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The mechanism of action of glucocorticoid in
the kidney has been the subject of much specula-
tion. Few studies with these agents, however,
have been reported that help elucidate their ap-
parently paradoxical effects of sodium retention,
initially, in normal subjects (1, 2) and marked
diuretic potentiation in many patients with fluid
retention (3-6). Thus their mechanism of action
has remained unknown, owing in part to the in-
ability of investigators to demonstrate acute renal
effects of these agents in subjects with intact
adrenals. Careful studies on the effects of chronic
administration have been done, but specific inter-
pretation has been difficult because many variables
of renal function cannot be continuously followed
over extended periods (3, 7).
While natruresis has been observed in some

patients with fluid retention who were given glu-
cocorticoid alone (4, 6), an increase in urine vol-
ume without accompanying increase in sodium ex-
cretion was observed by Kessler, Hilton, and Levy
(3) and Morrison and Chalmers (5). Kessler
and associates showed an increased ability to ex-
crete free water during a water load in their pa-
tients during treatment with glucocorticoid (3).
Careful studies indicate that changes in antidiu-
retic hormone release (8) are not the primary ex-
planation of the effect on water excretion (7, 9).
and therefore the mechanism appears to be on the
kidney.
The present studies were designed to localize

the primary site of action of glucocorticoids in the
kidney. Since potentiation of diuresis is marked

* Investigation supported by U. S. Public Health Serv-
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t Work done during tenure of Clinical Pharmacology
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in cirrhotics, patients with cirrhosis on a low-salt
diet were studied. The data indicate that these
agents given acutely cause increased reabsorp-
tion of sodium in the ascending loop of Henle, a
segment of the tubule that is relatively imperme-
able to water, and thus increase the capacity of
the kidney of these patients to conserve free
water.

METHODS

Chronic and acute studies of several types were done
in a group of 16 patients with cirrhosis of the liver of
varying severity associated with chronic alcoholism.
None of the patients gave a history of renal disease, and
all had a normal urinalysis, nonprotein nitrogen, and se-
rum creatinine concentration.
For clarity, the protocols of each type of study are

given with the results. The following measurements and
chemical determinations were made: body weight, urine
volume, and urine and plasma sodium, potassium, and
osmolality. Maximal urine osmolality (Umax) was ob-
tained after overnight dehydration and im vasopressin
tannate in oil at bedtime. Negative free water clearance
(TCH2o) was determined by inducing osmotic diuresis
with 10% mannitol and aqueous Pitressin (vasopressin).
Clearance of inulin (C1n) was determined during the
rapid mannitol infusion after a priming dose of inulin.
At least three collection periods were obtained and
averaged.
Urine and plasma osmolality were determined with a

Fiske model B cryoscopic osmometer. Sodium and po-
tassium concentrations were determined with a Baird
model DB-4 flame photometer. Inulin was determined
by the resorcinol method for fructose of Bacon and Bell
as modified by Higashi and Peters (10). Mannitol was
determined by the method of Corcoran and Page (11).
Total solute clearance (C.m.) was calculated from the
formula Cosm = (Uosm/Posm)V. (Uosm = urine osmo-
lality, Posm = plasma osmolality, V = rate of urine flow.)
TcH2o was calculated from the formula TCH20 = Cosm- V.

PROTOCOLS AND RESULTS

Chronic studies. Three patients were observed
on a metabolic ward for 22 days, during which
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FIG. 1. EFFECTS OF 8-DAY ADMINISTRATION OF METHYL
PREDNISOLONE IN PATIENT 1. Twenty-four hour data
are not included for clearance days. P = Pitressin in oil.

their daily intake of fluid was constant and intake
of solid food was relatively constant. The diet
contained 9 mEq of sodium each day and at least
75 g of protein.
On either day 4 or 5, serum sodium, potassium,

Umax, TCH2O,l and Ci, were determined. From
days 8 through 15, each patient received either 24
or 32 mg of methyl prednisolone daily, in divided
doses. On the first, fifth, and eighth days of ster-
oid administration (days 8, 12, and 15), serum so-
dium, potassium, Cin, and Umax were determined.
TCHO was determined on the latter two clearance
days (days 12 and 15). The drug was discon-
tinued on day 16, and serum sodium, potassium,
Ci., Umax, and TCHIO were again determined on
the final day of observation (day 22).

