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   Abbreviations 

    α-KIC    Alpha- ketoisocaproic acid   
  ALT    Alanine amino transferase   
  BCAA    Branched chain amino acids   

  Key Points 

•     Leucine supplements are popular especially among athletes, due to the perception that leucine 
promotes endurance and enhances athletic performance.  

•   Current reported leucine intakes in developed countries among healthy adults is approximately 
200 mg kg day −1  .   

•   Currently no safe upper limits (UL) for leucine intake has been set.  
•   Recently using stable isotope labeled L-[1- 13 C]-Leucine and graded test intakes of leucine 

(50–1,250 mg kg −1  day −1 ), the upper limit to oxidize/metabolize leucine was tested in adult men.  
•   The oxidation of leucine measured as a rate of tracer oxidation plateaued with increasing intakes 

of leucine above 550 mg kg day −1  .   
•   Simultaneously increases in plasma ammonia concentrations, plasma leucine concentrations, and 

urinary leucine excretion were observed with leucine intakes above 500 mg kg day −1  .   
•   Taken together the data suggest 500 mg kg day −1  as a cautious estimate of the UL for leucine intake 

under acute dietary conditions.    
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  BCAT    Branched chain aminotransferase   
  BCDH    Branched chain ketodehydrogenase   
  CPS1    Carbamoyl phosphate synthetase 1   
  DRI    Dietary Reference Intakes   
  EAR    Estimated average requirement   
  F 13 CO 2     Label tracer oxidation   
  GDH    Glutamate dehydrogenase   
  NAGS     N -acetylglutamate synthase   
  NOAEL    No-observed-adverse-effect level   
  REE    Resting energy expenditure   
  UL    Tolerable upper intake level   
  VCO 2     Carbon dioxide production   

      Introduction 

 Use of dietary supplements, especially among athletes is increasing. It has been reported that 80–85 % of 
professional athletes consume nutritional supplements, including amino acids due to the perception that 
they enhance performance or recovery [ 1 – 3 ]. In the United States approximately 3.4 % of the general 
population uses amino acid supplements, 62 % on a daily basis [ 4 ]. Among the amino acids, the branched 
chain amino acids (BCAA-leucine, valine, and isoleucine) are popular as dietary supplements especially 
among strength training athletes. In particular, leucine as a supplement is widely consumed because it has 
been implicated to be the key amino acid involved in stimulating muscle protein synthesis [ 5 – 8 ]. Therefore 
it is perceived that leucine might improve athletic endurance, performance [ 9 – 16 ], and increase lean body 
mass, although some results [ 17 ] have been inconclusive. From a public health perspective dietary supple-
mentation of leucine in excess of requirement may have adverse health effects, and therefore additional 
knowledge is necessary regarding the highest possible intake of leucine at which no adverse effect occurs. 
This chapter will present current dietary leucine intakes, defi ne the concept of safe upper limits (UL), and 
summarize recent studies in animals and humans conducted to address leucine tolerability.  

   Current Leucine Intakes 

 In the recent Dietary Reference Intakes (DRI) report [ 18 ], based on distribution data from the 1988–1994 
NHANES III, mean daily intake of leucine for all life stage and gender groups from food and 
supplements were reported to be 6,100 mg day −1 . Men 51 through 70 years of age had the highest 
intakes, at the 99th percentile for leucine, at 14,100 mg day −1  (~201 mg kg day −1 ). Similar results have 
been reported from the UK adult National Diet and Nutrition Survey, ranging from a median to 90th 
percentile intake of 108–138 mg kg day −1 , respectively; the more recent UK survey [ 19 ] suggests a 
leucine intake of 200 mg kg day −1  in healthy adult men.  

   Defi ning Safe Upper Limits (UL) of Intakes for Leucine 

 The DRI’s refer to the safe upper limits of a nutrient as the Tolerable Upper Intake Level (UL), and is 
defi ned as, “the highest average daily nutrient intake level that is likely to pose no risk of adverse 
health effects to almost all individuals in the general population. As intake increases above the UL, 
the potential risk of adverse effects may increase.” [ 18 ] 
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 The term tolerable was chosen to avoid implying a possible benefi cial effect. Instead, the term is 
supposed to suggest a level of intake that can, with high probability, be tolerated biologically. 

