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On the Rate of Formation of Steroidal Glucuronosides in
Patients with Familial and Acquired Jaundice *

WILLIAM D. DRUCKER,t ANASTASIA SFIKAKIS,4 ABRAHAMJ. BORKOWSKI,§ AND
NICHOLAS P. CHRISTY WITH THE TECHNICAL ASSISTANCE OF

ANNAMARIEL. VERDE
(From the Department of Medicine, Columbia University College of Physicians & Surgeons,

and the Presbyterian Hospital, New York, N. Y.)

The inactivation and excretion of many lipid-
soluble compounds is a result of metabolic trans-
formation to more polar substances (1). For cor-
tisol,1 this is sequentially accomplished in man by
reduction of the 4,5 double bond in ring A to yield
"dihydro" derivatives, then reduction of the ke-
tone group at carbon three to yield "tetrahydro"
compounds (2). Reduction of the C-20 ketone
group to a hydroxyl leads to further increase in
polarity (3). Once formed, these reduced com-
pounds are rendered still more water-soluble by
conjugation at the three position with glucuronic
acid (1, 4). The formation of such glucurono-
sides also results in a lesser degree of binding to
plasma proteins (5, 6).

The conjugation of a substrate with glucuronic
acid in ester or glycosidic linkage requires uridine
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1 following trivial names and abbreviations have

been employed: cortisol (11f,17a,21-trihydroxy-4-preg-
nene-3,20-dione) ; cortisone (17a,21-dihydroxy-4-pregnene-
3,11,20-trione); dihydrocortisol (11,3,17a,21-trihydroxy-
pregnane-3,20-dione) ; dihydrocortisone (17a,21-dihydroxy-
pregnane-3,11,20-trione); tetrahydrocortisol (THF) (3a,
llj,17a,21-tetrahydroxy-pregnane-20-one) ; allotetrahydro-
cortisol (allo-THF) (3a,1 ll,17a,21-tetrahydroxy-allo-
pregnane-20-one); tetrahydrocortisone (THE) (3a,17a,
21-trihydroxy-pregnane-11,20-dione); 6f-hydroxycortisol
(6p,11 , 17a,21-tetrahydroxy-4-pregnene-3,20-dione).

diphosphate-glucuronic acid (UDPGA) and the
microsomal enzyme, uridine diphosphate (UDP)-
transglucuronylase (7). These requirements were
demonstrated for a reduced steroid by Isselbacher
and Axelrod (8, 9), who isolated tetrahydrocorti-
sone glucuronoside after incubation of THE and
UDPGAwith guinea pig liver microsomes.

Bilirubin also requires conjugation with glucu-
ronic acid for its normal excretion into the bile
(10, 11). In children with the Crigler-Naj jar
syndrome (12), extreme retention of unconju-
gated bilirubin with kernicterus, two studies of
steroid metabolism (13, 14) have shown a delay in
the formation of THE-glucuronoside after the
intravenous administration of THE. Although
ability to form this steroidal glucuronoside was
not entirely abolished, its total synthesis was
decreased.

In 1957, Arias and London (15) showed that
hepatic deficiency of UDP-transglucuronylase ac-
counted for certain instances of mild jaundice
associated with chronic retention of unconjugated
bilirubin in adults. Further studies have con-
firmed this conclusion (16). The present investi-
gation was undertaken to elucidate the qualitative
and quantitative aspects of steroid glucuro-conju-
gation in these patients and in others with familial
and acquired jaundice.

Methods

Patients. Twelve healthy, ambulatory adults, 6 f e-

male and 6 male, served as controls for measurement of
the disappearance rate of steroids from plasma. Three of
these subjects were further studied for their urinary ex-

cretion of steroids. Two patients with untreated Ad-
dison's disease were studied in order to discover whether
prolonged absence of steroid substrate brings about ab-
normalities in hepatic enzymes concerned with steroid
metabolism. Neither of these individuals had ever been
jaundiced. Four patients with chronic unconjugated hy-
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CONJUGATIONOF STEROIDS IN JAUNDICE

perbilirubinemia (three with hepatic deficiency of UDP-
transglucuronylase and one with congenital hemolytic ic-
terus) and two patients with the Dubin-Johnson syndrome
(17) made up the group with familial jaundice (Table
I).2 Except for elevated levels of serum bilirubin, stud-
ies of hepatic function yielded normal results in all of
these patients. Only the two patients with Dubin-
Johnson syndrome demonstrated retention of sulfo-
bromophthalein. By light microscopy, liver biopsy speci-
mens obtained from five of the six patients were normal
except for the finding of the characteristic pigment in
the parenchymal liver cells of the patients with Dubin-
Johnson syndrome. Further clinical data concerning
these subjects are summarized in Table I. One patient
with a past history of both acute viral hepatitis and hepa-
titis associated with infectious mononucleosis who was
later found to have unconjugated hyperbilirubinemia and
two patients with LaEnnec's cirrhosis were also studied;
pertinent data are presented in Table II. The patients
with hepatic diseases other than UDP-transglucuronylase
deficiency were studied to determine whether the lesion
present in the latter group was specific.

Administration of steroids. Crystalline tetrahydro-
cortisone,3 75 mg and 225 mg, was dissolved in 5 ml of
hot distilled 95% ethanol and added to an infusion bottle
containing 100 ml of warm, sterile, normal saline. To
insure complete transfer, the beaker used for dissolving
the steroid was rinsed 3 times with 2 ml of hot ethanol,
and the rinses were added to the saline. Cortisol was
drained directly from a vial containing 100 mg of cortisol
in alcoholic solution into an infusion bottle containing
100 ml of normal sterile saline and used without further
manipulation for intravenous administration. In one pa-
tient with UDP transglucuronylase deficiency and in the
patient with a past history of hepatitis, an attempt was
made to inhibit the glucuroconjugation of administered
steroid by the simultaneous oral administration of a
compound (menthol) that is also normally excreted in
large part as a glucuronoside (1, 16).

