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Abstract
Metabolic liver diseases (MLD) are the second most common indication for liver 
transplantation (LT) in children. This is based on the fact that the majority of 
enzymes involved in various metabolic pathways are present within the liver and 
LT can cure or at least control the disease manifestation. LT is also performed in 
metabolic disorders for end-stage liver disease, its sequelae including hepato-
cellular cancer. It is also performed for preventing metabolic crisis’, arresting 
progression of neurological dysfunction with a potential to reverse symptoms in 
some cases and for preventing damage to end organs like kidneys as in the case of 
primary hyperoxalosis and methyl malonic acidemia. Pathological findings in 
explant liver with patients with metabolic disease include unremarkable liver to 
steatosis, cholestasis, inflammation, variable amount of fibrosis, and cirrhosis. The 
outcome of LT in metabolic disorders is excellent except for patients with 
mitochondrial disorders where significant extrahepatic involvement leads to poor 
outcomes and hence considered a contraindication for LT. A major advantage of 
LT is that in the post-operative period most patients can discontinue the special 
formula which they were having prior to the transplant and this increases their 
well-being and improves growth parameters. Auxiliary partial orthotopic LT has 
been described for patients with noncirrhotic MLD where a segmental graft is 
implanted in an orthotopic position after partial resection of the native liver. The 
retained native liver can be the potential target for future gene therapy when it 
becomes a clinical reality.
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Core Tip: Metabolic disorders are important cause of morbidity and mortality in 
children. Their clinical presentations are varied and include end-stage liver disease, 
hepatocellular cancer, renal tubular acidosis, seizures, encephalopathy, myopathy etc. 
Liver transplantation (LT) is a curative option in many metabolic disorders. LT is 
contraindicated in mitochondrial disorders with significant extrahepatic involvement. A 
combined liver kidney transplant is needed in disorders where the underlying defects 
significantly damages both the organs. The outcome of LT is excellent in metabolic 
disorders. Auxiliary partial orthotopic LT is an attractive option as it provides the 
defective enzymes keeping the native liver intact and may hold an option of 
withdrawing immunosuppression in case gene therapy can be offered in future.

Citation: Menon J, Vij M, Sachan D, Rammohan A, Shanmugam N, Kaliamoorthy I, Rela M. 
Pediatric metabolic liver diseases: Evolving role of liver transplantation. World J Transplant 
2021; 11(6): 161-179
URL: https://www.wjgnet.com/2220-3230/full/v11/i6/161.htm
DOI: https://dx.doi.org/10.5500/wjt.v11.i6.161

INTRODUCTION
Metabolic disorders are an important indication for pediatric liver transplantation (LT)
[1]. The advent of advanced next-generation sequencing techniques has led to more 
metabolic disorders being diagnosed, and hence their clinical profile is widening[2]. 
The balance between various biochemical reactions comprises a definite pathway for 
synthesis and catabolism of various metabolites, which is maintained in a very 
sophisticated way in the human body, and the liver is where a majority of these 
reactions are carried out. An error or defect of a single step in such a pathway could 
induce catastrophic results in the forms of inborn errors of metabolism, which in turn 
affect multiple organ systems and present with protean clinical manifestations. Liver 
involvement in metabolic disorders can vary ranging from normal architecture to 
steatosis, advanced fibrosis and cirrhosis with or without hepatocellular cancer[3]. 
Pediatric LT either offers a cure or offers symptom control in liver-based metabolic 
disorders[4]. Often, an auxiliary LT with a smaller liver graft may be sufficient to 
normalize the defective phenotype[5]. Pediatric metabolic diseases can be broadly 
divided into three groups (Table 1). The status of LT in the algorithmic management of 
each of these four groups is different. This review aims to provide insights into 
paediatric metabolic disease and highlight the evolving role of LT in its management. 
We also review pathological findings in paediatric metabolic liver diseases (MLD) 
undergoing transplants.

CATEGORIES OF METABOLIC DISORDERS
Metabolic disorders can be classified into the following three broad groups based on a 
LT perspective (Table 1).

GROUP A
Disorders with enzyme defects only in the liver, and LT is done predominantly for 
end-stage liver disease (ESLD) and its related complications.

Tyrosinemia
Hereditary tyrosinemia type 1 (HT-1) is an autosomal recessive (AR) disorder caused 
by a deficiency of fumaryl acetoacetate hydrolase enzyme with a prevalence of about 1 
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Table 1 Metabolic disorders can be classified into the following three broad groups based on a liver transplantation perspective

Category Description Examples

A Disorders with enzyme defect only in the liver and LT is done 
predominantly for ESLD and its related complications

Tyrosinemia (HT-1); A1AT deficiency; Galactosemia 
(type 1 Galactosemia); WD; Hereditary fructosemia; 
GSD 3 and 4; CDG; LSD

B Disorders with enzyme defects limited to the liver. These patients 
rarely have ESLD; LT is performed for extrahepatic organ involvement 

UCD; Porphyrias; GSD type 1: PH, FH; Crigler-Najjar 
syndrome

C Disorders having enzyme defect in the liver and extrahepatic tissue 
and LT only partially corrects underlying metabolic disease and 
alleviates symptoms of extrahepatic organ involvement

MMA; PA; MSUD; MH

ESLD: End-stage liver disease; HT-1: Hereditary tyrosinemia type 1; A1AT: Alpha-1 antitrypsin; WD: Wilson disease; GSD: Glycogen storage disorder; 
CDG: Congenital disorder of glycosylation; LSD: Lysosomal storage disorders; UCD: Urea cycle disorders; PH: Primary hyperoxaluria; FH: Familial 
hypercholesterolemia; LT: Liver transplantation; MMA: Methyl malonic acidemia; PA: Propionic acidemia; MSUD: Maple syrup urine Disease; MH: 
Mitochondrial hepatopathies.