Patient 1 was in remission after a recent episode
of jaundice and ascites. She had no demonstrable

1 Teno values given in results represent the average of
at least twQ values obtained above a CQ0m of 12 ml per
minute.
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fluid retention and was able to handle a salt load
without gaining weight. Patients 2 and 3 had
moderate ascites and developed further ascites
when dietary sodium was increased before this
study.
The results of 8-day administration of methyl

prednisolone are shown in Figures 1, 2, and 3.
Consistent findings were: 1) mild increase in 24-
hour sodium excretion, which rose during the first
few days and then maintained a relatively con-
stant level; 2) marked elevation of TCHo-a pro-
gressive rise occurred in all three patients, and
TCH9o reached normal values in each despite the
fact that dietary sodium remained restricted; 3)
elevation in Uma..each patient showed a rise in
Umax that appeared to be gradual; in Patient 3,
the rise continued for a short period after steroid
was stopped, but then fell; 4) elevation of serum
sodium-each patient showed a small rise in the
serum sodium even though the original values
were within normal limits; a rather dramatic fall
occurred in Patients 2 and 3 after the drug was
stopped.

5.0
[4.0 SERUMK
-3.0

140

-135 SERUM
_130 No

-125

DAYS 0 2 4 6 8 10 12 14 16 I8 20 22

FIG. 2. EFFECTS OF 8-DAY ADMINISTRATION OF METHYL
PREDNI5OLONE IN PATIENT 2, P = Pitressin in oil,
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FIG. 3. EFFECTS OF 8-DAY ADMINISTRATION OF METHYL
PREDNISOLONE IN PATIENT 3. P = Pitressin in oil.

Each of the changes above returned to control
levels or below after the drug was stopped. Ef-
fects on potassium excretion, solute excretion, and
urine volume were variable, although each usually
rose slightly during drug administration. Cin
rose in Patient 1 and appeared to be unchanged in
Patients 2 and 3. Both mannitol and Pitressin
were given frequently during the entire study, and
these undoubtedly affected many of the 24-hour
values.
Acute studies. All patients in these studies

were receiving 9 mEq of dietary sodium per day
and were given nothing by mouth for 16 hours
and 5 U im vasopressin tannate in oil 12 hours
before study. Each patient received a priming in-
fusion of inulin (except Patients 11 through 16)
and aqueous Pitressin. Urines were collected
throughout the studies either by indwelling uri-
nary catheter or by voluntary voiding. All urines
and bloods obtained during acute studies were
analyzed for sodium, potassium, osmolality, man-
nitol (except in Patient 12), and inulin (ex-
cept in Patients 11 through 16).
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FIG. 4. GRAPHS OF Uo.m AGAINST Cosm WITH AND
WITHOUT METHYL PREDNISOLONE DURING MANNITOL
DIURESIS.

1) Four patients were studied during an iv in-
fusion of 10%o mannitol at a steady rate of either
80 or 120 drops per minute. Urine was collected
every 15 to 30 minutes, and blood was obtained
during these intervals. After 2 to 2j hours, each
patient was given 40 mg of iv methyl prednisolone,
and urine and blood collections were continued for
at least 2j hours. The rate of infusion was sub-
sequently increased to obtain urines over a larger
range of Coom. On a previous day, osmotic diu-
resis had been induced in each patient with 10%o
mannitol to obtain control values of Uoom and so-
dium excretion (UNaV) over a wide range of
CoSm.
The effects of iv methyl prednisolone were

consistent in the four patients studied according to
this protocol, in which TCHI0 was measured on two
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TABLE I

Detailed protocol of acute experiment A in Patient 3

Time Vol Uosm COW T'u2o UNaV Posm Cin Cman

min mli/min iOsm/mi mi/min ml/min jIEq/ iOsm/ ml/min ml/min
min ml

Day 1
- 60 to 0 0.9 509 1.6 0.7 <1

Rapid infusion of 10% mannitol with aqueous Pitressin
0 to + 18 3.2 463 5.1 1.9 3.2 290

+ 18 to + 28 4.5 455 7.0 2.5
+ 28 to + 37 7.0 418 9.8 2.8 43
+ 37 to + 47 9.8 389 12.7 2.9 150
+ 47 to + 56 10.9 374 13.6 2.7 257
+ 56 to + 67 13.4 364 16.2 2.8 330 298
+ 67 to + 77 14.2 358 16.9 2.7 430