The THE injected and the steroid standards, THE,
THF, and cortisol used in subsequent analyses were
tested for purity. The compounds gave single spots by
blue tetrazolium staining or ultraviolet absorption and
had typical Rf values when chromatographed in the
Bush B5 (20) and E2B (21) systems. They also gave
infrared spectra4 identical to authentic standards.

2 Weare indebted to Dr. Irwin Arias, Department of
Medicine, Albert Einstein College of Medicine, for re-
ferring the patients with hepatic glucuronyl transf erase
deficiency and the Dubin-Johnson syndrome to us for
study. His permission to use the data collected by him
in this paper and his unfailing co-operation are deeply
appreciated.

3 We express our gratitude to Dr. Karl Pfister of
Merck and Co., Rahway, N. J., for the generous supply
of tetrahydrocortisone, tetrahydrocortisol, and cortisol.

4 Mr. Otto Gonzales kindly carried out the analyses
in the laboratory of Dr. Seymour Lieberman.

;tt
< .x

. t-

zC~

ct
g >

C ,d

:.0

X*W

~

._.5

,O

0I

10

U,)

._

0

._

0

oCt-0 o O
F, C4 _ r'

CnVI)

I + No

__4\0 c0000 O0

Ln W4 U; QVC,
\ t- 00l

_II

_ C-4
c0 00

.

;11 o t- 00 0 00
CMCM mCXN

IV
fS <1

0-

oc

e'!

00

CMCl

t-t- M- 0-

COO C14 O

tMNO Nt- 0

C: r. r.

ICICla Za c

aan04 E V.
UCM_ 7CM v

0~: ~

MI

o

0

Xz

1953

0

0

0

._

D

-U

11

0:

U)

0
0
0

CO
.0

0

0
-e
,0

CO

5)

.0
0

0;

C.
7)

.o
- 7.
IN
(14



W. D. DRUCKER,A. SFtKAKIS, A. J. BORKOWSKT,AND N. P. CHRISTY

:* .~0 >

co
IC o v

*~~~00~~~~~0 0 ~ ~ 0

ca1 t - e)c _

0
IC

±

c

\0 0O

Z -

U)
1- C

0o

v ._ mA

¢ 5

EcoY

0=0 0

L. C,

*EO)0<

2<2.g *

0

0.240 >

0,0a4)
* +

E a)* a

Rate of disappearance of steroids from plasma. Solu-
tions containing steroids were given within 15 minutes
after mixing; solutions were rapidly infused into an
antecubital vein of all subjects immediately after the re-
moval of 15 ml of blood that was used for the deter-
mination of basal plasma level of cortisol. All infusions
were begun between 9 and 10 a.m. and were completed
in 5 to 8 minutes. The mid-point of infusion was used
as zero time. After administration of THE, venous
blood was obtained by repeated venipuncture or indwell-
ing needle at 20, 30, 45, and 60 minutes from zero time;
for cortisol, the time schedule was 45, 60, 90, and 120
minutes. Samples were immediately transferred to hep-
arinized tubes and centrifuged within 30 minutes.
Plasmas not assayed immediately were quickly frozen
and stored at - 200 C until used. Two- or 3-ml samples
of plasma were used for the determination of plasma
17-hydroxycorticosteroid level by the Silber-Porter method
(22), as modified by Peterson, Karrer, and Guerra (23)
and in this laboratory (24) with cortisol as standard.
Samples from any one experiment were tested simultane-
ously. Duplicate determinations were f requently made
and showed a variability of less than 10%.

Disappearance rate from plasma was determined by
plotting the four steroid values obtained against time
on semilogarithmic paper. The best straight line through
all points was found by applying the method of least
squares. Plasma disappearance rate was then determined
by extrapolating this line to the y-axis (zero time). The
plasma disappearance rate is expressed as the biologic
half-time (ti).5 For THE, the standard amount given
was 75 mg; in a few instances 225 mg was given to pro-
vide a further overloading of hepatic detoxication mecha-
nisms in an effort to detect subtle abnormalities.

Collection of urine. In all but two subjects, 24-hour
urine specimens were obtained before infusion of ster-
oid. These were started between 7 and 9 a.m. and were
usually collected in two 4-hour samples for the first 8
hours and in two 8-hour samples for the remaining 16
hours. Urine specimens were collected in a similar man-
ner after infusion of steroid except that on most occa-
sions 1-hour samples were obtained for the first 4 hours
to preclude masking of early abnormalities in steroid
metabolism. All urines were kept refrigerated during
collection and were frozen as quickly as possible there-
after unless immediately processed. No preservatives
were used.

Determination of free steroids in urine. Each sample
of urine was adjusted to pH 4.5 with glacial acetic acid
and extracted twice with double volumes of distilled
ethyl acetate. The combined ethyl acetate extracts were
washed 3 times with 0.05 volume of saturated sodium
carbonate and 3 times with 0.05 volume of distilled water.
They were then acidified with one or two drops of glacial
acetic acid and dried over small amounts of anhydrous

5 For the purpose of this study, the question whether
the disappearance curve is a single or multiple exponen-
tial is ignored.
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CONJUGATIONOF STEROIDS IN JAUNDICE

sodium sulfate. The clear ethyl acetate extracts were
then concentrated under vacuum at 370 C with a flash
evaporator. In a few instances, a sample of urine was
set aside for the determination of its 69-OH-cortisol con-
tent. The previously published methods of Frantz, Katz,
and Jailer (25) were employed for the extraction and
quantification of this steroid using added 4-C"-cortisol to
correct for losses in extraction and paper chromatography.

Determination of glucuronic acid conjugates in urine.
The urine remaining after extraction was incubated at
37° C and pH 4.5 for 5 days with 3-glucuronidase,6 300
Fishman U per ml of urine. The urine was then ex-
tracted and processed as described above for the recovery
of the free steroids. To assess the recovery of steroid
after the hydrolysis, extraction, and washing and con-
centrating procedures, cortisol-4-C" of known specific
activity was added to several samples of urine and treated
in the same manner as the unknowns. Radioactivity was
assayed in a liquid scintillation spectrometer; 7 efficiency
for carbon" was 54%. Recovery of radioactivity from
the urine so treated averaged 87%. No corrections for
these losses have been made in the final calculations.
The term "glucuronoside" is used throughout to mean
steroid measured after hydrolysis with ,B-glucuronidase.

