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A BST R A C T  
 
 
 

K@-'.&C#0/.$&?#+/!84*$-$'#.#0!$=#)/.-($!#'=4$'#5#'+$to a new trend in aged individuals who 

simultaneously demonstrate reductions and increases in lean mass and fat mass, respectively. As 

the elderly population increases, the economic burden of sarcopenia also tremendously increases.  

Recent evidence reveals that HMB directly increases fat oxidation and regulates myoblast 

differentiation and survival in cell culture, supporting a possible role in attenuating sarcopenic 

obesity. However, the efficacy of HMB on myogenic capacity and myofiber dimensions has not 

been investigated. Therefore, the overarching aim of the present study was to determine the 

effects of 16 wks of HMB administration in young and old rats on age-related changes in body 

composition, functionality and myofiber dimensions. We also sought to investigate the possible 

cellular and molecular mechanisms, which mediated these effects. Twelve young (44 wks), 6 

middle aged (60 wks), 10 old (86 wks), and 5 very old (102 wks) male Fisher 344 rats were 

studied. Their body compositions (dual X-ray absorptiometry, DXA), grip strength and sensory 

motor function (incline plane) were assessed pre- and post-intervention. After DXA, 6 young, 6 

middle aged, 5 old and very old rats were sacrificed for baseline muscles, and remaining young 

(44 wks) and old (86 wks) rats were given 1% HMB (0.46 g/kg/d) feed for 16 wks and then 

sacrificed for pre- and post-HMB molecular analysis and for diffusion tensor imaging (DTI) of 

the soleus and gastrocnemius muscles. Transcript factors involved in muscle cell regeneration 

and growth: myogenin, myogenic differentiation factor (MyoD), and insulin-like growth factor-

IEa (IGF-IEa), mechano growth factor (MGF), myostatin, eukaryotic initiation factor 4E binding 

protein 1 (4EBP1), and atrogin-1 were also assessed with RT-PCR. There was a group effect for 

total body mass (TBM) increasing (+23%) in the control, but not in the HMB group from 44-60 

wks, while it maintained in the control, and declined (-20%) in the HMB group from 86-102 

wks. Fat mass (g) increased in the middle aged control (+49%) but not in the HMB group. Fat 

mass declined (-56%) in the old HMB group but not in the control group. There were overall 

declines of 25% in absolute grip strength from 44 to 102 wks of age. However, when normalized 

to TBM, there was a significant group x time effect (p<0.05) in which strength declined in the 

control group, but was maintained in the HMB group from 44-60 wks. Moreover, HMB 

improved strength normalized to TBM (+23%) (p<0.05) from 86-102 wks, with no change in the 
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control group. There was a main time effect for sensory motor function, declining 14% (p<0.05) 

from 44 to 102 wks of age. However, the HMB group demonstrated an 11% increase (p<0.01) 

from 44-60 wks. There were declines in gastrocnemius, plantaris, and soleus weights normalized 

to TBM from 60-102 wks. While HMB had no effects on the gastrocnemius, there were 

decreases in control planaris (-21%) and soleus (-15%) muscles, which maintained and increased 

(+12%), respectively, in the HMB group from 44-60 wks. There was a significant decline in 

DTI-determined myofiber dimensions in the gastrocnemius and soleus from 44 to 102 wks as 

indicated by declines in eigenvalues 2 and 3 (representative of the cross sectional area) in the 

102-wk control, but not 102-wk HMB condition. There were significant group effects for both 

the soleus (p<0.05) and gastrocnemius muscles (p<0.05) for expression of atrogin-1 mRNA 

which was greater in the 102-wk control group than all other groups in both the soleus and 

gastrocnemius. However, the rise was blunted in the soleus in the 102-wk HMB condition. There 

was a main group effect in the soleus for myogenin (p<0.05) which while approaching 

significance in the 102-wk control group (p=0.056) only significantly increased in the 102-wk 

HMB group relative to the 44-wk group (p<0.05). While no other main effects were found in any 

genes analyzed, post hoc analysis revealed that myostatin was lower in the gastrocnemius, and 

IGF-IEa was greater in the soleus in the middle aged HMB group than the control group. Our 

findings suggest HMB may produce a leaner phenotype in middle aged and older individuals, 

and may blunt the age-related loss of myofiber dimensions in lower limb muscles. These effects 

on myofiber dimensions may be mediated by prevention of protein breakdown (atrogin-1) and 

/=C'&3#=#0!$&5$=8&,#0/.$.-C-./!8L$"&%#3#'4$!"#$=#."-0/+=+$10)#'(8/0,$MFN*+$#55#.!+$&0$5-!$

metabolism remain to be elucidated. 
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C H APT E R I 
 

IN T R O DU C T I O N 
 
 

 In the 20th century, the United States experienced a 57% increase in lifespan (from 49.2 to 

76.5 years) (1).  With continued growth per annum (2-5) life expectancy is projected to rise to 

approximately 80 and 84 years of age in women and men respectively by the year 2050 [99].  

However, data suggest that a general 30% loss of muscle tissue occurs from the 5th to 8th decade 

of life [103].  This progressive age related loss of muscle tissue, strength and function is termed 

sarcopenia [185] and is associated with a greater likelihood of disability, functional impairment 

in activities of daily living [13, 82], incidence of falls (11-14), insulin resistance [43], and hip 

fractures [102].  Each of these factors appears to contribute to a projected doubling of 65 year 

olds using nursing homes by 2020 (1).  As individuals aged 65 years or older increase from 13% 

to 20% of the population from 2000 to 2030 (1), a paralleled 2 billion to 6 billion dollar increase 

in hip fracture expenditures is projected to occur (1).  Therefore, an understanding of factors 

which cause slow or possibly reverse sarcopenia is critical for improving the quality of life in 

elderly populations, as well as blunting the estimated rise aging incurs on the economy. 

          While the etiology of sarcopenia is far from understood, progression of sarcopenia may be 

partially if not primarily driven by a failing compensatory effort within skeletal muscles to stave 

off degeneration/deterioration processes that impair the mitogenic and myogenic mechanisms 

responsible for maintenance of muscle mass and muscle protein turnover.  

          Within the last decade, the importance of long-term essential amino acid (EAA) 

supplementation has been raised for the prevention and treatment of sarcopenia [36, 59, 64, 88, 

188].  Leucine has been found to be a crucial component within an EAA complex to combat 

sarcopenia [64, 88].  One of the primary mechanisms leucine prevents muscle wasting is by its 

conversion to G-hydroxy G-methylbutylate (HMB)  [195].  However, only approximately 5% of 

leucine is metabolized into HMB [179].  Thus, an individual would need to consume 60 g of 

leucine in order to obtain the most frequently administered dosage (3 g) for this supplement in 

research studies.  HMB has attenuated muscle wasting in numerous clinical situations including 

those involving cancer [53, 165, 166], human caloric restriction [34], and limb immobilization 

[168].  HMB also has been found to counter age-related losses in limb circumference [59], upper 
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and lower body strength [188] and functionality in activities of daily living [59].  To our 

knowledge, no research has investigated the effects of HMB on muscle cell (myofiber) growth 

neither the underlying cellular and molecular mechanisms especially in aging muscles.   

            We have the unique advantage of incorporating advanced ex vivo magnetic resonance 

(MR) [129] imaging techniques which allows us to quantify changes in myofiber dimensions 

with age.  In the present study, MR-determined myofiber dimensions were analyzed concurrently 

with in vivo body composition and functionality assessments.  In vitro cellular and molecular 

analysis was also conducted to study the underlying mechanisms which would =#)/-!#$MFN*+$

effects on aging skeletal muscle.   

Specific A ims 

          The specific aims of the proposed project were: 1) to investigate the extent to which 16 

wks of HMB supplementation in middle aged and old rats reversed negative changes in body 

composition [lean body mass (LBM) and fat mass (FM)] and blunted sarcopenia in myofiber 

dimensions using the in vivo dual x-ray absorbtiometry (DXA) and ex vivo MR techniques, 

respectively; 2) !&$-0-(8O#$MFN*+$#55#.!+$&0$-,#$'#(-!#)$."-0,#+$/0$+!'#0,!"$-0)$+#0+&'/=&!&'$

function; and 3) to investigate underlying molecular mechanisms by which HMB may attenuate 

age-related muscle impairments.  Specific Aim #3 was pursued by examining changes in 

expression levels of target genes including genes involved in muscle cell regeneration/growth 

myogenic regulatory factors [MRFs: myogenin, myogenic differentiation factor (MyoD)], and 

insulin-like growth factor-I (IGF-I); myostatin, eukaryotic initiation factor 4E binding protein 1 

(4EBP1), and atrogin-1.  

Research Hypotheses 

          We anticipated that during the 16 wks experimental period, body fatness of the middle 

aged control animals would increase, while lean body mass, and myofiber dimensions would be 

maintained in size and function.  We also anticipated that animals in their sarcopenic years 

would exhibit relatively accelerated structural and functional sarcopenic processes [76], and this 

observation would be concurrent with greater declines in the mitogenic and myogenic profile.  

We anticipated that aging animals undergoing 16 weeks of daily HMB administration would 

have a reduced rate of sarcopenic processes in cross sectional area (CSA) of whole muscle and 

myofibers concurrently with declines in body fat.  We hypothesized that favorable changes in 

myofiber dimensions would depend on changes in regulators of cell proliferation,  including 
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suppression of myostatin mRNA expression and up-regulation of myostatin complex protein, 

insulin-like growth factor-I (IGF-I), and an increase in myogenic regulatory factors.  HMB 

administration would also optimize protein turnover during the aging process (e.g., upregulation 

of 4EBP-1 and downregulation of atrogin-1).   

Assumptions  

     The following assumptions for this study included:  

1.   All laboratory equipment yielded accurate measurements over the course of repeated testing.  

1. All animals were free of disease and muscle wasting afflictions such as cancer.  

2. All animals received similar handling and treatment. 

Delimitations  

The delimitations for this study included:  

1. There was a total of 32 male Fisher 344/NHSD.   

2. Animals will be free of any physical illnesses, particularly those that that may increase 

muscular atrophy.  

L imitations 

1.  Because MR technology is currently not able to calculate human myofiber dimensions, the 

study was constrained to studying F344 rats.  However, we have selected this model 

specifically because F344 male rats have demonstrated significant decreases in body mass 

(11%), and muscle mass in both soleus (13%) and extensor digitorum longus (13%) muscles 

at 26 months of age as compared to 12 months of age.   

2. The second major limitation was that our animal model consisted of male rats only as female 

F344 rats have not shown a decreased growth rate during senescence (22-26 months). 

Definition of T erms 

Sarcopenia P The progressive loss of muscle tissue that occurs with aging, which is 

primarily responsible for age-related decreases in muscle strength and power (103). Sarcopenia 

generally accelerates beyond the 5th decade and leads to a host of functional limitations and 

comorbidities that markedly impair quality of life with aging [3]. 

Impaired regenerative capacity P An impaired ability of skeletal muscle to recover 

following lowered activity [30], injury [89], or high intensity resistance training [96].   
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Impaired sarcolemmal integrity P A lowered resting integrity of the muscle cell 

membrane.  In sarcopenic muscle, this is characterized by higher basal expression of stress 

sensitive MRFs [92], chronic low grade inflammation [169], extensive resting Z band streaming, 

zigzagging, and in cases the complete disarray of the myofibril architecture [161], which aside 

from MRFs are all increased to a greater extent following resistance training in the elderly 

relative to the young [175]. 

 Insulin like growth factor-I (IGF-I) Ea and Ec P IGF-IEa is released from the liver and is 

a 70 amino acid peptide resembling the hormone insulin.  IGF-IEa and IGF-IEc also termed 

mechanogrowth factor (MGF) due its sensitivity to mechanical induced stimuli are unique in 

their capacity to stimulate the expansion of existing myonuclear domains through translation 

initiation induced protein accretion as well as facilitate further growth through stimulation of 

satellite cell mitogenic and myogenic processes.   

Mammalian target of rapymysium (mTOR) pathway P The primary pathway responsible 

for exercise induced skeletal muscle protein synthesis through enhancing translation 

initiation[53].   

Myogenic regulatory factors P A class of proteins which mediate the commitment of 

somatic cells to the myogenic lineage [97, 158].  Myogenic regulatory factors responsible for 

early differentiation include Myf5, and MyoD [97, 158], while Myogenin and MRF4 are thought 

to mediate terminal differentiation of muscle stem cells to fully committed, fusion capable 

myoblasts [158].     

Myonuclear domain P The myonuclear domain is comprised of a myonucleus and the 

limited region of cytoplasm that it controls.  Petrella and Kim et al. [140] have provided evidence 

that the myonuclear domain can only expand to an area of ~2,000 µm2 prior to the necessary 

addition of new nuclei for continued growth.   

Neuronal Nitric Oxide Synthase (nNOS) P Nitric oxide synthase is an enzyme 

responsible for converting L-Arginine into nitric oxide (NO), a small and electrically neutral 

molecule capable of moving with ease though tissue [7].  nNOS is one of three isoforms of NOS 

which is found in the transmembrane / dystrophin protein complex of skeletal muscle [150] and 

is thought to be activated by mechanical shear forces, as well as increased intracellular Ca2+ 

concentrations during exercise [177].   
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Ubiquitin-proteasome-proteolytic pathway (Ub-pathway) P The Ub-pathway appears to 

be primarily responsible for specific intracellular protein degradation in skeletal muscle [167] 

and is increased in activity across muscle wasting conditions [192].  The Ub-pathway involves 

the covalent attachment of multiple ubiquitin molecules to the protein substrate to be degraded.  

