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ARTICLE INFO ABSTRACT

Keywords: Background: Smith-Lemli-Opitz syndrome (SLOS) is an inherited disorder of cholesterol biosynthesis associated
Bile acid with congenital malformations, growth delay, intellectual disability and behavior problems. SLOS is caused by
Oxysterol o bi-allelic mutations in DHCR7, which lead to reduced activity of 7-dehydrocholesterol reductase that catalyzes
;Eﬁf:s;zt:;ablhty the last step in cholesterol biosynthesis. Symptoms of SLOS are thought to be due to cholesterol deficiency and
DHCR7 accumulation of its precursor 7-dehydrocholesterol (7-DHC) and 8-dehydrocholesterol (8-DHC), and toxic oxy-

sterols. Therapy for SLOS often includes dietary cholesterol supplementation, but lipids are poorly absorbed from
the diet, possibly due to impaired bile acid synthesis. We hypothesized that bile acid supplementation with cholic
acid would improve dietary cholesterol absorption and raise plasma cholesterol levels.

Methods: Twelve SLOS subjects (10 M, 2F, ages 2-27 years) who had plasma cholesterol <125 mg/dL were
treated with cholic acid (10 mg/kg/day) divided twice daily for 2 months. Plasma cholesterol, 7-DHC and 8-DHC
were measured by GC-MS. Oxysterols were measured by ultra-high-performance LC-MS/MS. Data were analyzed
using paired t-tests.

Results: At baseline, plasma cholesterol was 75 + 24 mg/dL (mean + SD; range 43-125, n = 12). After 2 months
on cholic acid, mean plasma cholesterol increased to 97 &+ 29 mg/dL (p = 0.011). Eleven of 12 subjects showed
an increase in plasma cholesterol that varied from 3.8% to 85.7% (mean 38.7 + 23.3%). 7-Hydroxycholesterol
decreased by 20.6% on average (p = 0.013) but no significant changes were seen in 7-DHC or 8-DHC. Mean body
weight tended to increase (3.6% p = 0.069). Subjects tolerated cholic acid well and experienced no drug-related
adverse events.

Conclusions: In this pilot study, cholic acid supplementation was well tolerated and safe and resulted in an in-
crease in plasma cholesterol in most SLOS subjects. Further controlled longitudinal studies are needed to look for
the sustainability of the biochemical effect and possible clinical benefits.

1. Introduction

Smith-Lemli-Opitz Syndrome (SLOS) is an autosomal recessive dis-
order associated with growth failure, intellectual disability, develop-
mental delay, cataracts, autistic behavior, and congenital malformations
with 2,3-toe syndactyly, dysmorphic facial features and hypospadias
[1]. SLOS is caused by mutations in the DHCR?7 gene for 7-dehydrocho-
lesterol reductase (DHCR?7), the enzyme that catalyzes the final step of
cholesterol biosynthesis. Patients with SLOS demonstrate both choles-
terol deficiency and elevations in the sterol precursors 7-dehydrocholes-
terol (7-DHC) and 8-dehydrocholesterol (8-DHC) (See Fig. 1) [2-4]. The

many medical issues seen in patients with SLOS are thought to arise from
the pre- and postnatal cholesterol deficiency, the downstream depletion
of cholesterol metabolic products, and the oxidation of the sterol pre-
cursors into neurotoxic oxysterols [5-8]. Therapeutic approaches to
SLOS, therefore, include increasing cholesterol levels to allow its normal
utilization for biosynthetic reactions, and reducing the levels of sterol
precursors and toxic oxysterols [4,9,10].

Dietary cholesterol supplementation via egg yolk leads to an increase
in plasma cholesterol and a reduction in harmful precursors [11].
Raising cholesterol levels allows cholesterol to be available for physio-
logically important processes including bile acid production, cortisol
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Fig. 1. Abbreviated biochemical pathway for cholesterol metabolism. Dashed
arrows indicate regulatory relationships for feedback inhibition of cholesterol
synthesis or bile acid synthesis. Bile acids stimulate dietary choles-
terol absorption.

synthesis, membrane stability, and growth. Although SLOS is listed as a
treatable metabolic disorder causing intellectual disability [12], the
complex clinical benefits of cholesterol supplementation in SLOS remain
to be demonstrated in rigorously controlled intervention trials.