Samples of the extracts were prepared for paper chro-
matography in such a way as to contain from 10 to 100
Ag of steroid. The samples were made from a solution
of the concentrated extracts dissolved in dichloromethane:
methanol, 2: 1, and were dried under a stream of nitro-
gen. Samples were concentrated in the bottom of each
tube, dissolved in 4 drops of the dichloromethane:
methanol mixture, and quantitatively applied with a
polished capillary pipette, to 1-inch strips of Whatman
3MMchromatography paper by streaking along a nar-
row band penciled onto the paper. The greatest care
was taken to distribute the sample evenly across the
paper. Several rinses of the tube were applied to the
chromatogram. With every four unknowns, two 1-inch
strips containing 20-,ug amounts each of THE, THF, and
cortisol were prepared in like manner. The chromato-
grams were equilibrated for 2 to 3 hours in the Bush B5
system and developed overnight for a total of 18 hours.
After the strips were dried, at room temperature, they
were viewed under ultraviolet light and then cut exactly
in half. The left half of each strip was stained with an
alkaline solution of blue tetrazolium and the THE, THF,
and cortisol areas were identified by comparison with
stained halves of the standard strips. Not infrequently,
the urine samples ran at a somewhat slower rate than the
standards, demonstrating the need to compare each un-
known with itself to determine accurately the position of
each steroid on the paper. Blue tetrazolium spots more
polar (closer to the origin) than THF were not consid-
ered further in this experiment. Frequently, a seemingly
discrete blue tetrazolium, Porter-Silber positive spot,

6 Ketodase, Warner-Chilcott Laboratories, Morris
Plains, N. J.

7Packard Instrument Co., La Grange, Ill.

running between THF and THE consistent with allo-
THF was also seen. If this allo-THF area was rechro-
matographed separately in the Bush B5 or E2B systems,
it usually showed the presence of some THE but no
THF. The THF area remained homogenous on subse-
quent rechromatography, but the THE spot usually could
be shown to contain allo-THF as a minor component.
Apparently, after one chromatographic step in the Bush
B5 system, with many hours of overrunning, THF can
be cleanly separated from allo-THF if the paper is not
overloaded with steroid. The separation of allo-THF
from THE is less reliably achieved even when blue
tetrazolium staining seems to indicate the presence of
discrete spots. Since by our method of quantification,
allo-THF is probably underestimated by 66% when THE
is used as standard (26), the lower portion of any allo-
THF spot seen was eluted along with the discernible
THE area and subsequently treated as THE. Any er-
ror from this maneuver should be insignificant because
after THE administration no interconversion to allo-
THF is known to take place (27), and the values for
THE (contaminated with allo-THF) and THF in con-
trol urine samples have been subtracted from those ob-
served after THE administration, a procedure that tends
to cancel out completely the endogenous contribution' of
allo-THF to the estimation of THE. This procedure also
prevents the risk of losing THEby demarcating the THE
area too sharply and arbitrarily from that of allo-THF.

The appropriate areas on the unstained standard and
unknown strips were eluted by suspending one corner of
each paper on a bent no. 22 hypodermic needle and allow-
ing 10 ml of dichloromethane: methanol, 2: 1, to drip
slowly through a syringe attached to the needle. When
dry, the paper was rotated twice and eluted each time
with 10 ml of solvent. This technique allowed quanti-
tative elution of the steroids as determined by absence of
blue tetrazolium staining on the eluted strips and ab-
sence of Porter-Silber chromogens in further exhaustive
elutions. All the eluates were dried under nitrogen in a
water bath at 370 C.

The dried eluates of the unknowns and standards and
a blank tube were next shaken with 25 ml of dichloro-
methane and washed twice with 4 ml of 0.1 N NaOH.
This washing procedure removed much chromogenic ma-
terial. Two 10-ml samples of the dichloromethane ex-
tracts were next pipetted into a centrifuge tube of 15-ml
capacity, which contained either 0.2 ml blank reagent
(11.2 M H2SO4: redistilled absolute ethanol, 2:1) or
0.2 ml freshly prepared Porter-Silber reagent (75 ml
blank reagent plus 32.5 mg recrystallized phenylhydrazine
hydrochloride). These were shaken and centrifuged, and
the solvent was removed carefully by aspiration. Maxi-
mal color was allowed to develop by incubating the tubes
overnight in the dark at room temperature. Fifteen
hours later, the blanks were read in a Beckman DU
spectrophotometer at 410 myA; the tubes containing the
reagent were also read at 370, 410, and 450 my as if ap-
plying the Allen correction (28). Only reagent readings
that had sharp absorption maxima at 410 m1A were ac-
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cepted as representing steroidal material. Blank readings
at 410 my were usually much less than 25%o of the rea-

gent reading at this wave length. The THF standard
was used to quantify the THF unknowns because of the
observed lesser chromogenicity of THF in the Porter-
Silber reaction (26, 29). THE and cortisol standards
were used to quantify THE and cortisol unknowns, re-

spectively, although the latter two proved to be inter-
changeable (23, 26). The quantity of steroid on each
strip was calculated by reference to the optical density
of the chromatographed standard. To obtain the con-

tent of steroid in the original extracts, the steroid con-

tent on paper was multiplied by the dilution factor of
the sample.

This procedure for quantification automatically cor-

rects all systematic losses, since the standards were

handled in the same manner as the unknowns. By run-

ning a separate cortisol standard through the Porter-
Silber reaction simultaneously with each cortisol stand-
ard eluted off paper, it was determined that an average

loss of 15% (range, 0 to 30%) was incurred during the
various paper chromatographic steps. For THE, the re-

producibility of the method determined by running many

duplicate samples averaged 15%; for THF, it averaged
20%. Any value that appeared abnormal compared to

the findings in normal subjects was rechecked. If it fell
within the above limits, it was averaged with the initial
value; if it was not within these limits, it was repeated
at least twice until consistent results were obtained.
Most inconsistencies were owing to improper selection of

the sample (i.e., taking too small or too great an amount

of steroid for optimal paper chromatography). Any

value found to be less than 10 gg per extract is reported
as zero in order to eliminate the possibility that some

minor nonspecific chromogen might be interpreted as

representing true steroid content. All values are re-

ported to the nearest hundredth of a milligram.

