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Abstract

Objective—To assess whether an abnormality in cholesterol absorption or synthesis may be
associated with hypocholesterolemia in patients with single ventricle anatomy following Fontan
palliation.

Study design—This is a cross-sectional study of 21 patients with hypocholesterolemia receiving
Fontan and age-sex matched healthy controls, with median age of 13.4 (IQR 10.6-16.1) years.
Laboratory values of several biomarkers, including phytosterols and 5-a.-cholestanol (for
cholesterol absorption) and lathosterol (for cholesterol biosynthesis), as well as cholesterol levels,
inflammatory markers, and indices of liver function were compared between patients receiving
Fontan and controls.

Results—The group receiving Fontan had significantly lower total cholesterol (Mean 117+ SD
13.9, vs. 128+19.2 mg/dL, p= 0.03) and free cholesterol (35.5+4.5 vs. 39.2+5.4 mg/dl, p= 0.02)
compared with control patients. There was an increase in normalized 5-a-cholestanol (1.51+0.6
vs. 1.14+0.37 ug/ml, p= 0.02), and a significantly lower lathosterol/5-a.-cholestanol ratio
(0.70£0.38 vs. 1.11+0.76, p= 0.04). There was a strong correlation (+=0.78, p<0.0001) between
lathosterol and cholesterol levels in the group receiving Fontan, not seen in controls (/=0.47,
p=0.04). The group receiving Fontan also had significantly higher C-reactive protein,
transaminases, total bilirubin, and gamma-glutamyl transferase levels.
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Conclusions—~Patients with hypocholesterolemia receiving Fontan have evidence of increased
cholesterol absorption and decreased cholesterol synthesis. As cholesterol absorption efficiency is
a regulated process, this finding suggests an up-regulation of cholesterol absorption as a result of
decreased cholesterol production. In the setting of elevated liver indices and possible
inflammation, this finding supports a growing body of data suggesting development of liver
disease in patients receiving Fontan.
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lipids; congenital heart disease; liver disease; inflammation; cholesterol metabolism

As advances in the surgical palliation of complex single ventricle congenital heart lesions
have progressed, there is a larger cohort of patients surviving longer with the unique
physiology of a Fontan circulation. The Fontan procedure routes systemic venous blood
passively into the pulmonary arterial circulations and utilizes the single ventricle as the
systemic pump. This circulation results most notably in a state of decreased cardiac output
and chronically elevated central venous pressure, as the pulmonary arterial pressures are
transmitted into the systemic venous circulation. There has been more evidence that this
chronic physiologic state can affect numerous organ systems, in particular it is increasingly
appreciated that the liver is largely affected 1.

We recently reported that patients receiving Fontan have significantly lower serum total, low
density lipoprotein cholesterol (LDL-C) and high density lipoprotein cholesterol (HDL-C)
levels than age-sex matched normalized data from NHANES I11 2, however the etiology,
significance, or implications of this finding remain unknown. Cholesterol levels are
regulated by a balance of cholesterol absorption and synthesis and the liver plays a large role
in the latter process. We therefore sought to find an etiology for the decreased cholesterol
levels found in a population of patients receiving Fontan by investigating whether an
abnormality in cholesterol absorption and/or synthesis occurred in these patients. As
cholesterol absorption and synthesis are difficult to measure directly, we measured
circulating concentrations of cholesterol metabolites and precursors (5-a-cholestanol and
lathosterol) and plant sterols (sitosterol, campesterol, stigmasterol), which have been shown
to serve as good biomarkers of these processes 3-. The identification of an abnormality in
cholesterol synthesis may provide more evidence of abnormalities of liver function in
patients receiving Fontan.

METHODS

This study is a cross-sectional study comparing patients receiving Fontan with
hypocholesterolemia with age-sex (frequency) matched healthy patients. Patients receiving
Fontan between 7 and 21 years of age, who had been previously identified as having low
total cholesterol levels, were approached to participate in the study. Patients were excluded if
they had known protein losing enteropathy (PLE) or plastic bronchitis. Healthy patients were
chosen from a cohort of patients without known structural heart disease presenting to the
University of Michigan C.S Mott Children’s Hospital for other appointments or procedures.
These patients included those with isolated supraventricular tachycardia presenting for an
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ablation procedure, as well as other healthy patients presenting for same-day surgical
procedures and clinic visits outside the Congenital Heart Center. All potential participants
were approached by phone, participation confirmed, and appropriate study materials
provided. All participants were asked to complete a diet log for the 3 days prior to the
research visit, fast for 8 hours prior to the blood draw, and complete a survey regarding
family history of dyslipidemias or premature coronary artery disease. Informed consent and
assent, when appropriate, for the study were obtained from all participants. The study was
approved by the University of Michigan Institutional Review Board.

