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        Key Points 

•     Posttransplant bacteremia is one of the most serious complications after liver transplantation.  
•   Unfortunately, there are few therapies for preventing posttransplant bacteremia currently 

available.  
•   For prevention of bacteremia, nutritional support is a promising strategy.  
•   After orthotopic liver transplantation (OLT), serum levels of branched chain amino acids (BCAAs) 

generally decrease and severely decreased levels of BCAAs after OLT have been reported to be a 
risk factor for posttransplant bacteremia.  

•   Pretransplant and/or posttransplant BCAA supplementation may be promising nutritional strategy 
in patients undergoing OLT and living donor liver transplantation (LDLT).  

•   In this chapter, we review previous studies on the benefi cial effects of BCAA supplementation in 
OLT and LDLT for preventing bacteremia and its mechanism of action, and provide a perspective 
on avenues for future research.     

    Abbreviations 

    BCAA    Branched chain amino acid   
  OLT    Orthotopic liver transplantation   
  LDLT    Living donor liver transplantation   
  mTOR    Mammalian target of rapamycin   
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       Introduction 

 Despite recent advances in perioperative management and surgical techniques, postoperative mortal-
ity and morbidity associated with bacteremia after orthotropic and living donor liver transplantation 
(OLT and LDLT) are still prevalent. Bacteremia is the most serious complication, and the most fre-
quent cause of in-hospital death after OLT and LDLT [ 1 ,  2 ]. 

 Risk factors for bacteremia after liver transplantation have been widely reported. For example, 
Singh et al. [ 1 ] reported that diabetes mellitus and serum albumin levels were independent predictors 
of bacteremia in patients undergoing orthotropic liver transplantation. Meanwhile, Iida et al. [ 2 ] 
reported that Child-Pugh class C, massive pleural effusion or ascites before the operation, ABO 
incompatibility, older donor age, and postoperative cytomegalovirus infections were independent risk 
factors in LDLT patients. Alexopoulos et al. [ 3 ] reported that the incidence of posttransplant bactere-
mia reached 42 % in patients achieving a model for end-stage liver disease score of ≥40. These data 
suggest that, in liver transplant recipients, deteriorated liver function before transplantation is related 
to postoperative bacteremia. 

 Nutritional support therapy after OLT and LDLT has been examined over the last 30 years (Table  15.1 ). 
The goal of nutritional support in most previous studies was prevention of posttransplant sepsis. After 
OLT, administration of 1.5–2.0 g of protein/kg body weight was reported to be necessary to achieve a 
positive nitrogen balance [ 4 ]. Reilly et al. [ 5 ] designed a randomized prospective study in which they 
randomly assigned 28 hypoalbuminemic cirrhotic patients to receive, immediately after liver transplan-
tation, one of three regimens: group 1, no nutritional support ( n  = 10); group 2, total parenteral nutrition 
(TPN) (35 kcal/kg/day) with standard amino acids (1.5 g/kg/day) ( n  = 8); or group 3, isocaloric isoni-
trogenous TPN with added branched chain amino acids (BCAAs;  n  = 10). TPN with either standard or 
BCAA-enriched amino acids is tolerated well immediately after successful liver transplant. A positive 
nitrogen balance was achieved, and the large protein loads did not worsen encephalopathy. Nutritional 

   Table 15.1    Benefi cial effects of perioperative nutritional support except BCAA in reducing infections in patients 
undergoing liver transplantation   

 Authors  Year  Reference  Study design  Patients number 
 Nutrition therapy (infection 
rates) 

 Rayes et al.  2002  [8]  Prospective  95 (32 with selective bowel 
decontamination, 31 with 
Lactobacillus, and 32 with 
placebo) 

 Postoperative early enteral 
nutrition with 
Lactobacillus (13 %) and 
control (48 %) 

 Rayes et al.  2005  [9]  Prospective  66 (33 with lactic acid bacteria 
and fi ber and 33 with fi bers 
only) 