Results

Rate of disappearance (tj) of infused THE and
cortisol from plasma

The rate of disappearance of infused steroid
from the plasma of the ten patients and of eight
normal subjects is shown in Table III. After ad-
ministration of 75 mg THE, the average tj for the
normal subjects was 32 minutes (range, 19 to 41
minutes). In two patients with untreated Addi-
son's disease the tj of THE was in the normal
range. THE, 225 mg, was given to normal sub-
ject FX; the tj was 23 minutes, a value not sig-
nificantly greater than for the 75-mg dose (19
minutes). In patients MB and GC, both with
UDP-transglucuronylase deficiency, the tj for 75
mg THE was prolonged (50 and 55 minutes).
When this study was repeated in GC 1 year later
and when oral menthol was given just before the

TABLE III

Rate of disappearance (tj) in minutes of infused tetrahydrocortisone and cortisol
from plasma of normal subjects and patients

Tetrahydrocortisone
- Cortisol

75 mg 225 mg 100 mg
Patient Age Sex Diagnosis tj t1

MB 63 M UDPTdeficiency* 50
GC 52 M UDPTdeficiency 55 116

(Repeat study, 1 yr later) 34 27
(THE administered with menthol) 36

AL 20 F UDPTdeficiency 30 28 98

MR 42 F D-Jt
DA 27 M D-J 37 112

RM 30 M Hemolytic anemia 31

JC 28 M Addison's disease 25
FG 53 F Addison's disease 27

GA 39 M Healed hepatitis 132

JS 28 M Fatty liver 27 120
MF 46 F Cirrhosis 39 196

Normal Range = 19-41 120-153
Average = 32 23t 132

* UDPTdeficiency = uridine diphosphate-transglucuronylase deficiency.
t D-J = Dubin-Johnson syndrome.
I One normal subject, FX (M).
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infusion of steroid, the t1 of THE was not in-
creased. Normal values for plasma t4 were found
when 225 mg of THE was administered intra-
venously to GC (1 year after original study with
the lesser dose) and to AL, another patient with
UDP-transglucuronylase deficiency.

The rate of disappearance of cortisol, 100 mg,

from plasma ranged from 120 to 153 minutes in
the normal subjects and averaged 132 minutes
(Table III). In two patients with UDP-trans-
glucuronylase deficiency (GC and AL) and in one

with the Dubin-Johnson syndrome (DA), the to
of cortisol was slightly shorter than in the normal
subjects. No prolongation of plasma disappear-
ance rate of cortisol was found in JS (fatty in-
filtration and necrosis of liver cells), but it was

increased to 196 minutes in MIF (advanced hepatic
cirrhosis).

Steroid metabolites recovered in urine 24 hours
after THE infusion

Nornmal subjects. One male (FX) and two
females (AM and ML) received an infusion of
THE, 75 mg. In a 24-hour period, 41.0 to 58.7%
of the infused steroid was recovered in the urine
as THE and THF (Table IV). Of these me-

tabolites, 1.0 to 1.5%o was found as the free (un-
conjugated) steroid; the remainder was recovered
in the glucuronoside (conjugated) fraction after
,8-glucuronidase hydrolysis. In control urine sam-

ples, the per cent unconjugated THE and THF
ranged from 0.0 to 0.6. Twenty-four hours after
the administration of 225 mg of THE to FX,
52.7%o of the steroid was recovered in the urine as

THE and THF. No percentage increase in the
free fraction occurred after the higher dose: 1.2%o
unconjugated THEand THF was recovered after
225 mg of THE vs. 1.5% after 75 mg of THE
(Table IV).

In all instances, increased quantities of THF
were recovered after the administration of THE.
Values of THF ranged from 3.0 to 8.5% of the
total steroid recovered in a 24-hour urine sample.
(These data are recorded for the first 4 hours of
the collection period in Table V.) The inter-
conversion of THE to THF was quite rapid; in-
creased quantities of THF were excreted within
the first hour (Table V). The process of inter-
conversion continued, however, throughout the
24-hour period. Most of the urinary THE ap-

peared as the glucuronoside. In FX, no greater
quantity of THF was formed in the first 4 hours
after 225 mg of THE than after the lesser dose,
although the excretion of THE approximately
tripled (Table V). By the end of 24 hours, THF
excretion was 1.65 times greater after the three-
fold larger dose of THE than after the lesser
load, whereas THE excretion was 3.86 times
greater.

Patients with familial jaundice. After both 75
mg and 225 mg THE, the recovery of this steroid
as urinary THE and THF over 24 hours was
within the normal range (Table IV). In only one
instance did the per cent excreted as unconjugated
steroid exceed that of the normal subjects. At the
same time that GC (the patient with UDP-trans-
glucuronylase deficiency) received 75 mg of THE
and the tj of the steroid in plasma was prolonged
(Table III), 14.2% of the recovered dose ap-
peared as unconjugated metabolite, mainly THE.
When, 1 year later GC was again given 75 mg
of THE, first alone and then 2 hours after 1 g of
oral menthol, no increase in the per cent excre-
tion of recovered metabolites as unconjugated
THE was found. A greater loading dose (225
mg THE), given to GCand AL, produced no dis-
cernible abnormality in the 24-hour urinary ex-
cretion of metabolites. As in the one normal sub-
ject, total THF excretion was only slightly greater
after the larger dose than after the smaller.

MB, the other patient with UDP-transglucu-
ronylase deficiency who had a prolonged t4 of
THE in plasma (Table III), did not excrete an
increased percentage of the administered steroid
in the unconjugated form; 97.8% of THE and
THF recovered appeared in the glucuronoside
fraction. Total recovery was 33.3% of the in-
fused dose, a subnormal value. A somewhat
greater percentage (11%) of the administered
THE was converted to THF, however.