Following an 8-hour fast, patients were seen by a research study representative (research
coordinator or principal investigator) either in a dedicated research visit or prior to start of a
scheduled procedure. To assure no significant difference in the diet of all participants, 3-day
diet logs were collected and analyzed for daily total calories, carbohydrates, protein, and fat.
A family history survey was completed by all participants to identify any family history of
high or low cholesterol, high or low triglycerides, any family members on lipid-altering
medications, and any family history of premature coronary artery disease (at less than 55
years of age in men and less than 65 years of age in women). All patients were included in
the study irrespective of family history.

A single fasting blood draw was then performed to obtain the following laboratory values:
serum lipid profile (total cholesterol, HDL-C, LDL-C, and triglycerides), apolipoprotein B
and apolipoprotein Al levels, free and total cholesterol levels, plasma insulin and glucose
levels, inflammatory markers including high-sensitivity C-reactive protein (hsCRP),
Interleukin-6 (IL-6), and Tumor necrosis factor-alpha (TNF-a), complete blood count,
complete metabolic panel, and gamma-glutamyl transferase (GGT). Additional blood was
obtained for analysis of plasma sterols (sitosterol, campesterol, stigmasterol), the cholesterol
metabolite 5-a.-cholestanol, and cholesterol precursor lathosterol. These samples were
processed, serum stored, and samples later sent to Washington University in St. Louis for
processing by gas-chromatography-mass spectrometry ©.

Additional chart review was performed to obtain demographic information, clinical
information regarding initial cardiac anatomy, date and type of Fontan procedure, and
current medication use in patients receiving Fontan, and additional past medical history and
medication use in healthy control patients.

Statistical analyses

Data are presented as frequency with percentage for categorical variables and mean +
standard deviation or median with interquartile range (IQR), as appropriate, for continuous
variables. Patient and laboratory data were compared between the patients receiving Fontan
and healthy controls using Chi-square test or Fisher exact test for categorical variables and t-
test or Wilcoxon rank sum test for continuous variables. Pearson correlation coefficient, s,
was used to evaluate an association between the selected laboratory variables. All analyses
were performed using SAS Version 9.3 (SAS Institute Inc., Cary, NC), with statistical
significance set at a p-value <0.05 using a two-sided test.
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RESULTS

Twenty-one patients receiving Fontan and 21 healthy control patients were enrolled in the
study (Table I). Control patients consisted of 17 patients (81%) with the primary diagnosis
of arrhythmia and a structurally normal heart, who were enrolled at the time of an
electrophysiology procedure, and 3 patients (14%) without a cardiac diagnosis, who were
enrolled at the time of a same day surgical procedure or clinic visit. One patient was the
healthy twin sibling of an enrolled patient receiving Fontan. Patients receiving Fontan were a
median of 11.4 years (IQR 8.5-14.2) from their Fontan procedure. Twelve patients (57.1%)
had a systemic right ventricle and 19 (90.5%) had undergone a fenestrated lateral tunnel
Fontan with the remaining two patients having undergone an extracardiac Fontan.

As was expected from previous results, the patients receiving Fontan had a significantly
lower total cholesterol, free cholesterol, and triglyceride concentration than healthy controls
(Table I1). Patients receiving Fontan had a significantly higher normalized 5-a-cholestanol
level, a marker of cholesterol absorption, and a trend towards a lower lathosterol level, a
marker of cholesterol synthesis (Table I1). The ratio of lathosterol/5-a.-cholestanol,
representing the ratio of cholesterol biosynthesis to cholesterol absorption, is also
significantly reduced in the group receiving Fontan with no significant difference between
the ratio of campesterol/5-a-cholestanol levels between groups to suggest a difference in
intake of dietary plant sterols. There was also no significant difference in the composition of
diets between the Fontan and healthy groups (as measured by comparison of total calories,
total carbohydrates, total protein and total fat intake). Lathosterol and total cholesterol levels
correlated strongly in patients receiving Fontan (/=0.78, p<0.0001), but not in controls
(r=0.47, p=0.04; Figure).

Patients receiving Fontan had higher transaminases, GGT, and total bilirubin levels than
healthy patients (Table I11) and there was a negative association between high total bilirubin
levels and low cholesterol (/= —0.44, p= 0.003) in the overall patients. Patients receiving
Fontan had significantly higher hsCRP level than healthy patients (p=0.01) however a
similar association was not found with the other inflammatory markers measured. There was
no significant association of hsCRP level with total cholesterol levels, lathosterol, or
lathosterol/5-a-cholestanol level; however those with a normal or high hsCRP had a
significantly higher normalized 5-a.-cholestanol level than those with a low CRP level (1.62
+0.63 vs 1.14 + 0.34, p=0.01). Patients receiving Fontan also had higher fasting plasma
insulin levels and significantly lower fasting glucose levels without a significant difference
in the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) ratio (Table 111).