 Postoperative early enteral 
nutrition with lactic acid 
bacteria and fi bers (3 %) 
and only fi bers (48 %) 

 Kaido et al.  2010  [7]  Prospective  30 (10 with postoperative early 
immuno-modulating 
nutrition and 20 with 
conventional enteral diet) 

 Postoperative early enteral 
nutrition with immuno- 
modulating diet (10 %) 
and control (50 %) 

 Eguchi et al.  2011  [10]  Prospective  50 (25 with peripoerative 
Bifi dobacterium breve, 
Lactobacillus casei, 25 
without synbiotics) 

 Peioperative synbiotics (4 %) 
 No symbiotics (24 %) 

 Ikegami et al.  2012  [6]  Retrospective  192 (135 with enteral nutrition 
within 48 h 57 without 
enteral nutrition) 

 Early enteral nutrition (5.9 %) 
 No early enteral nutrition 

(24 %) 
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support may improve respiratory muscle function, allowing earlier weaning from ventilatory support. 
A shortened ICU stay justifi es the expense of TPN. Nevertheless, the number of patients in each group 
was too small to be evaluated, and while the authors showed the necessity of amino acids, they did not 
clearly show the benefi cial effects of BCAAs over conventional amino acids.

   Our recent study [ 6 ] showed that the incidence of early graft loss was eightfold higher in recipients 
with massive intraoperative blood loss without early enteral nutrition, and that the main cause of early 
graft loss was bacteremia. An immune-modulating diet supplemented with arginine, glutamine, and 
omega-3 fatty acids was reported to have benefi cial effects of enteral nutrition preventing bacteremia 
after LDLT [ 7 ]. Several previous prospective, randomized studies [ 8 – 10 ] have shown that periopera-
tive synbiotic treatment prevents infectious complications in patients after elective OLT and 
LDLT. These studies confi rmed the importance of nutritional support, especially enteral nutrition, for 
the prevention of bacteremia after liver transplantation. Nevertheless, the best nutritional substrate for 
preventing bacteremia remains unclear. Herein, we focus on the effects of BCAA supplementation in 
the light of prevention of posttransplant bacteremia.  

    Serum Levels of BCAA After Liver Transplant 

 Tietge et al. [ 11 ] investigated hepatic amino acid metabolism in patients with liver cirrhosis and over the 
long term after OLT. After OLT, BCAA levels remained subnormal, although higher than in cirrhosis. 
BCAA levels decreased with increasing catecholamine and insulin levels. These authors concluded that, 
despite normal liver function, BCAA levels remain subnormal after OLT. This decreased BCAA level 
after OLT was accompanied by normalization of aromatic amino acid levels, and this change in amino 
acid profi le was observed in adults and children who had undergone OLT. The decreased serum BCAA 
levels might be explained by an increased requirement for BCAAs after OLT. Mager et al. [ 12 ] showed 
that the total BCAA requirement increased after OLT by measuring the oxidation of L-[1- 13 C] phenyl-
alanine to  13 CO 2  after a primed, continuous infusion of the tracer. Furthermore, Luzi et al. [ 13 ] demon-
strated that whole-body proteolysis, protein synthesis, and leucine oxidation were reduced in comparison 
to previously obtained values in a normal population. The rate of phenylalanine appearance across the 
forearm was equally suppressed in healthy adults and those who had undergone OLT, under condition of 
a euglycemic/insulin clamp. Conversely, whole-body leucine fl ux was not suppressed by insulin in 
adults after OLT, suggesting that the site of aberrant BCAA metabolism is insulin-sensitive tissues (liver 
or muscle). This may be partly due to insulin resistance and suppression of insulin secretion mediated 
by immunosuppressive therapy prescribed in the post-OLT period. 

