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ABSTRACT

Monogenic diseases are the results of a single gene mutation leading to alterations or defects in a single enzyme causing severe metabolic derangements
causing multi-systemic systemic disease and even death Current management strategies include diet to reduce the accumulation of metabolic waste
products and treatment to increase the excretion of the toxic metabolites and to induce the activity of the mutant enzyme. However, liver transplantation
is the only therapeutic strategy that offers a chance of cure to children with certain genetic diseases.
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INTRODUCTION

Monogenic diseases are the results of a single gene mutation
and are very rare diseases, occurring in 10 neonates per 1000
births according to the data of the World Health Organization.?
Liver transplantation (LT) is the only therapeutic strategy that
offers a chance of cure to children with certain genetic diseases.
LT can significantly improve the quality of life of pediatric
patients who suffer from congenital metabolic diseases.
Advances in patient care, surgical technique, post-transplant
surgical care, and immunosuppression have resulted in a 95%
postoperative survival rate in the first year and 85% in the 5"
year following liver transplantation.? In 1978, for the first time,
a patient with tyrosinemia was transplanted for the first time
which was followed by a liver transplantation for ornithine
transcarbamylase (OTC) deficiency in 1989. These two events
were evolutionary because LT became the new hope for the
treatment of patients with monogenic diseases.**

Monogenic diseases are the results of single gene mutation
causing alteration or defect in a single enzyme causing severe
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metabolic derangements causing multi-systemic systemic
disease and even death. Currently, the strategies of management
include diet to reduce the accumulation of metabolic waste
products and treatment to increase the excretion of the toxic
metabolites and to induce the activity of the mutant enzyme.
The patients have to comply with a strict diet and have the
risk of decompensation with every infectious process that is
encountered. LT is the only means of cure that can provide a
better quality of life for these patients.®

There are many monogenic diseases of the amino acid, lipid, and
elemental metal metabolism; as well as mitochondrial disorders
that can be cured by LT. According to the data of the study
group for pediatric liver transplant (SPLIT) between 1995 and
2008 446 pediatric transplants were performed and 14.9%of
these procedures were performed for metabolic liver diseases.
Urea cycle disorders (UCD), the most common metabolic
disease requiring liver transplantation, accounted for 25.6%
of patients with metabolic diseases. Other frequent metabolic
diseases that require liver transplantation are a-lanti-trypsin
deficiency (19.7%), cystic fibrosis (10%), Wilson’s Disease (7.6%),
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tyrosinemia (7.4%), maple syrup urine disease (MSUD) (6.5%),
glycogen storage disease (GSD) (5.2%) and miscellaneous minor
diseases (17.2%).5

The donors of these patients are usually the parents who are
also the carriers of these autosomal recessive diseases. The data
regarding living-related liver transplantation from heterozygous
donors have been limited. Kasahara and colleagues have
analyzed the Japanese Transplant registry and more than
95% of the donors were carriers for the monogenic diseases
of the recipients. The most common disease reported in this
cohort was Wilson’s disease (30.4%). This was followed by OTC
(20.6%), methylmalonic acidurias (MMA) (10.3%), GSD (7.7%),
tyrosinemia (6.7%), propionic acidemia (4.6%), and primary
hyperoxaluria (4.6%). The long term survival and better results
were observed in Wilson’s disease and UCD. In OTC, female donor
candidates who were asymptomatic should be evaluated with
thorough metabolic evaluation. Female donor candidates who
are symptomatic should be excluded from donor evaluation.”
The risk-benefit assessment should be performed with great
care and a follow-up of the recipients in the postoperative period
should be performed with great care. The monogenic diseases
that are treated with liver transplantation are divided into two
classes: those that cause liver parenchymal damage and those
that do not cause any liver parenchymal damage (Table 1).

I-Monogenic Diseases that Cause Liver Parenchymal
Damage

la) Hereditary Tyrosinemia Type 1

This is an autosomal recessive disease that is caused by
fumarylacetoacetate hydrolase (FAH) deficiency in the liver and
kidneys. Usually, it presents as a multisystemic disease with a
mild elevation of transaminases during infancy together with
severe coagulopathy. In older children and adults it can present
itself as chronic liver disease, cirrhosis, and hepatocellular
carcinoma (HCC). Associated components of the disease can be
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hypertrophic cardiomyopathy, renal tubulopathy, neuropathy,
and porphyria-like symptoms. Pathognomonic biochemical
changes are hypertyrosinemia, hypermethioninemia, elevated
blood and urine succinyl acetone, and elevated serum alpha-
fetoprotein.> The indications for liver transplantation are
progressive liver disease despite phenylalanine and tyrosine
restricted diet and  2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione) (NTBC) treatment, alpha-fetoprotein
elevation during NTBC treatment, solitary hepatic nodule with a
diameter greater than 10 mm or increase in the size and number
of hepatic nodules or confirmation of HCC during follow-up.>?
Data from the United Network for Organ Sharing (UNOS)
database suggests that 1- and 5 -year survival following LT for
Hereditary Tyrosinemia Type 1 is 90.4% and 90.4%, respectively.
The 1- and 5-year graft survival following LT is reported to be
78.1-84.4% and 63.3%-75.2%. Graft survival rates increased over
time with advances in surgical and postoperative care, including
immunosuppressive treatment.®