The family histories between Fontan and control groups showed no significant differences in
lipid abnormalities or history of premature coronary artery disease between groups. Patients
with a family history of high cholesterol showed a higher total cholesterol (126 + 18.1 with
family history vs 118 + 13.4 without a family history, p= 0.27) however this difference was
not significant.
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DISCUSSION

This study extends our previous study in patients with hypocholesterolemia receiving
Fontan 2, by showing the pattern of increased normalized 5-a-cholestanol and decreased
lathosterol/5-a-cholestanol ratios to suggest significantly increased cholesterol absorption
efficiency. There may be an association of this finding with increased inflammatory markers
and with elevated indices of liver function and liver inflammation.

The use of non-cholesterol sterols as markers of cholesterol synthesis and percent
cholesterol absorption has become widely accepted. Lathosterol, a precursor of cholesterol
synthesis, is a good indicator of cholesterol synthesis and levels of 5-a.-cholestanol, a
metabolite of endogenous cholesterol, and plant sterols (e.g. sitosterol, campesterol,
stigmasterol), which are not synthesized by the human body and only absorbed, are reliable
indicators of cholesterol absorption efficiency 3 7=9. Serum levels of plant sterols to
cholesterol depend on dietary intake, absorption efficiency, and biliary secretion. Cholesterol
metabolism as a whole is a regulated process, with an ongoing balance between cholesterol
absorption and synthesis 0. In our study, we demonstrated that patients with
hypocholesterolemia receiving Fontan have increased cholesterol absorption efficiency
likely in response to decreased cholesterol synthesis.

As the liver plays a large role in cholesterol metabolism, an abnormality in cholesterol
synthesis in patients receiving Fontan may well fit within the growing body of evidence for
the presence of liver abnormalities following Fontan palliation. Patients receiving Fontan
have been shown to develop coagulation disorders, cholestasis, liver fibrosis, cirrhosis, and
hepatocellular carcinoma over time 11-15, The etiology for these findings is postulated to be
multifactorial, including chronically elevated systemic venous pressures, low cardiac output,
and multiple peri-operative insults to the liver. There is evidence of structural abnormalities
consistent with congestive hepatopathy, including sinusoidal fibrosis and sinusoidal

dilation 1416, Generally, however, there is little if any elevation in liver enzymes or in other
indices of hepatic function due to the lack of significant inflammation and cell death 12,
Guha et al assessed liver function by indocyanine green clearance, and liver fibrosis through
serum fibrosis markers, and showed that fibrosis in patients receiving Fontan was not well
correlated with global markers of liver function 17. It may be that dysregulation of
cholesterol metabolism in the liver, as manifest by low cholesterol levels, may serve as
another marker of the extent of liver injury in patients receiving Fontan.

Another potential etiology contributing to the low cholesterol levels observed in patients
receiving Fontan may involve increased inflammation. Elevation of inflammatory markers
(including TNF-a and CRP) has been demonstrated in over 30% of patients receiving
Fontan studied by Ostrow et al. 18 In patients receiving Fontan, this finding has received the
most attention in the setting of PLE. It has been hypothesized that the combined effects of an
alteration in mesenteric hemodynamics and intestinal inflammation may play important
roles 19, In adults, chronic congestive heart failure and a chronically low-output state, results
in stimulation of the inflammatory system 20 and therefore even in the absence of overt
symptoms of PLE, patients receiving Fontan may live in a state of chronically elevated
inflammation due to limited cardiac output. Interestingly, patients with rheumatoid arthritis
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who exist in a chronic inflammatory state, exhibit a very similar lipid profile with low total,
LDL and HDL cholesterol 21, These levels have been demonstrated even during the 5 years
prior to development of rheumatoid arthritis and this cholesterol panel has been associated
with an increased risk of cardiovascular disease development 22, Our small sample size
limited our ability to find a difference between the inflammatory markers tested (TNF-a,
IL-6) however elevated hsCRP levels found in these patients does make this etiology an
interesting one in need of additional evaluation in a larger population receiving Fontan.

It is clear that detailed evaluation of the liver is becoming more and more important in the
long term care of the growing population receiving Fontan. The addition of a lipid panel to
the evaluation of these patients may be of value. In many populations, including cirrhosis,
end stage renal disease, chronic heart failure, and sepsis, low cholesterol levels have been
associated with poor prognosis 23-25. Detection of a low cholesterol level may serve as a
biomarker of impaired liver function, beyond that appreciated by other invasive and non-
invasive measures. Establishing a relationship between this finding and measures of clinical
status will be important in determining the utility of this finding in the overall care of
patients receiving Fontan.