Q0.#$K!-,,#)*$!"#$+1?+!'-!#$/+$'#.&,0/O#)$-0)$+1?+#R1#0!(8$)#,'-)#d by the 26s proteasome 

complex [142].  
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C H APT E R I I 
 

R E V I E W O F R E L A T E D L I T E R A T UR E 
 
 
 

When -0$/0)/3/)1-(*+$=1+.(#$=-++$5-((+$=&'#$!"-0$!%&$+!-0)-')$)#3/-!/&0+$?#(&%$!"#$

sex-specific mean obtained from normative data of premenopausal women and men under 50 

years of age, the individual is determined to have sarcopenia [117].  The prevalence of 

sarcopenia increases from 13P24% in persons 50-70 years of age to >50% in persons over 80 

years of age [19].  Maintenance of muscle mass is a concern in the elderly as its decline is 

associated with a two to three times greater likelihood of functional impairment in activities of 

daily living such as shopping and performing household chores than in individuals who fall 

within a normal range of skeletal muscle tissue (Janssen et al., 2003).  The most severe 

consequence of sarcopenia occurs when an individual loses his or her capacity to remain 

functionally independent [183].  Research suggests that sarcopenia may occur through alterations 

in protein balance [64, 182, 185], which are accompanied by alterations in mitogenic, and 

myogenic capacity [92, 93, 115].  However, various nutritional interventions which manipulate 

the essential amino acid leucine have demonstrated positive effects in reversing age related 

decrements in protein balance [35, 36, 88].  Recent evidence suggests that the leucine metabolite 

beta-hydroxy-beta-methylbutyrate may partia((8$=#)/-!#$(#1./0#*+$#55#.!+$/0$-,/0,$=1+.(# [14, 

59, 94].  Therefore, following review of literature will provide an extensive analysis of research 

characterizing the etiology of sarcopenia, and the alterations in protein balanace, and mitogenic / 

myogenic potential which underlie sarcopenia.  Finally, the role of the leucine metabolite beta-

hydroxy-beta-methyl-butyrate (HMB) in countering sarcopenia will be discussed.   

Changes in Muscle T issue with Aging 

 In a now landmark study, Lexal et al. [107] investigated the total number, size and 

proportion of different fiber types in whole vastus lateralis muscle in 15- to 83-year old men.  

This cross sectional analysis indicated that muscle mass peaked at approximately 25 years of age 

and began to decline thereafter.  From age 25 to 50 years, there was a 10% loss of muscle tissue, 

explained by atrophy and a 5% loss of muscle fibers.  From age 50 to 80 years, a further 

dramatic 30% loss of muscle tissue was found, which was mainly attributed to a 35% decrease in 

fiber number.  Although muscle fiber loss was homogenous across fiber types, selective atrophy 
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appeared to occur in type II muscle fibers with little or no changes occurring in type I fiber cross 

sectional area (CSA) (17-20).  These changes were illustrated by Cogan et al. [33] who found 

that type IIX fibers were 22% smaller in aged men compared to 13% smaller in IIA fibers.  In the 

same study elderly women demonstrated 30% decreases in type IIX fibers compared to 24% 

decreases in type IIA fibers.  Selective atrophy between fiber types is at least partly explained by 

genetic regulation as indicated by a loss of IIa myosin heavy chain (MHC) mRNA, a greater loss 

in IIX MHC mRNA, with no change occurring in type I MHC mRNA [15].  The relative loss of 

muscle tissue as indicated by total lean thigh mass appears to be similar in both men and women 

[141], while an analysis within fast twitch fiber types indicates more pronounced atrophy in 

elderly women as compared to elderly men [33, 141].     

 A major mechanism proposed for muscle fiber loss with aging is an impaired 

deinervation-reinervation cycle of neurons to muscle fibers in the elderly (18, 23).  In the young 

this process occurs such that the ratio of deinervation to reinervation remains relatively constant, 

but in the elderly impaired reinervation increases the ratio [108].  One model utilized by 

Kawabuchi and colleagues [89] found that injury to nerve branches resulted in slowed nerve 

sprouting in elderly animals from the same neuron to reinervate muscle fibers of the damaged 

nerve.   

 Muscle fiber loss has been generally attributed to both central and peripheral deinervation 

of motor units with aging [28, 116]. Central deinervation is indicated by a lower number of 

motor neurons in the ventral horn, while peripheral deinervation is suggested by a greater rate of 

axonal withdrawal relative to axonal sprouting in aged vs. young rats [28].  Data indicate that 

during the net deinervation process an overall remodeling of motor units occurs such that muscle 

fiber types begin to group or cluster together forming a patchy appearance, opposite of the 

mosaic presentation of young muscle tissue [106].  The mechanism appears to be related to 

motor neurons of neighboring fibers branching and taking over control of non innervated muscle 

fibers [106].   

 Longitudinal studies have at minimum confirmed, while in cases amplified cross 

sectional results.  For example, a 12 year assessment of muscle tissue in 9 healthy men initially 

aged 65 years of age indicated a 1.4% decrease in muscle tissue per annum [62] as compared to 

the 1% found by Lexal and colleagues [107].  Annaisi et al. [8] provided more detailed data of 

fiber type changes in an 11 year longitudinal study with the initial age of men ranging from  68 



 8 

to 71 years of age.  After 7 years, participants experienced a 14 and 25% reduction in type IIA 

and IIX fiber size, respectively, with no significant changes occurring in type I fibers.  These 

changes were accompanied by a decrease in capillary density which may indicate that decreased 

activity is a partial mechanism responsible for sarcopenia [33].  Intriguingly enough however, 

these individuals appeared to compensate with an actual increase in CSA of type I and IIA fibers 

in the final 4 years of the study, which may be an adaptation to an overall decrease in muscle 

fiber number.   

 In summary (table 1.0), data suggest that muscle tissue peaks at approximately 25 years 

of age and decreases by 10% by age 50 years [107], with an accelerated loss ranging from 0.5 to 

1.0% in cross sectional studies (29, 30) to 1.4% in longitudinal studies [62].  For the reason that 

motor units remain relatively stable in number up to age 60 years [116], it may be inferred that 

overall atrophy is explained largely by changes in protein balance [185] and a small loss of 

muscle fibers prior to 60 years [107].  After 60 years, an accelerated motor unit loss is suggested 

to take on the dominant role in muscle tissue decrements [107].  While muscle fiber loss appears 

to be homogenous [107], atrophy is selective and occurs to the greatest extent in type IIX fibers, 

followed by IIA fibers, with no significant decrease in type I fibers [33].  Finally, data indicate 

that muscle fiber loss is at least partly explained by the outpacing of deinervation relative to 

reinervation in aging muscle tissue [108].  As neighboring neurons sprout and take over control 

of non innervated fibers, aging muscle develops a patchy or clustered appearance relative to the 

more heterogeneous / mosaic presentation of motor units in young individuals [105, 106].   
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Table 1.0: Changes in muscle CSA, Strength, and Power from Young to Old Age 
 

 

 Peak 
Age (yr) 

25-50 (yr) 50-80 (yr) Gender 
differences 

Mechanisms 
Of decline 

Muscle 
CSA 

25[107] - 10% [107] -30%  at a rate 
of 1-1.4% per 
yr. [62, 98, 
112] 
totaling - 
40%; 
 

Similar LBM 
changes [13], 
but greater rate 
of loss in type 
II fibers in 
females [13, 
103].   

< 60 P negative protein 
balance [185] 
> 60 P Impaired MF 
reinervation leading to 
35% MF loss[10, 107, 
108];  Decreased type II 
MHC mRNA leading to 
selective atrophy of type 
II fibers[33] 

Strength  30s[103] Relatively 
maintained 
[103, 181] 

8-15% loss of 
strength after 
the age of 50 
per 
decade[62, 
86, 103, 108] 

Similar when 
normalized to 
FFM or when 
CSA is plotted 
against 
age[125] 

Declines in CSA (R2 = 
0.9)  
 

Power  20s[81, 
98, 118] 

- 18% [98] Accelerated  
rate of -1.03% 
per yr 60-70 
yrs; 1.42% 
70-80 yrs; 
2.36% 80-90 
yrs [98].   

Similar in both 
men and 
women [81, 
118, 163] 

Declines in force 
through loss of muscle 
tissue and motor unit 
loss [98]; declines in 
velocity explained by 
selective deinervation of 
fast twitch motor units 
[178], selective atrophy 
of fast twitch muscle 
fibers [33], and 
excitation contraction 
uncoupling [44, 46, 
136]. 

 
 
CSA = Cross Sectional Area; MF = Muscle Fiber; LBM = Lean Body Mass.   
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Changes in Absolute and Relative Strength  
         Data indicate that after the age of 74 years, 30% of men and an astonishing 66% of women 

in the United States are incapable of lifting objects greater than 4.5 kg [83].  The following 

section will characterize changes in strength in the elderly relative to young individuals, as well 

as possible mechanisms behind these changes.  Larson et al. [103] in an extensive cross sectional 

analysis of both isometric and dynamic strength in 114 sedentary men aged 11 to 70 years of age 

found that strength rose up to 30 years of age, was maintained through age 50 years of age, and 

progressively declined thereafter.  These findings were supported by Vandervoort et al. [181] 

who found no significant relationship between normalized strength and age for subjects 20-52 

years of age (r = 0.043), with a significant negative relationship occurring for subjects aged 60-

100 years of age (r = -0.604).  Although studies have indicated strength can begin to decline as 

early as 40 [108]4$E-'+&0$#!$-(6*+$[103] findings are generally supported across protocols (32, 33), 

occurring in a similar manner across genders when normalized for either fat free mass or muscle 

mass [62], or when CSA is plotted against age [108].  Data particularly for cross sectional studies 

indicate an 8-15% loss of strength after the age of 50 years per decade [62, 86, 103, 108], while 

longitudinal data indicate even higher rates ranging from 1.4-5% per annum [8-10, 63, 148, 197].   

 While a number of factors may contribute to losses in strength, longitudinal data indicate 

that 90% of the variance in strength decrements are explained by changes in CSA such that, a 

decrease of 1 cm2 in CSA is associated with a 2.68 N· m decrease in strength [63].  In addition to 

absolute strength changes, there is a change in relative strength.  Relative strength is expressed as 

strength per unit whole muscle CSA [125], as well as through direct force transduction in 

isolated muscle fibers [63].  At the whole muscle level, changes in relative strength are at least 

partially attributed to a reduction in functional motor units, as illustrated by Stalberg et al. [170] 

who found a 25% reduction in functional motor units after the age of 60 years.  Other changes 

may be related to an increase in fat and connective tissue with age [112], as well as atrophy of 

type II fibers which demonstrate up to a 1.8 times greater intrinsic force than type I fibers [125].  

Strength losses at the single muscle fiber level appear to be related to a progressive impairment 

in excitation contraction coupling processes and therefore a reduced formation of actin myosin 

cross bridges [63].   
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Changes in Power and Velocity with Age  

 Cross-sectional and longitudinal data suggest that reductions in power begin earlier than 

strength (30-40 yr) in both women and men [81, 118, 163].  When averaged across 335 healthy 

men aged 22-88 years of age, Kostka et al. [98] found an approximate 10% loss of cycle 

ergometer power per decade.  However, when each decade was evaluated as a single unit, 

declines in power were found to accelerate after 60 years such that power declined per annum by 

1.03% from the sixth to seventh decade, 1.42% from the seventh to eighth and 2.36% from the 

eighth to ninth decade.  Power is a function of force and contractile velocity [98].  To illustrate, 

Kostka et al. [98] found that a 10% loss in power was explained by a loss of thigh muscle mass 

(4.1% decline per decade) and maximal velocity (6.6% decline per decade) on the cycle 

ergometer.  The finding that force decrements do not entirely explain losses in power are 

supported across studies [58, 163].  For example, Skeleton et al. [163] found that isometric 

strength and leg extensor power decreased over the age range of 65-89 years in elderly men 

(n=50) and women (n=50) at a rate of 1-2% per annum and 3 1/2% per annum, respectively.    

Changes in velocity are generally explained by selective deinervation of fast twitch motor 

units [178], selective atrophy of fast twitch muscle fibers [33], and excitation-contraction (EC) 

uncoupling [44, 46, 136].  Selective deinervation and loss of fast twitch motor units is supported 

by higher firing rates in young (40 Hz) compared to elderly whole muscle (10 Hz) tests [178].  

EC uncoupling can be defined as the impaired transmittal of membrane depolarization to 

sarcoplasmic reticulum (SR) calcium (Ca2+)  release leading to impaired contractile function 

[136].  For the reason that aging muscle fibers are associated with a decrease in Ca2+ current 

following stimulation [44-46], it is generally accepted that impairment exists between the 

transverse-tubule (t-tubule) situated voltage sensors known as dihydropyridine receptors (DHPR) 

and the sarcoplasmic reticulum specific ryanodine receptors (RYR1) which release Ca2+ after 

activation by DHPR [46].  This uncoupling process is thought to be a factor of decreased number 

and or function of both DHPR and RYR1 [136].  In support, data suggest that aging is associated 

with a decreased number of both DHPR and RYR1 per mg of membrane protein [153].   

Delbano [45] and Payne et al. [136] have proposed the neurogenic hypothesis which 

suggested that progressive deinervation with age at least partly explains the EC uncoupling 

phenomena.  The neurogenic hypothesis is supported by animal models which have found 

decreased DHPR and RYR1 mRNA in response to nerve crushing injury [136] and decreased 
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Ca2+ current activation and charge movement in deinervated mammalian skeletal muscle fibers 

[44, 45].  Further support for the stimulatory effects of nerve activity has come from up-

regulation of DHPR and RYR1 following chronic muscle fiber stimulation [139] and aerobic 

exercise [157].  Another key component to their hypothesis is the interaction between insulin like 

growth factor-1  (IGF-I) and EC coupling.  IGF-I over expression in skeletal muscle prevents 

age-associated decreases in specific force [71], maintains EC coupling and DHPR concentration 

in muscle cell membranes [153], strengthens the neuromuscular junction [153], and is up-

regulated in neurons following injury suggesting that it promotes reinervation [75].  In a key 

study from Payne and colleagues [136], tetanus toxin fragment C (TTC) was injected into rat 

soleus muscle, which binds with human IGF-I forming hIGF-IPTTC.  TTC decreases IGF-2*+$

ability to bind to muscle specific IGF-I receptors while maintaining its capacity to bind to 

neurons through retrograde movement.  These researchers found that hIGF-IPTTC enlarged the 

neuromuscular junction, and increased single muscle fiber specific force, without changes in 

muscle fiber size.  Therefore, mechanisms which increase local IGF-I may blunt velocity and 

specific force decrements with aging.    

Sarcopenia as a Factor of Changes in Protein Balance and Mitogenic and Myogenic 

Regulation in the E lderly 

 During the course of a 24-hour period human beings cycle through a flux of absorptive 

(following feeding) and post absorptive (fasting) states.  It is during absorptive periods when 

individuals generally enter into a state of net muscle tissue accretion while during fasting 

conditions the inverse is true [185].  Skeletal muscle mass is relatively constant in young to 

middle aged adulthood [103], suggesting that net accretion of proteins during absorptive states is 

equally balanced by net catabolism during fasting states.  However in the elderly sarcopenic 

population, changes in protein turnover result in net protein balance or the difference between 

skeletal muscle protein synthesis and breakdown to favor a slow, but continual state of net 

breakdown [87, 88, 184, 185].   