Acute metabolic decompensation is very rare in hereditary
tyrosinemia type 1; however, fasting and catabolism associated
with surgery may adversely affect the liver functions and may
exacerbate porphyria-like episodes in patients. Therefore, it is
recommended that preoperative fasting should be minimized
and that patients be continuously infused with 10% dextrose
solution. In the post-transplant period, succinyl acetone can
still be detected in the serum and urine of the patients. Urinary
succinyl acetone levels should be monitored in the post-
transplant period due to the risk of tubulopathy; on the other
hand, NTBC treatment is not recommended.®

Ib) Wilson’s Disease

Wilson’s disease is a congenital autosomal recessive disease
which is characterized by a mutation in ATP7B, which encodes
an intracellular transmembrane copper transporter. This
results in abnormal copper accumulation in various tissues
and results in tissue damage due to copper-related toxicity.*°

Table 1. Monogenic diseases that are treated with liver transplantation

Diseases with Parenchymal Liver Damage

Diseases without Parenchymal Liver Damage

Hereditary Tyrosinemia Type |

Wilson’s Disease

Alagille Syndrome

Progressive Familial Intrahepatic Cholestasis
Disorders of Bile Acid Synthesis

Alfa-1 Antitrypsin Deficiency

Glycogen Storage Disease

Cystic Fibrosis

Ductal Plate Malformations

Erythropoietic Protoporphyria

Urea Cycle Defects

Organic Acidemia

Defects of Fatty Acid Oxidation Pathway

Primary Hyperoxaluria Type |

Mitochondrial Hepatopathy and Systemic Mitochondrial Disease
Crigler-Najjar Type |

Acute Intermittent Porphyria

Factor VII Deficiency

Protein C Deficiency
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Wilson’s disease-related end-stage liver disease can present
as different disease spectrums which can be summarized as
acute liver failure, acute/chronic hepatitis, cirrhosis, portal
hypertension.’* Copper chelating agents or zinc sulfate are
used to prevent copper absorption from the gastrointestinal
tract. Acute liver failure, chronic liver disease unresponsive
to treatment and decompensated cirrhosis are the main
indications for LT in patients with Wilson’s disease. In other
liver diseases and acute liver failure, Nazer’s Wilson Index can
be used for the decision-making process for LT. The component
of this index bilirubin, AST, white blood cell count and albumin;
and any patient with a score > 7 suggests proceeding with liver
transplantation because the mortality without intervention
is high. The sensitivity and specificity of this scoring system in
predicting LT are 93% and 98%, respectively.!? The efficacy of
LT in patients with neuropsychiatric symptoms is controversial.
The pathophysiology of neuro-Wilson includes tissue damage
due to copper elimination, and it can be hypothesized that
reversal of the process by LT can prevent further tissue damage
and promote timely recovery of neural tissue. This hypothesis
has been supported by various studies.’®** On the other hand,
it has been shown that the existing central nervous system
damage and cerebral dysfunction do not recover sooner than
6 months following the transplant procedure.® It has been
reported that full recovery is possible in 56-77% of the cases. On
the contrary, there are reports that suggest a worsening of the
neuropsychiatric symptoms following transplant procedure, and
it is known that patients with neuropsychiatric symptoms have
lower survival rates than patients with isolated liver failure. For
this reason, in patients who present with combined liver failure
and neuropsychiatric symptoms require thorough neurologic
and psychiatric evaluation before the decision to proceed with
liver transplantation is made.>® Specific metabolic follow-up is
not required in these patients in the post-transplant period, and
the medical management strategy is the same as in the patients
without any metabolic defect.” The 1- and 5-year survival rates of
the patients with Wilson’s disease following liver transplantation
are 91.9% and 88.2%, respectively.’®

Ic) Alagille Syndrome

Alagille syndrome is a congenital autosomal dominant
multisystemic disease that primarily affects the liver and the
heart of the individuals. The main diagnostic criteria of Alagille
syndrome are chronic cholestasis, congenital malformations of
the heart, vascular system, eyes, and the kidneys along with a
characteristic facial morphology. Severe cholestasis, intractable
pruritus, growth retardation, hypercholesterolemia and
osteodystrophy are some of the complications of the disease
that can be reversed by LT.® Before the transplant procedure,
patients should be thoroughly evaluated for extrahepatic
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manifestations of the disease, and the vascular system should
be evaluated by imaging studies for cerebral aneurysm, carotid
artery stenosis, coarctation of the abdominal aorta, and renal
artery stenosis. Any vascular anomaly should be corrected
before the liver transplantation. Patients with complications
such as intractable pruritus and deformed xanthoma which are
not life-threatening, non-transplant surgical alternatives such
as biliary diversion or ileal bypass should also be considered.?
Current series in the literature show that the median survival
following liver transplantation is 79%. Early experience with liver
transplantation for Alagille syndrome showed a 1-year survival of
57%; however, current high-volume studies suggest that 1-year
survival of the patients following liver transplantation ranges
from 71 to 100%.Y In 2019, Valamparampil and colleagues
reported the results of their study showing 100% patient and
graft survival rates during a median of 32 (3-72) months follow-
up period in patients with Alagille syndrome who underwent
liver transplantation.*®