in 100000 new-borns in the general population[6]. The metabolic block induces 
accumulation of highly reactive intermediate metabolites such as malyl-and fumary-
lacetoacetate, which are toxic and mutagenic to the hepatocytes. The clinical 
presentation is heterogenous and includes acute liver failure (ALF), cirrhosis with or 
without decompensation, hepatocellular carcinoma (HCC), neurologic crisis, and renal 
tubular acidosis leading to florid rickets and growth failure[6]. Nitro tetrazolium blue 
choride (NTBC) is useful for metabolic control in HT-1, but this agent does not fully 
abate the incidence of HCC[7]. A strict dietary control with phenylalanine and 
tyrosine-free formula needs to be followed along with NTBC, creating a huge financial 
burden for patients, especially those from the developing countries. LT is indicated in 
HCC, decompensated cirrhosis, patients non-compliant with medical therapy, and 
ALF. Explanted livers with tyrosinemia are usually enlarged. The most distinctive 
macroscopic feature in tyrosinemia is the striking nodularity of the liver and the 
variegated colors of the nodules ranging from the yellowish lipid-filled nodules to the 
deep green of cholestatic nodules (Figure 1A)[8]. Light microscopic findings include 
portal/periportal fibrosis with bridging and nodularity of varying sizes, steatosis, 
hepatocellular ballooning, bilirubinostasis, and pseudoacini formation (Figure 1B and 
C)[9]. Liver cell dysplasia, both low and high grade, is frequently observed, and the 
distinction between dysplastic nodules and HCC may be difficult[9]. Large cell change 
is also reported. HCC is usually well or moderately differentiated in tyrosinemia[10]. 
The long-term outcome for LT recipients with HT-1 is excellent, and ranges from 85%-
100% across series[11]. There is however, a minimal risk of recurrence of HCC in the 
transplanted liver, and a serial surveillance is indicated. The urine succinyl acetone 
may continue to be detected in the post-LT period, but the long-term significance of 
this causing a renal impairment remains uncertain[6]. Hence a renal-sparing 
immunosuppression is used in the LT recipients with tyrosinemia.

Alpha-1 antitrypsin deficiency
Alpha-1 antitrypsin (A1AT) deficiency is a common inherited metabolic liver disease 
in the western hemisphere with an estimated incidence of 1:1600 to 1:3500 cases[12]. 
SERPINA1, the gene encoding A1AT, has an AR inheritance with codomi-nant 
expression[13]. The liver injury is caused by aggregates of misfolded protein in the 
hepatocyte whereas the lung injury is caused by unopposed action of neutrophil 
elastase[13]. Hence the progression of lung pathology can be prevented with enzyme 
replacement, but the liver dysfunction does not have a standard medical therapy[14]. 
Serum levels of A1AT can help in diagnosis of A1AT deficiency, as they are very low 
in those who are homozygous. The commonest presentation is as infantile cholestasis, 
and it can mimic biliary atresia both clinically and radiologically. Liver biopsy shows 
eosinophilic intracytoplasmic globules in hepatocytes, which are periodic acid-schiff 
(PAS) positive and diastase resistant, and genetic analysis confirms the diagnosis[13]. 
LT is indicated for ESLD and also for those with HCC[13,15]. The A1AT levels become 
normal in the post-LT period but the lung functions may continue to deteriorate, 
especially after the 2nd decade of life. A higher incidence of hepatic artery thrombosis is 
noted as the blood vessel integrity is defective due to deficiency of A1AT, and the 
vessel wall can be disrupted during clamping[16]. The post-LT outcomes are excellent 
with over 90% of recipients living beyond 20 years[17]. Liver impairment resulting 
from A1AT deficiency may directly contribute to renal abnormalities resembling 
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Figure 1 Metabolic liver disease. A: Explant liver specimen of a case of tyrosinemia with nodules of varying sizes; B: Tyrosinemia liver with steatosis 
[hematoxylin and eosin (HE staining)]; C: Tyrosinemia liver with cirrhosis, hepatocellular ballooning, and fatty change (HE staining); D: Galactosemia with bridging 
fibrosis, bile ductular reaction, fatty change and rosetting (HE staining).

IgAN.

Galactosemia (type 1 galactosemia) 
It is a common metabolic disorder caused by the defect in the enzyme galactose 1-
phosphate uridyl transferase (GALT). The incidence is 1 in 45000 births[10]. The 
metabolites galactitol and galactose-1-phosphate are hepatotoxic and infants present 
with ALF; nevertheless, there is always an underlying liver scarring[18]. The diagnosis 
was classically suggested by the detection of urinary reducing sugars (nonglucose), 
which have no sensitivity or specificity, and may be positive with any cause of liver 
failure. GALT activity can be measured in erythrocytes, however the test must be done 
before the child receives blood transfusion[10]. Genetic assay is confirmatory. 
Missense mutations in GALT gene are associated with low to undetectable enzymatic 
activity, resulting in the most profound symptoms. Liver biopsy in galactosemia 
demonstrates panlobular steatosis, bilirubinostasis, bile ductular proliferation, 
portal/periportal and sinusoidal fibrosis, and hepatocyte necrosis and apoptosis 
(Figure 1D)[19]. An early recognition of this condition with a prompt withdrawal of 
lactose/galactose exposure dramatically improves the clinical status and the liver 
function. Hence despite being a common metabolic disorder, LT is rarely indicated, 
and is performed only in progressive liver dysfunction despite a galactose-free diet 
and in HCC[20].