 Previous studies have shown that decreased serum BCAA levels are related to posttransplant bactere-
mia. Munoz et al. [ 14 ] showed that a logistic regression model constructed using the BCAA/aromatic 
amino acid ratio predicted the occurrence of sepsis after OLT 77 % of the time. Figueiredo et al. [ 4 ] dem-
onstrated that lower BCAA levels after liver transplantation were strongly associated with an increased 
likelihood of postoperative infections. Interestingly, Roth et al. [ 15 ] also showed decreased levels of 
BCAAs in orthotropic liver transplant patients suffering from sepsis. Taken together, these data suggested 
that BCAA supplementation after both OLT and LDLT may be useful for preventing bacteremia.  

    Effects of BCAA Supplementation for Prevention of Bacteremia 

 The effects of BCAA supplementation in patients who have undergone liver transplantation have been 
evaluated in only a few studies (Table  15.2 ). We previously found in Child-Pugh class C patients, no 
BCAA supplementation was a risk factor for bacteremia [ 16 ]. Kaido et al. demonstrated that low 
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preoperative body cell mass and the absence of preoperative BCAA supplementation and hydrolyzed 
whey peptide, which is easily absorbed as BCAA, were signifi cant risk factors for posttransplant 
bacteremia [ 17 ,  18 ].

   Yoshida et al. [ 19 ] designed a randomized prospective pilot study for evaluating the effect of post-
transplant BCAA supplementation in patients who underwent LDLT. Although there were only 12 
patients treated with BCAAs and 12 without BCAAs, synthesis of short-turnover protein, amino acid 
profi le, and nonprotein respiratory quotient were signifi cantly improved in the patients with BCAA 
supplementation. Although there was no signifi cant difference in the incidence of sepsis between the 
two groups, a large-scale multicenter trial is necessary to determine the effect of BCAAs on prevention 
of bacteremia.  

    Mechanism Underlying the Benefi cial Effects of BCAAs 

 Preoperative oral BCAA supplementation may reduce the incidence of posttransplant bacteremia in 
LDLT patients. The mechanism underlying this effect remains unclear. One possible mechanism is 
the improvement of nutritional status. Mattick et al. [ 20 ] showed that the changes following trauma 
and sepsis, termed systemic infl ammatory response syndrome, elicit major changes in carbohydrate, 
protein, and energy metabolism. When these events persist for too long they result in a severe deple-
tion of lean body mass, multiple organ dysfunction, and eventually death. Recently, various effects of 
BCAAs on liver, skeletal muscle, and the immune system have been examined (Table  15.3 ). The 
benefi cial effects of BCAAs in critically ill patients can be understood more easily by considering the 
close relationship between muscle and liver, known as muscle-liver cross-talk. BCAAs are metabo-
lized in two major steps that occur differentially in muscle and liver. In muscle, BCAAs are reversibly 
transaminated to the corresponding α-keto acids. For the complete degradation of BCAAs, the α-keto 
acids must travel to the liver to undergo oxidation. The liver, in contrast to muscle, does not signifi -
cantly express branched chain aminotransferase. Thus, BCAA degradation is under the joint control 
of both liver and muscle. Recent evidence [ 21 – 23 ] suggests that in liver, BCAAs may perform signal-
ing functions, more specifi cally activation of the mTOR (mammalian target of rapamycin) signaling 

   Table 15.2    Benefi cial effects of perioperative BCAA supplementation in reducing infections in patients undergoing 
liver transplantation   

 Authors  Year  Reference 
 Study design (pre/
post-translant)  Patients number 

 Nutrition therapy (infection 
rates) 

 Reilly et al.  1990  [5]  Prospective (post- 
transplant 
supplementation) 

 28 (10 with no nutritinal 
support, 8 with TPN 
with standard amino 
acid, 10 with TPN 
added BCAA) 

 Positive nitrogen balabce, 
short en length of ICU 
stay, compared with no 
nutrition support. No 
difference between TPN 
with and without BCAA 