Id) Progressive Familial Intrahepatic Cholestasis

Progressive Familial Intrahepatic Cholestasis (PFIC) is a group of
autosomal recessive diseases that cause cholestasis and liver
failure. It has many subtypes that result from different genetic
mutations. PFIC type 1 results from a mutation in the ATP8B1
gene. Typically, there is severe cholestasis in the early years of
infancy together with normal serum gamma-glutamyl transferase
(GGT) levels. Associated symptoms may include chronic diarrhea
and asthma-like respiratory complaints. Pathologic analysis
may reveal giant cell transformation, canalicular cholestasis
with biliary plugs, ductular degeneration, and structural lobular
irregularities.’ In PFIC type 1, partial external biliary diversion
or ileal bypass can provide clinical, biochemical and histologic
improvement along with prevention of disease progression and
support for patient growth if it can be performed before the
development of cirrhosis.?’ Progressive steatohepatitis that may
lead to cirrhosis in liver allograft in the post-transplant period
has been reported.?

PFIC type 2 results from a mutation in the ABCB11 gene that
encodes BSEP. Similarly, serum GGT levels are normal and the
patient has cholestasis. PFIC type 2 is a more rapidly progressing
disease that presents with higher aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels, cholelithiasis
and giant cell hepatitis. Furthermore, there is a high risk of
hepatocellular carcinoma. Giant cell hepatitis in pathologic
analysis is typical for this disease.’®® In mild forms of the
disease, ursodeoxycholic acid and biliary diversion may result in
good clinical response. In contrast to PFIC type 1, a successful
liver transplantation is curative in PFIC type 2.5% However,
auto-antibodies may develop against the mutant BSEP protein
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encoded by the defective ABCB11 gene, which may result in
cholestatic disease in the transplanted liver graft that may
resemble the original disease in the native liver.2 There is no
specific treatment to prevent the recurrence of the disease
after liver transplantation. However, studies have shown that
Rituximab which is a chimeric monoclonal anti-CD20 antibody
may be effective in preventing recurrences.?®

PFIC type 3 develops as a result of a mutation in the ABCB4
gene, which encodes the MDR glycoprotein. Its clinical course
is usually different from the previous two PFIC types that we
have mentioned. Biochemically, the patients have high serum
GGT levels. Usually, individuals carrying the heterozygous alleles
of the ABSB4 gene present with transient neonatal cholestasis.
However, the onset of the disease is usually in the late
adolescence and early adulthood. Cholelithiasis, intrahepatic
cholestasis of pregnancy, and drug-induced cholestasis may
be seen during the course of the disease. The initial findings
of the disease are jaundice, pruritus and the biochemical
signs of the liver failure. Pathologic analysis shows mild giant
cell hepatitis, portal fibrosis and proliferation of the biliary
canaliculi.’® Treatment with ursodeoxycholic acid usually results
in clinical and biochemical recovery; however, 15% of patients
do not respond to treatment and the disease progresses rapidly.
In patients who do not respond to medical therapy, LT can be
considered for the treatment of the disease.®?

PFIC type for is a congenital autosomal recessive disease
that results from a mutation in the TJP2 gene. Liver failure is
prominent, and develops early, and progresses rapidly. Patients
usually need liver transplantation in the first few years after
birth. There have been reports of the hepatocellular carcinoma
development on initial admission of the patients. Extrahepatic
manifestations of the disease may involve the nervous and
respiratory system of the patients.”® The GGT levels are usually
normal in these patients. Histopathologic analysis shows
giant cell transformation and intracellular cholestasis is also
common. %2

PFIC type 5 is an autosomal recessive disease resulting from a
mutation in the NR1H4 gene that encoding FXR. The disease
presents early in infancy and children have normal GT levels
and severe cholestasis. In addition, the liver enzymes are
normal but serum bile acids and alpha-feto-protein levels
are elevated. Patients have vit K-independent coagulopathy
and hyperammonemia. Liver failure develops very rapidly
and progresses to end-stage liver failure that requires liver
transplantation. Pathological analysis shows hepatocellular
ballooning, giant cell transformation and micronodular
cirrhosis.'*2!
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The mutation in the MYO5B gene results in microvillus inclusion
disease and can also present as isolated liver disease.’®*
Patients present around the first year of life with low serum
GGT, cholestasis, hepatomegaly, and normal or elevated
serum transaminases. Histopathologic analysis shows giant
cell transformation, hepatocellular damage, portal and lobular
fibrosis.®

Currently, LT offers the only means of cure for PFIC-related end-
stage liver disease. However, LT may worsen the extrahepatic
manifestations of PFIC type 1. The recipients who have PFIC type
2 may have recurrence of the disease in the liver allograft and
the postoperative surveillance of these patients are mandatory
and the immunosuppressive treatment should be given with
great care.”® A recent meta-analysis showed that a total of 131
patients from all subtypes had a graft and patient survival rate of
76.6% and 85.2%, respectively; and the longest follow-up period
was 19 years.”