Wilson disease
Wilson disease (WD) is an AR disorder causing ALF, acute-on-chronic liver failure, or 
cirrhosis in children with the average prevalence of 1 in 30000 individuals worldwide
[10]. The genetic defect in ATP7B leads to defective copper excretion from liver leading 
to its toxic accumulation in liver and various extrahepatic tissues such as brain, kidney 
and joints[21]. It is one of the few metabolic disorders causing liver disease where a 
definitive medical therapy in the form of chelation can be offered. It is well-known that 
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a fraction of patients with even advanced liver disease due to WD can reverse hepatic 
fibrosis with medical treatment[20]. LT should be offered in WD presenting with ALF 
when the Dhawan score is > or = 11 as this predicts a mortality of more than 97%[22] 
(Table 2).

Patients with decompensated cirrhosis having hepatic encephalopathy, those with 
episodes of massive variceal bleed and synthetic failure not responding to chelation 
therapy or those worsening on chelation therapy should also be offered LT. In the 
LDLT settings, an asymptomatic heterozygous family donor can safely donate their 
liver. In the post-LT period, chelation therapy or dietary restrictions need not be 
continued. Post-LT survival for WD is excellent with 5-year survival of up to 90%[23]. 
Interestingly, WD patients transplanted for ALF have a similar outcome to those 
transplanted for an ESLD[24]. Though a controversial indication, patients with 
neurological symptoms in the absence of overt liver disease may be given an option 
for LT if there is no response to chelators. Changes in the brain were reported to 
reverse in the post-LT period[25]. Therapeutic plasmapheresis (TPE) may be beneficial 
in WD as it rapidly removes copper from circulation in significant amounts which 
further reduces hemolysis and progression of renal failure[26-28]. TPE also removes 
large molecular weight toxins and other factors that may cause hepatic enceph-
alopathy and is often used as a bridge to LT[29]. TPE is recommended as Class 1C and 
category I indication in fulminant liver failure due to WD[30]. A few recent reports 
showed that TPE combined with chelating agents improved ALF and eliminated the 
need for LT[31]. Explanted livers in WD are cirrhotic. Micronodular cirrhosis is most 
commonly seen (Figure 2A and B). A few explants show mixed nodular cirrhosis. The 
spectrum of histopathological features in WD is very broad and includes macrovesi-
cular steatosis, portal and/or lobular inflammation, glycogenated nuclei, variable 
necrosis and apoptosis, cholestasis, and hepatocellular ballooning with Mallory-Denk 
bodies (Figure 2C). Neutrophilic satellitosis may also be visualized[10]. Other hepato-
cellular features include slight or moderate hepatocellular anisocytosis and anisoka-
ryosis. Copper and copper associated protein deposits are identified in hepatocytes 
(Figure 2D). Copper accumulation can be very heterogeneous in cirrhotic liver with 
some nodules showing diffuse stainable copper while others show little to no stainable 
copper. Macrophages can also demonstrate copper granules in extensive hepato-
cellular necrosis.

Hereditary fructosemia
It is an AR disorder caused by deficiency of aldolase B enzyme. Patients usually 
become symptomatic at the time of weaning with hypoglycemia, lactic acidosis, and 
ketosis. Hereditary fructosemia is estimated to occur in 1 in 20000 live births[32]. It is 
one of the causes of infantile ALF and can also lead to cirrhosis in early childhood[32]. 
Prompt recognition and withholding of fructose in diet will reverse the symptoms and 
liver disease. Many patients develop an inherent aversion to sweet/sugary food as a 
secondary adaptation to prevent the accumulation of toxic metabolites. LT is offered 
for synthetic failure, portal hypertension, malignancies, and growth retardation. 
Biopsy findings include neonatal giant cell hepatitis, macrovesicular steatosis, 
portal/periportal fibrosis, cirrhosis, ductular proliferation, acinar transformation of 
hepatocytes, bilirubinostasis, and sinusoidal collagenisation (Figure 3A)[33].

Glycogen storage disorder III and IV 
Among the glycogen storage disorder types (GSDs), type I, III, IV-, VI and IX are the 
hepatic glycogenoses. Apart from type 1 GSD, others may lead to progressive liver 
disease, cirrhosis, and decompensation. Type III GSD involves the striated muscles in 
85% of cases, and cardiac morbidity needs ruling out before an LT[34,35]. The liver 
disease in type III GSD is less severe when compared to type 4 in which cirrhosis with 
decompensation is universal before 5 years of age[35]. Muscle involvement is also seen 
in GSD IV and infantile presentations such as spinal muscular atrophy are known. 
Synthetic failure or portal hypertension, which are the primary indications for LT in 
GSD III and IV, do not occur in GSD type I. On gross inspection, the liver in GSD is 
typically enlarged, smooth, and pale in appearance. The liver in most GSDs including 
type III demonstrates pale enlarged hepatocytes with thickened borders containing 
abundant glycogen, which is digested with diastase (Figure 3B)[10]. Fibrosis with thin 
connecting septa can also be noted, as also is steatosis. Hepatocellular adenomas, frank 
cirrhosis, and even HCC, can develop in GSD type III. Liver in GSD type IV shows 
large, round or oval-shaped eosinophilic ground glass cytoplasmic inclusions, often 
surrounded by an artefactual halo in the majority of hepatocytes, which are especially 
prominent in the periportal zone (Figure 3C)[36]. The inclusions are deeply stained 
with PAS stain. Further diastase treatment clears the normal glycogen but not the 
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Table 2 The New Wilson (Dhawan) score for prediction of outcome in Wilson disease