This study does have several limitations. The sample size was small and data obtained
represent only a single cross-sectional sample. Long term follow-up of these patients,
changes in cholesterol levels over time, indices of current and future clinical status, and
relation to intracardiac hemodynamics are unavailable. The use of non-cholesterol sterols as
markers of cholesterol absorption and synthesis is also limited by being an indirect measure
of these processes and has not been validated in pediatric patients. Providing control values
from healthy patients was therefore undertaken to allow for comparison with an age-sex
matched pediatric population. Future studies in larger populations with long-term follow-up
and in association with other invasive or non-invasive evaluation of both liver and cardiac
function, may help to establish the significance of this finding in the health of patients
receiving Fontan over time. Future studies also should focus on comparing patients receiving
Fontan with and without low cholesterol values.

These results add to the growing body of literature implicating impaired liver function in
patients receiving Fontan. Further study to determine an association with other markers of
liver health, further elucidation of potential etiologies, and relation to clinical outcomes in a
larger sample is necessary to determine the clinical importance of these results.
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Figure.
Association between total cholesterol and lathosterol for Fontan vs healthy control patients.

A, Strong correlation between total cholesterol and lathosterol in patients receiving Fontan,
r=0.78. B, The relationship between total cholesterol and lathosterol levels in healthy
control patients, which shows a weaker correlation, /= 0.47.
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Table 1

Demographic characteristics of Fontan and healthy control patients (N=42)

Characteristics Fontan (n=21)  Controls (n=21) P-value
Male sex 13 (61.9) 13 (61.9) 1.00
Caucasian race 20 (95.2) 16 (76.2) 0.18
Age at lab draw, years 13.6 (11.4-17.3) 12.5(10.5-15.6) 0.36
Weight, kg 51.3+24.6 53.8+18.7 0.71
Body mass index (BMI), kg/m? 20.8+5.2 205+43 0.83

Data are presented as N (%) for categorical variables and Median (IQR) or Mean + SD for continuous variables.
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Cholesterol levels and markers of cholesterol absorption and synthesis

Table 2

Characteristics Fontan (n=21)  Controls (n=21)  P-value8
Total cholesterol, mg/dL 117 £13.9 128 £19.2 0.03
HDL-C, mg/dL 40.0+8.2 45.1+133 0.14
Non-HDL-C, mg/dL 77.0+96 83.2+19.3 0.19
LDL-C, mg/dL 63.9+10.2 62.5+15.7 0.73
Triglycerides, mg/dL 65.5+18.9 105 + 60.8 0.01
Free cholesterol, mg/dL 355+45 39.2+5.4 0.02
Apolipoprotein A-1, mg/dL 117 +18.0 119+ 23.3 0.72
Apolipoprotein B, mg/dL 64.0+8.3 66.1+14.5 0.58
Normalized 5-a-cholestanol, pg/mg 1.51+0.60 1.14+£0.37 0.02
Lathosterol, pg/mL 1.11+0.50 1.54+0.88 0.07
Campesterol, pg/mL 3.66+1.77 3.50+1.26 0.74
Stigmasterol, ug/mL 0.10 £ 0.05 0.16 £0.14 0.08
Sitosterol, ug/mL 2.69+1.33 2.72+1.04 0.94
Lathosterol/5-a.-cholestanol 0.70+0.38 1.11+0.76 0.04
Campesterol/5-a-cholestanol 2.33+1.26 261+1.31 0.49

Data are presented as Mean + SD.

§P-value from t-test on comparison of each laboratory value between Fontan patients and healthy controls.
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Other laboratory data

Table 3

Characteristics Fontan (n=21) Controls (N=21)  P-value8
Plasma insulin, pu/mL 6.9 (3-13.4) 4.6 (1.9-6.3) 0.05
High-sensitivity CRP, mg/L 0.7 (0.3-1.0) 0.3(0.2-0.4) 0.01
TNF-a, highly sensitive, pg/mL 19(1.7-2.4) 2.2(1.7-2.8) 0.30
Hematocrit, % 441+25 36.3+4.0 <.0001
Platelet count, K/uL 189 +80.3 245 + 475 0.01
Fasting glucose 81.1+46.2 90.2+10.5 0.002
HOMA-IR 1.3 (0.6-2.6) 1.1 (0.4-1.5) 0.15
Albumin, g/dL 46+0.3 40+03 <.0001
AST, IU/L 31.8+6.3 23957 0.0001
ALT, IU/L 29.8+8.1 175+6.4 <.0001
Total bilirubin, mg/dL 0.99 £0.41 0.49£0.23 <.0001
GGTP, IU/L 542 +24.3 108+£7.0 <.0001

Data are presented as N (%) for categorical variables and Median (IQR) or Mean + SD for continuous variables.

Page 13

§P-va|ue from Wilcoxon rank sum test or t-test, as appropriate, on comparison of each laboratory value between Fontan patients and healthy

controls.
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