Changes in protein synthesis  

  No differences are found between young and elderly men in net post absorptive protein 

balance [185] suggesting that sarcopenia, at least in healthy free living elderly, is not likely 

explained by changes in basal protein balance.  The pattern of net protein turnover following 

meal consumption does appear to change with age [87, 88].  These changes are evident following 
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consumption of smaller boluses of essential amino acids (EAAs, 6.7 grams) in which the overall 

protein synthetic response is blunted in the elderly relative to the young.  This lowered sensitivity 

of aging muscle tissue to rising concentrations of EAAs has often been termed anabolic 

resistance [87, 88].  

Research suggests that the 9 EAAs are primarily responsible for the stimulation of 

protein synthesis [24] (for an in depth discussion see [196]).  Of these, only leucine has been 

found to increase protein synthesis when administered alone [68].  Moreover, protein synthesis is 

fully restored when elderly are given a 7 gram bolus of amino acids enriched in leucine (46% 

leucine compared to the normal 26% leucine found in whey), indicating that decreased leucine 

sensitivity at least partly explains anabolic resistance in the elderly [88]. 

  It is likely that a conglomeration of factors underlie anabolic resistance.  Initially, the 

elderly appear to have a decreased capacity for skeletal muscle protein synthesis as indicated by 

lower total RNA to protein and RNA to DNA ratios [41].  Moreover, expressing skeletal muscle 

protein synthesis as a function of total muscle RNA does not correct for the deficit in muscle 

protein synthesis, suggesting that both the capacity (RNA:Total Protein) and the efficiency 

(muscle protein synthesis/RNA) of protein synthesis is lowered in aging muscle [41].   

 Currently, changes in protein synthesis following amino acid or protein consumption are 

thought to be mediated through a mammalian target of rapamycin (mTOR) dependent increase in 

translation initiation [53], making this a likely candidate for decrements in the efficiency of 

muscle protein synthesis (MPS).  Briefly, mTOR is able to stimulate protein synthesis through 

enhancing formation of a complex of eukaryotic initiation factors (eIF) known as eIF4F [11, 47].  

#2STU$%/!"/0$!"/+$.&=C(#V$?/0)+$)/'#.!(8$!&$!"#$J*-end of the target mRNA, and thus its 

availability is required for translation initiation [69].  4E binding protein-1 (4EBP-1) inhibits 

translation by binding eIF4E and thus making it incapable of interacting with mRNA [69, 190].  

Phosphorylation of 4EBP-1 causes it to release eIF4E, allowing initiation to proceed.  Activation 

of mTOR leads to phosphorylation (thus inhibition) of 4EBP-1, enabling translation to proceed 

[69, 190].  mTOR also phosphorylates ribosomal protein S6 kinase (p70S6K) which 

subsequently phosphorylates ribosomal protein S6 (S6) [48].  S6 controls the translation of the 

!'-.!$&5$C8'-=/)/0#$=WX;+$YJ*9QZ[$%"/."$.&)#$5&'$C'&!#/0+$-0)$'/?&+&=-($C'&!#/0+$'#+C&0+/?(#$

for translation [146].    
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  mTOR is regulated by Ras Homologue Enriched in Brain (RHEB) guanosine 

triphosphate phosphatase (GTPase) which is active when bound to GTP [109].  Research 

suggests that RHEB binds directly to mTOR, and that the strength of this association is 

C'&C&'!/&0-($!&$=9QW*+$>/0-+#$-.!/3/!8$[109].  This GTPase also influences protein synthesis by 

?/0)/0,$!&$=9QW*+$#0)&,#0&1+$/0"/?/!&'$S\JB]$?/0)/0,$C'&!#/0$^_$YS\NZ^_[4$!"#'#?8$

preventing its association with mTOR [109].  RHEB is positively regulated by amino acids, 

insulin like growth factor (IGF)-IEa (systematic isoform) and -IEc (local isoform), and inhibited 

by AMP activated protein kinase (AMPK) [88].  While amino acid regulation of RHEB is poorly 

understood, it is postulated that declining levels of amino acids generates an inhibitor of the 

RHEB-mTOR interaction on the carboxyl terminal lobe of the mTOR catalytic domain, as 

deletion of this domain prevents declines in protein synthesis following amino acid withdrawal 

[109].  IGF-I, and AMPK are thought to control RHEB via their regulation of tuberous sclerosis 

complex 1 and 2 (TSC1/2) [144].  TSC2 is a GTPase-activating protein for RHEB, lowering its 

capacity to stimulate mTOR kinase activity, while TSC1 prevents TSC2 from ubiquitination.  

IGF-IEa and -IEc prevent formation of TSC1/2 via a phosphoinositol-3 kinase (PI3K) - V-akt 

murine thymoma viral oncogene homolog (AKT) mediated phosphorylation at the conserved 

residues, Serine 924 and Threonine 1518 [144].  Conversely, AMPK increases the TSC1/2 

formation via phosphorylation of Threonine 1,227 and Serine 1,345 [80].   

 It has been recently identified that concentrations of total mTOR, and p70S6k were both 

decreased in older skeletal muscle by 50% of those in the young [41].  Moreover, the 

phosphorylative status of these kinases to any given bolus of amino acids is blunted in the elderly 

relative to the young, and this is thought to be at least partly mediated by a fourfold greater 

concentration of nuclear factor kappa beta (NF-`G[4$-$=1+.(#$%-+!/0,$+/,0-(/0,$C'&!#/0$(/0>#)$

with inflammation [41].  Moreover, data suggest that AMPK phosphorylative status (an indicator 

of AMPK activity) is fivefold greater in the fast-twitch plantaris muscles of old vs. young rats 

[174], while both circulating and intramuscular levels of IGF-I in elderly relative to young 

participants is depressed [140].  In summary, anabolic resistance to amino acid feedings appears 

to be explained by a conglomeration of factors including a decreased capacity and efficiency for 

protein synthesis, the latter of which is likely explained by decreased mTOR and p70S6K, a 

decrease in the positive regulators of this pathway (e.g. IGF-I) with a concomitant increase in the 

negative regulators of this pathway (e.g. AMPK).   
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Changes in protein breakdown 

Another likely candidate for sarcopenia is changes in protein breakdown with age.  While 

no differences are found in overall protein balance, the elderly appear to have slightly elevated 

proteolysis in a fasted state relative to the young [185].  The Ubiquitin-proteasome-proteolytic-

pathway (Ub-pathway) appears predominantly responsible for the degradation of skeletal muscle 

proteins [167].  Briefly, the system is thought to work through a) activating Ub molecule(s) 

through the Ub-activating enzyme (E1), b) covalent attachment of the Ubiquitin molecule(s) to 

the protein targeted for termination as guided by the carrier protein Ub-conjugating enzyme (E2), 

and c) transfer by Ub-protein ligase (E3), from E2 to a target proteasome complex (26-

proteasome complex) for degradation [142].  The importance of this system was indicated by 

Combaret et al. [36] who reported an inhibition of the Ub-pathway after feeding in young rats (8 

months), with no change after feeding in older (22-month) animals.  The mechanisms involved in 

a reduced ability to decrease protein breakdown were at least partly explained by the finding that 

the older rats had increased mRNA expression of Ub, components of the 26s proteasome 

complex, and E2 ligase with a concomitant increase in TNF- , and decrease in intramuscular 

IGF-I mRNA expression.  These findings agreed with additional studies in both rats and humans 

which have found increased protein expression of each of the above components of the Ub-

pathway [27].  In addition, mRNA expression of muscle atrophy F-box (atrogin-1) and muscle 

ring finger 1 (MURF1) appeared to be elevated 2.5 and 2 fold, respectively in aging muscle 

tissue [31].  These genes which code for E3 Ub ligases are consistently elevated across cachexic 

conditions [31].  

  The mechanisms of increased expression of the Ub-pathway appear to be due to the 

general decrease in IGF mediated PI3K-AKT signaling and concomitant increase in TNF-  

signaling [31].  Specifically, IGF-I has been demonstrated to decrease atrogin-1 and MURF-1 via 

an AKT dependent mechanism [31].  Moreover, TNF-  after binding to the type 1 TNF-a$

receptor activates NF-`G$3/-$+!/=1(-!/0,$=/!&."&0)'/-($'#-.!/3#$&V8,#0$+C#./#+$YWQ@[$

production [151].  This is important as nuclear accumulation of NF-`G$-CC#-'+$!&$?#$-$.'/!/.-($

step in the transcription of components necessary for the Ub-pathway [198].    

Impaired Mitogenic and Myogenic Compensation for Degeneration of Aging Skeletal 

Muscle 

  With age there is an increased magnitude of oxidative stress to skeletal muscle and 
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mitochondria with aging [101]. The end result of oxidative stress is DNA fragmentation [42] 

and, destruction of nuclei [49].  Apoptosis in skeletal muscle appears to be a main contributor to 

sarcopenia, as apoptosis-inducing factors such as oxidative stress, impaired mitochondrial 

capacity, and denervation all increase with advanced age [4, 5, 40].  Muller and colleagues [121] 

supported the role of oxidative stress in sarcopenia by demonstrating a threefold higher increase 

in reactive oxygen species (ROS) in 30 month old mice compared to 10-month old mice and this 

generation was associated with a 30% loss in gastrocnemius mass [121]. Continued degeneration 

of sarcopenic muscle is also displayed by chronic resting levels of muscle tissue damage.  This 

was strongly evidenced by Sing et al. [162] who found that resting muscle tissue of aged men 

and women (72-96) displayed extensive Z band streaming, zigzagging, and in cases the complete 

disarray of the myofibril architecture.  In sum, 20% of the Z band volume density was damaged.   

 Regeneration from apoptosis, muscle injury and or damage can be compensated for by 

the addition of new myonuclei.  This process is accomplished through the activation of muscle 

stem cells termed satellite cells.  While normally in a quiescent state, perturbations to skeletal 

muscle stimulate satellite cell proliferation, cytoplasmic migration, differentiation into elongated 

myotubes and finally nuclear donation through fusion to the existing myofibers [77].  Evidence 

suggests that irradiation induced inhibition of satellite cell recruitment decreases muscle cell 

regeneration following transplantation in a dose dependent fashion [73], while completely 

inhibiting functional overload induced hypertrophy [1].    

Satellite cell number appear to be quantitatively stable up to the  seventh decade of life, 

followed by a possible decline thereafter [85].  A second variable often studied is proliferative 

capacity.  Proliferative capacity is generally investigated through isolating biopsy derived 

satellite cells and placing them into culture.  Once placed in culture they rapidly proliferate, and 

continue to divide at a declining rate until no longer possible (proliferative senescence).  Renault 

et al. [152] found an age-related decrease in the number of cells capable of rapidly proliferating 

such that 50% of satellite cells by age 80 years did not divide 72 hours after their placement into 

tissue culture. Currently, satellite cell recruitment is thought to be regulated by the local and 

circulating milieu (101).  In support, aged mice (20-26 months) regain the capacity to induce 

satellite cell incorporation and subsequent regeneration of injured muscle following parabiotic 

pairings (shared circulation) with young mice [37].  This process is mimicked in vitro via 

exposure of satellite cells to a medium of either young or old serum [37].  IGF-I appears to be an 
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important contributing factor to young serum as its administration restores the regenerative 

capacity of muscle tissue and satellite cell proliferation in aged mice [17, 122].   

Local growth factors 

Key local components discussed in the remainder of this section include the family of 

transcription factors known as myogenic regulatory factors (MRF), and IGF-IEa. Mitotic 

division of satellite cells is followed by an immediate increase in expression of two MRFs 

known as myogenic factor (myf)-5 and myogenic differentiation factor (MyoD) [97, 158].  

Generally, myf-5 is thought to support processes involved in satellite cell renewal, while MyoD 

is responsible for early differentiation / commitment of  somatic cells to the myogenic lineage 

[158].  In fact, data suggest that a lack of MyoD results in an increase in proliferating satellite 

cells and lowered expression of myotubes [158].  Following two additional MRFs increase 

including myogenin and MRF4 suggested to mediate terminal differentiation of muscle stem 

cells to fully committed, fusion capable myoblasts [158].    

IGF-IEa is unique in its capacity to stimulate both the proliferation and differentiation of 

satellite cells through receptor mediated activation of mitogen activated protein kinase (MAPK) 

and phosphoinositol 3 kinase P protein kinase B (PI3K-AKT) signaling pathways respectively 

[39].  In addition, the PI3K-AKT pathway is a powerful regulator of protein synthesis via its 

capacity to increase the rate of translation initiation [132].  Thus IGF-IEa is able to expand 

existing myonuclear domains through translation initiation induced protein accretion as well as 

facilitate further growth through stimulation of satellite cell mitogenic and myogenic processes.   

Failing compensatory efforts in older muscle at rest 

 According to Kim et al. [92], sarcopenic muscle appears to exert a failing compensatory 

effort during gradually progressive degeneration and deinervation processes.  To illustrate these 

scientists investigated if differences existed in MRFs at rest and following resistance loading in 

older and young male and female participants.  At rest an overall greater expression of MyoD 

and myf-5 were found in older vs. younger participants, and this difference was primarily driven 

by older females who demonstrated the greatest decrements in type II myofiber size [92].  These 

results agreed with Bamman et al. [16] who found that myogenin protein expression was 44%  

higher in older compared with younger adults, and that mrf-4 tended to be higher in old females 

compared young females.  However, there was a 2.5 fold greater increase in myogenin mRNA in 

young males compared to older females following exercise.  These findings concur with data 
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from old rats who demonstrate lower MyoD gene and protein expression following mechanical 

loading than young rats [172].  Greater expression of MRFs at rest supports the explanation of a 

failing compensatory effort of aging muscle tissue to degenerative processes.   