le) Defects of Bile Acid Synthesis

This spectrum of disease usually presents as neonatal cholestasis
or hepatitis. However, it may also present as chronic liver disease
in older children. Usually, the serum bile acid levels are normal
or low, serum GGT levels are normal and pruritus is not observed
in this disease, which is quite different from other cholestatic
diseases of the liver. Usually, administration of cholic acid and
chenodeoxycholic acid is effective in treating patients, if the
disease is diagnosed early. LT is indicated in patients in whom
the disease has progressed and end-stage liver disease has
developed.®?®

If) Alpha-1 Antitrypsin Deficiency

Alpha-1 antitrypsin (AAT) is a protease inhibitor found in
the serum of healthy individuals and it protects the tissue
from neutrophil-derived proteases such as elastase.>* The
presentation of AAT-related liver disease is highly variable.
Generally, AAT rarely presents as a rapidly progressive, lethal
liver disease that requires liver transplantation in early infancy.
PiZZ is a severe form of AAT that has an autosomal co-dominant
trait. Seven percent of the affected individuals have long-term
obstructive jaundice, and 80% of the patients do not exhibit
signs of chronic liver disease until the age of 18. Hepatocellular
carcinoma may develop in children with AAT-related cirrhosis.®*
Pulmonary involvement is prominent, and even though liver
functions improve following liver transplantation, pulmonary
functions continue to deteriorate.>3' For this reason, strict
monitoring of the pulmonary system after liver transplantation
is mandatory even in patients with normal preoperative
pulmonary functions.® The 1-, 3-, 5-, and 10- year overall survival
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rates of the patients following liver transplantation are 90%,
88%, 85%, and 78%, respectively.®

1g) Glycogen Storage Disease

The most common indication for LT among inborn errors of
carbohydrate metabolism are the Glycogen Storge Diseases
(GSD). It is a spectrum of diseases caused by defects in the
enzymes that take part in glycogen synthesis, breakdown, or
glycolysis, and the presentation of the disease may be isolated
liver involvement, isolated muscle involvement, or involvement
of both.®> The enzymes of glycogen metabolism are present in
many organ systems and tissues. For this reason, the extent
of extrahepatic manifestations varies from one patient to
other. Liver transplantation is frequently performed in patients
with GSD types |, Il, and 1V.32 Poor metabolic control, multiple
adenomas, and/or suspicion of hepatocellular cancer in GSD type
I; poor metabolic control, progressive liver failure or presence of
complicated cirrhosis or suspicion of hepatic malignancy in GSD
types Il and IV are the main indications for LT in this spectrum
of disease.®

GSD type | accounts for 25% of the cases and LT is therapeutic in
a selected group of patients. GSD type la is also known as the von
Gierke disease, is caused by defects in glucose-6-phosphatase
and glucose-6-phosphorylase enzyme complex, mainly affects
the liver and the kidneys.*® It is the most common variant of GSD
type |. Glucose-6-phosphorylase deficiency in GSD type la causes
severe hypoglycemia, lactic acidosis, hypertriglyceridemia, uric
acidemia, hepatomegaly, “doll’s face” and failure to thrive.
One of the most common complications observed during
adolescence is the development of hepatic adenomas.® In GSD
type b, symptoms resemble those of GSD type la, in addition
to neutropenia and inflammatory bowel disease. Dietary
modification can normalize the blood glucose levels and reduce
the lactic acid levels in patients with GSD type la. In patients
with GSD type la with poor metabolic and biochemical control
or in patients with large hepatic adenomas that cannot be
resected, LT may be a therapeutic option. Indications for LT in
GSD type Ib are similar, but also includes recurrent infections
due to neutropenia.®* Important perioperative concerns in GSD
type | are lactic acidosis and hypoglycemia. Stress-induced lactic
acidosis may be life-threatening. Surgical stress may lead to a
severe lactic acidosis which may cause multiple organ failure and
death.® The stress-induced hormones and glucose-6-phosphate
accumulation due to the metabolic defect cause a robust of
glycogenolysis and the glycolysis is induced, which causes an
excess of lactic acid production. To prevent hypoglycemia and
lactic acidosis, it is recommended that the preoperative fasting
period should be minimized, and dextrose infusion should be
started at rate of 4-9 mg/kg/min adjusted according to the age
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of the patient.>* Intraoperatively, close monitoring of glucose,
lactate and pH is required and the dextrose infusion rates should
be carefully adjusted especially during hepatic dissection and
anhepatic phase in order to achieve glycemic control in the
patients. Infusion solutions live lactated ringer should be avoided
because of the lactate content. In patients with lactic acidosis,
sodium bicarbonate infusion is required to correct the deficit.
Results from a cohort of 80 patients with GSD type | who received
LT showed that metabolic control and tolerance to fasting
improved after the transplant procedure.?* LT reverses the liver
dysfunction, growth retardation, and neutropenia. LT was also
shown to cure the inflammatory bowel disease in patients with
GSD type Ib. However, it is recommended that strict surveillance
should be performed for neutropenia, neutrophil dysfunction,
and inflammatory bowel disease in the postoperative period.>®
GSD type | is associated with progressive renal disease; and
unfortunately, LT cannot reverse the progression of the renal
disease. For this reason, renal functions should be monitored
regularly after LT.

