X-Linked Ichthyosis: Increased Blood Cholesterol Sulfate and
Electrophoretic Mobility of Low-Density Lipoprotein

Abstract. Plasma cholesterol sulfate concentration is increased in patients with
recessive X-linked ichthyosis, a disease in which steroid sulfatase activity is absent.
In these patients, cholesterol sulfate is found primarily in the low-density lipoprotein
fraction of plasma, and the electrophoretic mobility of these lipoproteins is greatly

increased.

Patients with recessive X-linked ichthy-
osis (RXLI), one of the commoner he-
reditary forms of scaly skin, lack steroid
sulfatase, an enzyme that removes the
sulfate group from the 3-position of ste-
rols and steroids (7). Absence of activity
of this enzyme has been detected in
leukocytes, hair bulbs, stratum cor-
neum, and cultured fibroblasts and kera-
tinocytes of these patients (/-3). Except
for the consistently - found cutaneous
scaling and the clinically insignificant
corneal opacities, no other conse-
quences of the enzyme defect are
known.

We observed that low-density lipo-
proteins (LDL) from patients with RXLI
have abnormally rapid anodic electro-
phoretic mobility, a finding that could be
explained by increased electronegativity
imparted by binding of a sulfated sterol.
We therefore measured sulfated steroids
and sterols in whole plasma and lipopro-
tein fractions of affected persons. .

Blood was obtained in the morning
after overnight fasting from ten RXLI
patients belonging to seven different
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Fig. 1. Agarose gel electrophoretic mobility of
plasma low-density lipoproteins. Upper hori-
zontal line denotes the averages for patients
with RXLI (mean = standard deviation =
0.43 = 0.03) and lower horizontal line, that
for all others, including carriers of the trait
and “‘normal’’ subjects with no skin disease or
with ichthyosis vulgaris or psoriasis (0.32 =
0.03).
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families, and from three obligate carriers
of the trait (mothers or daughters of
patients), three patients with ichthyosis
vulgaris, one with psoriasis, and 12
normal controls. Clinical categorization
was confirmed by measurement of ste-
roid sulfatase activity in peripheral blood
leukocytes (2). Blood was treated with
EDTA, and the plasma was refrigerated
for up to 5 days until lipoprotein electro-
phoresis was performed (4) or was stored
at —20°C until sterol sulfates were mea-
sured. The relative electrophoretic mi-
gration (Rg) of LDL was expressed as the
distance from the origin to the peak of
the B band divided by the distance from
the origin to the end of the « (high-
density lipoprotein) band. Concentra-
tions of cholesterol sulfate and dehy-
droepiandrosterone sulfate were deter-
mined by capillary gas chromatography
(5, 6). Plasma LDL was separated from
very low-density lipoproteins (VLDL)
and high-density lipoproteins (HDL) by
ultracentrifugation (7).

The LDL of all patients with RXLI
migrated faster than that of any other

subject studied (Fig. 1). The R of the -

LDL was unchanged after ultracentrifu-
gal isolation.

All patients with RXLI had plasma
cholesterol sulfate concentrations that
were markedly higher than those of nor-
mal persons, female carriers, and pa-
tients with several other types of scaly
skin, the mean increaseé being 17-fold. In
contrast, there was considerable overlap
between the levels of dehydroepiandros-
terone sulfate in patients with RXLI and
the other subjects (Fig. 2). The mean and
range were higher in affected persons,
especially when the three patients in
their third and fourth decades were com-
pared with four normal men of the same
ages; but the differences in the whole
group were not statistically significant, a
finding similar to that reported for anoth-
er series of patients (§).

No consistently abnormal concentra-
tion of plasma total cholesterol, triglyc-
erides, or lipoproteins was found in pa-
tients with RXLI. The LDL isolated by
ultracentrifugation from three of the pa-
tients contained an average of 70 percent
of the total cholesterol sulfate present in
plasma. No enrichment in cholesterol

sulfate was found in VLDL or HDL
when compared with levels in a normal
subject. Dehydroepiandrosterone sulfate
and other steroid sulfates were not de-
tected in the isolated lipoprotein frac-
tions.