 

!"#$%&'()"#*"+*(,-*.-%/)#-*0-(12"3)(-*4-Hydroxy-4-Methyl-Butyrate as a 

Countermeasure for Sarcopenia 

Within the last decade, the importance of long-term EAA intake has been raised for the 

prevention and treatment of sarcopenia [36, 59, 64, 88, 182, 188].  Exogenous amino acids can 

stimulate net muscle protein synthesis (synthesis P breakdown) in sarcopenic muscle simply by 

increasing amino acid availability [182].  As previously explained among the EAAs, leucine has 

been found to be a crucial component within an amino acid complex to combat sarcopenia [50, 

64, 88].  Recent evidence suggests that 30 minutes of leucine treatment on primary myogenic 

muscle stem cells (satellite cells) increased protein synthesis and myogenesis, partly through 

enhancing phosphorylations of mTOR (+83%), ribosomal protein S6K (+191%), and 4EBP-1.   

In addition, leucine appears to decrease muscle wasting in a number of conditions, and 

research suggests that a primar8$=#."-0/+=$5&'$!"#+#$#55#.!+$/+$(#1./0#*+$.&03#'+/&0$!&$-$+C#./5/.$

class of metabolites.  In particular %"#0$(#1./0#*+$!'-0+-=/0-!/&0$!&$a-ketoisocaproate (KIC) is 

inhibited, its effects on muscle wasting are also blunted [120].  After leucine is metabolized to 

KIC, KIC is either metabolized into isovaleryl-D&;$?8$!"#$#0O8=#$a-ketoacid dehydrogenase in 

the mitochondria, or into HMB in the cytosol, by the e0O8=#$a-ketoisocaproate dioxygenase.     

HMB has been demonstrated to attenuate muscle wasting in numerous clinical situations 

including those involving cancer [53, 165, 166], human immunodeficiency virus (HIV) [113, 

149], caloric restriction [34], and limb immobilization [168].  In fact, a meta-analysis revealed 

that HMB and creatine are two supplements that improve lean mass and muscle strength [131].  

HMB also has been found to counter age-related losses in limb circumference [59], upper and 

lower body strength [188] and functionality in activities of daily living [59].     

The mechanisms of action of HMB appear directly relevant to aging populations that 

demonstrate resting myofiber damage [202], and a blunted capacity to enter into a positive state 

of protein balance following feedings [134].  HMB supplementation results in lower plasma 

markers of disrupted sarcolemmal integrity [e.g. creatine kinase (CK) and lactate dehydrogenase 

(LDH)] in response to mechanical loading [129, 180] and/or in clinical conditions such as 
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muscular dystrophy [138].  The theoretical rationale for these findings is the cholesterol 

synthesis hypothesis (CSH) which suggests that damaged skeletal muscle may lack the ability to 

produce sufficient amounts of cholesterol needed for the maintenance of sarcolemmal integrity 

[130].  This is particularly essential in muscle tissue, which relies heavily on de-novo cholesterol 

synthesis [130]. Cholesterol is formed from acetyl-CoA, in which the rate limiting step, 

catalyzed by the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, is the 

formation of the cholesterol precursor mevalonic acid from HMG-CoA. The majority of HMB is 

converted into HMG-CoA [130]. Therefore, increased intramuscular HMB concentrations may 

provide readily available substrate for the synthesis of cholesterol needed to form, repair and 

stabilize the sarcolemma of aging populations [130, 138].  The CSH is strengthened by 

consistent findings which demonstrate impaired muscular function [18], heightened muscular 

damage [143], and finally, muscle cell necrosis [123] in response to inhibition of cholesterol 

synthesis.  

E ffects of HMB on muscle protein synthesis in sarcopenic muscles  

Muscle atrophy is tightly associated with a link between depressed protein synthesis and 

elevated protein breakdown [54].  Data indicate that HMB administration increases LBM in 

exercising conditions, and attenuates its loss during muscle wasting conditions[195].  Early 

explanations suggested that HMB was primarily an anti-catabolic agent [130] and these 

explanations were supported primarily through plasma markers of sarcolemmal integrity and 

muscle protein breakdown[195].  These explanations expanded when Flakol and colleagues [59] 

demonstrated that HMB, at least when combined with glutamine and arginine could enhance 

protein synthesis in the elderly.  In addition these investigators found that 12 weeks of HMB 

supplementation in the elderly, independent of exercise resulted in increases in get up and go 

performance, limb circumference, and leg and handgrip strength.  In a more recently published 

study, Bair et al.[14] Continued to track these subjects for 9 more months.  It was found that the 

HMB containing supplement increased body cell mass (measured by bioelectrical impedance 

(BIA)) by 1.6% (P=.002) and lean mass (measured by dual xray absorptiometry (DXA)) by 

1.2%, while no changes were found in the control group.  Perhaps more interesting however was 

the finding that rates of protein turnover were significantly increased by 8% and 12% in the 

HMB/Arginine/Lysine-supplemented group while rates of protein turnover decreased 11% and 

9% in the control-supplemented subjects (P<.01), at 3 and 12 months, respectively.  
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Researchers from the Tisdale Lab have demonstrated that HMB is able to stimulate 

protein synthesis in vivo in mice bearing the proteolysis-inducing factor (PIF) releasing a 

cachexia-inducing mouse tumor (MAC16) [53], and in vitro both in the presence of PIF and in 

the absence of PIF [53].  Currently, it is thought that HMB may operate similar to leucine, which 

enhances translation in a partly mTOR dependent fashion.  Both in vivo and in vitro stimulation 

of protein synthesis by HMB is associated with increased phosphorylation of mTOR, 4EBP1, 

p70S6K, and S6 [53].  Administration of the mTOR antagonist rapamycin has been found to 

completely attenuate MFN*+$#55#.!+$?&!"$in vivo and in vitro.  HMB may also amplify mTOR 

signaling through enhancing upstream mechanotransduction of growth factors such as IGF-1Ea 

and Ec capable of activating the PI3K-AKT-mTOR pathway [53]. 

E ffects of HMB on muscle protein breakdown  

As with protein synthesis supplementing meals with 5% leucine completely reverses age 

related increases in proteasome activities and rates of substrate ubiquitination in 22 month old 

rats [36].  The mechanism postulated was that leucine may activate AKT resulting in a 

simultaneous activation of mTOR and inhibition atrogin-1 [104].  However, this is unlikely 

given the finding that a 200% rise in plasma leucine levels following its infusion in humans did 

not increase the phosphorylative status of AKT [72].  It is highly probable therefore that 

leu./0#*+$#55#.!+$&0$C'&!#/0$?'#->)&%0$-'#$=#)/-!#)$?8$/!+$.&03#'+/&0$MFN 

Evidence suggests that HMB inhibits protein degradation via lowering activity of the Ub-

pathway.  Specifically cachexic models which administer proteolysis inducing factor (PIF), have 

demonstrated severe muscle wasting, and increased expression of E2 conjugating enzymes, 

along with both the 20s, and 19s cap subunits [166, 167].  In these cachexic models, HMB 

administration attenuates both a decrease in lean mass, and the increased expression of E2, E3, 

19s, and 20s proteasome subunits [167].  Thus, it is probable that HMB may be operating in a 

similar fashion in aged skeletal muscle.   

E ffects of HMB on myogenic cell proliferation, differentiation and survival 

Activation of satellite cells is accompanied by an increased expression of myogenic 

regulatory factors in a specific order, with Myf5 and MyoD being expressed in the proliferating 

cells, followed by myf6 and myogenin expression during the differentiation phase.  As 

previously discussed satellite cell proliferative capacity declines with age, while their depletion 

appears to begin after the 7th decade of life.  It was only recently when myogenic processes was 
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investigated in association with HMB.   Kornasio et al. [95] found that the introduction of HMB 

to serum starved myoblasts induced myoblast proliferation and differentiation which were 

paralleled by an increase in MyoD and IGF-i-ea expression respectively.  Thus it is possible that 

HMB may assist in overcoming degenerative processes associated with the aging process. 

In summary HMB in sedentary aging populations is able to increase LBM, stimulate 

protein turnover, and elevate functionality.  Cancer and cell culture models indicate that it may 

operate via an increase in IGF-1 as well as perhaps the myogenic regulatory factors.  However to 

date no research has elucidated exactly how the supplement is operating in sarcopenic muscles.  

Part of the current research project will be to elucidate these mechanisms.  

Changes in Fat Mass and Metabolic Capacity in Aging Populations   

  In humans body mass appears to peak at approximately 25 years of age and is relatively 

maintained throughout the 7th decade of life [145].  Intriguingly after 25 fat mass each decade 

until reaching a plateau at approximately 65 to 75 years of age [145].  Sarcopenic obesity, a 

recent medical term, refers to a new trend in aged individuals who simultaneously demonstrate 

reductions and increases in lean mass and fat mass, respectively.  It is current though that age-

related obesity may also underlie sarcopenia as fat mass increases the secretion of a number of 

pro-inflammatory cytokines [159].  It was demonstrated that both C-reactive protein (CRP) and 

interleukin 6 (IL-6), which are increased proportionally to fat mass, have a strong association 

with the loss of muscle and strength in an extensive 3-year study in the elderly [159]. Age-

related increases in fat mass are associated with declines in insulin function [156]. These changes 

are accompanied by an increase in intramuscular triglycerides (IMTG) a more inflamed muscle 

and eventually further muscle loss [200]. The following section will discuss the possible changes 

in metabolic capacity which underlie changes in fat mass. 

There are three general pathways which result in adenosine triphosphate (ATP) 

formation.  The short term (5-10 sec) phosphagen system, dependent on phosphocreatine (PC) 

concentrations [32]; the intermediate (30-90 sec) glycolytic system whose rate of ATP yield is 

reliant on a series of glycolytic enzymes (e.g. hexokinase) and intramuscular glycogen 

concentrations [74]; and the long-term or oxidative system, where capacity is generally measured 

by kreb cycle intermediates, and enzyme concentrations and activities in both the krebs cycle and 

electron transport chain [135, 155, 156].    

Changes in short term and intermediate pathways with age 
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Studies have demonstrated decreased concentrations of both ATP, and PC in old rats and 

humans [55, 135, 173] indicating decreased phosphagen system capacity with aging.  Similarly, 

there is a general reduction in glycolytic capacity in aging rat and human skeletal muscle as 

indicated by lower glycogen concentrations [74], and reductions in glycogen synthase [74], 

hexokinase and lactate dehydrogenase activities [135].  Aging muscle also demonstrates 

depressed activity and mRNA expression of glyceraldehyde-3 phosphate dehydrogenase 

(GAPDH) [110].  Attenuation of the short-term and intermediate systems with age appears to be 

related to depression of oxidative capacity. To illustrate, PC re-synthesis is dependent on 

mitochondrial ATP production [84], while the accumulation of intramuscular and visceral 

triglycerides which results from depressed respiratory capacity is associated with decreased 

glycogen synthase activity and glycogen concentrations [74].   

Changes in oxidative capacity with age  

Both mitochondrial number and individual mitochondrial function as determined by 

decreased cytochrome c oxidase, succinate dehydrogenase, 3-hydroxyl CoA dehydrogenase and 

citrate synthase activity are decreased with aging [135, 155, 156], indicating a depression in 

oxidative capacity.  Further, mitochondrial protein synthesis falls from 95% of mixed MPSin 

young to only 35% of MPS in aged skeletal muscle [155].  A number of mechanisms have been 

proposed for depression of oxidative capacity with aging.  One theory posits that accumulation 

of mitochondrial mutations results in depressed cellular respiration [25].  However, Briery et al. 

[25] suggest that age-related accumulation of mDNA mutations are less than 1% and may not 

fully account for the nearly 50% depression in respiratory chain function found in aging muscle 

[38].  A second theory suggests that depressed respiratory function is a factor of lowered 

physical activity rather than age itself [156].  Support comes from the finding that the correlation 

between age and oxidative metabolism disappeared when subjects were matched for physical 

activity [25].  In contrast, parameters of oxidative capacity correlated with both hand grip 

strength and physical activity score criteria [25].   

Effects of H M B on Body Fatness and Mitochondrial Function  

HMB has been demonstrated to enhance metabolic capacity as indicated by a 30% 

greater increase in palmitate oxidation, a higher percent of maximal oxygen uptake (VO2max) to 

reach blood lactate accumulation and time to reach VO2peak [186].  Also intriguing is the finding 

that HMB has decreased retroperitoneal fat pad accumulation in dystrophic mice [138].  While 
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the mechanisms have yet to be elucidated, it is possible that HMB may operate through 

stimulating positive regulators of mitochondrial biogenesis.  Possible explanations for these 

5/0)/0,+$/0.(1)#$MFN*+$'&(#$/0$C'#3#0!/0,$!"#$?'#->)&%0$-0)$+!/=1(-!/0,$!"#$+80!"#+/+$&5$

proteins important to oxidative capacity [189].  One possible candidate which may mediate these 

effects is the peroxisome proliferator--.!/3-!#)$'#.#C!&'$b$.&-.!/3-!&'$a$YZHD-Aa[4$-$>#8$

regulator of mitochondrial biogenesis.  Mitochondrial biogenesis is dependent on the coordinated 

synthesis and import of mitochondrial proteins which are encoded by the nuclear and the 

mitochondrial genomes.  It appears that PGC-Aa, the master regulator of mitochondrial 

biogenesis, plays a role in coordinating both genomes and thus the growth and new formation of 

the mitochondrial compartment6$$c"/(#$MFN*+$)/'#.!$#55#.!+$&0$=/!&."&0)'/-($?/&,#0#+/+$

remain to be studied, its parent molecule leucine has been demonstrated to modulate 

mitochondrial mass and oxygen consumption in skeletal muscle cells and adipocytes [189].  In 

particular when leucine was introduced to C2C12 myoblasts stimulated a 3.5 fold increase in 

PGC-Aa$%/!"$-$+1?+#R1#0!$/0.'#-+#$/0$=/!&."&0)'/-($?/&,#0#+/+$-0)$1C'#,1(-!/&0$&5$

mitochondrial components.    

