
of inorganic phosphate (8-12 mg%).

In further pursuing the role of parathyroid
gland, rats deprived of their adrenals and
maintained on cortisone did not incur para-
thyroid hypertrophy, and, like parathyroid-
ectomized rats, failed to develop the charac-
teristic picture of disseminated muscular ne-
crosis (Group 7). However, when adrenalec-
tomized animals were given DCA in addition
to cortisone (Group 8), the parathyroid
glands became greatly enlarged and typical
cardiovascular and smooth muscle necrosis
appeared. (Almost identical observations
were made with hypophysectomized rats, not
shown in Table I.) On the other hand, when
adrenalectomized animals were, in addition,
deprived of their parathyroid glands, DCA

administration appeared to have lost its de-
leterious effect (Group 9), whereas typical
muscular injury could be readily produced in
adrenalectomized rats given parathyroid ex-
tract (200 I.U. daily) instead of DCA
(Group 10).

Under our experimental conditions, there-
fore, desoxycorticosterone administration in
itself to rats with standard renal injury does
not induce arterial necrosis; rather an ample
supply of adrenal steroid of this type seems
essential for development of hyperparathy-
roidism which, in turn, causes vascular injury.
Hence a hitherto unknown direct or indirect
stimulatory action of mineralocorticoids upon
the parathyroid gland must be postulated.
Preliminary evidence indicates that, to a cer-
tain extent, androgens can enhance this
desoxycorticosterone effect, whereas estro-
gens cannot. In fact, female sex hormone
which has been shown to be capable of inhib-
iting the output of adrenal steroids(6), ap-
pears to counteract the development of mus-
cular necrosis.

In line with this observation, the incidence
and severity of arteriosclerosis in the young
adult rat were found to be substantially
higher in male than in female animals. This
difference was most pronounced in 2-month-
old animals, and gradually decreased with ad-
vancing age of the rat. In 2-month-old rats
(not used in this study), incidence of lesions
is around 80% in the male rat and around
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TABLE II. Influence of the Parathyroid Gland upon Development of Cardiovascular Necrosis
in Nephrectomized Albino Rat. (Male animals, 4-6 mo old.)

Maeroscopie path-
ology
Days of .
survival Necrosis of

Rat post-neph- Myo-  Aortic

Group Description of procedures No. rectomy ecardium media
A Control, nephrectomy only 1 3 —_ —_—
2 2 — —
3 4 — 14
4 3 44 24
5 3 14 1+
6 3 1+ —
7 3 24+ 1+
8 3 1+ 14
B Parathyroid extraet, 100 1.U. s.e., on 9 3 34 3+
1st and 2nd day post-nephrectomy 10 3 4+ 14
11 3 44 34
12 3 44 34
13 315 44 24
C Parathyroidectomy, 1 wk prior to 14 3 — —
nephrectomy 15 3 —_ —
16 4 — —_
17 4 — —
18 5 — —

Definition of lesions: —, none; 1+, mild, localized; 2+, moderate and more extensive;

3+, severe and widespread; 4-, maximal degree.

50% in the female rat. In the 4-6-month-old
group, male rats show an incidence of 95%
of mostly severe aortic lesions, compared with
an incidence of 70% of moderate to severe
lesions in female animals.

In our most recent studies, involving 10
adrenalectomized, 15 parathyroidectomized
and 50 nephrectomized rats, the following ad-
ditional facts were established: (1) It is pos-
sible to induce marked hypertension and the
characteristic picture of disseminated necrosis
in heart, arterial tree and gut in parathyroid-
ectomized rats zot subjected to standard renal
injury, by daily administration of 100 to 200
units of parathyroid extract. These animals
may also develop marked nephrocalcinosis.
(2) Adrenalectomized rats maintained on
saline and not exposed to standard renal in-
jury, manifest invariably pronounced systolic
hypertension within 24 hours following injec-
tion of 100 units of parathyroid extract with
pressures ranging from 160-210 mm Hg.
Daily reinjection results in maintenance of
hypertension except for a transient marked
dip in blood pressure following each admin-
istration and lasting about 6 hours. (3)
Cardiovascular necrosis and hypertension can

likewise be produced in the rat by nephrec-
tomy (Table II, Group A), which speaks
against the importance of a renal factor in
their development. The organic changes are
closely similar to those induced by obstruc-
tive nephropathy and not unlike the patho-
logic-anatomical picture observed by Groll-
man and iassociates(7) and others in reno-
prival animals. (4) Severity of cardiovascu-
lar necrosis and hypertension produced by
nephrectomy can be substantially enhanced
by administration of parathyroid extract
(100 units) on first and second day following
removal of kidneys (Table II, Group B).
(5) When parathyroprive rats are nephrec-
tomized, they do not develop any lesions in
the myocardium or the arterial tree recog-
nizable under magnifying glass, although they
seem to survive somewhat longer than rats
with intact parathyroid glands (Table II,
Group C).t

Comments. The concept of the mechanism
leading to cardiovascular necrosis and calci-

t (The nephrectomy studies, exemplified in Table
IT, were carried out in cooperation with Dr, Isabelle
Wajda. The results have since been fully duplicated
and will be published elsewhere in detail.)
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fication which emerges from our studies is
briefly as follows: The “stress” of obstruc-
tive nephropathy causes adrenal cortical hy-
pertrophy. Increased output of desoxycorti-
costerone-like hormones probably triggered
primarily by severe derangement of mineral
metabolism, results in pronounced stimula-
tion of the parathyroid glands. Autointoxi-
cation with parathyroid hormone. in turn, is
responsible for the picture of disseminated
cardiovascular necrosis and calcification and
substantially enhances renal injury (nephro-
calcinosis).  Concomitant “renal” hyperten-
sion probably contributes to the development
of vascular lesions. In the light of this con-
cept, it is understandable that mechanisms or
procedures which tend to interfere with the
availability of the desoxycorticosterone-like
steroids. mayv result in a diminution of the
extent and incidence of cardiovascular ne-
crosis. whereas an increase in supply of such
steroids may have the opposite effect.