Score Bilirubin mg/dL INR AST (IU/L) WBC (109/L) Albumin (g/dL)

0 < 5.85 < 1.29 < 100 < 6.7 4.5

1 5.86-8.77 1.3-1.6 101-150 6.8-8.3 3.4-4.4

2 8.78-11.69 1.7-1.9 151-200 8.4-10.3 2.5-3.3

3 11.7-17.54 2.0-2.4 201-300 10.4-15.3 2.1-2.4

4 > 17.55 > 2.5 > 300 > 15.3 < 2.1

A score more than or equal to 11 indicates a high mortality without liver transplantation. These patients benefit most from an urgent liver transplantation. 
INR: International normalized ratio; WBC: White blood cell.

Figure 2 Wilson disease. A: Explant hepatectomy specimen in a case of Wilson disease (WD) with marked cholestasis; B: Micronodular cirrhosis in a case of 
WD [hematoxylin and eosin (HE staining)]; C: WD with hepatocellular ballooning, Mallory Denk bodies, fatty change and neutrophilic satellitosis (HE staining); and D: 
WD with marked copper deposition in hepatocytes and macrophages (Rhodanine staining).

abnormal amylopectin-like material in the inclusions[10]. Fibrosis, which can progress 
to cirrhosis, is a frequent finding in GSD type IV (Figure 3D).

Congenital disorder of glycosylation
Congenital disorder of glycosylation (CDG) has an incidence of 1 in 10000 in European 
countries and is known to have multisystemic manifestations including coagulation 
defects, protein-losing enteropathy, neurological symptoms, cardiac dysfunction, 
immune deficiency, etc., depending on the various subtypes described[37]. The CDGs 
causing ESLD are mannose phosphate isomerase deficiency (MPI-CDG), coiled-coil 
domain-containing 115 (CCDC115-CDG), transmembrane protein 199 andATP6AP1-
linked immunodeficiency[38,39]. In spite of oral mannose therapy, MPI-CDG can 
progress to cirrhosis. LT is indicated for ESLD in CDG and can improve its 
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Figure 3 Metabolic liver disease. A: Hereditary Fructosemia with bridging fibrosis [hematoxylin and eosin (HE staining)]; B: Glycogen storage disorder (GSD) 
type III displaying pale enlarged hepatocytes with thickened borders and portal fibrosis (HE); C: GSD type IV liver eosinophilic ground glass cytoplasmic inclusions 
(HE); D: Explant liver in case of GSD type IV with extensive fibrosis (HE).

extrahepatic manifestations such as exercise intolerance and protein-losing enter-
opathy[38,39]. LT has also been performed for CCDC115-CDG and ATP6AP1-CDG but 
not in other types of CDG where liver dysfunction is rarely seen, but could theoret-
ically improve other systemic manifestations. Pathological findings are non-specific in 
CDG. Variable fibrosis and fatty change have been described[40].

Lysosomal storage disorders
Characterised by multisystemic involvement, lysosomal storage disorders (LSD) are 
also known to present with cirrhosis, portal hypertension (also contributed by massive 
splenomegaly), and HCC[41-44]. LSD where LT may be offered include non-neurono-
pathic Gaucher’s disease, Niemann-Pick disease types B, C and lysosomal acid lipase 
deficiency with variable outcomes[45-48]. Patients with LSD need to continue enzyme 
replacement therapy in the post-LT period to control their extrahepatic symptoms and 
prevent disease recurrence in the graft. Gaucher’s is the most common genetic LSD 
with estimated incidence around 1 in 50000 to 100000 live births. The diagnostic 
histological features in Gaucher’s disease are produced by sphingolipid-engorged 
Kupffer cells and macrophages in sinusoids and portal areas. These cells are large with 
an eccentric nucleus and eosinophilic, corrugated (“crinkled-paper”) cytoplasm[33]. 
These cells may completely block the sinusoidal spaces disrupting and atrophying the 
hepatocyte plates. Eventually, bridging, scarring, and cirrhosis may develop. The liver 
in Niemann-Pick disease types A and B is estimated to affect 1 in 250000 individuals. 
Niemann-Pick disease accumulates large macrophages with foamy cytoplasm within 
hepatic sinusoids with fibrosis (Figure 4A and B)[10]. One may also observe vacuoles 
in hepatocytes. Cholesteryl ester storage disease shows scarring, fine vacuolation of 
hepatocytes, and foamy portal macrophages and Kupffer cells with tan-colored 
cytoplasm (Figure 4C)[49].



Menon J et al. Pediatric metabolic liver diseases

WJT https://www.wjgnet.com 168 June 18, 2021 Volume 11 Issue 6

Figure 4 Metabolic liver disease. A: Niemann Pick disease with marked fibrosis [hematoxylin and eosin (HE staining)]; B: Pale-staining storage cell clusters as 
compared to deeply stained glycogen containing hepatocytes [Periodic acid Schiff (PAS) staining]; C: Cholesteryl ester storage disease liver with granular 
microphages in portal tract and finely vacuolated hepatocytes (HE staining); and D: Largely unremarkable explant liver in a patient with urea cycle defect.