No abnormalities in the metabolism of THE
were noted in the patients with the Dubin-Johnson
syndrome or in the patient with hemolytic jaundice
(Table IV).

Fractional excretion of urinary metabolites after
THE infusion
Normal subjects. In the three normal subjects,

most of the recovered THE and THF, free and
conjugated, appeared in the urine in the first 4
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W. D. DRUCKER, A. SFIKAKIS, A. J. BORKOWSKI,AND N. P. CHRISTY

hours after infusion of 75 mg of THE (67.5 to
85.0%, fable IV). Seventy-five and six-tenths
per cent of the metabolites recovered after the
225 mg dose was excreted by FX in the first 4
hours (Table V). Table V and Figure 1 show
that most of the urinary THEand THF appeared
in the first hour following injection of THE, re-
gardless of the size of the dose. There was a
somewhat greater delay in the appearance of THF
than of THE (Table V).

Patients zeith familial jaundice. In the first 4
hours after infusion of THE, 75 mg and 225 mg,
the patients with UDP-transglucuronylase defi-
ciency excreted from 56.6 to 80.5% of the THE
and THF eventually recovered in the urine by the
end of 24 hours (Table IV). With the possible
exception of MB (56.6%o excretion in the first 4
hours), these results are similar to those found
in the normal subjects (67.5 to 85.0%o). The
first time GCwas studied when the plasma t4 for
the injected THE was prolonged, urine was col-
lected at 8-hour intervals only. To detect early
abnormalities in THE metabolism, urine was col-
lected thereafter in 1-hour samples for the first
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4 hours following the loading dose of THE (see
below). The data for the first 4 hours (Table
V, Figure 1) clearly show that there was a sig-
nificant delay in the excretion of THE, a lesser
amount of the steroid appearing in the first hour
and a greater amount in the second hour than in
the normal subjects. This phenomenon occurred
at both dosage levels of THE.

When GCreceived oral menthol before the in-
jection of 75 mg THE, the per cent THE and
THF excreted within the first and second hours
returned to the normal pattern (Table V, Figure
2). Menthol conjugation remained impaired, the
value being less than 50% of normal, a value
essentially the same as that obtained when menthol
was administered alone (Table I). This experi-
ment is to be compared with that done in subject
GA with a past history of viral hepatitis (see
below).

The pattern of excretion of THF in the pa-
tients with familial jaundice followed that shown
by the normal subjects (Table V). In AL, how-
ever, an abnormally large amount of THF ap-
peared in the unconjugated fraction in the first

* NORMAL SUBJECTS

[ DoP TRANUsGLUCURONYLASEDEFICIENCY

O UNCONJUGATEDHYPERBiLIAUBINEMIA.
POST HEPATITiS

Il
HOURS AFTER INJECTION

FIG. 1. HOURLYEXCRETION OF TETRAHYDROCORTISONE(THE) AND TETRA-
HYDROCORTISOL(THF) DURING THE FIRST 4 HOURSAFTER INTRAVENOUSAD-
MINISTRATION OF THE, 75 MG. Data are expressed as per cent of THE
and THF excreted in the 4-hour period.

1960
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FIG. 2. HOURLYEXCRETION OF THE AND THF AFTER

INTRAVENOUS ADMINISTRATION OF THE, 75 MG, IN PA-

TIENT GC WITH URIDINE DIPHOSPHATETRANSGLUCURONY-
LASE (UDPT) DEFICIENCY AND PATIENT GA (PAST HIS-

TORY OF HEPATITIS) COMPAREDTO NORMAL SUBJECTS.

Note that delay in steroid excretion is reduced when the
same experiment is carried out after oral administration
of menthol.

hour following administration of the larger load-
ing dose of THE.

The two patients with the Dubin-Johnson syn-

drome excreted 78.4%o (DA) and 76.7%o (MR)
of the recovered THE and THF within the first
4 hours (Table IV). In these two patients, urine
was not collected at hourly intervals. RM, the
patient with compensated hemolytic anemia metab-
olized THEnormally (Tables IV and V). Of the
THE and THF recovered in the first 4 hours,
59.5% was excreted during the first hour and only
21.2%o in the second. The values do not differ
from normal.

Steroid metabolites recovered in urine after THE
infusion

History of hepatitis, fatty liver, and hepatic
cirrhosis. GA, the patient with unconjugated
hyperbilirubinemia and a past history of viral
hepatitis, excreted 50.5%o of the infused THE as

THE and THF in 24 hours (Table IV). Of
this, 4.2% was THF and only 0.4% was uncon-

jugated (Table IV). In the first 4 hours after in-

fusion, 63.8% of the recovered dose appeared
(Table IV), a normal amount, but only 36.6% of
this was excreted within the first hour, whereas
32.2% appeared in the second hour (Table V,
Figure 1). This pattern is almost identical to
that shown by GC (glucuronyl-transferase de-
ficiency). Moreover, when oral menthol was in-
gested 2 hours before injection of THE, the THE
and THF excreted within the first hour increased
by 11.9%1o and that excreted in the second hour de-
creased by 4.4% (Table V, Figure 2), the total
recovery at the end of 4 hours remaining un-
changed (Table V).

JS (fatty infiltration and cellular necrosis) ex-
creted 63.9% of administered THE as THE and
THF in 24 hours (Table IV). Eighty-four per
cent of the total 24-hour urinary excretion took
place within the first 4 hours (Table IV), and
48.5% of that appeared within the first hour.
Unconjugated THE and THF accounted for only
1.3% of the total recovered steroid (Table IV).

MF (advanced Laennec's cirrhosis) excreted
only 17.7% of the infused THE as THE and
THF in 24 hours (Table IV), a subnormal
amount. Of this steroid, 1.2%o was unconjugated.
In the first 4 hours following infusion, 3.35 mg of
THE and THF was recovered, 25.2% of the
amount recovered in 24 hours (Table IV), again
an abnormally low proportion. Thirty-two and
four-tenths per cent of the first 4-hour excretion
appeared in the first hour. Interconversion of
THE to THF appeared to be unimpaired in this
patient.