These animal-experimental findings lead
us to believe that in human disease as well
the parathyroid gland may play a more im-
portant role in pathogenesis especially of
renogenic cardiovascular necrosis and hyper-
tension than is commonly assumed. For ex-
ample, it is well known that rapidly progres-
sive malignant hypertension. usually distin-
guished by extensive medionecrosis of small
arteries, is often dramatically arrested by
adrenalectomy(8,9). Credit customarily goes
to removal of excess mineralo-corticoids and
the consequent decrease of hypertension. The
possible presence of a hyperfunctioning para-
thyroid gland is usually considered disproven
by the finding of normal blood calcium levels,
although it should be realized that. in sub-
acute and chronic phases of clinical as well
as experimental hyperparathyroidism, blood
calcium levels may return to within the nor-
mal range. Moreover, one cannot exclude a
possible inhibitory effect of adrenalectomy
upon output of a specific vasoactive parathy-
roid factor, claimed to be separable from the
calcium mobilizing activity of parathyroid
extract(10) and responsible for both spasm
and necrosis of muscles. Such a vasoactive
principle may, in fact, represent the long
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sought extrarenal pressor principle held re-
sponsible for both renal and renoprival hy-
pertension and known to be dependent upon
adequate adrenal cortical activity(11). Fi-
nally, presence of anatomically normal para-
thyroid glands should not be relied upon as
evidence against hyperfunction since, under
physiological conditions, these glands were
shown to operate only at a small fraction
(5-25%) of their full capacity(12). This
wide margin of safety allows for excess secre-
tion without alteration of anatomical struc-
ture(13). Tt is conceivable, therefore, that
subtotal parathyroidectomy may be more ef-
fective than the far more radical adrenalec-
tomy in arresting rapidly progressive sequel-
lae of severe renogenic hypertension.

Our data do not support the time-honored
contention that in hyperparathyroidism, cal-
cium deposition occurs in normal tissue, so-
called “true metastatic calcification” in con-
tradistinction to dystrophic calcification(14),
since in our experimental animals calcium
imbibition was invariably preceded by dis-
seminated necrosis. Autopsies performed at
predetermined stages of the experimental dis-
ease proved beyond doubt that areas of ne-
crosis were those which later became calcified.
Tt is of special interest in this connection that
in a recently reported post mortem examina-
tion of a patient who died from renogenic hy-
perparathyroidism, the myocardium was
found to contain foci of fresh necrosis, a fact
which in the authors’ view was the reason for
extreme severity of “metastatic calcification”
(15). Significantly they state that the cause
for necrosis is obscure. In the more chronic
phase of hyperparathyroidism when healing
predominates, especially following various
therapeutic efforts, necrosis may be absent,
so that foci of calcification appear embedded
in otherwise normal tissue. This is the very
situation most commonly encountered at au-
topsy in human beings. It is probably re-
sponsible for the concept of “metastatic cal-
cification.”

Finally, it would appear in the light of our
findings that a number of experimental lesions
ascribed in particular to direct effects of de-
soxycorticosterone and saline(16) or a com-
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bination of these with renal insufficiency(17)
may deserve reevaluation.

Summary. 1. Pathogenesis of severe arteri-
osclerosis and disseminated myocardial ne-
crosis, induced in the albino rat by standard
renal injury, was investigated. These cardio-
vascular lesions are due to autointoxication
with parathyroid hormone, and this hormone
apparently contains an important hyperten-
sive factor. 2. Evidence was presented that
excess production of parathyroid hormone, as
a consequence of renal dysfunctions, is medi-
ated through the adrenal cortex and that
mineralocorticoids are essential for direct or
indirect activation of the parathyroid gland.
To some degree, androgens can enhance
the mineralocorticoid effect, whereas es-
trogens seem to inhibit emergence of muscu-
lar necrosis. The incidence of cardiovascular
injury in intact and adrenalectomized rats
was found to be substantially higher in male
than in female animals. 3. It was shown fur-
ther that, in the absence of parathyroid
glands, mineralocorticoids in excessive dosage
fail to produce cardiovascular necrosis, where-
as excess parathyroid hormone assures emer-
gence of typical lesions in complete absence
of mineralocorticoids. In fact, by providing
abundant supplies of parathyroid extract,
cardiovascular necrosis was induced with-
out renal injury and even in absence of kid-
neys. 4. Implications of these findings upon
the concept of “metastatic calcification” and
upon pathogenesis and therapy of renogenic
cardiovascular necrosis and hypertension in
human beings are discussed. It is suggested
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that subtotal parathyroidectomy be tried in
preference to adrenalectomy in attempts to
arrest rapidly progressive sequellae of malig-
nant hypertension.
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