Other disorders
Transaldolase deficiency, Zellweger spectrum disorders, which are peroxisomal 
defects, and pyruvate kinase deficiency are the other disorders where LT has been 
offered for ESLD[50-52]. The overall incidence of Zellweger spectrum disorders is 
estimated to be around 1/50000. Morphological features in liver in Zellweger spec-
trum disorders are mostly nonspecific and include disarray of hepatic plates with 
enlarged hepatocytes, cholestasis, hypoplasia of interlobular bile ducts, portal inflam-
mation, hemosiderosis, fibrosis, and cirrhosis.

GROUP B
This group includes disorders with enzyme defects limited to the liver. These patients 
rarely have ESLD; LT is instead performed for extrahepatic organ involvement.

Urea cycle disorders
The urea cycle operates in the liver to detoxify the nitrogenous wastes in the body. 
Urea cycle disorders (UCDs) are inherited in AR pattern [except ornithine transcar-
bamylase deficiency (OTC), which is X-linked recessive]. LT is offered in severe 
metabolic defects, elevated ammonia more than 300 umol/L and refractoriness to 
medical therapy[53]. LT has a definite role in arresting progression of neurological 
damage by preventing hyperammonemia and occurrence of metabolic crisis[54]. The 
incidence of UCD is 1 in 30000 live births[54]. These children do not require to 
continue their low-protein special formula in the post-LT period. Children when 
transplanted in time can have normal neuro development, and those having brain 
involvement may potentially have their injury reversed to achieve milestones[54]. 
Rarely UCDs can have hepatic involvement in form of ALF (OTC deficiency), cirrhosis 
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(arginosuccinic aciduria and hyperammonemia-homocitrullinemia syndrome), or 
HCC (citrin deficiency)[55]. When present, an acute metabolic crisis should be treated 
before LT. Ammonia-scavenging agents should not be stopped as a sudden 
withdrawal can precipitate a metabolic crisis[56]. Hemodialysis may need to be offered 
when the serum ammonia is > 300 umol/dL in the pre-LT period. Ideally, the serum 
ammonia should be maintained < 80 umol/L immediately prior to LT[56]. Studies 
based on the United Network for Organ Sharing database show a post-LT survival for 
UCD of 89% at 5 years and 87% at 10 years[57]. The reported morphological findings 
vary from normal histology to variable steatosis, cholestasis, variable portal/periportal 
fibrosis, early cirrhotic transformation, glycogen accumulation with enlarged pale 
hepatocytes, and ultrastructural changes with no specific findings for a particular UCD 
disorder[58]. We have observed largely unremarkable liver explants with no sig-
nificant morphological features, patchy steatosis, and/or bilirubinostasis in USD 
(Figures 4D and 5A). One case of arginase-1 deficiency showed glycogen accumulation 
with clusters of pale enlarged hepatocytes, mild portal inflammation, and focal 
bridging fibrosis (Figure 5B and C).

Porphyrias
Porphyrias are a group of disorders associated with metabolism of heme with a 
prevalence of 1 in 20000. The major clinical manifestations are either neurovisceral or 
cutaneous photosensitivity. Among the seven known types, all are curable by LT 
except congenital erythropoietic porphyria[59]. Among the hepatic porphyrias, only 
erythropoietic protoporphyrias are known to be associated with ESLD[59]. There is a 
higher incidence of HCC in these patients. Parenteral heme therapy is known to abort 
neurological crisis but does not help in reversing neuronal injury. Timely LT prevents 
the onset and/or progression of neuronal injury[59,60] and also helps to abate the 
autonomic dysfunction, which otherwise may lead to sudden death. A few anesthetic 
agents such as tramadol, ketamine, and thiopentone and a few other drugs such as 
azole antifungals, cotrimoxazole, and carbapenems should be avoided in these 
patients. The porphyrin levels need to be maintained by plasmapheresis or by heme 
infusion. The outcome following LT is excellent but with a differential favorable 
prognosis in those with mild-to-moderate neurological symptoms than those with 
severe symptoms prior to LT[61]. Liver shows black discoloration macroscopically in 
erythropoietic protoporphyria[10]. Microscopic examination in erythropoietic proto-
porphyria shows focal accumulation of a dense, dark-brown pigment in canaliculi, 
interlobular bile ducts, connective tissue, and Kupffer cells.

GSD type I: Type I GSD is an AR disorder caused by deficiency of glucose-6-
phosphatase enzyme in 1 in 100000 live births, and there are two subtypes, 1a and 1b, 
with the latter having neutropenia or neutrophil dysfunction[62]. The liver function 
remains normal in these patients, but they are prone to develop hepatic adenomas and 
HCC (on a non-cirrhotic background). Poor metabolic control with recurrent hypo-
glycemia can irreversibly injure the brain. They also are prone to chronic kidney 
disease, hypertriglyceridemia, and osteoporosis. LT is indicated in those with poor 
metabolic control despite a complex carbohydrate diet (e.g., uncooked corn starch), 
those developing multiple and growing hepatic adenomas or HCC and growth 
retardation[63]. A simultaneous liver-kidney transplant needs to be offered in co-
existing end-stage kidney disease with or without hepatic neoplasms. Apart from 
achieving metabolic control, LT in GSD Ib improves the neutropenia and/or 
neutrophil dysfunction in 50%-66% cases[64]. In those, undergoing an isolated LT, 
renal-sparing immunosuppression needs to be administered.