Addison's disease. The 24-hour recovery of
THE and THF was normal in both patients, al-
though JC appeared to excrete 3.3% 8 of the ad-
ministered THE (75 mg) as unconjugated steroid,
a somewhat elevated value (Table IV).

In FG there was a delay in the excretion of me-
tabolites as evidenced by a lesser per cent of re-

8 This high percentage of free steroid may be ac-
counted for by the fact that the sample collected from
hours 9 to 16 in this patient was lost (Table IV). A loss
of steroid at this time with no loss during the first 4
hours, the period in which virtually all of the unconju-
gated metabolites appear, could easily result in a distor-
tion of the true state of glucuroconj ugation. For the
same reasons, the figure of 66.8% for recovery of THE
and THF in the first 4 hours (Table IV) is somewhat
higher than it should be.
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covered THE and THF excreted within the first
4 hours (Table IV) and a greater per cent re-
covered in the second 8 hours than in any other
patient. In neither patients JC nor FG did inter-
conversion of THE to THF exceed the normal
limits.

Metabolism of cortisol

All of the normal subjects except FX, and pa-
tients GC, AL, DA, JS, MF, and GA received
100 mg of cortisol. The excretion of urinary me-
tabolites was studied in the same manner as for
the THE experiments and included the collection
of urine at hourly intervals for the first 4 hours.
Although the appearance of THE and THF in
the urine followed an entirely different pattern
from that following THE, the only patient who
showed deviation from the normal was MF (he-
patic cirrhosis). In this patient total 24-hour re-
covery of steroid was reduced and its appearance
in urine was delayed markedly.

Discussion

Metabolism of tetrahydrocortisone in normal
subjects. The studies of normal subjects show
that THE is rapidly conjugated with glucuronic
acid and that the urinary excretion of this glu-
curonoside is also prompt. Within the limits
tested, the dosage of administered THE does not
appreciably influence its rate of metabolism. For
cortisol, the rate of disappearance is slower after
a pharmacologic dose than after a trace amount
of radioactively labeled hormone (30). Although
plasma disappearance rate of a trace quantity of
THE has not been measured, Rappaport and
Migeon (31) reported an average of 1.95% of
nonconjugated radioactive label in urine of normal
subjects after intravenous infusion of 4-C14-THF,
a per cent comparable to that reported here for
excretion of unconjugated THE and THF after
much larger quantities of THE.

The metabolism of THF may not be entirely
comparable to that of THE. The rate of ap-
pearance of THF glucuronoside was slower than
that for THE, indicating that THF may be con-
jugated more slowly (data not shown here).

The recovery of THF after the injection of
THE confirms the work of several authors con-
cerning the interconversion of these two steroids

(27, 32, 33). This transformation occurs rapidly
(27). In the present study, increased amounts of
THF were always recovered within the first hour
after infusion of THE. C-20-reduced steroids,
e.g., /3-cortolone, were not specifically sought;
others have shown rapid conversion of THE to
this group of compounds (27, 32, 33). The ca-
pacity to convert THE to THF is, however, lim-
ited. Only slightly greater amounts of THF were
recovered after administration of 225 mg of THE
than after 75 mg. Steroid not recovered as uri-
nary THE and THF after THE infusion was
not identified in this investigation. In addition
to C-20 hydroxylated derivatives, C-19, 11-oxy-
genated-17-ketosteroids are formed (2). On the
second occasion that patient GC received an in-
fusion of 75 mg of THE, the 24-hour urinary ex-
cretion of 17-ketosteroids and 17-ketogenic ster-
oids was measured and compared to control values:
40.5 mg of THEplus THF were isolated; the 17-
ketogenic steroid excretion rose 42.2 mg. The
closeness of these two figures indicates little, if
any, significant conversion of THE to C-20 hy-
droxylated derivatives. 17-Ketosteroid excretion
increased by 8.5 mg, a quantity representing only
11% of the administered THE, presumably con-
verted to C-19 compounds. The fate of a sig-
nificant portion (about one-third) of the adminis-
tered THE thus remains unaccounted for.

Metabolism of tetrahydrocortisone in patients
with familial jaundice. Evidence for delayed me-
tabolism of THE was found in all three patients
with UDP-transglucuronylase deficiency, but not
in those with familial jaundice of other etiology.
In MB, abnormal glucuroconjugation was shown
by delay in plasma disappearance rate of THE.
The small increase in per cent THE converted to
THF may also have been the direct consequence
of a slower rate of glucuronoside formation, more
time being available for interconversion to pro-
ceed. The failure to find a greater than normal
increase in unconjugated steroid in the urine in
this patient may be attributable to renal insuffi-
ciency. MB suffered from chronic pyelonephri-
tis (blood urea nitrogen, 49 mg per 100 ml) and
congestive heart failure. It is unlikely that renal
disease accounts for the prolonged tj of unconju-
gated THE, however, since marked prolongation
of plasma disappearance rate of cortisol is not
characteristic of renal failure (34), and the rate
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1963CONJUGATIONOF STEROIDS IN JAUNDICE

of appearance of steroid glucuronosides in the
plasma after cortisol infusion is not impaired
(34). Thus, if steroid glucuronoside formation
had been normal, plasma disappearance of uncon-

jugated THE would probably have been normal
also.

Impairment of steroid glucuronoside formation
was easily demonstrable in GC during the first
investigation of the patient. Plasma disappearance
rate of administered THE was prolonged, and
there was a great increase in unconjugated THE
in the urine. When he wvas studied again 1 year

later, the defect in steroid conjugation was quan-

titatively less striking. (The level of unconju-
gated bilirubin at this time was one-fourth that
of the initial study.) He showed a reduced ex-

cretion of THE glucuronoside in the first hour
relative to the second hour after administration of
THE. Delay in plasma disappearance of THE
was not found. Since urinary excretion of un-

conjugated steroid was not increased either, the
capacity of the liver to take up free steroid must

have been sufficient to prevent its accumulation in
plasma. Measurement of plasma disappearance
rate is therefore not suited to the detection of
subtle deficiencies in the conjugating mechanism.
Administration of triple the dose of THE failed
to bring out the defect in GCwith greater sharp-
ness, but delay in the appearance of THE glucu-
ronoside in the urine was again demonstrable.
The findings in AL, who was also given both dos-
age levels of THE, were similar to those of GC
when the latter was studied for the second time,
but the deviation from normal was somewhat less
marked.