Using Magnetic Resonance Imaging to Determine Myofiber Dimensions   

Although there is no existing technology available for a human trial yet, the state-of-art 

magnetic resonance (MR) technology at the National High Magnetic Field Laboratory (NHMFL) 

provides a unique opportunity and allows our investigators to perform ex vivo analyses on 

changes in muscle cell dimensions and metabolic properties using small rodent models.  The 

NHMFL is able to utilize the MR technique termed Diffusion Tensor Imaging (DTI) to non-

invasively study muscle cell architecture.  As demonstrated in figure 1.0, DTI is based on the 

principle that the cellular diffusion of water corresponds to cell geometry in muscle. 
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F igure 1.0: D T I Determined Myofiber Dimensions Schematic of the proposed diffusive 
C-!"%-8+$1+#)$5&'$/0!#'C'#!/0,$!"#$'#+1(!+$&5$!"#$C'/0./C(#$#/,#03-(1#+$Yd4[$A4$e4$-0)$^6$$W#)'-%0$

from Galba et al. [65], and modified base on aproposed model from Heemskerk et al. [78, 79] 
 
 

The diffusivity of water is restricted in muscle by cell membranes, and cell size.  Within 

an elongated muscle fiber the diffusivity will therefore be anisotropic, with predictably less 

restriction longitudinally then within the cross section of a muscle fiber.  The advantage of DTI 

concerns the ability of random diffusion of water molecules to probe with far greater detail then 

general imaging techniques [78, 79].  Part of the DTI analysis involves calculating the mean 

diffusion of water within a muscle fiber (termed apparent diffusion coefficient), and the 3 

principle directions of water diffusion denoted as Eigen vectors 1, 2 and 3, representative of the 

local fiber coordinate system [78, 79].  The diffusive transport along the 3 principle directions 

are denoted as eigenvalues 1, 2, and 3 ( 1, 2, and 3).  Work on bovine myocardial fiber 

architecture led Tseng and colleagues [176] to propose that eigenvalue 1 represented the long 

axis of myocardial muscle cells, while 2, and 3 were situated perpendicular to the 1.  

Specifically, these authors suggested that 2 represented diffusion transport parallel to the 

myocardial sheets, while 3 represented diffusion within the myocardial cells (e.g. the cross 

sectional area).  Inspired from the work Tseng et al., Galban and his colleagues [65] posited that 

in skeletal muscle tissue 1, 2, and 3 correspond to diffusive transport along the long axis, 



 25 

endomysium, and cross sectional area of a muscle fiber respectively.  However, more recently 

Heemskerk et al. [78, 79] have hypothesized that 2 and 3 represent the long and short cross-

sectional axes of the muscle fibers, respectively.  This final hypothesis is supported by 

histological analysis of muscle fibers which demonstrate unsymmetrical cross sectional areas[6].  

Given the asymmetric shape of myofiber CSA, it follows that cell swelling would increase 3 to 

a greater extent than 2, which as will be discussed is consistent with muscle damaging studies.   

Diffusion-weighted MR imaging to detect changes in myofiber size 

  As stated earlier DTI is based on the principle that the cellular diffusion of water 

corresponds to muscle cell geometry. The ADC represents the diffusivity of water and is affected 

in muscle by the presence of diffusion barriers (sarcolemma) and cell diameter which define the 

restrictions to diffusion within the cell.  Thus permeability of the sarcolemma following damage 

increases, while cell swelling enlarges the cell diameter resulting in lower restriction of water 

and an increase in the ADC [78, 79].  The ADC increases following ischemia reperfusion injury 

in mouse muscle [78, 79].  Changes in ADC appear to peak at 72 hours [79] and explain over 

65% of the variance in direct histological indicators of muscle damage [78, 79]. 

 Eigenvalues 1, 2, and 3, as indicated appear to represent the long axis of the muscle fiber, 

and the long and short cross-sectional axes of the muscle fibers, respectively.  Based on this 

assumption the short axis would be expected to be effected the greatest from cell swelling 

following injury.  Following ischemia, reperfusion injury in mice both 2, and 3 increase.  The 

greatest increase and the greatest correlation with the tissue damage quantified with histology 

occurs in 3 (R2 = 0.81).  Our research is intended to investigate whether or not DTI can be 

applied to identify sarcopenia.   

Use of M R to Quantify Substrate Content in Skeletal Muscle   

  In nuclear MR (NMR) spectroscopy, nuclei placed in a magnetic field jump from a low to 

high energy state by absorbing electromagnetic radiation of a specific frequency, the frequency 

of the spectra detected are then used to determine substrate concentration.  For the reason that 

NMR has relatively low sensitivity, its techniques for monitoring substrate require a high 

concentration of nuclei within the target metabolites measured [12].  Three nuclei used with 

great frequency include 31P, 13C, and 1H [12].  Using 31P, MR spectroscopy allows for the non 

invasive determined concentration of various phosphorylated compounds. 31P does not require 

labeling to detect as it represents 100% of the P nuclei.  Generally, 31P displays a number of 
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peaks, which can be used !&$)#!#'=/0#$^$Ya-4G-4b-) ATPs, ADP, AMP, phosphocreatine, and 

inorganic phosphate [21].  13C represents only 1.1% of carbon nuclei in tissue, and is a less 

sensitive nuclei than 31P to a radio frequency pulse and can therefore only be used for examining 

glycogen, and lipids without labeling carbons as they are in high abundance [12].  Like 31P, 1H 

has a 100% concentration in hydrogen nuclei, has a 16-fold greater sensitivity than 31P and is 

found in nearly all metabolites allowing it to be used to detect lipids and proteins [12].  In 

general, NMR spectroscopy has been used successfully to track differences at rest in clinical 

skeletal muscle diseases such as muscular dystrophy demonstrating lower concentrations of 

ATP, and CP [90], coupled with lower levels of both glucose and lactate [160].   

Summary and Future Research Implications  

 

 

 
 

 

F igure 2.0: Positive and Negative Regulators of Sarcopenia 
 
 
The last several decades have provided extensive research on the characterization (table 

1.0), mechanisms (table 1.0-3.0), and interventions (table 2.0, 3.0, figure 1.0) which may blunt or 

reverse sarcopenia.  Currently, sarcopenia is thought to be explained by an ensemble of factors 

including lowered activity, impaired regenerative capacity, resistance to anabolic feeding stimuli, 
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and impaired metabolic function.  This review of related literature suggested that HMB can blunt 

sarcopenia as well as the declines in metabolic function which follow.  While a number of 

studies have begun to elucidate the mechanisms of HMB*s action, none have actually analyzed 

which mechanisms underlie its capacity to somewhat reverse age related muscle loss.  NMR was 

advanced as a novel approach to the study of aging skeletal muscle.  Specifically, this technique 

allows for the quantification of muscle cell dimensions and metabolic capacity.  As discussed in 

chapter I, the specific aims of the present project were to characterize age-related changes in 

myofiber dimensions, and muscle quality using NMR, and to investigate how HMB may modify 

these changes.  We also elucidated with in vitro analysis of target genes which HMB may 

operate through. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 28 

C H APT E R I I I 
 

R ESE A R C H D ESI G N A ND M E T H O DS 
 
 
 

Overview of Experimental Design 

        All procedures in this study were approved by the Animal Care and Use Committee (see 

Appendix) Fourteen young (44 wks), 7 middle aged (60 wks), 14 old (86 wks), and 7 very old 

(102 wks) male Fisher 344 rats participated in the study.  However, death due to the aging 

process as well as general anesthesia during dual X-ray absorptiometry (DXA) resulted in a 

remainder of 12 young (44 wks), 6 middle aged (60 wks), 10 old (86 wks), and 5 very old (102 

wks) animals that completed the study, which still met the criteria for our original sample size 

determination (see power analysis below).  Each animal was assessed for functionality (grip 

strength and motor performance using incline plane) as well as body composition using DXA, 

pre- and post-treatment. After baseline measures, 6 young, 6 middle aged, 5 old and 5 very old 

rats were anesthetized and gastrocnemius, soleus, and plantaris muscles were isolated, blotted, 

weighed and quickly frozen in liquid nitrogen for latter molecular analysis.  Following the rats 

gastrocnemius and soleus muscles of the rats were harvested and directly immersed in 4% PFA 

for latter ex vivo analysis of myofiber dimensions.  Remaining young and old rats were given 

HMB (0.46 g/kg/d) for 16 wks.  After the supplementation period the remaining rats were 

assessed for post treatment measures in body composition and functionality and then for in vitro 

molecular and ex vivo MR analyses.   

Specific A im 1 

Specific Aim 1 entailed investigating the extent to which 16 wks of HMB administration 

in young to middle aged and old to very old rats reverses negative changes in body composition 

(DXA: fat mass, FM; and lean body mass, LBM), and neuromuscular function (grip strength and 

incline plane performance).   

Anticipated outcome  

We anticipated that young animals undergoing 16 wks of daily HMB administration would have 

an increase in LBM and neuromuscular function, while old animals administered HMB would 

demonstrate a reduced rate of sarcopenic processes in LBM and neuromuscular function along 

with accelerated fat loss.   
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Design for Aim 1 

The study design to test changes in DXA-determined LBM and FM, as well as grip 

strength and incline plane performance within and between groups was a 4 (experimental 

conditions, young and old control and HMB administered rats) x 2 (time; at 0 and 16 wks) 

repeated measures analysis of variance (ANOVA).   

Specific A im 2 

  Specific aim 2 was to examine the effects of HMB administration on muscle mass 

(muscle wet weights) and myofiber dimensions (diffusion tensor imaging, DTI) 

Anticipated Outcome  

We anticipated that during the 16 weeks of aging without HMB administration, muscle 

mass and myofiber dimensions of the middle aged control animals would be maintained in size, 

while those of the old control would decrease.  We also anticipated that old animals undergoing 

16 wks of daily HMB administration would have a reduced rate of sarcopenic processes in 

muscle mass and myofiber dimensions.  

Design for Aim 2 

 Muscle mass and myofiber size was analyzed using one way ANOVA across six groups 

including 6 young (44 wks), 6 middle aged (60 wks, control and HMB), 5 old (86 wks), and 5 

very old (102 wks, control and HMB) groups.   

Specific A im 3 

To investigate underlying molecular mechanisms by which HMB may attenuate age-

related muscle impairments.  Specific Aim #3 was pursued by examining changes in relative 

expression levels of target genes using the reverse transcription polymerase reaction (RT-PCR) 

technique.   

Anticipated outcome 

We anticipated that favorable changes in myofiber dimensions would depend on changes 

in regulators of protein turnover during the aging process (e.g., downregulation of 4EBP-1 and 

atrogin-1) and in regulators of cell proliferation including suppression of myostatin mRNA and 

its receptor activin IIB, and an increase in insulin-like growth factor-I (IGF-I) and the myogenic 

regulatory factors (MRFs, myogenin and MyoD).  

Design for Aim 3 
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  Target genes associated with muscle mass and myofiber size were analyzed using one 

way ANOVA across six groups including 1 young (44 wks), 2 middle aged (60 wks, control and 

HMB), 1 old (86 wks), and 2 very old (102 wks, control and HMB) groups.   

Protein synthesis and degradation.  mRNA expression of 4EBP1 was used as a negative 

marker of protein synthesis, while the E3 ligase atrogin-1 was used as a positive regulator of 

protein degradation.    

Myogenic and Mitogenic factors. Transcript factors involved in muscle cell regeneration 

and growth were the myogenic regulatory factors (MRFs): myogenin and myogenic 

differentiation factor (MyoD).  Mitogenic factors, IGF-IEa and its isoform IGF-IEc, mechano 

growth factor (MGF), were used as positive regulators of mitogenesis and myogenesis.  

Myostatin and its receptor activin IIB were measured as negative regulators of myogenesis.  

Statistical Analysis and Sample Size Determination 

  The specific ANOVA models used were presented by Aim in the preceding sections.  

The primary independent variable was experimental conditions.  Fisher's least significant 

difference test was used to test for group differences.  The overarching goal of this project was to 

use MR to exaimne the impacts of age and HMB on skeletal muscle cells during the aging 

process.  Myofiber size was therefore one of the primary outcome measures in this project and 

provided the basis for the sample sizes as determined by the G*Power analysis software [56, 57].  

Our rationale for sample size was based on a study by Payne et al. [137].  These investigators 

found that Fisher 344 rats 24 months of age had 13% lower soleus muscle mass than those 12 

months of age. Using the equation: effect size (ES) = (young mean-old mean)/the pooled 

standard deviation of soleus muscle wet weights (mg), the study by Payne et al. [137] had an ES 

of 3.7 = [(133.5-116)/4.8]. Based on an alpha level of 0.05, a power of 80 and an ES of 3.7, a 

total of 30 rats (5 per experimental group) were needed to have sufficient power to detect age 

related changes in myofber dimensions.  However due to possible death following anesthesia, an 

additional 2 animals were added to each group which were either young or would be 

immediately sacrificed, while an additional 4 animals were added to the 86-wk HMB condition 

to maintain adequate sample size in case of age-related death. 
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D X A Measurements  

A Lunar QDR system (Lunar Corp., Madison, Wisconsin, USA) was used with a specific 

software (version V8-19a) and an internal standard adapted for rat measurements. This system 

works with a pulsed, dual-energy X-ray source (70 and 140 kV). The X-ray beam passes through 

a calibration disk and scans the rat longitudinally. A detector passing simultaneously under the 

rat feeds a computer with the absorption data recorded as pixel by pixel. For each pixel 

corresponding to a surface of 0.151 cm length ! 0.064 cm width, weight, fat mass percentage and 

mineral bone mass are determined from beam attenuation analysis, which depends on the 

relevant tissue composition. The fat mass percentage of each pixel is calculated in reference to 

internal standards of variable thickness, simulating various fat mass percentages. Their 

attenuation coefficient is standardized with those of a stearate (standard of acrylic resin) and of a 

water-stearate mixture (standard of acrylic resin with aluminum overlapping). The sum of all 

pixel values gives the whole-body composition in terms of fat mass, boneless lean mass and 

mineral bone mass. A daily calibration with reference to internal standards is required. According 

to the manufacturer, the software is optimized for adult rats weighing from 200 to 750 g. For 

scanning, all of the rats anesthetized and then placed on the same area of the platform and in the 

same body geometry, i.e., straight and flat on ventral face, limbs spread, tail lying on the side. 

The scan was always initiated in the center position and lasted ~3 min.  