Ih) Cystic Fibrosis

Cystic fibrosis (CF) is an autosomal recessive disease that is cause
by a mutation in the CFTR gene, which encodes a transmembrane
conductance regulator protein.? Only 35% of the patients with
CF present with a liver disease. However, 5-10% of the patients
with liver disease develop cirrhosis.?” LT for CF constitute 3.5%
of the transplants performed in the pediatric age group.®
Esophageal variceal bleeding is the most prominent component
of the presentation of end-stage liver disease due to CF.
Recurrent episodes of variceal bleeding are indications for LT.3®
Furthermore, the biliary cirrhosis that develops in these patients
may lead to accumulation of ascites and may compromise the
respiratory dynamics of the patients. The optimal timing of LT
depends on the suitability of cardiopulmonary functions, the
presence of active acute or chronic infection, and the nutritional
status of the patient. LT should be performed before the forced
expiratory volume in first second (FEV 1) decreases below 50%.°
The presence of certain microbial agents in the respiratory
tract of individuals is a complex and a controversial subject in
patients with CF for whom LT is being considered as a treatment
option. The presence of Aspergillus species in the sputum of the
individual is not a contraindication to LT.3® However, colonization
of the respiratory tract with resistant strains of Pseudomonas
Aeruginosa or Burkholderia Cepacian is a risk factor for the
development of lethal postoperative infections. The presence of
these resistant strains is considered an absolute contraindication
to LT by many experienced transplant centers. LT should
not be performed in patients with active lung disease. The
contraindications for LT in patients with CF are (i) presence of a
long-term history of recurrent intermittent pulmonary infections
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that compromise pulmonary functions, (ii) colonization of the
respiratory tract with Burkholderia Cepacia and other resistant
microbial organisms, (iii) high resting partial carbon dioxide
pressure on arterial blood gas analysis, (iv) presence of extensive
pulmonary fibrosis determined by imaging techniques, (v)
presence of severe pulmonary fibrosis with right ventricular
dysfunction. Satisfactory results have been obtained with
combined lung-liver or heart-lung-liver transplantation in
patients with CF-associated cirrhosis and severe pulmonary
disease or pulmonary hypertension.*

LT should be performed early in the course of CF-related end-
stage liver disease. Molmenti and colleagues® have analyzed
the timing of LT in CF-related liver disease in pediatric patient;
and their results suggest that the results of early LT led to better
outcomes than the patients who waited longer before the
transplant procedure. In patients who died, there was failure
to thrive, poor nutritional status, severe pancreas exocrine
insufficiency, and higher meconium ileus incidence.?® The long-
term survival rate after LT in patients with CF was reported to
be around 75%. Pulmonary infections and sepsis are very lethal
complications encountered after LT and the most common cause
of mortality in the post-transplant period is the pulmonary
complications in these patients. Pediatric patients have better
survival when compared to adults.*

1j) Ductal Plaque Malformations

In pediatric patients, this group of diseases includes autosomal
recessive polycystic renal disease, Caroli disease, isolated hepatic
fibrosis. LT is indicated in patients with recurrent cholangitis,
biliary sepsis, portal hypertension causing hepatopulmonary
syndrome or variceal bleeding. Treatment options include
isolated LT, combined liver-kidney transplantation, and isolated
renal transplantation. Isolated liver transplantation depends on
the severity of renal failure in the patients.®

1k) Erythropoietic protoporphyria

The most common form of porphyria is erythropoietic
protoporphyria (EPP), which is caused by a defect in the
activity of ferrochelatase (FECH), the enzyme in the last step
of the heme biosynthesis.** Protoporphyrin is the precursor of
porphyrin, and in patients with EPP, it starts to accumulate in
the bone marrow and is then taken up by the liver. EPP causes
edema of the skin, erythema; and occasionally, it can lead to
severe photosensitivity characterized by tender vesicular and
bullous lesions of the skin. In addition, in some patients, it can
lead to severe protoporphyrin related liver failure that requires
LT.*? Although the first LT for EPP was reported in 1980, LT is not
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curative in this disease because protoporphyrin is continuously
produced leading to liver allograft damage.**** Bone marrow
transplantation is required before LT to prevent the development
of liver allograft dysfunction. Before LT, protoporphyria levels
should be reduced by administration of intravenous hemin,
plasma exchange, or ursodeoxycholic acid and cholestyramine
treatment. Neuropathy has been reported after the transplant
procedure and should be monitored closely because it may lead
to pulmonary insufficiency and pulmonary functions should be
supported in these patients following LT.> In the post-transplant
period, 1-, 5-, 10-year survival rates are 77%, 66% and 66%,
respectively. The recurrence rate of the disease in the liver
allograft is reported to be 69%.%