 Shirabe et al.  2011  [16]  Retrospective 
(pre-transplant) 

 236 (129 with BCAA 
supplementation and 
107 with control) 

 BCAA supplementation 
(6.7 %) and control 
(22.0 %) 

 Kaido et al.  2012  [17]  Retrospective 
(pre-transplant) 

 100 (37 with BCAA 
supplementation and 
63 with control) 

 BCAA supplementation 
(26 %) and control 
(52 %) 

 Yoshida et al.  2012  [19]  Prospective 
(post-transplant) 

 24 (12 with BCAA 
supplementation and 
12 with control) 

 BCAA supplementation 
(25 %) and control 
(33 %) 
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pathway, infl uencing a wide variety of metabolic and synthetic functions, including protein translation, 
insulin signaling, and oxidative stress following severe injury and infection. In an in vitro study, 
BCAAs, especially leucine, activated the mTOR signaling pathway and inhibited protein degradation, 
resulting in the promotion of protein synthesis [ 21 ,  22 ]. Furthermore, in a cirrhotic rat model, leucine 
activated glycogen synthase via mTOR signaling and improved glucose metabolism [ 23 ]. Thus, 
BCAAs activate both PI3 kinase and mTOR pathways, and glucose uptake and glycogen synthesis are 
upregulated (Fig.  15.1 ). As mentioned previously, in a prospective study by Yoshida et al. [ 19 ], syn-
thesis of short-turnover protein, amino acid profi le, and nonprotein respiratory quotient were signifi -
cantly improved after LDLT.

    This metabolic improvement, such as the improvements in protein synthesis and glucose metabo-
lism, may occur in immunocompetent cells. There have been several reports suggesting that BCAA 
supplementation can restore or regulate naturally acquired immunity. In previous cohort studies [ 24 , 
 25 ], the BCAA supplementation groups showed elevated absolute lymphocyte counts. Bassit et al. 
[ 26 ] reported that BCAA supplementation restored the ability of peripheral blood mononuclear cells 
to proliferate in response to mitogens after long-distance intensive exercise. In a review article, Calder 
et al. [ 27 ] emphasized the necessity of BCAAs for lymphocytes to be able to synthesize protein, RNA, 
and DNA, and to divide in response to stimulation. Previous studies have shown that BCAAs increase 
the absolute lymphocyte number count [ 26 ,  28 ], and this may partly explain the reduced incidence of 
bacteremia in the BCAA group. 

 Nakamura et al. [ 29 ,  30 ] reported that, in patients with chronic liver disease, the phagocytic func-
tions of neutrophils and the natural killer activity of lymphocytes obtained from patients with liver 

    Table 15.3    The mechanism of BCAA   

 Organs  Competent cells  Activated pathway  Effects 

 Liver  Hepatocyte  mTOR pathway  Protein synthesis  ↑  
 Glucose uptake  ↑  
 Glycogen storage  ↑  

 Muscle  Skeletal muscle cell  mTOR pathway 
 AKT pathway 

 Protein degradation  ↓  
 Glucose uptake  ↑  
 Glycogen storage  ↑  

 Immune system  Myeloid dentric cell  Proliferation  ↑  
 IL-12 production  ↑  

 Lymphocyte  Proliferation  ↑  
 Natural killer activity  ↑  

 Macrophage 
 Neutrophil 

 Phagocytic function  ↑  

  Fig. 15.1    Leucine and 
isoleucine regulate glucose 
uptake and glycogen 
synthesis via the PI3 kinase 
(phosphatidylinositol 
3-kinase) and mTOR 
(mammalian target of 
rapamycin) pathways       
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cirrhosis were restored by oral supplementation with BCAAs. Even in patients with advanced 
cirrhosis, Kakazu et al. [ 31 ,  32 ] reported that an elevation of the BCAA level improved the function 
of myeloid dendritic cells, and that this was benefi cial to immune function. Our previous retrospective 
study [ 16 ] showed that, particularly in Child-Pugh class C patients who underwent LDLT, the lym-
phocyte ratio tended to be higher in the BCAA group than in the non-BCAA group. The benefi cial 
effects of BCAA supplementation on posttransplant bacteremia may refl ect the restoration of immune 
function.  