Plasma disappearance rate of THE was not al-
ways abnormal; even when it was not, prolonged
delay in excretion of THE glucuronoside in the
first hour relative to its recovery in the second
hour after THE infusion distinguished the above
patients from the normal subjects and those with
familial unconjugated hyperbilirubinemia who
failed to demonstrate diminished tolerance for
menthol, or in whom hepatic UDP-transglucu-
ronylase activity was not demonstrably reduced
by in vitro assay. Although this phenomenon ap-

pears to be limited to only a single group of pa-

tients with familial jaundice, the data in GA (un-
conjugated hyperbilirubinemia and past history of
viral hepatitis) suggest that it may not be entirely

specific. In this regard, a study made by Beck
and Kuhn (35) may be pertinent.

These workers collected urine at three 3-hour
intervals to measure rate of excretion of menthol
in patients with indirect hyperbilirubinemia. A
diminished excretion of menthol glucuronoside in
the first three hours after ingestion of 1 g of the
compound was found. An increased amount of
the conjugate appeared in the subsequent three
hours compared to the findings in normal sub-
jects. Thus, by the end of the collection period,
total menthol glucuronoside excretion often fell
within the normal range. The patients in that
series (35) were not selected as to the etiology of
the jaundice, and some individuals known to have
hemolytic disorders also demonstrated this phe-
nomenon. Thus, although the value of determin-
ing the rate of excretion of a substrate glucurono-
side appears established for the detection of ab-
normalities in glucuronoside formation (in the
absence of renal disease), abnormal findings may
not necessarily indicate a specific fixed lesion.

Nevertheless, our observations in MB, GC, and
AL are consistent with those of Arias and London
(15) and Arias (16) and lead to the conclusion
that certain patients with chronic unconjugated
hyperbilirubinemia have a diminished ability to
glucuroconjugate a variety of substrates. If but
one glucuronoside conjugating mechanism exists,
delay in THE glucuronoside formation was to be
expected in MB, GC, and AL. Some data tend
to support this notion. Glycosidic (steroid) and
ester (bilirubin) UDP-transglucuronylase activi-
ties were not separable with a solubilized, partially
purified preparation of UDP-transglucuronylase
(36). In the homozygous Gunn rat, an animal
with genetic deficiency of enzymes responsible for
glucuronic acid transfer (37, 38), testosterone
glucuronoside formation by everted intestinal sacs
was impaired (39). To explain why the defect
in steroid glucuronoside formation was quanti-
tatively less striking than for bilirubin and menthol
in MB, GC, and AL, extrahepatic glucuroconju-
gation of steroid may be postulated. In vitro
(40, 41) and in vivo (42, 43) experiments have
demonstrated the capacity of kidney and gastro-
intestinal tract to carry out glucuronic acid con-
jugation. Alternatively, one may theorize that the
affinity of the conjugating system for reduced
steroid is greater than for the other substrates
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tested. In one experiment the rate of conjugation
of THF was slower than that of THE, indi-
cating that even small structural differences in
substrates may be important. Other work has
shown the importance of the 17a-hydroxyl group
in this regard (44). Another possible conclusion
is that the enzyme system responsible for the glu-
curoconjugation of THE is different from the
transferase necessary for bilirubin conjugation.
In support of the idea that more than one glucu-
ronic acid transferring enzyme may exist, Slaun-
white, Lichtman, and Sandberg (45) have dem-
onstrated that glucuroconjugation at the 16
position of certain estrogenic hormones is accom-
plished in human liver by a system differing from
that acting at the 3a-position, the usual site of
conjugation (2). Several investigators have also
shown that N-linked glucuronosides are probably
not dependent upon UDP-transglucuronylase
(46, 47).

Detectable impairment of THE conjugation
was abolished in GCwhen 1 g of menthol was ad-
ministered 2 hours before the steroid. Although
the conjugating defect in GC was shown to be
variable (see above), and it may be argued that
this finding was merely coincidental, indirect hy-
perbilirubinemia was present at the time of study,
and impairment of menthol tolerance was as se-
vere as it had been months earlier. Furthermore,
this study was done only 9 days after a similar
investigation without menthol administration had
shown delay in steroid glucuronoside formation.
The ability of menthol to favor more rapid ap-
pearance of THEglucuronoside in the urine after
THE infusion was also demonstrable in subject
GA (prior history of viral hepatitis). Possibly
then, menthol can enhance the glucuroconjugation
of THE in man. Although stimulation of hepatic
microsomal enzyme activity by drugs has not been
previously reported to occur in human subjects,
its occurrence in experimental animals has been
amply demonstrated (48-52). The apparent stim-
ulation of THE conjugation by menthol in these
experiments suggests that the transferase for
THE glucuronoside formation may be distinct
from that of menthol. Thus, the findings in the
patients of this study cannot be attributed con-
clusively to a deficiency or a defect in a single
conjugating enzyme.

Although others have postulated an abnormality

in the hepatic uptake of substrate (53) in an un-
selected group with so-called "Gilbert's disease,"
this hypothesis does not fit the data of the pres-
ent study. A defect in hepatic uptake of THE
in our patients is most unlikely, since the con-
version of THE to THF (an intracellular reac-
tion) took place as readily and as rapidly in them
as in the normal subjects. Although extrahepatic
reduction of THE is, of course, a possible com-
pensatory mechanism, its occurrence in man has
not been demonstrated.