Day 2
-180 Inulin priming with aqueous Pitressin
-160 10% mannitol with inulin and aqueous Pitressin at 80 drops per minute
-120 to - 90 2.6 481 4.2 1.6 23 295 77
- 90 to - 64 2.7 499 4.6 1.9 17 294 63 64
- 64 to - 24 2.9 493 4.8 1.9 14 57 54
- 24 to 0 3.0 500 5.1 2.1 19 294 58 59

40 mg iv methyl prednisolone
Oto+41 3.5 492 5.7 2.2 30 62 64

+ 41 to + 58 3.4 514 5.8 2.4 32 295 56 63
+ 58 to + 78 3.8 510 6.5 2.7 41 62 73
+ 78 to + 97 4.5 500 7.5 3.0 56 297 71 77

10% mannitol increased to 120 drops per minute
+ 97 to +108 6.2 492 10.2 4.0 118
+108 to +122 9.8 442 14.7 4.9 283
+122 to +132 10.8 426 15.3 4.5 238

separate days, with and without methyl predniso-
lone (Figures 4 and 5, Table I). Plasma manni-
tol levels were still rising when the drug was
given, and since the clearance of mannitol (Cman)
did not change significantly during these studies,
Cosm continued to rise also, following methyl pred-
nisolone. Values for Uosm and UNaV were com-
pared with values obtained during a control man-
nitol infusion. Uosm (and therefore TCH2o) was
always higher for a given Cosm after the drug than
during the control mannitol infusion without
methyl prednisolone on a previous day. Sodium
excretion was always lower.

2) A group of ten patients was studied by the
same protocol as in A, above, except that a prim-
ing infusion of 500 ml of 10%o mannitol was given
at 25 to 30 ml per minute before a steady infusion
at 80 drops per minute was started. In order to
ensure a relatively steady state, the steroid was
given only after the urine osmolality, measured
during the procedure, appeared to be stabilized.

Three of the patients (no. 14, 15, and 16) were
used as controls, and no steroid was given as the
infusion continued. Patients 12, 13, and 16 were
in remission after previous episodes of jaundice
and ascites. Liver function tests in these pa-
tients were normal, and there was no evidence of
fluid retention. The other patients studied acutely
had evidence of active liver disease and fluid
retention.
With this protocol, relatively constant serum

and urine mannitol levels were obtained on the
same day, before and after methyl prednisolone
(Figures 6, 7, and 8, Tables II and III). Since
Cosm did not rise significantly after methyl pred-
nisolone was given, the effects of the agent could
be observed independently of substantial changes
in Cosm.

All patients given steroid showed a decrease in
sodium excretion (Tables II and III). The de-
crease usually began at 30 to 45 minutes after the
drug was given and varied from about 9 to 53%o
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FIG. 6. RESULTS OF A REPRESENTATIVE STUDY SHOWING
EFFECTS OF 40 MG OF IV METHYL PREDNISOLONE IN PA-
TIENT 10.

of control values and from about 19 to 240 ,uEq
per minute. The mean decrease was 86 32 ,uEq
per minute (1 SE) (p <.05) (Figures 6 and 7,
Table III). Control patients had no significant
change in sodium excretion (Figure 8). Because
of slight variation in Co.m due to occasional in-
complete voiding, sodium excretion is plotted as

the ratio of UNaV/Cosm in Figures 6, 7, and 8.
Uo.m rose steadily after iv methyl prednisolone.

This rise usually persisted until the experiment
was discontinued, and the increase in U,,m was re-

flected by a small but highly reproducible increase
in TCHo that began at the same time as or shortly
after the decrease in sodium excretion (Figures 6
and 7, Tables II and III). The increase ranged
from 0.3 to 1.1 ml per minute. The mean increase
was 0.6 + 0.07 ml per minute (p <.001) Table
III). There was no significant change in TCHo
in control patients (Figure 8).
No significant effect on potassium excretion was

noted under the conditions of this experiment
(Table III).
Both CQ and Cman (mannitol clearance) were

measured in eight patients and found to be com-

parable. The ratio of Cman to Cin equaled 1.09 +

FIG. 7. EFFECTS OF 40 MG OF IV METHYL PREDNISOLONE
IN PATIENT 11.
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TABLE II

Detailed protocol of acute experiment B in Patient 13

Time
UNaV UKV

Vol Uo>;m Co(:m TcH20 Cosm Cosm UmsnV Cman Pm5an Posm

min ml/min pOsm/ml ml/min ml/min IAEg/ml pEqg/ml/ mg/min ml/min mg/ pOsm/ml
mis mis 100 ml