Il- Monogenic diseases that do not cause liver
parenchymal damage

lla) Urea Cycle Defects

The urea cycle is a vital pathway that produces urea as the end
product of protein catabolism. It facilitates the detoxification
and excretion of nitrogenous metabolites from the body.® Urea
cycle defects (UCD) result from defect in major enzymes in the
metabolic pathway that disrupt the detoxification of nitrogenous
compounds and the synthesis of arginine synthesis. The major
enzymes that are defective in UCD are carbamoyl phosphate
synthetase 1 (CPS 1), ornithine transcarbamylase (OTC),
arginosuccinate synthetase (ASS), arginosuccinate lyase and
arginase 1 (ARG1). In this section, we will try to summarize the
clinical and physiopathological characteristics of the functional
defects of these enzymes. OTC deficiency is an X-linked trait,
while others are autosomal recessive diseases. Clinical signs can
be seen in any age group, but are frequently observed in the
neonatal period of life. Typically, affected neonates present with
decreased feeding, lethargy, nausea, and tachypnea starting
from hours to days after birth. It progresses rapidly and may lead
to death. Irreversible neurological damage can be seen in UCD
and therefore, LT should be considered early in the evaluation
of treatment options.»>® The goal of UCD treatment is to
minimize ammonia production while maintaining the nitrogen
balance. For this reason, dietary modification, control of plasma
ammonia and arginine by administering sodium benzoate and
sodium/glycerol phenylbutyrate, and supplementing essential
amino acids are necessary in the management of these patients.
Nevertheless, patients with UCD experience episodes of
hyperammonemia crisis during the periods of catabolic stress.

In UCD, OTC deficiency is the most common indication for
LT. LT has been successfully performed for citrullinemia,
CPS1, arginosuccinate lyase, and argininemia deficiencies. In
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patients with UCD, hyperammonemia episodes are completely
cured following LT, and dietary protein restriction is no longer
necessary after the transplant procedure.*

Heterozygous individuals can be living donors for LT in patients
with UCD. Only in OTC, asymptomatic female donors can be
living donors after through metabolic evaluation. Symptomatic
females should not be evaluated as living donors.*

In the perioperative period, fasting and surgical stress may
result in excessive protein catabolism and hyperammonemia.
Strict surveillance of nitrogen balance is necessary in order to
provide metabolic complications and associated morbidity
in patients. Preoperative lipid solutions and glucose infusion
and minimization of the fasting period are recommended.
Hyperammonemia should be corrected and ammonia- excreting
medication should be administered whenever necessary.
Close monitoring of ammonia levels in the perioperative and
postoperative periods is recommended to support metabolic
balance in patients.*®

In patients with OTC and CPS1 deficiency, extrahepatic citrulline
is insufficient and monitorization of plasma citrulline level is
recommended and any deficiency should be supplemented.’
The 1- and 5- year survival rates of patients following LT for UCD
are reported to be 97% and 89%, respectively.*’

1lb) Organic Acidemia

This is a group of metabolic disorders in which the metabolism
of amino acid (especially the branched-chain amino acids) is
disrupted and there is an excessive accumulation of organic
acids in the urine or blood of the individuals.® It is classified into
5 subtypes: branched-chain organic acidemia, multi-carboxylase
deficiencies, glutaric acidemia, fatty acid oxidation defects, and
inborn errors of energy metabolism. The most common forms
of the disease are methylmalonic acidemia (MMA), propionic
acidemia (PA), and isovaleric acidemia. Other forms of the organic
acidemia are maple syrup urine disease (MSUD), homocystinuria,
biotin-resistant 3-methylcrotonyl-CoA carboxylase deficiency,
3-hydroxy-3-methylglutaryl CoA (HMG-CoA) lyase deficiency and
ketothiolase deficiency and glutaric acidemia type | (GA 1). The
typical clinical presentation includes toxic encephalitis-related
neurologic symptoms such as vomiting, reduced feeding and
seizures, abnormal tonus and lethargy that can progress to coma.
In older children, deterioration of intellectual function, ataxia,
or other focal neurologic symptoms can be observed. Prolonged
fasting can trigger a catabolic state that may exacerbate the
metabolic crisis. Therefore, in patients with organic acidemia,
if a procedure requiring fasting is planned, than the patients
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should be hospitalized and strict metabolic surveillance along
with intravenous glucose infusion is recommended. LT may be
considered in the treatment of patients with organic acidemia
who have intractable hyperammonemia, failure to thrive, or
severely reduced quality of life.®