Cholesterol sulfate was identified first
several decades ago and is present in
many tissues (9), although its function is
unclear. Several investigators have re-
ported normal plasmd concentrations
similar to those we observed (10, 11). It
is elevated in the stratum corneum of
RXLI patients (12). One patient with
multiple stlfatase deficiency, in whom
the activity of steroid sulfatase and other
sulfatases was diminished, had elevated
plasma and tissue levels of cholesterol
sulfate (13). Cholesterol sulfate can be
bound tightly to membranes, at least
those of erythrocytes (/4). When in-
fused, most of it appears to be taken up
by the liver, spleen, and intestine (I5),
and much of a radioactive tracer dose is
converted to free and esterified choles-
terol (10). Liver, skin, lung, and kidney
can add sulfate to the free cholesterol
(15). Cholesterol siilfate can be trans-
formed to sulfated steroid hormones
without desulfation (16), but it is uncer-
tain whether plasma cholesterol sulfate
normally is a quantitatively significant
precursor of steroid hormones (I5). It
has been suggested that, at least in the
fetus, sulfated steroid hormones are de-
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Fig. 2. Plasma concentrations (in micrograms
per 100 milliliters) of cholesterol sulfate (CS)
and dehydroepiandrosterone (DHEAS) in pa-
tients with RXLI, in carriers of the trait, and
in “‘normal’’ subjects, including those with no
skin disease and those with ichthyosis vulgar-
is or psoriasis.
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rived instead from LDL-transported
cholesterol (/7). Dehydroepiandroste-
rone sulfate is-a majot secretory product
of the adrenal gland and is believed to be
desulfated perlpherally Hence it.is not
clear why plasina and urinary dehydro-
epiandrosterone\levels'(1 8) are not elevat-
ed consistently in RXLI patients. Sulfat-
ed estrogens are believed to be excreted
in bile, desulfated by intestinal bacteria,
and reabsorbed and conjugated in the
intestinal mucosa as glucuronides (19).
Such desulfation by intestinal bacteria
might prevent the accumulation of sulfat-
ed steroids in RXLI patients or, alterna-
tively, steroid sulfation might be de-
creased, In any event, the high choles-
terol sulfate concentration indicates that
this is a physiologic substrate for steroid
sulfatase and that the enzyme deficiency
has somé direct biochemical conse-
quences in vivo.

Our finding that cholesterol sulfate is
increased in the LDL fraction of patients
with RXLI suggests a role for LDL in the
transport of the sterol in plasma. Fur-
ther, it is likely that an increased content
of cholesterol sulfate is responsible for
the increased electrophoretic mobility of
LDL in patients with this disease.
Whether other properties of LDL or of
LDL metabolism are also affected by the
increased sulfated sterol content remains
to be determined,

_ The relatively rapid migration of LDL
in-patients with RXLI should be detect-
able by routine lipoprotein electrophore-
sis now performed in many clinical labo-
ratories and hence should provide a diag-
nostic test that is simpler and more wide-
ly available than measurement of steroid
sulfatase activity, However, for detec-
tion of carriers of the trait, the latter still
is necessary (2).

Note added in proof: Following sub-
mission of this manuscript, Bergner and
Shapiro (20) increased cholesterol sul-
fate in plasma and erythrocytes of pa-
tlents with RXLI.
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In vivo Carbon-13 Nuclear Magnetic Resonance

Studies of Mammals

Abstract. Natural abundance carbon-13 nuclear magnetic resonances (NMR)
from human arm and rat tissués have been observed in vivo. These signals arise
primarily from triglycerides in fatty tissue. Carbon-13 NMR was also used to follow,
in a living rat, the conversion of C-1-labeled glucose, which was introduced into the
stomach, to C-I-labeled liver glycogen. The carbon-13 sensitivity and resolution
obtained shows that natural abundance carbon-13 NMR will be valuable in the study
of disorders in fat metabolism, and that experiments with substrates labeled with
carbon-13 can be used to study carbohydrate metabolism in vivo.

During the past several years nuclear
magnetic resonance (NMR) studies of
living cells and perfused organs have
shown how metabolic information can be
obtained in situ. In *C NMR studies
with labeled substrates metabolic fluxes
have been quantitated in a variety of
cells and tissues (/, 2). Very récently,
high-resolution *'P NMR spectra with
good signal-to-noise ratios have been ob-
tained from organs such as the liver and
brain in living rats, and also from human
arms. These studies have shown that >'P
NMR can noninvasively assay the ener-
getic status and the pH of the tissue (3).

In this report we show how '*C NMR
can be used in the study of whole ani-
mals. Two different preliminary experi-
ments are presented. In one we show
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that the natural abundance °C in fats
give well-resolved NMR spectra which
contain information about the amount,
composition, and structures of the en-
dogenous triglycerides. In the second we
show that incorporation of *C-labeled
glucose -into liver glycogen can be fol-
lowed in vivo with *C NMR.

We acquired the 20.2-MHz *C NMR
spectra by using a surface coil (¢) with a
superconducting magnet having a mag-
netic field of 1.89 T and a 20-cm bore
diameter. With this large diameter it was
possible to make measurements on hu-
man arms and on intact living animals.
High-resolution C NMR spectra re-
quire decoupling by irradiating the pro-
ton resonances. In conducting samples it
is necessary to prevent excessive heating
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