 With respect to the BCAA supplements, earlier reviews [ 20 ,  21 ] have summarized studies in ath-
letes, normal adults, and patients with clinical disorders, and reported that intakes of 15–60 g day −1  
(~200–850 mg kg −1  day −1  for a 70 kg man) of total BCAA did not result in adverse event outcomes for 
the parameters monitored. A signifi cant problem with interpreting the reported human studies is the 
great variability in approaches; these experiments include supplements of all BCAA, at many different 
doses, different ratios among the BCAA in intake, different routes of infusion/feeding (intravenous 
versus oral), and different athletic training regimes. Therefore in the 2005 DRI report, no UL for 
BCAA, including for leucine, was set, and it was noted that there was a paucity of data from well- 
designed dose–response studies in both animals and humans.  

   Development of a Novel Approach to Defi ne UL 

 Based on the recommendations in the DRI (2005) report [ 18 ], we developed a conceptual model [ 22 ], 
which will help design studies to identify the UL for amino acids. We reasoned that markers for iden-
tifying excess intake of an amino acid should have specifi c dose–response characteristics. In particular, 
variation with intake should display an infl ection point that would identify the onset of the amino acid 
excess situation [ 22 ]. Previously, in neonatal piglets [ 23 ], an upper infl ection point was observed in 
the dose–response curve for phenylalanine retention and  14 CO 2  production from phenylalanine oxida-
tion with graded phenylalanine intake. Once the maximum level of phenylalanine oxidation was 
reached then plasma phenylalanine levels, and retention, rose rapidly. Hence, it is reasonable that a 
suitable marker to defi ne the upper limit of tolerance for a dietary amino acid would be the level of 
intake at which the maximum oxidation level was exceeded. 

 The above described response pattern for increasing phenylalanine intake should be observable 
for most amino acids and we proposed [ 22 ] that it can be applied to defi ne the UL. When the amino 
acid intake is low, protein synthesis, oxidation, and excretion of the amino acid and related metabo-
lites will be low (Fig.  1.1a ). With increasing intake of the limiting amino, retention of the amino acid 
will increase as a result of increasing utilization of the limiting amino acid for protein synthesis 
and other required metabolic functions. Therefore a positive slope in amino acid retention will be 
observed. Once the requirement for the amino acid is met for protein synthesis and related functions, 
additional increments of the test amino acid will be primarily catabolized in proportion to the extra 
intake. This increasing catabolism in proportion to intake will occur because each additional incre-
ment in intake will be in excess of the requirements for metabolism, and will be oxidized. In this 
zone, the catabolic pathways are suffi cient to deal with the excess intake and the excess amino acid 
is broken down and used for energy. For the range of amino acid intakes in this zone, a minimum 
slope or no slope in the retention of the amino acid will probably be observed, depending on the 
amino acid being tested. Further increases in amino acid intake will lead to a positive slope in the 
amino acid retention curve, due to increased retention of the amino acid in body pools. This increase 
in retention is a result of dietary intake exceeding the metabolic capacity to catabolize the amino acid 
in direct proportion to intake. This point, at which the metabolic capacity to catabolize or oxidize the 
excess amino acid is exceeded, can be regarded as one estimate of the UL because it represents the 
intake where the normal regulatory mechanisms are no longer suffi cient to dispose of the excess 
(Fig.  1.1b ). The amino acid intake corresponding to this infl ection point does not represent a toxic 
intake level, but rather suggests that with increasing dietary intakes above this level the potential or 
risk for adverse events will increase. Also, amino acid intakes above this point are usually character-
ized by an increasing rate of accumulation in blood and excretion of the amino acid, and its secondary 
catabolites in urine (Fig.  1.1a, b ).
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      Leucine UL in Animals 

 Sakai et al. [ 24 ] used the above-described approach to identify an excess intake of leucine in rats. 
They identifi ed the “metabolic limit” to catabolize leucine by measuring  13 CO 2  production arising 
from graded leucine intakes ranging from 0 to 30 % of the diet. The maximum limit to oxidize excess 