In classic MMA and PA, the infants usually present with lethargy
that can progress to coma or death, vomiting, metabolic acidosis,
hyperammonemia, and encephalopathy. Medical and dietary
modifications include protein restriction, supplementation of
nutritional formulations, maintenance of acid base balance,
carnitine supplementation, and antibiotic therapy to reduce
enteric propionic bacteria. There is a continuous systemic
production of toxic metabolites resulting in an inability to
control the disease despite aggressive medical therapy. Typically,
during the natural course of organic acidemia, metabolic
decompensation can be seen during prolonged periods of
catabolic stress, which may be life-threatening if the episodes
are recurrent. Mental retardation, hypotonia, cardiomyopathy,
pancreatitis, and osteopenia are common in PA. MMA has similar
findings in addition to renal insufficiency. Patients remains at
risk for progression of neurologic symptoms and progressive
renal failure despite a successful liver transplantation.®® In
patients with MMA, serum MMA concentrations and the protein
intolerance are corrected after LT, but not completely reversed.
Dietary restriction should continue and strict monitorization
of the toxic metabolites, acid/base balance, and the renal
functions is recommended following LT. Renal dysfunction is
progressive and central nervous system damage is irreversible
once it develops; therefore, LT should be considered early in the
course of the disease.’

MSUD is the result of a disorder of branched-chain amino acid
(BCAA) metabolism. It is an autosomal recessive disease and the
defective enzyme is branched-chain a-ketoacid dehydrogenase
(BCKAD), which is the enzyme of the rate-limiting second step
of branched-chain amino acids such as leucine, isoleucine,
and valine. The affected infant has a sweet odor to the urine
hence the name maple syrup urine disease has been given.*®
The affected individuals have neurocognitive deterioration
and catabolic stress induces metabolic decompensation in the
patients. Although, LT does not reverse the existing damage that
has occurred, it reverses the metabolic effects and results in
prevention of progression of neurological damage and reduces
the need for protein restriction in the diet.>%>!

Episodes of metabolic decompensation create a risk factor for
the patients. For this reason, it is necessary to minimize the
fasting period before surgery and monitorization of the serum
leucine, acid/base balance, serum glucose, and fluid-electrolyte
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levels.>? Plasma BCAA can be monitored perioperatively; studies
have shown that isoleucine levels have return to normal 6 hours
after the liver transplant procedure. Nutritional support can be
modified according to the serum levels of the BCAA.®

Since LT does not cure the underlying enzymatic defect, metabolic
decompensation has been reported after liver transplantation
under severe physiological stress.’® The explanted liver of the
patients with MSUD can be used for domino liver transplantation
to non-MSUD recipients because the extrahepatic tissue of the
recipient will have a fully functional enzyme and it will not create
a potential risk.>®

lic) Defects of Fatty Acid Oxidation

Fatty acid oxidation is a critical energy supply for high
energy-consuming tissues such as heart and skeletal muscle.
Furthermore, it is the only metabolic pathway that supplies the
necessary energy during the periods of fasting. Defects in the
fatty acid oxidation pathway are a serious congenital disease
that leads to hypoketotic hypoglycemia, acute encephalopathy,
cardiomyopathy, rhabdomyolysis, metabolic acidosis, and
disturbances in liver functions. Fever, nausea and vomiting, and
prolonged fasting may lead to lethal complications. Hypoketotic
hypoglycemia and symptoms resembling Reye syndrome can be
seen in infancy, and this condition can persist through childhood
and adolescence.® There may be recurrent episodes of acute
liver failure. Dietary modification is the main treatment modality.
Treatment of acute episodes includes infusion of 10 mg/kg/min
to maintain the serum glucose levels above 100 mg/dl. Dietary
modification reverses acute liver failure episodes and controls
almost all the symptomes. Strict dietary modification can reduce
the need for LT. Liver transplantation is the treatment of choice
in patients with fulminant hepatic failure who are unresponsive
to suitable dietary modification.>?

1ld) Primary Hyperoxaluria Type 1

Primary hyperoxaluria type 1 is an autosomal recessive
metabolic disorder that results from a defect in a hepatic
peroxisomal alanine-glyoxylate aminotransferase
which is encoded by the AGXT gene. Overproduction of oxalate
and excessive urinary excretion causes recurrent nephrolithiasis,
nephrocalcinosis, which may lead to end-stage renal failure.
Accumulation of calcium oxalate can be seen in the blood
vessels, retina, heart, peripheral nerves, bone and bone
marrow and the synovial fluid. Liver is the organ that detoxifies
glyoxylate and prevents calcium oxalate accumulation, for this
reason LT is curative in these patients. Planning LT early in the

enzyme;
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course of the disease prevents progression of damage to the
kidneys and other organs.>>® Patients with renal failure should
receive combined liver-kidney transplantation. In patients
with mild to moderate renal damage that does not require
dialysis, isolated liver transplantation can be considered for the
treatment of the metabolic disease.**** If combined liver and
renal transplantation is not possible, staged transplantation can
be a therapeutic choice. Liver transplantation should be chosen
as the first transplant procedure in patients with even minimal
renal function. Heterozygous healthy living related donors can
be chosen for partial liver transplantation and good results have
been reported. Renal oxalate accumulation can be seen after
combined liver-kidney transplantation, and a multidisciplinary
approach is required for the management of these patients.’