-300 500 ml of 10% mannitol with iv aqueous Pitressin at about 25 ml per minute
-280 Constant infusion 10% mannitol with aqueous Pitressin at 80 drops per minute
-153 to -131 6.6 518 12.0 5.4 35.2 11.0 355 125 286
-131 to -116 6.3 525 11.6 5.3 39.0 10.3 313 115 273
-116 to -100 6.9 516 12.5 5.6 43.5 10.7 350 127
-100 to - 85 7.5 420 13.5 6.1 41.2 10.6 392 140 280 283
- 85 to - 70 6.5 520 11.9 5.4 40.5 11.7 325 109
- 70to - 55 6.4 525 11.8 5.4 38.6 11.5 348 116 301
- 55 to - 40 6.8 523 12.4 5.6 39.7 10.9 378 122
- 40to - 20 6.4 529 11.9 5.5 36.3 10.5 372 117 317 284
- 20to 0 6.2 536 11.7 5.5 34.2 10.4 362 117

0 to + 20
+ 20 to + 40
+ 40 to + 60
+ 60 to + 80
+ 80 to +100
+100 to +120
+120 to +135
+135 to +150

6.0 546
5.6 563
5.4 579
5.6 590
5.4 602
5.2 615
5.5 625
5.4 628

40 mg iv methyl prednisolone
11.6 5.6 34.2 9.1 344 114 295 284
11.1 5.5 34.6 9.3 340 115
11.0 5.6 30.5 9.4 347 110 336 283
11.4 5.9 28.6 10.5 359 107
11.5 6.1 26.1 10.8 371 115 306 284
11.3 6.1 23.3 7.4 370 120
12.1 6.6 21.2 8.9 405
11.9 6.5 21.3 9.2 398

TABLE III

Effect of iv methyl prednisolone (MP) on electrolyte, solute, and water reabsorption during
osmotic diuresis in the dehydrated state*

Patient UNaV THs20 UKV Csm Cman

no. AEq/min mi/min pEq/min mi/min mi/min
7 Control 81 3.5 86 8.1 119

MP 50 4.4 78 8.3 110
8 Control 57 1.7 112 5.7 124

MP 38 2.1 120 6.3 128
9 Control 130 2.7 136 7.2 48

MP 63 3.2 104 7.0 51
10 Control 220 0.5 202 7.2 49

MP 154 1.1 180 8.1 48
11 Control 665 3.5 158 10.9 127

MP 425 4.2 152 10.9 103
12 Control 683 2.7 77 9.9

MP 642 3.0 93 10.2
13 Control 435 5.5 125 11.8 118

MP 294 6.1 106 11.3 114
Mean difference ± 1 SE
(MP - control) -86 d 32 +0.6 at 0.07 -7.6 i 5.1 -0.1 0.06 -5 i1 3.6

* Values used for the control periods were the means of collections from 0 to 60 minutes before the drug was given.
Values for MP were the means of collections from 60 to 120 minutes after the drug.

0.13 (1 SD) for 60 clearance periods measured of solute excretion, was excreted at a constant
in the eight patients.2 rate in these experiments, Cosm remained relatively

Since mannitol, which accounted for 60 to 80% constant throughout the studies (Tables II and
2 Corcoran and Page reported a Cman: C,. ratio equal III). A small decrease in Csm was sometimes

to 0.92 (11). These clearances, however, were presum- noted when a pronounced increase in sodium
ably carried out with a considerably smaller filtered load reabsorption was produced, or when Cman
of mannitol. diminished.
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No significant change in Cman (or C1, when
measured) was noted after methyl prednisolone
(Table III). In most patients, Cma,, fell slightly
after drug administration; however, a similar fall
was also noted during a rapid mannitol infusion
in control experiments where no steroid was given,
and it therefore was probably unrelated to steroid
(Figure 8).