  Fig. 1.1    An approach to defi ne the safe upper limits of amino acids. ( a ) Schematic to describe body responses to 
increasing amino acid intake. ( b ) Patterns of response expected due to increasing intakes of amino acids. With increas-
ing intakes of the amino acid, oxidation of the amino acid will increase. Once the “metabolic limit” to oxidize the excess 
amino acid is reached, amino acid oxidation will plateau and this infl ection point will identify the upper tolerable intake 
limit (UL) for the test amino acid. As amino acid intake increases above the UL, the potential risk of adverse effects and 
toxicity may increase.  Source : Adapted from J Nutr, Pencharz et al.  J Nutr.  2008;138:1996S–2002S [ 22 ]       
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leucine was reached at 10 % of dietary intake; the oxidation achieved a plateau above the intakes of 
10 % dietary leucine or 8.9 g leucine kg −1 . This infl ection point was identifi ed as the UL for leucine 
intake in rats [ 24 ]. They also reported that plasma leucine and other plasma amino acid concentrations 
were not signifi cantly different among all the leucine intakes. Therefore, they were not able to identify 
accumulation of excess leucine and other metabolites as a potential biomarker, or surrogate marker. 
In an earlier study using a similar strain of rats and receiving a diet similar in composition, they 
observed signifi cant growth inhibition in rats fed 15 % leucine or 12.4 g leucine kg −1 . This suggests 
that the infl ection point, at which the maximum limit to oxidize excess leucine is reached, is an early 
marker to identify the potential for an adverse event (in this case – growth inhibition) and may identify 
the UL more appropriately. 

 Tsubuku et al. [ 25 ] in a controlled week-long experiment, with moderate or high amounts of 
protein in the diet, studied oral supplements of leucine excess in 4-week-old rats. They estimated 
~3,500 mg kg −1  day −1  to be the no-observed-adverse-effect level (NOAEL), based on body weight, food 
consumption, and hematological measurements. Mawatari et al. [ 26 ] in 10-week-old female rats esti-
mated that oral leucine at 1,000 mg kg −1  day −1  did not affect the outcome of pregnancy and did not cause 
fetal toxicity. Recently, Imamura et al. [ 27 ] under conditions of low-protein intake (6 %), suggested that 
2 % leucine in the diet may be the NOAEL, using a novel gene marker panel. Thus, as concluded earlier 
by Baker [ 28 ] young experimental animals are able to tolerate a considerable dietary excess of leucine, 
when consumed in diets containing suffi cient levels of protein and the other two BCAA.  

   Leucine UL in Humans 

 We hypothesized [ 29 ] that with increasing intakes of leucine above the estimated average requirement 
(EAR of 50 mg kg −1  day −1 ) in adult men [ 30 ], the oxidation of leucine will increase and will reach a 
maximum, after which the leucine oxidation will achieve a plateau. This ‘metabolic limit’ to oxidize 
leucine may be used as a marker of an intake after which increasing intakes may result in increasing 
risk of adverse effects. 

 Five healthy young men participated in the study [ 29 ]. Each subject participated in a dose- escalation 
study design, where graded stepwise increases in leucine intake were provided on each study day. 
This study design was chosen to ensure that with each increasing dose of leucine intake, subject safety 
could be monitored. Each subject was initially studied at a leucine intake of 50 mg kg −1  day −1 . 
Following this baseline study subjects received increased dietary leucine in a graded stepwise intake 
of 150, 250, 500, 750, 1,000, and 1,250 mg kg −1  day −1  corresponding to the EAR, EAR ×3, ×5, ×10, 
×15, ×20, and ×25 on separate study days. The study diets were adequate in protein (1 g kg −1  day −1 ), 
energy (1.5 × resting energy expenditure, REE), and all other nutrients including carbohydrates and 
fats [ 29 ]. The study days were separated by a minimum of 2 weeks to ensure a suffi cient washout 
period between the leucine excess study day diets. On each study day a baseline, and end of study 
blood and urine sample was collected for analysis of blood and urine biochemistry. 

   Leucine Oxidation 

 Oxidation of L-[1- 13 C]leucine to  13 CO 2  in breath (F 13 CO 2 ) was measured with increasing intakes of 
dietary leucine. F 13 CO 2  increased with increasing intakes of leucine until 500 mg kg −1  day −1 , after 
which oxidation remained at a plateau (Fig.  1.2a ). Two-phase linear regression analysis [ 31 ,  32 ] iden-
tifi ed a breakpoint at a leucine intake of 550 mg kg −1  day −1 , and this represents the maximum leucine 
oxidative potential in vivo in adult men [ 29 ]. Leucine oxidation (measured from plasma enrichment 
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of leucine) and KIC oxidation (a surrogate measure of intracellular leucine enrichment and oxidation) 
showed a dose response with increasing leucine intakes, which appeared to reach a plateau after 
500 mg kg −1  day −1  although absolute leucine oxidation seemed to be increasing (Fig.  1.2b, c ). Thus the 
metabolic capacity to dispose of excess leucine intake occurs between 500 and 700 mg kg −1  day −1  and 
the effi ciency of leucine oxidation appears to have reached a plateau. Nevertheless, plasma and urinary 
biomarkers as discussed in the following sections displayed a simultaneous change that correlated 
with the 500 mg leucine kg −1  day −1 .