7-DHC-derived oxysterols cause premature neurogenesis [7,8],
increased neuronal processes and retinal degeneration in animal and cell
models of DHCRY7 deficiency [13]. Treatment with antioxidants has been
shown to reduce the formation of toxic oxysterols and improve some of
these phenotypes, including neurogenesis in vitro and retinal degener-
ation in rats [7,8,13,14]. Simvastatin has also been used to inhibit the
cholesterol biosynthetic pathway and lower cholesterol precursors (7-
DHC) in SLOS but it did not lead to objective clinical improvement
[15,16]. Thus, to date, there is no definitive treatment for SLOS.
Nevertheless, patients are routinely put on cholesterol supplementation
as a standard of care and may take multivitamin-mineral supplements
with antioxidants.

Cholesterol is a major lipid component of cellular membranes and
the precursor to steroid hormones, neurosteroids and bile acids.
Through its covalent modification of Sonic Hedgehog, cholesterol is also
critical for certain cell signaling pathways that function in fetal and
postnatal development [17,18]. Cholesterol synthesis is highly regu-
lated by feedback inhibition of the early rate-limiting step in cholesterol
biosynthesis catalyzed by HMG-CoA reductase (Fig. 1). Under physio-
logic circumstances, changes in cholesterol levels result in compensa-
tory variations in HMG-CoA reductase activity and bile acid
biosynthesis, with bile acids playing a major positive role in intestinal
cholesterol absorption and HMG-CoA reductase controlling the synthe-
sis of mevalonate and intracellular cholesterol precursors [19]. Low
cholesterol levels normally trigger a compensatory increase in HMG-
CoA reductase and endogenous cholesterol synthesis to restore choles-
terol homeostasis. In SLOS, however, the expected compensatory in-
crease in HMG-CoA reductase is not observed, probably because
cholesterol precursors such as 7-DHC, 8-DHC, or other precursors
accumulating as a result of DHCR7 deficiency substitute for cholesterol
in down-regulating HMG-CoA reductase [20].

In individuals with intact functional cholesterol homeostasis
(biosynthesis and dietary intake), only about 50% of dietary cholesterol
is absorbed [21]. In SLOS, absorption of dietary cholesterol may be
further compromised due to impaired bile acid synthesis, thus contrib-
uting to overall cholesterol deficiency. Individuals with SLOS can
exhibit reduced production of bile acids [22,23], or have normal bile
acid synthesis in mildly affected individuals [24]. It is thus likely that
clinically significant bile acid deficiency that would result in impaired
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cholesterol absorption may be limited to more severely affected SLOS
patients with very low cholesterol levels. In spite of near total deficiency
of normal bile acids in some patients, clinical evidence of fat malab-
sorption and fat-soluble vitamin deficiencies is rare [25].

We hypothesized that cholic acid treatment would improve intestinal
cholesterol absorption in SLOS patients with impaired bile acid syn-
thesis, simply by increasing the bioavailability of supplemental dietary
cholesterol. In this study, we report on the efficacy of cholic acid to
increase plasma cholesterol levels.

2. Methods

This research was approved by the institutional review boards at the
University of Nebraska Medical Center and Children's Hospital Colo-
rado. All subjects or their legal representatives gave written consent.
Subjects were biochemically confirmed to have SLOS and most were also
confirmed to carry pathogenic mutations in DHCR7. SLOS subjects who
had plasma cholesterol <125 mg/dL were studied. They were treated
with cholic acid (Cholbam®, Travere Therapeutics) given at a dose of 10
mg/kg/day divided twice daily for 2 months. Target doses were ob-
tained using a combination of 50 mg and 250 mg cholic acid capsules. In
the event that target doses could not be achieved using available capsule
strengths, caregivers were provided education on appropriate partial-
capsule dose preparation using a solid-in-liquid aliquot method. When
occurring, caregivers' technique was observed by a study pharmacist to
ensure safety and accuracy. Caregivers were instructed to administer
cholic acid with feedings. Caregivers kept daily drug administration logs
and were contacted weekly by telephone to elicit any adverse effects.
Leftover cholic acid was collected and quantitated at the end of the study
to monitor compliance.