G rip Strength T est   

The grip strength test was used as a measure of limb strength.  It was measured before 

and after post HMB administration.  In this procedure, the rat was positioned in front of a force 

gauge (DFS-101 Force gauge, AMETEK TCI, CA), so that they can grasp the tension sensitive 

steel bar of the device with their forelimbs.  After visual observation of gripping, the researcher 

gently pulled ?-.>$&0$!"#$'-!*+$!-/($10!/($/!$'#(#-+#d its hold on the bar.  Grip strength was 

measured by the device as force produced in grams.  Three trials were given for each rat with the 

greatest force value recorded as maximum grip strength. 
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Inclined Plane T est  

The inclined plane test was used to assess sensory motor function and hindlimb strength 

[154] following 16 wks with or without HMB supplementation.  Sensory motor function was 

determined as the rats*$-?/(/!8$!&$=-/0!-/0$their body position for 5 sec on an inclined plane, 

while the angle of the surface was changed from 20° to 60° at 2° intervals, with a rest period of 

at least 5 min.  When the rats were unable to remain in position for 5 sec despite three trials, it 

was determined that the rat had failed at the angle, and the angle prior to failure was recorded by 

the investigator.   

H M B Administration and Diet 

Typically, daily food consumption values range from 15 - 25 g/day for a 250 g rat (or 60 

- 100 g feed/kg BW).  Based on their average diet, the HMB dosage was calculated as 

approximately 1% (w/w) CaHMB to achieve approximately 0.50 g HMB/kg BW/day dose [20].  

Based on previous human studies, we chose a 6 gram HMB intervention and calculated a human-

to-rodent conversion to provide an appropriate and safe dosage for each animal.  We assumed 

that a rodent's metabolism is at least 6 times more than humans, therefore the conversion can be 

calculated as follows: (6g/75kg BW) x 6 = 0.48 g HMB/day target [20]. 

 In human studies, a range of 3-6 grams per day has been administered [66, 67, 126, 127, 

187].  Specifically, Gallagher et al. [67] found that 3 and 6 grams of HMB ingestion increased 

peak isometric and isokinetic torque, elevated fat free mass, and decreased creatine kinase (CK) 

without adverse effects on hematology, hepatic, or renal function.  Daily food consumption and 

body weight of rats were measured every 6th day, by weighing food remaining and subtracting it 

from the food that was administered. Upon termination of this study, the average kcals for total 

food consumed, as well as for each macronutrient was calculated. 

Cardiac Perfusion Protocol   

The purpose of the cardiac perfusion protocol by gravity was to prepare whole calf 

=1+.(#$+-=C(#+$5'&=$!"#$'-!*+$(#5!$"/0)(/=?$5&'$/=-,/0,$1+/0,$=-,0#!/.$'#+&0-0.#6$$;5!#'$

isolating muscles from the right hindlimb, the cardiac perfusion protocol was implemented to 

)'-/0$?(&&)$5'&=$!"#$'-!*+$?&)8$+/0.#$/!$.-0$/0!#'fere with sight during the imaging process.  To 

&C#0$!"#$'-!*+$."#+!4$!"#$'#+#-'."#'$-(/,0ed !"#$+./++&'+$%/!"$!"#$-0/=-(*+$+!#'01=$-0)$=-de a 

shallow cut all the way up to the throat, grabbed the right and left side of the chest with the 

clippers, and folded it to the outside of the body.  The researcher then inserted their index finger 
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underneath the heart and cut the base of the right atrium with sharp scissors.  This was followed 

by the insertion of a perfusion needle into the left ventricle to circulate 200mL of saline and 

400mL of 4% formaldehyde to remove blood and fix the muscle tissues, respectively.  Lastly, the 

left calf muscle will be extracted with surgical tools and stored in 4% formaldehyde. 

M R Imaging Protocol 

DTI datasets of the muscles in 7-noncollinear gradient directions were acquired using a 

widebore 11.75-T vertical magnet with a Bruker Avance console and Micro2.5 gradients. Using 

a 15-mm birdcage coil, spin echo (SE) DTI scans were acquired with b values of 0, 500 and 1000 

s/mm2 at in-p(-0#$'#+&(1!/&0$&5$JBfJB$g=e4$-0)$-$+(/.#$!"/.>0#++$&5$JBB$g=6$9"#$:92$

-.R1/+/!/&0$C-'-=#!#'+$%#'#$-+$5&((&%/0,h$9U$i$eB6J$=+4$9W$i$e6jJ+4$k$i$Ae6j$=+$-0)$l$i$e6A$

ms. Also, a high resolution (40-g=^[$^:$,'-)/#0!-recalled echo (GRE) image was acquired 

(TE/TR = 10/150 ms) for anatomical and volumetric measurements. 

After acquisition, the images were processed with MedINRIA (http://wwwsop. 

inria.fr/asclepios/software/MedINRIA/) to calculate diffusion tensor parameters such as: fraction 

anisotropy (FA), apparen!$)/551+/&0$.&#55/./#0!$Y;:D[$-0)$#/,#03-(1#+$YdA4$de$-0)$d^[6$9"#$

region of interest (ROI) was chosen in the widest region of the soleus muscle for processing as 

shown in Figure.2.  

Laboratory Methods for T issue Analyses 

Tissue collection.   

A total of two muscle samples were collected in the NHMFL using surgical methods 

described above.   

Isolation.  

After anesthesia, an incision as made through the skin around the upper area of the thigh into 

the subcutaneous space.  An incision through the skin from the medial side of the thigh to the 

abdomen will be made, taking care to stay subcutaneous and to avoid any major arteries or veins.  

The skin was then reflected to expose the muscles of the lower leg.  With scissors, an incision 

along the white facial line demarcating lateral aspects of the lower leg were made from the ankle 

to 3-5mm proximal from the ankle.  The Achilles tendon was then cut and the plantar flexors 

reflected proximally while cutting the medial fascia of the posterior compartment.  All muscles 

(gastrocnemius, plantaris, and soleus muscles) were cut from the distal aspect using forceps and 
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scissors, weighted, and frozen in liquid nitrogen.  These tissue samples were then stored at -80°C 

for molecular analyses.  

Approximately 60 mg of each muscle is mounted cross-sectionally in liquid nitrogen-

cooled isopentane for histology and the remainder is weighed, divided, and snap frozen (30-35 

mg per tube).  For mRNA studies, we yield 6-12 µg of RNA from 30 mg of muscle.  Reverse 

transcribing 1 µg of RNA provides enough cDNA to assess 10-17 mRNAs of interest (DNA 

Engine, (Bio-Rad Laboratories, Hercules, CA)); thus with an average of 9 RT reactions per 

sample we can study over 100 gene transcripts.   

Semi-quantitative Reverse transcription polymerase reaction (RT-PCR).   

The procedure of RNA isolation has been detailed previously [193].  As described, one g of 

RNA is reverse transcribed in a total volume of 20 l using SuperScript II Reverse Transcriptase 

with a mix of oligo (dT) (100ng/reaction) and random primers (200ng/reaction).  After 50 min 

incubation at 45 C, the RT reaction mixtures are heated at 90 C for 5 min to discontinue the 

reaction and then stored at -80 C for subsequent PCR analyses.  A relative RT-PCR method 

using 18S ribosomal RNA as an internal standard is used to determine relative expression levels 

of target mRNAs.  We designed each set of forward and reverse primers using DNAStar 

Lasergene 7 software.  All primer sets have been previously tested for optimal conditions.  For 

each PCR reaction, 18S (with a 324-bp product) is coamplified with each target cDNA (mRNA) 

to express each as a ratio of target mRNA/18S.  Ethidium bromide (0.1 g/ml) was pre-mixed in 

the gel, and images were captured under UV and analyzed as described via a Bio-Rad 

D"#=/:&.m$Un$)#0+/!&=#!#'$-0)$-$N/&-Rad QuantityOne® software (Bio-Rad Laboratories, 

Hercules, CA, USA). 
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C H APT E R I V 
 

 R ESU L TS 
 
 
 

Food and H M B consumption 

All values for food consumed are presented in Table 2.0.  Average total Kcals and Kcals for 

carbohydrates, protein, and fat were not different between any groups.  As expected HMB 

consumed in grams (F (1, 26) = 618, p o$B6BJ, ES = 1.0), and grams per kg of bodyweight (F (1, 26) = 

327, p o$ B6BJ, ES = 0.9) were greater in the 60-wk and 102-wk HMB groups than all other 

groups.   

 

Table 2.0:  Average Kcal profile and HMB consumption among groups 
 
 

 Kcals Kcals(CHO) Kcals(PRO) Kcals 
(Fat) 

HMB A 
(g) 

HMB A 
(g/kg) 

44 wks 
Baseline 

67.3 ± 4.1 38.9 ± 2.4 19.2 ± 1.2 9.0 ± 0.6 0 ± 0 *# 0 ± 0*# 

60 wks 
Control 

66.8 ± 1.8 38.7 ± 1.1 
 

19.0 ± 0.5 8.9 ± 0.3 0 ± 0*# 0 ± 0*# 

60 wks HMB  65.9 ± 1.5 38.2 ± 0.9 
 

18.7 ± 1.2 8.8 ± 0.6 2.2 ± 0.1 0.5 ± 
0.1# 

86 wks 
Baseline  

62.3 ± 6.5 35.5 ± 3.64 
 

17.4 ± 2.0 8.2 ± 0.9 0 ± 0*# 0 ± 0*# 

102 wks 
Control 

62.5 ± 5.8 36.1 ± 2.4 
 

17.8 ± 1.0 8.4 ± 0.5 0 ± 0*# 0 ± 0*# 

102 wks 
HMB  

63.2 ± 6.2 36.8 ± 3.6 18.1 ± 1.8 8.5 ± 0.8 2.1 ± 0.2 0.6 ± 
0.1* 

 
 
Values are means ± standard deviation.   
A p<0.05, main group effect 
* p<0.05, significantly different from 60 wks HMB 
# p<0.05, significantly different from 102 wks HMB   
CHO = carbohydrates, PRO = protein 
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Dual X-ray Absorptiometry 

 We determined total body mass (TBM), lean body mass (LBM), and fat mass (FM) using  

dual X-ray Absorptiometry(DXA) (Table 3.0, Figures 3-4).  To assess the quality of TBM we 

calculated the ratio between LBM to TBM (LBM/TBM).  There were significant group (F (1, 16) 

= 5.5, p o$B6BJ, ES = 0.5) and group x time interactions (F (1, 16) = 27, p o$B6BJ, ES = 0.8) for 

TBM increasing (+23%) in the control, but not in the HMB group from 44-60 wks, while it 

maintained in the control, and declined (-20%) in the HMB group from 86-102 wks. 

 

Table 3.0:  DXA Determined Changes in Body Composition 
 
 

 Body Mass (g)A,B Lean Body Mass Fat Mass A,B 

44 wks 
Control 

389.0 ± 17.5 *# 239.1 ± 11.9 149.6 ± 14.7 *# 

60 wks Control  481.6 ± 19.6 # 259.2 ± 15.4  222.2 ± 24.2# 

44 wks HMB 388.0 ± 27.0 *# 237.3 ± 13.6 151.3 ± 21.3 *# 

60 wks HMB  409.5 ± 31.4 *# 246.3 ± 10.9 163.3 ± 23.7 *# 

86 wks Control 410.3 ± 34.8 *# 239.0 ± 21.2 171.5 ± 39.4 *# 

102 wks Control  404.0 ± 19.1 *# 249.0 ± 13.9 147.5 ± 7.9 *# 

86 wks HMB 424.6 ± 8.8 *# 241.0 ± 21.3 183.4 ± 21.9 *#  

102 wks HMB 341.2 ± 36.7 * 259.0 ± 17.3 82.2 ± 31.1 * 

 
 
Values are means ± standard deviation.   
A p<0.05, main group effect 
B p<0.05, main group x time effect 
* p<0.05, significantly different from 60 wks Control 
# p<0.05, significantly different from 102 wks HMB   
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There was a main time effect for LBM (F (1,16) = .75, p o$B6BJ4$ES = 0.40) which appeared 
to be driven by the middle aged and old HMB condition, however there were no group effects or 
group x time interactions. In regards to FM there were significant group (F (1, 16) = 7.5, p o$B6BJ, 
ES = 0.5) and group x time effects (F (1, 16) = 23.9, p o$B6BJ, ES = 0.8), with FM (g) increasing in 
the middle aged control (+49%) but not in the HMB group, and declining (-56%) in the old 
HMB but not control group.  
 
 

 
 
F igure 3.0: Comparison of L ean Body Mass and Fat Mass Among Conditions Comparison 
of lean body mass (LBM) and fat mass (FM) among control and HMB conditions in young and 
older F344 rats. Values are means ± standard deviations.  A p<0.05, main group effect, B p<0.05, 
main group x time effect * p < 0.05, significantly different from 44 wks, # significantly different 
from 102 wk HMB, $ significantly different from 60 wks control.   
 
 

Significant group (F (1, 16) = 11.0, p o$B6BJ, ES = 0.7) and group x time interactions (F (1, 

16) = 8.2, C$o$B6BJ, ES = 0.6) were found for the LBM/TBM ratio (Figure 4.0).  These effects 

were driven by the 102-wk HMB condition, which had a greater LBM / TMB ratio than all other 

groups (Figure 4.0).  
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F igure 4.0: The Ratio of L ean Body Mass to Total Body Mass (LBM) to total body mass 
(FM) among control and HMB conditions in young and older F344 rats.  Values are means ± 
standard deviations, A p<0.05, main group effect, B p<0.05, main group x time effect, * p < 0.05, 
significantly different from 102 wks HMB.   
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Functionality  

The two functional domains assessed grip strength (absolute grip strength and relative 

grip strength normalized to TBM) and hindlimb strength and sensory motor function (incline 

plane test). Values are presented in Table 4.0 and Figures 5-6.  There were significant group 

effects (F (1, 16) = 15.6, p o$0.05, ES = 0.7) for grip strength declining 44% from 44 to 102 wks of 

age. However, when normalized to total body mass (TBM), there were significant group (F (1, 16) 

= 10.3, p o$B6BJ, ES = 0.7) and group x time interactions (F (1, 16) = 16.6, p o$B6BJ, ES = 0.8) in 

which strength declined in the control group, but was maintained in the HMB group from 44 to 

60 wks of age. In old animals, normalized strength increased by 23% (p<0.05) from 86 to 102 

wks of age, with no change occurring in the non-HMB group.   