    Perspective on BCAA Therapy for the Prevention of Posttransplant 
Bacteremia with Special Reference to Skeletal Muscle Loss 

 Sarcopenia is primarily used to describe skeletal muscle loss that occurs during aging [ 33 ]. It can 
occur in patients with a variety of chronic illnesses, such as cancer, cardiovascular disease, bone frac-
tures, and chronic liver disease. Among patients with liver cirrhosis, >40 % were reported to have 
accompanying sarcopenia [ 34 ] (Table  15.3 ). Although there are many causes of sarcopenia in cir-
rhotic patients, one of the most important causes is thought to be malnutrition (Table  15.4 ). Malnutrition 
has been reported in 60–80 % of patients with cirrhosis. However, identifi cation of malnutrition is 
extremely diffi cult in such patients [ 35 ,  36 ]. Measurements of albumin and prealbumin levels do not 
necessarily refl ect nutritional status, because hepatocellular protein synthesis is usually impaired in 
these patients. The assessment and interpretation of body weight is also diffi cult because of the pres-
ence of ascites, pleural effusion, and peripheral edema. The nonprotein respiratory quotient (npRQ) is 
a unitless number estimated from carbon dioxide production, and is used to evaluate the nutritional 
status of liver cirrhotic patients [ 36 ], although its measurement is sometimes diffi cult to perform in the 
clinical setting.

   Thus, sarcopenia evaluated by computed tomography may be the most objective measurement of 
malnutrition of cirrhotic patients. Recently, evaluation of muscle loss in patients with liver cirrhosis 
was reported to be an important and a novel predictor of survival. Montano-Loza et al. [ 34 ] showed 
that sarcopenia was not correlated with the degree of liver dysfunction evaluated by a conventional 
scoring system. Thus, the extent of sarcopenia can be an independent marker of survival in patients 
with end-stage liver failure. Recently, Englesbe et al. [ 37 ] and Kaido et al. [ 38 ] reported that central 
sarcopenia strongly correlates with mortality after OLT. Sarcopenia in candidates for LT may be due 
to an extended catabolic phase and muscle breakdown in those with liver failure. 

  Table 15.4    The causes of sarcopenia in the patients with 
liver cirrhosis  

 Classifi cation  Effects of liver cirrhosis on muscle 

 Exercise  Disuse atrophy 
 Malnutrition  Caloric disturbance 

 Protein disturbance 
 Both 

 Metabolic change  Insulin resistance  ↑  
 Resting energy expenditure  ↑  
 Hyperammonemia 

 Humoral factors  BCAA  ↓  
 IGF 1  ↓  
 Myostatin  ↑  
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 A number of complex metabolic alterations occur in liver disease that are unique to cirrhosis and 
affect skeletal muscle growth and atrophy responses. These include dysregulation of fatty acid oxida-
tion and ketogenesis, gluconeogenesis from amino acids, glycogenolysis, and the use of BCAAs in 
skeletal muscle as a source of energy [ 21 – 23 ]. BCAAs also modulate signal transduction pathways as 
a messenger in skeletal muscle, preventing muscle atrophy. BCAAs, particularly leucine, have ana-
bolic effects on protein metabolism by increasing the rate of protein synthesis and decreasing the rate 
of protein degradation in resting human muscle. These effects are likely to be mediated through 
changes in the signaling pathways controlling protein and glycogen synthesis. Therefore, BCAA 
defi ciency can cause basic energy impairment in liver, skeletal muscle, and immune cells. On the 
other hand, as previously mentioned, decreased levels of BCAA were found in patients with septic 
OLT. Therefore, both sarcopenia and a high incidence of bacteremia may be due to low serum levels 
of BCAAs in posttransplant patients. 