Plasma cholesterol, 7-DHC, and 8-DHC were measured by GC-MS at
Kennedy-Krieger Institute, Baltimore, MD. Oxysterols were measured by
LC-MS/MS as described [7]. Oxysterols measured included 7-Hydroxy-
cholesterol (7-OH-cholesterol), 7-Keto-cholesterol, 4a-OH-7-DHC, 48-
OH-7-DHC, 24-Keto-cholesterol, 24-OH-7-DHC, 24/25-OH-cholesterol,
7-Keto-8-DHC,  7,27-diOH-cholesterol, DHCEO (38,5a-dihydrox-
ycholest-7-en-6-one), and 7-Keto-OH-cholesterol.

Plasma 25-hydroxy-vitamin D was measured at Mayo Clinic Labo-
ratories, Rochester, MN. Safety lab tests including comprehensive
chemistry panel and complete blood count were performed using stan-
dard automated analysis methods. Data were analyzed by paired t-tests
and Pearson correlation coefficients using Prism 9.5 software (GraphPad
Software, LLC). Statistical significance was established at p < 0.05.

3. Results

The clinical characteristics of the subjects are summarized in Table 1.
Thirteen subjects were screened for enrollment in the study; one subject
was excluded because of a plasma cholesterol level > 125 mg/dL. The
remaining subjects, 10 males and 2 females, had plasma cholesterol
levels of <125 mg/dL (range 43-125 mg/dL) and were studied further.
Their ages ranged from 2 to 27 years. Five subjects were fed orally, 4
subjects were fed exclusively by G-tube, and 3 subjects were fed by a
combination of oral and G-tube. Four subjects received cholesterol
supplementation only given by egg yolk consumption, 5 subjects were
taking cholesterol suspension exclusively and 2 subjects took a combi-
nation of egg yolks and cholesterol suspension. One subject received no
supplemental cholesterol. Supplemental cholesterol intake ranged
widely from 0 to 230 mg/kg body weight/day.

Subjects were administered cholic acid at a daily dose of 10 mg/kg
divided twice daily with formula or meals. Plasma cholesterol at base-
line was 75 + 24 mg/dL (mean =+ SD; n = 12) and ranged from 43 to 125
mg/dL. After 2 months on cholic acid, mean plasma cholesterol
increased to 97 + 29 mg/dL (p = 0.011) (Fig. 2). One SLOS subject
(Subject 1) had a febrile illness at the 2-month follow up visit and
showed a reduction in plasma cholesterol from 125 to 89 mg/dL. The
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Table 1
Characteristics of the study population.
Subject  Sex  Age Weight Fed by G-tube (GT) or Oral  Daily supplemental cholesterol intake
(yrs) (kg) (PO)
Given as Suspension (S) or Eggs ~ From Eggs From Susp Cholesterol Intake (mg/kg body
(E) (mg) (mg) wt)
1 F 4 11.4 GT E+S 372 500 76.5
2 M 27 84.1 PO - - - 0
3 M 5 14.9 GT S - 1600 107
4° M 7 22.1 PO S - 1200 54.3
57 M 7 24.3 PO S - 1200 49.4
6 F 15 37.5 PO and GT S - 1023 27.3
7 M 26 56.4 PO E+S 465 12,000 221
8 M 5 15.6 PO S - 3600 230
9 M 5 23.5 PO and GT E 558 - 23.7
10 M 9 28.6 GT E 1050 - 36.7
11 M 2 8.9 GT E 93 - 10.4
12 M 2 9.7 PO and GT E 251 - 25.9
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Fig. 2. Change in plasma sterols on cholic acid supplementation. Asterisks designates Subject 1.
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other 11 subjects had an increase in plasma cholesterol that varied from
3.8% to 85.7% (mean 38.7 + 23.3%). No consistent or statistically sig-
nificant changes were seen in 7-DHC, 8-DHC or the sum of these
cholesterol precursors (Fig. 2).