 

 
Table 4.0: The Effects of Aging and HMB on Neuromuscular Function 
 
 

 Grip Strength 
(grams)A 

Normalized Grip 
StrengthA,B 

Incline Plane (angle 
in degrees)C  

44 wks 
Control 

1807.8 ± 110.0 4.5 ± 0.7 45.2  ± 1.7 $  

60 wks Control 1832.8 ± 87.4 3.6 ± 0.3*$ 47.6 ± 2.1 $ 

44 wks Pre HMB 1719.9 ± 79.0 4.3 ± 0.3 46.0 ± 2.1 $ 

60 wks HMB  1787.8 ± 67.4 4.2 ± 0.4# 51.0 ± 2.7 *#  

86 wks Control  1385.5 ± 291.6 *#$  3.3 ± 0.6 *$@ 40.0 ± 1.6 *#$  

102 wks Control 1313.5 ± 106.2 *#$ 3.2 ± 0.6 *$@ 42.0 ± 1.6 #$  

86 wks Pre HMB  1364.0 ± 145.1 *#$ 3.1 ± 0.3 *$@ 40.4 ± 4.9 *#$  

102 wks HMB  1356.8 ± 258.5 *#$  3.8 ± 0.5 * 39.2 ±  1.7 *#$  

 
 
Values are means ± standard deviation.   
A p<0.05, main group effect 
B p<0.05, main group x time effect 
C p<0.05, main time effect 
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* p<0.05, significantly different from 44 wks (both control and pre-HMB) 
# p<0.05, significantly different from 60 wks control 
$ p<0.05, significantly different from 60 wks HMB  
@ p<0.05, significantly different from 102 wks HMB  

 
 

There was a main time effect (F (1, 16) = 6.4 p o$B6BJ, ES = 0.4) and group by time effect 

(F (1, 16) = 5 p o$B6BJ, ES = 0.3) for sensory motor function declining (14%) from 44 to 102 wks 

of age (p<0.01).  However, the HMB group demonstrated an increase in sensory motor function 

from 44 to 60 wks of age (group effect (F (1, 16) = 24.4, p o$B6BJ, ES = 0.6).   

 
 
 

 
 
 
F igure 5.0: Normalized G rip Strength Comparison of the ratio of grip strength to total body 
mass (FM) among control and HMB conditions in young and older F344 rats.  Values are means 
± standard deviations, A p<0.05, main group effect, B p<0.05, main group x time effect, * p < 
0.05, significantly different from 44 wk, # p<0.05, significantly different from 60 wks control, $ 
p<0.05, significantly different from 60 wk HMB, @ p<0.05, significantly different from 102 wk 
HMB 
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F igure 6.0: Incline Plane Comparison of the incline plane function among control and HMB 
conditions in young and older F344 rats.  Values are means ± standard deviations, A p<0.05, 
main group effect, B p<0.05, main group x time effect, * p < 0.05, significantly different from 44 
wk # p<0.05, significantly different from 60 wk control, $ p<0.05, significantly different from 60 
wk HMB. 
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Muscle Mass  

We are presenting data that have been normalized to body mass for both groups to factor out any 

differences due to the supplements effects on body mass (see DXA section of results) [1, 2]. 

There were overall group effects in gastrocnemius (F (1, 26) = 10 p o$B6BJ, ES = 0.7), plantaris (F 

(1, 26) = 9.2 C$o$B.05, ES = 0.6), and soleus (F (1, 26) = 4.7 p o$B6BJ, ES = 0.5) muscle wet weights 

normalized to BM which declined from 40-102 wks in all groups. While HMB had no effects on 

the gastrocnemius, there were decreases in control plantaris (-21%) and soleus (-15%) muscles, 

which maintained and increased (+12%), respectively, in the HMB group from 44-60 wks (Table 

4.0).  Moreover, while there was a decline in the soleus in the 102-wk control group, the 102-wk 

HMB condition did not decline.   

 

Table 5.0: Values for normalized Gastrocnemius, Plantaris, and Soleus muscles 
 
!

 

 Gastrocnemius A,B Plantaris  A,B Soleus A,B 

44 wks 
Baseline 

4.36 ± 0.33 0.96 ± 0.08 0.37 ± 0.01 

60 wks Control 3.6  ± 0.13 *# 0.76 ± 0.05 *# 0.31 ± 0.04 * 

60 wks HMB  4.41 ± 0.28 0.96 ± 0.06 0.41 ± 0.06 # 

86 wks Baseline  3.72 ± 0.76 *#  0.73 ± 0.19*# 0.35 ± 0.05 # 

102 wks Control 3.34 ± 0.47 *#  0.73 ± 0.13*# 0.32 ± 0.01 # 

102 wks HMB  3.40 ± 0.31 *#  0.78 ± 0.11*#  0.37 ± 0.04 

 
 
Values are means ± standard deviation.   
A p<0.05, main group effect 
B p<0.05, main group x time effect 
* p<0.05, significantly different from 44 wks 
# p<0.05, significantly different from 60 wks HMB 
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Myofiber Dimensions  

We analyzed lateral and medial gastrocnemius and soleus muscles and calculated the DTI 
parameters for those muscles. Figure 7.0 illustrates the regions of interest (ROIs) used in the 
analysis.   
 
 

 
 
 
F igure 7.0: D T I Images of Rat Skeletal Muscle with Regions of Interest B0 images of the rat 
skeletal muscle with the ROIs used in the analysis. Soleus muscle is marked with blue, while 
lateral and medial gastrocnemius muscles are marked with red and green, respectively. 

 

Fractional anisotropies (FA), apparent diffusion coefficients (AP), and eigenvalues ( ) 

1, 2, and 3 were investigated.  Figures 8-9 show the data for the gastrocnemius, and soleus 

muscles, respectively.  There was a main group effect for FA for the gastrocnemius (F (1, 26) = 4 p 

o$B6BJ, ES = 0.5) and soleus (F (1, 26) = 4 p o$B6BJ, ES = 0.5) muscles.  Post hoc analysis revealed 

that while FA was significantly greater in the 102 wk control from both 44 and 86 wks, the 102-

wk HMB group only differed from 44 wks.  No changes in FA occurred from 44 to 60 wks in 

any of the conditions.  There was a main group effect for the gastrocnemius (F (1, 26) = 3 p o$B6BJ, 

ES = 0.4) and soleus (F (1, 26) = 3 p o$B6BJ, ES = 0.4) muscles for  2,  indicative of myofiber 

CSA.  There was also a main group effect in the gastrocnemius (F (1, 26) = 3 p o$B6BJ, ES = 0.4) 

and soleus (F (1, 26) = 3 p o$B6BJ, ES = 0.4) muscles for  3, also indicative of myofiber CSA.  
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Post hoc analysis revealed that   2 was lower (p o$B6BJ) in the soleus and gastrocnemius in the 

86 wk and 102 wk control group.  In addition  3 declined in the soleus of the 86-wk old 

condition, and in all muscle groups in the 102-wk control group. However, no changes occurred 

in the 102-wk HMB condition or any of the 60-wk conditions for any muscle analyzed.  In the 

gastrocnemius, both  2 and 3 were greater in the 102-wk HMB than non HMB group.  No 

group effects were found for ADC, or  1, representative of diffusion in the longitudinal axis of 

the muscle in any of the muscles analyzed.   

 
 

  
 
 
F igure 8.0: Lateral Gastrocnemius Muscle D T I Data Between Experimental G roups 
Comparison of gastrocnemius muscle DTI data with or without HMB in young and older F344 
rats. A indicates a main group effect (p < 0.05), * indicates a significant difference from the 44-
wk group (p < 0.05), # p<0.05, significantly different from 86 wk group, $ p<0.05, significantly 
different from 102 wk HMB group. 

!4!!

!4$!

!4&!

!4-!

!41!

#4!!

#4$!

#4&!

&&'()':;<'./0 -!'()'*+, -!'()'./0 1-'()':;<'./0 #!$'()'*+, #!$'()'./0

!
.
"
/

()*+,

("#4)*B/.;9+#

3=

=>*

2#

2$

2%

A

A

A

DE$

DF

D

D

F

DEF$

E



 45 

 
 
 
F igure 9.0: Medial Gastrocnemius Muscle D T I Data Between Experimental G roups 
Comparison of soleus muscle DTI data with or without HMB in young and older F344 rats. A 
indicates a main group effect (p < 0.05), * indicates a significant difference from the 44-wk 
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Changes in Relative mRN A Expression 

           Changes in relative gene expressions are presented as densitometry values of the target 

gene divided by the 18s rRNA.   

Regulators of Protein Turnover 

 4EBP-1, which inhibits translation initiation, was taken as a negative regulator of protein 

synthesis, while atrogin-1, the E3 ligase in the Ubiquitin pathway was representative of protein 

breakdown.  No significant group effects were found for either the soleus or gastrocnemius 

muscles for relative expression of 4EBP-1 mRNA.  However, there were significant group 

effects for both the soleus (F (1, 26) = 4.1 p o$B6BJ, ES = 0.5) and gastrocnemius muscles (F (1, 26) = 

7 p o$B6BJ, ES = 0.6) for the relative mRNA expression of atrogin-1.  In the soleus, atrogin-1 was 

greater in the 102-wk control group than all other groups.  However, the group differences 

observed in the 102-wk control group were disappeared in the 102-wk HMB group in 

comparison to any other groups.  In the gastrocnemius, both 102-wk groups had greater 

expression of atrogin-1.  

 

 
 
 
F igure 10.0: Relative mRN A Expression of 4E BP-1 in the Soleus Values are means ± 
standard deviations. 
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F igure 11.0: Relative mRN A Expression of 4E BP-1 in the Gastrocnemius Values are means 
± standard deviations. 
 
 
 

 
 

 
 
F igure 12.0: Relative mRN A Expression of A trogin-1 in the Soleus Values are means ± 
standard deviations, A indicates main group effect (p < 0.05) * indicates a significant difference 
from the 102-wk control group (p < 0.05)  
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F igure 13.0: Relative mRN A Expression of A trogin-1 in the Gastrocnemius Values are 
means ± standard deviations, A indicates main group effect (p < 0.05) * indicates a significant 
difference from both the 102-wk control and HMB groups (p < 0.05). 
 
 
Positive and Negative Regulators of Mitogenesis  

  Insulin-like growth factor-I Ea (IGF-IEa) and its muscle specific isoform mechano 

growth factor (MGF) were used as positive regulators of mitogenesis, while myostatin and its 

receptor activin IIB were representative of negative regulators of cell cycle progression. 

Myostatin expression was too low in the soleus to process data.  For the remaining data sets no 

main effects were found for IGF-I, MGF, myostatin, or activin IIB in any muscles analyzed 

(Figures 15-17).  However, it is interesting to note that a post hoc revealed that myostatin was 

lower in the gastrocnemius, and IGF-IEa was greater in the soleus in the middle aged HMB 

group than the control group. 
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F igure 14.0: Relative mRN A Expression of I G F-I Ea in the Soleus Values are means ± 
standard deviations.  * indicates a significant difference from the 60-wk control group (p < 0.05). 
 
 

 

 
 
F igure 15.0: Relative mRN A Expression of I G F-I Ea in the Gastrocnemius Values are means 
± standard deviations. 
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F igure 16.0: Relative mRN A Expression of M G F in the Soleus Values are means ± standard 
deviations. 
 

 

F igure 17.0: Relative mRN A Expression of M G F in the Gastrocnemius Values are means ± 
standard deviations. 
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F igure 18.0: Relative mRN A Expression of Myostatin in the Gastrocnemius Values are 
means ± standard deviations.  * indicates a significant difference from both the 60-wk control 
group (p < 0.05). 
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F igure 19.0: Relative mRN A Expression of Activin I IB in the Soleus Values are means ± 
standard deviations. 
 
 

 
 
 
F igure 20.0: Relative mRN A Expression of Activin I IB in the Gastrocnemius Values are 
means ± standard deviations. 
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Regulators of Myogenesis 

 MyoD and myogenin were taken as early and late regulators of satellite cell 

differentiation, respectively.  There were no overall main effects in the soleus or gastrocnemius 

for MyoD, or for the gastrocnemius in myogenin.  However, there was a main group effect in the 

soleus for myogenin (F (1, 26) = 2.6 p o 0.05, ES = 0.3) which while approaching significance in 

the 102-wk control group (p=0.056) only significantly increased in the 102-wk HMB group 

relative to the 44-wk group.  

 

 
 
 
F igure 21.0: Relative mRN A Expression of Myogenin in the Soleus Values are means ± 
standard deviations, A p<0.05, main group effect, * indicates a significant difference from the 
102-wk HMB group (p < 0.05). 
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F igure 22.0: Relative mRN A Expression of Myogenin in the Gastrocnemius Values are 
means ± standard deviations 
 
 

 
 
 
F igure 23.0: Relative mRN A Expression of MyoD in the Soleus Values are means ± standard 
deviations 
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F igure 24.0: Relative mRN A Expression of MyoD in the Gastrocnemius Values are means ± 
standard deviations. 
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C H APT E R V 
 

 D ISC USSI O N 
 
 
 

The overarching aim of the present study was to determine the effects of 16 wks of HMB 

administration in young and old rats on age-related changes in body composition (fat mass and 

lean body mass), myofiber dimensions, and strength and sensorimotor function.  We also sought 

to investigate the possible cellular and molecular mechanisms, which mediated these effects.  

The major findings of this study were that HMB prevented negative changes in body 

composition and muscle cellular dimensions throughout life span, and that these changes may in 

part be mediated by attenuation of the ubiquitin pathway and myogenic capacity.  

L ean Body Mass 

  Results indicated no changes in LBM when comparing young to old rats.  Our results 

agreed with Yu et al. [199] who also found that while muscle wet weights decreased with 

advancing age in Fisher344 rats, LBM did not.  Although it is possible that the LBM measure is 

not sensitive enough to detect changes across life span, it is also possible that the cross sectional 

design underestimates true age related changes.  In general, both human and rodent models 

underestimate age related changes in muscle mass when done cross sectionally relative to 

longitudinal designs [61, 107, 111].  For example, a 12-year longitudinal study [61] found that 

muscle loss occurred at a rate of 1.4% per year after the age of 50, while a cross sectional design 

by Lexell et al.[107] only found 1% declines per year in muscle size.  This difficulty was also 

demonstrated in Fisher 344 X Brown Norway rats analyzed in cross section from 5 to 39 months 

of age [111].  While these animals have a mean life span of 32 months of age, total muscle mass 

was constant until 30 months of age.    



 57 

 
 
 

F igure 25.0: A Quazi Longitudinal Analysis of Changes in L B M F rom Young to O ld Age   
* indicates a significant difference from both 44-wk groups (p < 0.05). 
 