 A more direct explanation of the relationship between sarcopenia and bacteremia could be pro-
vided by focusing on the profi les of other amino acids, such as glutamine. In plasma, the concentra-
tions of threonine, glutamine, valine, cysteine, methionine, leucine, lysine, tryptophane, arginine, 
BCAAs, and the essential amino acids are correlated with age. These results indicate that there is an 
age dependency of the amino acid pattern in skeletal muscle and plasma. Stuerenburg et al. [ 39 ] 
showed that in myositis, which is a change seen in aged skeletal muscles, glutamate levels were sig-
nifi cantly reduced. This study provides evidence that an alteration in glutamine levels is correlated 
with aging and might refl ect increased proteolysis in aged and diseased human skeletal muscle. In 
chronic liver disease, skeletal muscle is able to seize ammonium during hyperammonemia, releasing 
glutamine [ 40 ]. In a recent experimental study, Jia et al. [ 41 ] administered carbon tetrachloride to rats 
repeatedly for 19 weeks as a decompensated cirrhosis model, and thereafter gave them a BCAA- 
enriched diet or normal diet for 5 weeks. Downregulation of fatty acid translocase/Cd36, glutamine 
synthetase, and pyruvate dehydrogenase kinase isoenzyme 4 is believed to promote lower uptake of 
fatty acids, lower ammonia incorporation, and higher uptake of glucose, and thus, to provide an 
energy source without using BCAAs. This study showed that, in patients with liver cirrhosis, serum 
BCAAs may be exhausted as a result of detoxication of ammonia in skeletal muscle. Glutamine 
would be produced in this process, and then disposed of via the liver. 

 Glutamine is the most abundant nonessential free amino acid in the healthy human body [ 40 ]. It is 
synthesized de novo, predominantly in skeletal muscle. Low glutamine levels, which have been 
detected in patients during critical illness, have been associated with poor outcomes [ 42 ]. Loss of 
muscle mass, with no evident upregulation of glutamine synthesis, has been inferred to contribute to 
insuffi cient glutamine production [ 43 ]. Thus, apparent glutamine defi ciency, brought about by the 
increased glutamine requirements of immune cells, enterocytes, and hepatocytes, is thought to occur, 
and has led to the idea that glutamine is a “conditionally essential” amino acid in critically ill patients. 
It is widely accepted that immune system responses such as T-cell proliferation, B cell differentiation, 
macrophage phagocytosis, antigen presentation, cytokine production, and enterocyte barrier function 
target intestinal bacteria. 

 Under a stress condition, such as postliver transplantation and liver function deterioration, gluta-
mine exhaustion may easily occur without BCAA supplementation. In these patients with glutamine 
exhaustion, bacteremia may occur owing to bacterial translocation from gut and/or impaired immu-
nity (Fig.  15.2 ). Thus, especially in sarcopenic patients who have undergone liver transplantation, and 
who are supposed to have impaired glutamine production activity in their skeletal muscle, BCAA 
supplementation may be benefi cial for maintaining glutamine metabolism.

   By analyzing body composition, especially in the light of sarcopenia, custom-made nutritional 
support such as BCAA supplementation should be examined, and may be realized in the very near 
future.  
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    Conclusions 

 Recently, the various effects of BCAAs on liver, skeletal muscle, and host immunity have been exam-
ined and demonstrated in patients with end-stage liver disease [ 44 ]. BCAA supplementation preliver 
and post-liver transplantation may provide essential nutritional support for preventing posttransplant 
bacteremia. This nutritional support may improve protein synthesis and naturally acquired immunity. 
Furthermore, in patients with sarcopenia, which is a commonly observed condition in candidates for 
liver transplantation, BCAA supplementation may improve the outcome after liver transplantation. 
Further large-scale clinical trials are necessary to test this hypothesis.     
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