There were no significant correlations between the baseline plasma
cholesterol and the relative change in cholesterol on cholic acid, or the
amount of supplemental cholesterol consumed (mg/kg/day) and the
change in plasma cholesterol on cholic acid.

Oxysterols were measured at baseline and after 2 months on cholic
acid. 7-OH-cholesterol, which is the precursor to bile acids, was
decreased by 20.6% on average (p = 0.013) on cholic acid (Fig. 3). 7-
Ketocholesterol trended lower but did not reach statistical significance
(p = 0.06). Other oxysterols were not changed on cholic acid (Supple-
mental Table 1).

Mean body weight on cholic acid tended to increase by 3.6% but did
not reach statistical significance (p = 0.069) (Fig. 4). Safety lab tests only
showed a mild reduction in plasma chloride from 107 + 2.0 mmol/L at
baseline to 104 + 2.9 on cholic acid (p = 0.016) and an increase in
platelets from 314 + 101 x 10°/uL to 369 + 164 (p = 0.034) (Table 2).
Subjects tolerated cholic acid well and experienced no drug-related
adverse events.

4. Discussion

Bile acid supplementation in SLOS was used in the mid-1990's along
with cholesterol to promote improved cholesterol absorption [26,27].
The bile acids administered included chenodeoxycholic acid, urso-
deoxycholic acid (ursodiol, Actigall®) [26] or cholic acid [27]. Cheno-
deoxycholic acid is associated with potential liver toxicity in children
and it became unavailable. Cholic acid was started in some patients soon
after the metabolic error in cholesterol biosynthesis causing SLOS was
first identified, but there is little published evidence regarding effects of
cholic acid alone on biochemical or clinical course. Due to the decision
to cease manufacturing cholic acid, it became unavailable since the late
1990's. Recently, cholic acid (Cholbam®) has come back on the market
but, to date, an organized study demonstrating its efficacy has not been
reported and there is no data available to suggest that long term use of
cholic acid has a sustained effect.

In our short-term pilot study, cholic acid supplementation led to an
increase in plasma cholesterol. The single patient who did not show an
increase in cholesterol had an intercurrent febrile illness at the time of
her follow-up visit, which probably accounts for the discrepant
response. Despite an increase in plasma cholesterol, the decrease in 7-
OH-cholesterol, which is a metabolite of cholesterol via cytochrome
P450 7A1 (CYP7A1), on cholic acid treatment is consistent with the
downregulation of de novo bile acid biosynthesis due to the supple-
mentation of cholic acid. Furthermore, 7 keto-cholesterol, which can be
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Fig. 3. Change in plasma oxysterols on cholic acid supplementation. Asterisks
designates Subject 1.
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Fig. 4. Body weight change on cholic acid. Baseline body weight varied from
8.9 kg to 84.1 kg.
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Table 2
Safety blood tests monitored in the study.
Lab test Baseline On cholic acid P value*
Sodium (mmol/L) 139 £ 2.5 139 £ 2.1 0.295
Potassium (mmol/L) 4.3 +£0.29 4.4+ 0.39 0.396
Chloride (mmol/L) 107 + 2.02 104 + 2.87 0.0168
Carbon dioxide (meq/L) 24.3 £ 2.70 229 + 3.87 0.112
Aspartate aminotransferase (U/L) 43 +11 47 £ 16 0.515
Alanine aminotransferase (U/L) 34+20 36 + 14 0.813
Alkaline phosphatase (U/L) 138 +£ 50 133 + 47 0.568
Gamma-glutamyl transferase (U/L) 22 +19 22 + 18 0.884
Bilirubin (mg/dL) 0.34 +£0.14 0.29 £ 0.14 0.191
Albumin (g/dL) 4.5+ 0.29 4.5 £ 0.36 0.690
Total protein (g/dL) 7.0 + 0.44 7.1 + 0.56 0.582
Creatinine (mgdL) 0.43 + 0.294 0.42 + 0.28 0.411
Blood Urea Nitrogen (mg/dL) 14+ 3.1 14 £ 3.8 0.999
Calcium (mg/dL) 9.7 £ 0.35 9.7 £0.16 0.781
25-OH-Vitamin D (ng/ml) 69.9 + 26.4 77.9 + 28.9 0.129
White Blood Count ((X103/pL) 8.39 £ 2.19 9.43 £ 291 0.194
Hemoglobin (g/dL) 139+ 1.61 14.1 +£1.57 0.427
Hematocrit (%) 41.5 + 4.57 42.4 + 4.18 0.225
Platelets (x10%/ pL) 314 £ 101 369 + 164 0.034
Body weight (kg) 28.1 + 22.2 29.1 + 23.0 0.069