Our old animals were raised in our laboratory from 44 to 86 weeks of age.  While the 

HMB group continued (16-wk administration) until very old age (102 wks), the control group 

was sacrificed at 86 wks of age. Therefore, we performed a quazi longitudinal comparison 

between the groups, in which a separate group of 5 control animals were used at 102 wks in 

place of those 5 sacrificed at 86 wks.  Intriguingly enough, both groups significantly declined in 

LBM from 44 to 86 wks of age, and while this loss was maintained in the old control group, the 

102-wk HMB group was no longer significantly lower in LBM than when they were 44 wks of 

age (Figure 23).  Baier et al. [14] also performed a longitudinal analysis in over 70 elderly 

women with an average age of 76 years of age.  These subjects were randomly divided into 

either HMB or non HMB supplemented groups for a 12-month duration.  Their results indicated 

a 1.2% increase in LBM when supplementing HMB with no change occurring in the non HMB 

condition. 

Fat Mass 

  In both humans and the Fisher 344 rat model, fat mass increases up to 70% of lifespan, 

and then plateaus or decreases thereafter [22, 145].  In our control rats, fat mass increased from 

young to middle age, with no changes occurring from old to very old age.  Perhaps the most 
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drastically lowered it in the old to very old rats.  Our findings agreed with previous research from 

our lab (unpublished results) indicating that HMB administration decreased body fat to a greater 

extent following 10 wks of resistance training in old female rats than a control group.  Our 

results also concurred with past animal research which demonstrated significantly lower 

hindlimb fat pad weight following HMB administration in both healthy and dystrophic mice 

[138].  Interestingly enough, these changes were independent of food intake, which agreed with 

past research indicating that grams of food consumed does not appear to change with age in the 

F344 rat model [23].   

 To date, the underlying mechanisms that HMB operates through to exert its effects on 

adipose remain to be elucidated.  One possibility is that HMB may increase protein turnover.  

For example, Flakoll and colleagues [59] found that HMB increased protein synthesis, an 

energetically costly process in elderly humans, which triggers use of adipose tissue for energy. 

Cancer research in rodents also found this effect [166, 167].  It may also be that HMB directly 

increases oxidative capacity in myofibers, as exposure of cultured myotubes to the leucine 

metabolite increased palmitate oxidation by 30% [147]. In addition, HMB supplementation 

delayed the onset of blood lactate accumulation in cyclists, which is indicative of an increase of 

metabolic capacity [186].    

While only speculative it is conceivable that HMB may directly affect the mitochondria.  

Evidence suggests that the majority of HMB is converted into HMG-CoA [128].  Mevalonic 

acid, produced from HMG-CoA, is also a precursor of CoenzymeQ [91].  CoenzymeQ plays a 

major role in mitochondrial electron transport functioning [119].  In fact, CoenzymeQ 

concentrations have been validated as a method for estimating mitochondrial activity in muscle 

tissue [119].  Moreover, MFN*+$C-'#0!$=&(#.1(#$(#1./0#$"-+$?##0$)#=&0+!'-!#)$!&$=&)1(-!# 

mitochondrial mass and oxygen consumption in skeletal muscle cells and adipocytes.  Indeed, 

when leucine was introduced to C2C12 myoblasts, it stimulated a 3.5 fold increase in PGC-Aa$

with a subsequent increase in mitochondrial biogenesis and up regulation of mitochondrial 

components [171].    

Muscle Strength and Sensory Motor Function  

 The present study employed a direct measure of grip strength, as well as the incline plane 

test, which has been utilized to study both sensory motor function and whole body strength.  

Sensory motor function is a combination of not only muscle strength, but motor unit recruitment 
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and rate of muscle contraction [163].  For example, recovery of balance following sudden 

perturbations requires a quick and powerful reflex response to overtake the falling momentum.  

There was an overall decline in grip strength from 44 to 102 wks of age. When normalized to 

body mass however grip strength declined from 44 to 60 wks only in the control, but not in the 

HMB group.  Moreover normalized grip strength increased by 23% in the old control group from 

86 to 102 wks of age.  However, it is likely that the steep decline in fat mass with age is 

responsible 5&'$MFN*+$#55#.! on this relative measure.   

Intriguingly, while HMB had no effect on incline plane performance in old to very old 

age, it actually increased it from young to middle aged rats.  Thus it appears that HMB may have 

some positive effects on overall sensory motor function.  This suggestion concurs with Flakoll et 

al. [59] who previously demonstrated that 12 wks of HMB supplementation significantly 

increased grip strength, leg extension force, as well as get up and go performance in older adults.  

It is likely that changes in muscle mass associated with changes in myofiber dimensions 

underlie, at least in part, these positive changes in functionality.   

Myofiber Dimensions and Muscle Mass 

Previous research with HMB supplementation has been restricted to indirect measures of 

muscle tissue which include caliper measurements [133], DXA analysis [189], and limb 

circumference measures [59].  However, the hallmark of sarcopenia is a decline in muscle mass, 

and ultimately in myofiber dimensions. Intriguingly, we found that HMB was able to prevent 

declines in normalized soleus muscle wet weight from 44 to 102 wks of age, as well as increase 

the size of the plantaris from 44 to 60 wks.  Similarly, Smith and colleagues found that HMB 

was able to prevent the soleus muscle wet weight decline seen in mice bearing the proteolysis 

inducing tumor.  To our knowledge, our study is unique as we are the first to view actual changes 

in muscle cellular dimensions following HMB administration.  In particular, we employed the 

diffusion tensor imaging (DTI) technique which has been validated for studying both resting 

myofiber dimensions, as well as changes in myofiber cross sectional area (CSA) following 

ischemia repurfusion injury [65, 78, 201].  As predicted, no changes occurred in myofiber 

dimensions from 44 to 60 wks of age.  While sarcopenia was evident in the 86-wk and 102-wk 

control conditions, both  2 and  3, indicative of myofiber CSA were relatively maintained in 

the soleus, and lateral and medial gastrocnemius muscles of rats consuming HMB. Previous 

work from Bair et al. [14] found that HMB was able to counter age related losses in limb 
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circumference.  Our research not only concurred but also elucidated that HMB*s positive effects 

on limb size are likely mediated by prevention of the loss of muscle cellular dimensions.  In 

general our hypothesis of reduced sarcopenic processes in myofiber dimensions and muscle mass 

was supported.  The actual mechanisms HMB operates through will be discussed in the 

following section.   

Regulators of Protein Balance 

 Perhaps the most studied aspect of HMB is its effects on protein breakdown.  The first 

research conducted was in humans, which demonstrated that HMB could significantly lower 3-

methylhistadine following strenuous bouts of exercise.  However, only recently have its 

mechanisms of action been elucidated.  The current study analyzed atrogin-1, an E3 ligase in the 

Ubiquitin pathway, which is commonly elevated in muscle wasting conditions such as aging [51, 

70].  We found that HMB was able to attenuate the age related rise in atrogin-1 in the soleus 

muscle, indicating that it may blunt myofiber atrophy in part through suppression of the 

Ubiquitin pathway.   

While our research analyzed the general capacity to upregulate protein breakdown, 

researchers in the Tisdale lab have studied direct activity of the Ubiquitin pathway.  This group 

utilized the MAC16 cachexia-inducing tumor model [164-167].  The model is based on the 

finding that Proteolysis-Inducing Factor (PIF), released from the MAC16 tumor is associated 

with up regulation of the ubiquitin pathway, and consequently increased proteolytic activity 

[167].  These researchers found HMB decreased proteasome activity, expression of both alpha 

and beta subunits of the 20s chamber, and the ATPase subunits of the 19s caps.  The mechanism 

HMB operates in cancer models is currently thought to be through decreasing nuclear 

accumulation of nuclear factor-kappa beta (NF-kB), which is critical for the up regulation of 

tumor necrosis factor-alpha (TNF-a), the positive regulator of the Ubiquitin pathway.   

Previous research from Baier and colleagues [14] found that protein synthesis increased 

up to 14% during a 12-month period when subjects consumed an HMB containing supplement.  

We hypothesized that HMB would increase protein synthesis in part through down regulation of 

4EBP-1, the inhibitory binding protein that prevents formation of the eIF2F complex which is 

rate limiting to translation initiation [11].  However, we did not see any aging or supplement 

effects on 4EBP-1.  It is probable that HMB was stimulating protein synthesis post prandialy, 

and not in a post absorptive state, which is when we harvested the hindlimb muscle (during the 
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day while the rats slept[6$$9"/+$/+$(/>#(8$-+$MFN*+$C-'#0!$-=/0&$-./)$(#1./0#4$%"/."$)#C'#++#+$

4EBP-1 post prandialy, does not do so in a basal state [124].  Moreover, while decreasing the 

association between 4EBP-1 and EIF2E appears to be important for protein synthesis, recent 

evidence suggests that there may be dissociation between the two, at least 180 to 300 minutes 

after meal consumption [132]. Thus it is suggested that changes in 4EBP-1 do not always 

indicate changes in protein synthesis [124]. Thus, we suggest that future research analyze 

MFN*s acute effects, which occur directly after feeding.   

Another possibility is that HMB may have been working in past studies to increase 

protein synthesis through the mitogen activated protein kinase / extracellular regulated protein 

kinase (MAPK/ERK) pathway.  MAPK/ERK appears to be a potent control point for protein 

synthesis and operates independently of mTOR signaling through enhanced phosphorylation of 

the eIF4E complex [60, 191, 194]. This is important as studies in cultured myocytes indicate that 

HMB increased the phosphorylation and thus the activity of the MAPK/ERK pathway [95]. 

Finally, any discrepancies between the protein synthesis seen in a study by Baier and colleagues 

[14] and ours could be explained by the two additional components to their supplement.  The two 

other ingredients they added were L-arginine to increase protein synthesis [59] and lysine, a 

major rate limiting amino acid in older adults [100] to ensure their subjects had the substrate 

necessary for synthesizing new tissue.   

Positive and Negative Regulators of Mitogenesis  

  Insulin-like growth factor-I Ea (IGF-IEa) and its muscle specific isoform mechano 

growth factor (MGF or IGF-IEc) were used as positive regulators of mitogenesis, while 

myostatin and its receptor activin IIB were representative of negative regulators of myogenesis.  

In our previous research with old female rats, we found that IGF-IEa mRNA expression was 

increased in the soleus in the HMB group during 10-wk resistance training.  While the current 

study found no significant main effects, it is interesting to note that a post hoc revealed that 

myostatin was significantly lower in the middle aged HMB group than the control group, and 

that IGF-I was elevated in the middle aged HMB group relative to the control.  Past research in 

cell culture models supports the role of HMB in activating IGF-IEa [95].  In particular, the 

addition of HMB to serum-starved myoblasts increased IGF-I mRNA, and induced cell 

proliferation and differentiation.  Moreover, blocking the PI3K/Akt pathway with specific 

inhibitors revealed its requirement in mediating the stimulatory effects of HMB on muscle cell 
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proliferation and differentiation.  While we found no age or supplement effects on MGF, it is 

likely that this mechanically sensitive growth factor is simply not as susceptible to nutritional 

stimuli as IGF-IEa.   

 Myostatin is perhaps the most potent inhibitor of muscle cell growth.  It acts to arrest 

satellite cells in the G1 phase of cell cycle.  Intriguingly, Kim et al. [92] found that myostatin 

mRNA expression was greatest in men with the largest muscle mass.  While seemingly 

paradoxical these individuals also had the greatest potentiality to suppress its expression 

following external loading.  As statedn interesting observation in our post hoc analysis revealed 

that myostatin in the gastrocnemius was significantly lower in the HMB administered 60-wk 

group, relative to the 60-wk control group where its relative mRNA expression appeared to peak.  

The results of the present study and our previous research in female rats indicated that myostatin 

in the soleus was too low in expression to quantify.  However, these data may be explained by 

past research indicating that myostatin expression is greatest in type II fibers, and lowest in type 

I [29].  The soleus is dominated by primarily type I fibers, while the gastrocnemius has a greater 

content of type II fibers [29].  

 Regulators of Myogenesis 

 MyoD and myogenin were taken as early and late regulators of satellite cell 

differentiation, respectively.  Our results showed a main group effect for myogenin in the soleus.  

However, this regulator of differentiation only significantly increased in the 102-wk HMB group 

not in the 102-wk control group.  While it is tempting and certainly possible to suggest that HMB 

was at least partially responsible for this increase, it is more easily explained as an artifact of the 

aging process as the control group very closely approximated a significant rise as well (p=0.056).  

While no main effect was found for MyoD, we observed similar findings through a post hoc for 

both the gastrocnemius and soleus muscles.  These findings agreed with Bamman et al. [16] who 

found that myogenin protein expression was 40% greater in older males relative to young males.  

Our results also concurred with research in very older rats who expressed greater relative 

expression of both myogenin and MyoD mRNA levels [114].   

 Past research has demonstrated an increase in the MRFs in embryonic muscle before its 

innervation as well as in adult muscles, which have been denervated [26, 52].  With age there is a 

natural loss of central innervation as indicated by a lower number of motor neurons in the ventral 

horn, and peripheral innervation as suggested by a greater rate of axonal withdrawal relative to 
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axonal sprouting in aged versus young rats [28].  Thus it is likely that deinnervation processes 

which occur with age result in greater expression of the MRFs as part of a failing compensatory 

mechanism within skeletal muscle to stave off age-related degenerative processes. 

Conclusions 

The prevalence of sarcopenia simultaneously increases along with the percentage of older 

individuals.  It is often difficult to find an intervention that is adhered to by the elderly 

population and can possibly blunt this phenomenon.  However, the results of our present study in 

sedentary rats indicate that HMB may prove efficacious in blunting changes in muscle cell 

dimensions with age.  Moreover, our findings demonstrate that HMB may have a catabolic effect 

on adipose tissue (fat mass) although underlying mechanisms in fat metabolism remain to be 

elucidated.  While our study only began to elucidate the mechanisms this supplement works 

through, we did find that it lowered the E3 ligase atrogin-1, which is involved in a rate limiting 

step in Ubiquitination of target substrates for degradation.  Finally, we are the first group to 

demonstrate the ability of DTI to detect age-related and intervention-mediated alterations in 

myofiber dimensions utilizing the most powerful MR technology.  Our future research should 

incorporate this technique and further develop to an in vivo version of the model.  We also 

suggest that future studies look directly at changes in protein content of regulators of muscle 

growth.   
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