DISCUSSION

Methyl prednisolone increases the maximal
ability to conserve free water in patients with
cirrhosis of the liver on a low-salt diet. This im-
provement as measured by changes in TCH2O for-
mation was consistently observed after both acute
and chronic administration of the drug. These
findings are consistent with data reported in salt-
restricted dogs exhibiting a decreased TCH2O
(12). In these dogs, acute and chronic glucocor-
ticoid administration was also associated with in-
creased TCH2O formation (12). While chronic
administration was associated with a mild sodium
diuresis in the present study, acute administration
was always associated with substantial sodium
retention and no change in potassium excretion.
[These findings contrast with the findings of in-
creased potassium excretion, no change in TcH201
and increased sodium reabsorption when d-aldos-
terone is given under the same acute experimental
conditions (13).] It appears likely that the at-
tempt to demonstrate sodium retention during
these acute studies was successful because large
quantities of sodium were delivered by osmotic
diuresis from the proximal to the distal nephron
where glucocorticoids appear to act. The slight
natruresis noted with chronic steroid administra-
tion is difficult to evaluate, since one does not usu-
ally observe this finding in patients with fluid re-
tention when these agents are given alone (3, 5).
Frequent administration of Pitressin and man-
nitol during chronic steroid administration may
have affected the 24-hour data. Furthermore, in-
terpretation of chronic studies is difficult, since
numerous parameters of renal function cannot be
continuously followed.
The associated findings of sodium retention and

increased TCH20 formation, when the drug is given
acutely, could be explained, according to current
concepts of renal physiology, by postulating that
glucocorticoids act primarily to increase sodium

reabsorption in the ascending loop of Henle, a
segment of the tubule relatively impermeable to
water. By enhancing delivery of sodium to the
medullary interstitium, the hormone thus could
contribute to the extraction of more solute-free
water from the collecting duct.
An alternate hypothesis is that there is a direct

effect of this agent on the collecting duct to in-
crease water permeability. If this were so, it
would be necessary to explain the decreased so-
dium excretion observed in these present experi-
ments by an independent action. Since available
data suggest that fluid in the collecting duct
reaches osmotic equilibrium with fluid in the sur-
rounding medullary interstitium, an effect of glu-
cocorticoid on permeability could alter water reab-
sorption only if there were decreased collecting
duct permeability in these patients. Goldsmith
and associates have postulated such a defect in salt-
restricted dogs (12). It does not appear likely,
however, that glucocorticoids act by increasing col-
lecting duct permeability, since other studies have
shown that in the hydrated state, glucocorticoids
produce more free water excretion, suggesting that
these agents render the tubule less permeable to
water (3, 7, 14).
A decrease in medullary blood flow might also

account for increased TCH2O formation by leading
to further sodium trapping in the medulla. De-
creased medullary blood flow is not known to in-
crease sodium reabsorption, so that in this case
also, two independent actions would be required
for this explanation. While this study does not
rule out either alternative hypothesis, both seem
less likely than the initial one presented, since this
latter hypothesis could explain both sodium reten-
tion and increased TCH20 formation.
The findings of increased Umax and TCH20 with

chronic methyl prednisolone administration cor-
relate well with the acute findings. While it is
reasonable to assume that the mechanism responsi-
ble for the acute action is at least partially re-
sponsible for the rise in TCH2o and Umax with
chronic drug administration, other factors may
well contribute.
Four of the patients studied were in apparent

complete remission of their disease. Since their
response to glucocorticoid was similar to the re-
sponse of the other patients, the data suggest that
the findings reported are not restricted to patients
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with active cirrhosis. Nevertheless, it cannot be
stated whether the mechanism responsible for the
production of increased TCH2O in these salt-re-
stricted subjects was also responsible for the same
findings reported with glucocorticoid in salt-re-
stricted dogs (12). It is also not clear from the
data presented whether dietary salt restriction
per se, which has been reported to decrease TCH2O
formation in normal man (15), is related to the
action of glucocorticoid described above.
The postulated action of glucocorticoids in the

ascending loop of Henle would at least in part
explain the increased ability of patients with fluid
retention to excrete free water after a water load
(3) and may be related to other diuretic effects of
these agents.

SUM MARY

Methyl prednisolone, given acutely to eleven pa-
tients and over a period of 8 days to three patients
with cirrhosis of the liver, consistently increased
TCH2O formation. This effect, when the drug was
given acutely, was associated with decreased so-
dium excretion and no change in potassium
excretion.
The data are interpreted to indicate that the pri-

mary effect of this agent is to increase sodium re-
absorption in the ascending loop of Henle. By
enhancing delivery of more sodium to the medul-
lary interstitium, the hormone contributes to the
extraction of more solute-free water from the col-
lecting duct in the presence of a maximal anti-
diuretic hormone stimulus.
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