Primary hyperoxaluria
Type 1 primary hyperoxaluria (PH) is an AR disorder with a prevalence of 1-3 per 
100000 people, characterized by systemic deposition of oxalate crystals. The enzyme 
alanine glyoxylate aminotransferase is primarily expressed in liver, and its deficiency 
leads to systemic oxalosis and end-stage renal disease, cardiomyopathy, and fractures, 
and bone marrow suppression ensues[65]. Patients develop systemic hypertension due 
to the renal pathology and a relative kidney disease along with systemic arterial 
involvement causing its non-compliance. LT along with kidney transplant is the only 
curative option available. Patients having a GFR more than 50 mL/m2/min may 
undergo an isolated LT. A simultaneous liver-kidney transplant is offered upfront in 
deceased donor liver transplant, as the transplanted organs have immune privilege 
with reduced chance of rejections. Also, it is done in living donor-related donor with 
organ harvested from two different individuals when the GFR > 15 mL/m2/min, 
children having large abdominal cavity, and GFR < 15 mL/m2/min with no features of 
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Figure 5 Metabolic liver disease. A: Canalicular bilirubinostasis in case with urea cycle defect [hematoxylin and eosin (HE staining)]; B: Explanted liver in 
Arginase-1 (ARG-1) deficiency displaying nodules of pale enlarged hepatocytes (arrow, HE staining, B); C: Focal bridging fibrosis in a case of ARG-1 deficiency 
[Masson trichrome staining]; D: Portal vessel with oxalate crystals in primary hyperoxaluria type 1 (arrow, HE staining).

systemic oxalosis. A sequential liver-kidney transplant is done predominantly in a 
living donor-related transplant when there is GFR < 15 mL/m2/min with severe 
systemic hyperoxalosis, a single liver donor (sequential harvesting after 6 wk), and 
infants (due to a relatively small abdominal cavity), which can accept only a graft that 
can be reduced in size, i.e., liver but not kidneys, which is done at a later age[66]. 
Heterozygous donors need to be screened for high urine oxalate even if their renal 
function is normal. They can be liver donors but not kidney donors as there is a risk 
that the contralateral kidney may develop renal failure on a long-term basis. A cardiac 
evaluation is essential prior to transplant surgery to ensure that the ejection fraction is 
more than 40%-45%. In low ejection fraction, it is also recommended to do aggressive 
hemodialysis 4-6 wk prior to LT to decrease the systemic oxalate load, which may 
improve the cardiac contractility[56]. An increased risk of bleeding episodes in the 
post-LT period can be attributed to the platelet dysfunction and renal pathology 
needing support. Liver explants in PH may show oxalate crystals in vessels 
(Figure 5D). The role of LT in PH type 2 remains unclear, and isolated renal transplant 
may be an option[67]. A novel Food and Drug Administration-approved small 
interfering ribonucleic acid called lumasiran decreases hepatic oxalate production by 
inhibiting the enzyme glycolate oxidase and hence has been found to reduce systemic 
oxalate load, thereby, decreasing renal excretion of oxalates.

Familial hypercholesterolemia
Familial hypercholesterolemia (FH) is an autosomal dominant disorder characterized 
by defective low-density lipoprotein cholesterol receptors in the liver. The incidence of 
homozygous state is 1 in 1 million live births[10]. This persistently elevates serum 
cholesterol leading to complications such as early atherosclerosis in childhood, which 
can lead to myocardial infarction[68]. It is, however, more common in a homozygous 
or a compound heterozygous mutation. LT is curative and is recommended before the 
development of atherosclerosis in the pediatric age group. In the post-LT period, the 
cholesterol levels fall to normal within a week’s time. LT by improving the dyslip-
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idemia is known to prevent the progression to coronary artery disease[69,70]. 
Pathological findings in liver include accumulation of lipid in hepatocytes and Kupffer 
cells.

Crigler-Najjar syndrome
Crigler-Najjar syndrome (CNS) is an AR disorder caused by a defect in the UGT1A1 
gene, the product of which (uridine diphosphate glucuronyl transferase) is responsible 
for the conjugation of bilirubin before its excretion. With an estimated incidence of one 
per 750000-1000000 live births, CNS is considered an “ultra-rare orphan disease”[71]. 
Type 1 is characterized by a complete absence of the enzyme whereas type 2 has 10% 
of the functioning enzyme[71]. In type 1 CNS, the exceptionally high unconjugated 
bilirubin leads to irreversible brain injury in the basal ganglia, hippocampus, 
subthalamic nuclei and cranial nerves (kernicterus)[71]. Type 2 CNS usually responds 
to phenobarbitone therapy, however it is not effective in type 1 where phototherapy 
may help lower bilirubin levels. But as age progresses, phototherapy becomes less 
effective due to a larger body surface area and thickening of the skin, and bilirubin can 
rise dangerously during intercurrent illness[72]. Plasmapheresis has also been re-
ported to be a useful tool in CNS when a rapid decrease in bilirubin serum concen-
tration is required[73]. Plasmapheresis has been recommended as a useful treatment 
for extreme acute unconjugated hyperbilirubinemia in children with CNS when 
phototherapy is transiently impaired for any adverse complication or during nonavail-
ability of heme oxygenase inhibitors[74]. Moreover, due to the need for prolonged 
phototherapy sessions, unlike his age-matched peers, the child’s quality of life (QOL) 
is hampered; LT remains the only curative option in such a scenario. LT prevents 
further neurological injury and, in some cases, may reverse the changes[75,76]. Long-
term outcomes are excellent and comparable between auxiliary and orthotopic LT[77]. 
Even though the blood-brain barrier is impermeable by 2 years of age, an uncon-
jugated bilirubin more than 17 mg/dL can continue to cause neurological damage. 
Hence, a poorly controlled type 2 CNS may also become an indication for LT. Physio-
therapy and tendon release procedures may help to reduce the neurological deficit in 
the post-LT period. Liver explants in CNS show no specific finding or mild biliru-
binostasis (Figure 6A).