lle) Familial Hypercholesterolemia

Familial hypercholesterolemia is an autosomal dominant
disease that caused by a mutation in the gene encoding the
low-density lipoprotein (LDL) receptor. Hypercholesterolemia,
atherosclerosis, and ischemic heart disease have been
reported to present in childhood. Xanthomas are yellow skin
lesions and are common in these patients. Mutations in LDLR,
APOB, or PCSK9 genes have been identified in patients with
familial hypercholesterolemia. Patients with LDLR homozygous
mutations have very high LDL levels, severe atherosclerosis
that is unresponsive to standard anti-hyperlipidemic therapy.*®
Failure to control LDL levels with accurate medical therapy is an
indication for LT. LT reverses the xanthoma and also, causes a
rapid decline in the plasma LDL levels. Effective treatment with
statins and treatment modalities such as plasmapheresis have
significantly decreased the need for LT in hypercholesterolemia.
Currently, hypercholesterolemia is a treatment option for
individuals with homozygous LDLR mutations.®*’

Before LT, a comprehensive and thorough cardiac evaluation is
required to assess the level of atherosclerosis. Coronary artery
bypass surgery is required in patients with severe atherosclerosis.
Liver transplantation early in the course can minimize the
incidence of cardiovascular disease and is associated with better
outcomes.*®

The long-term effects of LT on cardiovascular diseases are not
clear, and statin treatment continues despite a significant
decrease in plasma LDL levels.>®*® In patients with familial
hypercholesterolemia and ischemic heart disease, combined
liver-heat transplantation has excellent results.®®¢! Ten-year
patient survival rates have been reported to exceed 70%.%
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1If) Mitochondrial Hepatopathies and Systemic Mitochondrial
Diseases

Mitochondrial diseases are a spectrum of diseases that include
acute liver failure, severe neuromuscular deficits, multiorgan
involvement or isolated liver disease. Medical therapy includes
coenzyme Q10 and a vitamin cocktail to support the electron
transport chain. The effect of medical therapy on mitochondrial
hepatopathy is undetermined.®** The clinical characteristics
of mitochondrial hepatopathies are well defined and there is
no definitive treatment for these patients which leads to poor
outcomes.®% Currently, the role of LT in the treatment of
mitochondrial hepatopathy is controversial. LT is not suitable
for pediatric patients with severe extrahepatic mitochondrial
disease with multiorgan involvement. Extrahepatic mitochondrial
disease can develop after LT, and the relatives of the patients
should be informed of this possibility.?

11g) Crigler-Najjar Type |

Crigler-Najjar Type | syndrome is an autosomal recessive
disease resulting from the deficiency of uridine diphosphate
glucuronosyltransferase. It presents as unconjugated
hyperbilirubinemia during infancy. The initial therapy of the
patients aims at preventing kernicterus; and to achieve this,
treatment options include exchange transfusion and long-term
phototherapy. During hyperbilirubinemia crisis, the optimal
duration of phototherapy is 20-24 hours. Furthermore, the
optimal duration of phototherapy to maintain acceptable
bilirubin levels is 8-12 hours. LT is the gold standard and the only
treatment option before irreversible brain damage develops.*>8
The reason for this is because of the fact that bilirubin levels
normalize after LT and if LT can be performed before irreversible
brain damage, neurological damage can be stopped and the
existing deficits may be reversed.® It is important to maintain the
bilirubin-albumin balance before liver transplantation and drugs
that affect bilirubin and albumin conjugation should be avoided.

1lh) Acute Intermittent Porphyria

Acute intermittent porphyria (AIP) is a rare metabolic disorder
including the heme biosynthesis. AIP results from the deficiency
of the enzyme hydroxymethylbilane synthase (HMBS), which
is also known as porphobilinogen deaminase (PBGD). Once
the heme biosynthesis is disrupted, porphobilinogen starts to
accumulate in the cytoplasm of the cells. Acute episodes are

Varol, Liver Transplantation in Metabolic Diseases

characterized by abdominal pain and tachycardia which are
neurovisceral crises that are seen during the natural course of
the disease. Treatment includes avoidance of agents that trigger
the acute attacks. Treatment of the patients during the acute
attacks includes hydration of the patients and administration
of glucose and hemin. LT is therapeutic for patients with
recurrent and lethal acute attacks. LT prevents the development
of irreversible neurological damage.> Renal dysfunction is a
common complication of AIP in the long term. Combined liver-
kidney transplantation has been reported to be successful
in these patients.”*® Renal dysfunction is very important for
the perioperative period during LT. The transplant surgeons
should be aware that the patients with AIP may have subtle
renal dysfunction, and fluid-electrolyte balance and the blood
pressure of the patients should be closely monitored.®

11j) Factor VII Deficiency
Factor VIl deficiency is treated with fresh frozen plasma,
cryoprecipitate, and recombinant Factor Vlla.®”®

lIk) Protein C Deficiency

Purpura fulminans is the severe form of Protein C deficiency
that is seen in the neonates and it is usually life-threatening.
In older children, its clinical characteristics are heterogeneous.
The risk of vascular thrombosis is high.®”* Medical therapy is
usually the treatment of choice for both Protein C and Factor VI
deficiencies. LT is indicated in patients with complications or in
individuals whom the medical therapy option has failed.?
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