      Plasma Ammonia and Biochemical Measures 

 There was a concomitant increase in blood ammonia concentrations (Fig.  1.3a, b ) above normal values 
(<35 μmol/L) with signifi cant increases in plasma leucine concentration (Fig.  1.4a ) and urinary leucine 
excretion (Fig.  1.4b ) in all subjects with intakes of leucine above 500 mg kg −1  day −1 , suggesting that 

  Fig. 1.2    Graded dietary excess leucine intake and metabolic oxidative capacity in healthy young men ( n  = 29 observa-
tions). ( a ) Production of  13 CO 2  from the oxidation of orally administered L-[1- 13 C]-Leucine in young men (F 13 CO 2 ). The 
oxidation of L-[1- 13 C]leucine to  13 CO 2,  calculated as F 13 CO 2,  showed a signifi cant response ( P  < 0.0001) to increasing 
leucine intakes. Statistical analysis performed using mixed models ANOVA, followed by two-phase linear regression 
analysis. Using two-phase linear regression analysis, a ‘breakpoint’ in F 13 CO 2  was identifi ed at 550 mg kg −1  day −1  
( r  2  = 0.85). The lower and upper 95 % CI was calculated to be 454 and 647 mg kg −1  day −1 , respectively. ( b ) Leucine oxida-
tion. ( c ) KIC 1  oxidation.   1   KIC, alpha-keto isocaproic acid. Source : Elango et al.  Am J Clin Nutr.  2012;96:759–767 [ 29 ]       
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  Fig. 1.3    Graded dietary excess leucine intake and blood ammonia levels. Values are means ± SD;  n  = 2 to 5 per mean; 
symbols with different superscript letters are signifi cantly different,  P  < 0.05. Statistical analysis performed using mixed 
models ANOVA and post-hoc analysis using Tukey-Kramer’s multiple comparison tests.  Dotted lines  indicate normal 
blood ammonia levels in young men (35 μmol/L). ( a ) Comparison of blood ammonia concentrations between fasted 
(pre) and end of study day (post) blood samples; ( b ) Blood ammonia concentrations at the end of each study day. 
 Source : Elango et al.  Am J Clin Nutr.  2012;96:759–767 [ 29 ]       

  Fig. 1.4    Graded dietary excess leucine intake and plasma leucine concentrations, urinary leucine excretion, and plasma 
KIC concentrations. ( a ) Plasma leucine concentrations. ( b ) Urinary leucine excretion. ( c ) Plasma KIC 1  concentrations. 
  1   KIC, alpha-keto isocaproic acid. Source : Elango et al.  Am J Clin Nutr.  2012;96:759–767 [ 29 ]       
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higher intakes might be harmful. Urinary excretion of KIC increased, although the increases were not 
signifi cant until 1,250 mg kg −1  day −1  (Fig.  1.4c ). Taken together the data suggest 500 mg kg −1  day −1  as 
a cautious estimate of the UL for leucine intake under acute dietary conditions [ 29 ,  33 ].

    Plasma and urine samples were analyzed for other biochemical measures as potential markers of 
leucine UL. Although plasma ammonia concentrations signifi cantly increased with increasing leucine 
intakes (Fig.  1.3a, b ), no signifi cant changes were observed for urea, creatinine, ALT, glucose, insulin, 
electrolytes (sodium, potassium, chloride), complete blood count including hematocrit, WBC, RBC, 
and hemoglobin [ 29 ]. Leucine has been suggested to act as an insulin secretagogue [ 34 ,  35 ], but we 
did not observe signifi cant changes in plasma insulin due to increasing leucine intakes and plasma 
glucose remaining within the normal range of 3.3–6.1 μmol/L. Plasma leucine concentration increased 
signifi cantly with leucine intakes greater than 500 mg kg −1  day −1 , and plasma valine and isoleucine 
concentrations decreased signifi cantly with increasing leucine intakes (Fig.  1.5a, b ), as reported previ-
ously [ 36 – 39 ]. The BCAA share a common catabolic pathway with the branched chain ketodehy-
drogenase (BCDH) controlling the irreversible catabolic step, which commits the carbon skeleton of 
the BCAA to the TCA cycle. Leucine concentrations have been shown to stimulate BCDH, as well as 
to compete with the other two BCAA for metabolism in vivo [ 40 ]; this phenomenon, referred to as 
BCAA antagonism, is well documented [ 36 ].