GROUP C
Disorders having enzyme defect in the liver and extrahepatic tissue with LT done 
either for extrahepatic organ involvement and/or for ESLD.

Organic acidemias
Methyl malonic acidemia: Methyl malonic acidemia (MMA) is an AR disorder caused 
by deficiency of adenosyl cobalamine or methyl malonyl-coA mutase. It occurs at a 
rate of approximately 1 in 50000 live births[78]. In severe cases, patients can present 
with recurrent metabolic crises in early infancy, which leads to progressive enceph-
alopathy, coma, and death. It can also lead to metabolic cerebrovascular accidents and 
around 60% can have renal involvement evolving into chronic kidney disease[78,79]. 
Other complications are optic atrophy and pancreatitis. LT provides the defective 
enzyme and helps avoid the life-threatening metabolic crises and improves the QOL
[79]. The levels of methyl malonic acid come down dramatically after LT but may 
remain higher than normal[79,80]. Hence progressive renal dysfunction, cognitive 
deficits, metabolic strokes, or optic atrophy be not be completely prevented after a 
successful LT[81,82]. Isolated reports of normalized cognition are however available in 
literature. A combined liver kidney transplant is offered when an end-stage kidney 
dysfunction has already set in at diagnosis[82,83]. Isolated kidney transplant may 
provide 18% of the mutase enzyme, but it would improve only the elevated 
metabolites secondary to renal failure rather than achieving control to prevent meta-
bolic crises[81].

Propionic academia
Propionic acidemia (PA) is an AR disorder caused by the deficiency of propionyl-CoA 
carboxylase, and the resulting toxic metabolites damage primarily the central nervous 
system and myocytes[78]. The prevalence is 1 in 100000 of the general population[78]. 
Medical therapy includes oral antibiotics to control propionic acid production by the 
gut bacteria and special nutritional formulae. However, patients may still present with 
metabolic decompensation and growth retardation. LT provides a good control of the 
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Figure 6 Metabolic liver disease. A: Crigler Najjar explant liver with no significant morphological findings [Hematoxylin and eosin (HE) staining]; B: 
Mitochondrial hepatopathy with mixed steatosis and bilirubinostasis HE staining).

metabolism, decreases the toxic metabolic burden and improves the QOL[84]. Despite 
metabolic control, because of the deficient enzyme in brain and in cardiac muscle, the 
injury in these organs is usually irreversible, and annual monitoring with clinical 
examinations and investigations is warranted[84,85]. Improvement in development 
and cognition has been reported in the post-LT period[86]. Isolated reports reveal 
reversal of cardiomyopathy after LT. The peri and post-operative lactate levels have 
been found to indicate good metabolic control followed by serum ammonia in both 
MMA and PA[87]. The patient should be started on low protein at 0.5 g/kg/d and 
then gradually built up to 2.5 to 3 g/kg/d by the end of first week so that metabolic 
adaption happens over this period of time[86]. These patients have a relatively higher 
incidence of hepatic artery thrombosis when compared to other indications of LT, but 
a recent analysis has challenged that association[88]. In a recent series, 5-year patient 
survival for PA liver transplant recipients was 89.5%[89].

Maple syrup urine disease
Maple syrup urine disease (MSUD) is a group AR disorder characterized by defective 
metabolism of branched chain amino acids including leucine, isoleucine, and valine. It 
affects 1 in 185000 infants worldwide[90]. The commonest and most severe is the 
classical MSUD (type 1) caused by defective branched chain keto acid dehydrogenase 
(BCKAD)[90]. Lethargy, poor feeding, and intermittent apnea along with maple syrup 
odor of urine or cerumen is the earliest clue in a newborn[90]. Recurrent seizures and 
cognitive dysfunction start early and leads to early mortality. The E3 type (type 5) is a 
defect in dihydroprolamine reductase, which results in mitochondrial dysfunction and 
is the only type presenting with liver dysfunction along with other neurological 
manifestations. Acute encephalopathy is caused by elevated levels of leucine and 
isocaproic acid. Liver is the site of 9%-13% of BCKAD enzyme, and LT is found to 
prevent further recurrence of metabolic crisis and arrest the neurological progression. 
However, reversal of neurological deficit is not seen except in a few[91]. In a large 
series involving 37 patients on long-term follow up, the patient survival was found to 
be 100%[92]. The levels of toxic amino acids normalize within hours of the graft 
implantation but usually do not return to a physiologically normal value[93]. Hence 
LT prevents further occurrence of life-threatening metabolic crisis in MSUD[92]. 
Special formula does not need to be continued in the post-LT period.