* Paired t-test.

formed from cholesterol via autoxidation [28] or from 7-DHC via
CYP7A1 [29,30], showed a decreasing trend with cholic acid treatment,
particularly for patients with a high baseline level (p = 0.06). These
findings could be potentially significant because the accumulation of
toxic oxysterols is thought to contribute to progressive retinal and
neurological pathologies in patients with SLOS and 7-keto-cholesterol is
a well-established toxic oxysterol in various settings [5,7,31]. We used a
conservative dose of cholic acid (10 mg/kg/day) because of a lack of
safety data in the SLOS population. A higher dose (15 mg/kg) has been
approved for other diseases and it is possible that this dose would result
in a greater cholesterol response in SLOS.

Cholic acid was well tolerated and safe in our SLOS patients. No dose
reductions or interruptions in the drug were needed, and there were no
reports of drug-related adverse effects. The mild reduction in plasma
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chloride and increase in blood platelets seen in subjects on cholic acid
were not clinically significant. Reports of increases in transaminases in
some patients with Zellweger spectrum disorder treated with cholic acid
were not observed in the SLOS population.

It might be expected that the subjects with the lowest plasma
cholesterol would respond to cholic acid better than those with higher
cholesterol. However, this was not the case. There was no significant
correlation between the plasma cholesterol response to cholic acid and
the severity of cholesterol deficiency. Similarly, no significant correla-
tion was noted between the amount of cholesterol supplementation
(mg/kg/day) and the increase in plasma cholesterol. Both of these ob-
servations may reflect the complex nature of plasma cholesterol regu-
lation, which depends on endogenous synthesis rates along with dietary
intake and absorption. We hypothesized that plasma cholesterol levels
in SLOS are reduced because of impaired biosynthesis along with
decreased absorption from dietary sources owing in part to limited bile
acid production. Bile acid synthesis in SLOS has been reported to be
either normal or low [22-24]. The variation in dietary cholesterol
supplementation in our SLOS subjects along with an unknown degree of
bile acid deficiency in the gut may account for, and contribute to, the
variation in plasma cholesterol response observed. In addition, it is
possible that the addition of cholic acid to the diet raises the general
efficiency of cholesterol absorption even in SLOS subjects who have
normal bile acid production.

Although plasma cholesterol increased on cholic acid, there were no
reductions in mean levels of sterol precursors, 7-DHC or 8-DHC, and
other 7-DHC-derived oxysterols. Failure to significantly decrease sterol
precursors may require higher cholesterol elevations than were achieved
in this study or require a longer time to respond. Accumulations of sterol
precursors along with their derived oxysterols are thought to be key
contributors to the pathogenic mechanisms of SLOS [6]. Therefore,
cholic acid may be one component, together with cholesterol supple-
mentation and antioxidants, of a rational approach for treating SLOS
[4,9,10].

For physicians diagnosing and managing SLOS patients, we empha-
size the importance for measuring plasma cholesterol using methods
that employ chromatography for separating cholesterol from sterol
precursors. Cholesterol measurements by standard automated methods
used by most hospitals provide a combined measure of total cholesterol
with 7-DHC and 8-DHC precursors, which can be misleading for diag-
nosing SLOS and determining the response to cholic acid.

The results of our open-label pilot study were likely affected by
several uncontrolled factors that limit our conclusions including the
wide age range of SLOS subjects, small number of subjects studied with a
male preponderance, variation in dietary cholesterol intake, and
endogenous rates of cholesterol and bile acid synthesis. Further
controlled longitudinal studies are needed to look for sustainability of
cholic acid effects and possible clinical benefits.
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