The present observations in adult patients with
UDP-transglucuronylase deficiency are not en-
tirely similar to those in children with a more se-
vere form of unconjugated hyperbilirubinemia,
the Crigler-Naj jar syndrome (12). Whereas
both rate of conjugation and total synthesis of
steroid conjugate were impaired in the latter, only
the rate of glucuronoside formation was dimin-
ished in the former. Detailed analysis of corti-
sol metabolism after 100 mg of the hormone ad-
ministered intravenously in the patients of this
study failed to reveal any detectable abnormality.
After cortisol-4-C14 was given to two children
with the Crigler-Najjar syndrome, a subnormal
quantity of injected radioactivity appeared in the
urine in 24 hours as known metabolites [the ma-
jority of which should be C-21 glucuronosides
(2) ], although total 24-hour urinary excretion of
radioactivity appeared to be within the normal
limits (13, 14). With the thought that a partial
block in glucuronoside formation might result in
utilization of an alternative pathway of cortisol
metabolism not requiring conjugation for its uri-
nary excretion, e.g., the formation of steroid not
reduced in ring A (25, 54), urine was analyzed for
6,8-hydroxycortisol 9 before and after cortisol ad-
ministration in two of the normal subjects, AM
and AL, and in patient GC. The excretion of
6,8-hydroxycortisol was normal in GC both be-
fore and after cortisol administration.

Metabolism of tetrahydrocortisone and cortisol
in fatty liver and hepatic cirrhosis. Patient MF
(advanced Laennec's cirrhosis with hypersplenism
and mild ascites) had an extremely disordered
metabolism of both THE and cortisol. By con-

trast, patient JS with marked fatty infiltration of

9 These determinations were kindly made by Drs. Fred
H. Katz and Marvin M. Lipman.
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the liver, inflammation, and early periportal fibro-
sis showed no derangement in the disposition of
THE or cortisol. Most of the published reports
(30, 55, 56) concerning steroid metabolism in he-
patic disease describe the patients studied as hav-
ing Laennec's cirrhosis without reference to spe-

cific cellular histology. From these data many

generalizations about steroid metabolism in liver
disease have been made. From these two patients
alone, it is apparent that not all hepatic disorders
which result in abnormal liver function cause

steroidal abnormalities. More individualization
of patients seems warranted.

The delay in plasma disappearance rate of cor-

tisol in MIF is in keeping with liver disease. Pe-
terson has attributed this delay to a specific defect
in the reduction of the 4,5 double bond of cortisol
(30, 56, 57). The small recovery of THE and
THF 24 hours after cortisol infusion in M\F sug-

gests that more than a delay in ring-A reduction
of the hormone was involved especially since re-

covery of steroid after THE infusion was simi-
larly reduced. Because of ascites, steroid may

have been distributed into ascitic fluid and its ulti-
mate metabolism delayed (55, 56). Although
disappearance rate of THE was normal in MF
and has been found to be so in others with hepatic
disease (30, 57), a defect in glucuronoside forma-
tion might still exist. Sequestration of unconju-
gated THE in an extravascular compartment
could obscure a defect in glucuroconjugation by
removing steroid from plasma at a rapid rate.

WVhether the extremely low recovery of ad-
ministered THE in MF indicates use of an alter-
native pathway of metabolism was not specifically
investigated. In another patient with previously
demonstrated UDP-transglucuronylase deficiency
who subsequently developed severe cirrhosis of
obscure etiology, equally poor recovery of THE
after an infusion of 75 mg THE was found.
This patient did not have clinical ascites at the
time of investigation. Details of this study are

not presented because of the complex and ill-de-
fined disorder of hepatic function. However,
with Burstein and Lieberman's technique of solvo-
lysis (58) after f8-glucuronidase hydrolysis and
ethyl acetate extraction of the urine as described
in the section on methods, no sulfate conjugates
of reduced steroid could be identified in a 24-hour
sample of urine from this patient after THE in-

fusion. This observation provides no support for
sulfuric acid conjugation as an alternative meta-
bolic pathway.

Metabolism of tetrahydrocortisone in patients
with Addison's disease. THE infusion studies
were made in patients with Addison's disease in
order to test the possibility that prolonged absence
of substrate might influence the ability of the or-
ganism to metabolize it. No evidence for this
was observed. Delay in THE glucuronoside ex-
cretion in the first 4 hours after infusion in pa-
tient FG can be attributed to the hemodynamic
alterations associated with untreated hypoadreno-
corticism. The blood urea nitrogen in this pa-
tient was elevated (41 mg per 100 ml) at the time
of study and returned to normal after cortisone
replacement therapy was instituted. Thus, de-
fect in glucturonoside formation need not be pos-
tulated.

Summary

1) After rapid intravenous administration of
tetrahydrocortisone (THE), the rate of reduced
steroid conjugation with glucuronic acid was as-
sessed by measuring the rate of its plasma disap-
pearance and by analyzing urine collected at fre-
quent intervals after infusion. These procedures
yielded useful information concerning steroid me-
tabolism provided renal function was normal.

2) In three adult patients with familial jaundice
previously shown to have hepatic deficiency of the
enzyme uridine diphosphate (UDP)-transglucu-
ronylase, but not in other patients with familial
jaundice of differing etiology, THEglucuronoside
formation was delayed without appreciable im-
pairment in total synthesis. Quantitatively, the
lesion was not so severe for steroid as it was for
bilirubin and menthol. The metabolism of cortisol
was normal. A delay in THE glucuronoside f or-
mation was also found in one subject with un-
conjugated hyperbilirubinemia and a past history
of viral hepatitis.

3) In one patient with UDP-transglucurony-
lase deficiency the defect in THE conjugation
could not be detected after 1 g of menthol was
administered 2 hours before a test dose of THE.
In the patient with a past history of hepatitis the
same dose of menthol also enhanced the rate of
THE glucuronoside formation. This and other
data suggest that the transferase for THE glu-
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curonoside formation may be distinct from that
of menthol.

4) Two patients with severe hepatic insufficiency
secondary to alcoholism but differing in their clin-
ical and pathological findings were studied. One
showed a severe disorder of both THE and cor-
tisol metabolism, and the other did not. Thus pa-
tients with even marked impairment of liver func-
tion do not comprise a homogeneous group with
respect to the disposition of steroid hormones.

5) In two patients with untreated Addison's dis-
ease, the metabolism of THE was essentially nor-
mal. Prolonged absence of normal amounts of
substrate therefore does not affect the ability to
metabolize it.
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