Primary mitochondrial hepatopathies
Mitochondrial disorders can happen due to mutations in either nuclear or mitochon-
drial deoxyribonucleic acid. Even though liver is involved in mitochondrial disorders, 
it is usually as a part of the multisystemic involvement[94]. It affects 1 in 20000 
children under 16 years of age[94]. The spectrum of hepatic presentations includes 
isolated fatty liver, ALF, chronic cholestasis and cirrhosis[95]. Morphologically, 
microvesicular and macrovesicular steatosis, cytoplasmic and canalicular biliru-
binostasis (Figure 6B), and giant cell transformation are identified. In addition, portal 
fibrosis and cirrhosis are also reported. The disorders can be grossly classified into 
disorders of single respiratory chain defects (e.g., BCSIL and SCO1) and multiple 
complex defects (thymidine kinase 2/TK2, deoxy guanosine kinase/DGUOK, and 
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polymerase gamma/POLG)[95,96]. The common systems involved are brain, cardiac 
and skeletal muscles, hematological, renal tubules, intestines, and inner ear as these 
have maximum energy turnover. LT in mitochondrial disorders has always been an 
area of controversy and initially was listed as contraindication for the same, but 
current recommendations for LT are for a primary hepatic involvement without 
apparent extrahepatic organ involvement, and the same policy is followed at the 
authors’ institute[97,98]. A baseline screen includes a magnetic resonance imaging 
brain with magnetic resonance spectroscopy, BERA, 2D echocardiography, urine 
evaluation for tubulopathy, and bone marrow examination (in significant anemia or 
pancytopenia). The parents should be made aware of the fact that LT will correct only 
the hepatic manifestations, and the child may have onset of other system involvement 
as age progresses. These may include pulmonary hypertension, progressive 
neurological dysfunction, and cardiomyopathy, which are the common causes of 
death. This is of particular importance in DGUOK, TK2, and POLG defects where the 
ESLD may overshadow the underlying neurological and other system involvement
[96]. Intra- and post-operative use of propofol or Ringer lactate should be preferen-
tially avoided, and sevoflurane is the preferred agent[99]. Rare reports of successful LT 
for this condition have been reported in literature[100].

Auxiliary LT
Auxiliary LT is a technique by which a healthy grafted liver is implanted on the native 
liver without fully removing it. When the implantation is done after removing a part 
of the native liver, it is called auxiliary partial orthotopic LT (APOLT) and when done 
without manipulating the native liver being in a non-anatomical location is called 
heterotopic auxiliary LT (HALT)[101]. The HALT technique was initially described in 
a 15-year-old girl with ALF caused by WD, as it was noted that manipulation of native 
liver raised intracranial pressure and hence recipient hepatectomy was not done. Even 
with the aforementioned advantage, certain significant drawbacks with this technique 
include graft congestion being of primary concern in the long run[102,103]. In the right 
lobe HALT, the congestion is caused by raised caval pressure whereas in left lobe 
HALT it occurs due to venous stretching. Also since the portal flow is shared between 
the native and graft, this along with graft congestion can lead to early graft dysfunc-
tion[103]. There is also a higher risk of abdominal compartment syndrome and 
prolonged post-operative ventilation. Hence, APOLT is preferred more to HALT as it 
rectifies the above drawbacks, in spite of being technically more challenging, and is 
currently an accepted technique for the management of ALF. It allows time for the 
native liver to regenerate and then the patient can be off immunosupressants[103]. The 
role of APOLT in MLDs is to provide the defective enzymes, and it has shown 
excellent results for selected metabolic indications such as CNS, PA, and UCD[5,103,
104]. Rarely has it been done for WD with a normal liver and neurological dysfunction
[105]. The authors have one of the largest experiences of performing APOLT in non-
cirrhotic MLDs till date where the post LT outcome was comparable to OLT[5]. OLT is 
offered for babies less than 6 mo and weighing less than 5 kg for the aforementioned 
disorders, and APOLT is offered for children more than 6 mo of age[5]. A right lobe 
graft is preferred in organic acidemias (for a larger volume) whereas left (usually a left 
lateral segment) APOLT is sufficient in CNS as it is proven that even a 2%-5% of 
hepatocyte mass with normal UGT1A1 gene is enough for normal conjugation of 
bilirubin[103,104]. The advantages include an intact native liver with a possibility of 
gene therapy in future (when immunosuppression can be stopped) and it also helps in 
recovery till the graft function is stable[101]. There is a risk of portal steal phenomenon 
due to relatively lower stiffness of the native liver, which is prevented by various flow 
modulation techniques[106]. Heterozygous carriers can be used as donors except in 
OTC deficiency unless a normal OTC enzyme level is established[101]. The long-term 
outcomes after APOLT are excellent in the author’s experience[107].

Domino LT
Liver from a patient with MLD is donated to another with a defect of different enzyme 
or an ESLD[108]. This is done with the expectation that the enzyme deficiency in the 
donor liver is negligible for the recipient, which would be expressed by the 
extrahepatic tissues. The potential domino liver donors include patients suffering from 
MSUD, familial amyloid polyneuropathy and possibly FH[109-112]. Livers from 
patients with PH should not be used for domino LT (DLT) as the liver continues to 
produce oxalates and may result in renal failure in the recipient[97]. Livers of patients 
with MSUD caused by a defect in BCKADH are used as the allograft in DLT. This is 
because only 9%-13% of the BCKADH is produced from the liver and hence there are 
no reports of de novo recurrence of MSUD in DLT recipient as the rest 87%-91% of the 
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enzymes are synthesized from extrahepatic sources. In a recently reported series on 
DLT describing 21 recipients of MSUD livers, the long-term survival after a median 
time period of 6.4 years was 100%[113]. Hence DLT should be encouraged as an 
excellent alternative to deceased donor LT. Recently, Govil et al[114] proposed a novel 
concept, utilizing domino auxiliary LT to use the normally discarded liver from a 
patient with a liver-based monogenic metabolic disorder as a domino graft in a patient 
with another such disorder.

CONCLUSION
LT is a curative option for metabolic monogenic disorders. In many cases, it prevents 
the progression of extrahepatic organ injury and may potentially reverse them. Life-
threatening multisystem organ involvement in MLD is an absolute contraindication to 
LT.
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