      Potential Mechanism to Explain Plasma Ammonia Increase 

 Leucine has been shown to be an activator of glutamate dehydrogenase (GDH) [ 41 ], which results in 
alpha-ketoglutarate and ammonia production (Fig.  1.6 ). Leucine concentrations above 800 μM acti-
vates GDH to dispose of the surplus amino acids [ 42 ]; in the current study plasma leucine concentra-
tions increased well above 2,000 μM, potentially leading to increased blood ammonia concentrations. 
Furthermore accumulation of isovaleryl CoA, a metabolite formed from leucine catabolism, has been 
shown to inhibit  N -acetylglutamate synthase (NAGS) [ 43 ]. NAGS is an activator of carbamoyl phos-
phate synthetase 1 (CPS1), which regulates the urea cycle [ 43 ]. With inhibition of NAGS, CPS activa-
tion would not have occurred (Fig.  1.6 ), and possibly explains the increase in blood ammonia with no 
change in blood urea concentrations.

  Fig. 1.5    Graded dietary excess leucine intake and plasma isoleucine, valine concentrations. ( a ) Plasma isoleucine 
concentrations. ( b ) Plasma valine concentrations.  Source : Elango et al.  Am J Clin Nutr.  2012;96:759–767 [ 29 ]       
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       Leucine UL in Relation to Current Leucine Intakes 

 An analysis of the current habitual leucine intake was conducted in strength-training athletes who are 
chronic amino acid supplement users. The average protein intake [ 44 ] in these athletes was reported 
to be ~2 g kg −1  day −1 . Mean leucine content in food is ~15 % [ 45 ]. Therefore, for an athlete weighing 
80 kg, the dietary leucine intake is 300 mg kg −1  day −1 . BCAA supplements available contain a maxi-
mum 1,800 mg/serving [ 29 ], with a suggested dose of 3 doses per day; this equals ~67.5 mg kg −1  day −1 . 
Therefore, the habitual total exposure of adults consuming 2 g protein kg −1  day −1  and this amino acid 
supplement is at ~367 mg kg −1  day −1 . These calculations reveal that most people, including athletes, 
consume less than the UL for leucine oxidation determined (500 mg kg −1  day −1 ). However, there is 
probably a range in protein and leucine intake amongst athletes, with some consuming more than the 
recommended dose and thus at potential risk of adverse effects. The impact of chronic consumption 
of excess leucine by humans remains unknown, as the study was conducted with an acute dietary 
supply of leucine. A high chronic intake may either reduce the risk of adverse effects, by increasing 
the basal leucine oxidation rate, or increase the risk of adverse effects by gradual accumulation of 
metabolic events associated with excess intake, and such effects need to be confi rmed in the future 
with long-term leucine supplementation, as recently recommended [ 46 ].  

  Fig. 1.6    Potential mechanism to explain hyperammonemia due to increasing leucine intakes. Leucine has been shown 
to activate glutamate dehydrogenase (GDH), which results in alpha-ketoglutarate and ammonia production [ 41 ]. In 
addition, catabolism of leucine yields isovaleryl CoA, a known inhibitor of  N -acetylglutamate synthase (NAGS) [ 43 ]. 
NAGS activates carbamoyl phosphate synthetase 1 (CPS1), which regulates the urea cycle [ 43 ]. With inhibition of 
NAGS, CPS activation would not have occurred, and possibly explains the increase in blood ammonia with no change 
in blood urea concentrations       
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   Conclusions 

 In summary, in the recent human study [ 29 ] with increasing intakes of leucine, a dose–response in 
leucine oxidative capacity was observed, with a breakpoint estimated at 550 mg kg −1  day −1  or 39 g day −1 . 
Simultaneous and signifi cant increases in blood ammonia concentrations, plasma leucine concentra-
tions, and urinary leucine excretion were observed with leucine intakes higher than 500 mg kg −1  day −1 . 
These results taken together with the recent animal data [ 27 ] suggest that under acute dietary condi-
tions, as a cautious estimate, intakes greater than 500 mg leucine kg −1  day −1  may potentially increase 
the risk of adverse events, and could be proposed as the UL for Leucine in healthy adults [ 47 ].     
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