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This pgoer consde's some simple compatmental modds of animal processes, i.e. specific
components or fundionsof an individud organ or tissue (or whole organism), with reference
to ruminants. The processes described are all concerned with amino acid and protein
metabolism in the whole body and specific tissues (hindlimb and mammary gland). The
amino acids consgdered are leuane, phenylalanine and tyrosine Examples of two-, three-,
four- and eight pool modds are given. All the modds are expressions of the rate:state
formalism, and each is solved in the steady state (or patia steady state) resulting in a static
bdance modd. Simple algebraic manipulation is the only mathematics required to achieve a
solution. The modds are condructed to resolve data generated by in vivo experiments. All
the experimentsinvolve theuse of tracers as elther radioactive or stable isotopes.

Dynamic Modeling of M olybdenum Metabolism in Humans
J. A. Nowtny* andJ. R. Turnlund®
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Molybdenumis an essentia nutrient in thehuman diet and is a cofactor for several enzymes.
While intakes can vary widdy with geographical region, both deficiency and toxicity in
humansarerare. To determineif humanshave adaptive mechanisms for maintaining
molybdenum statusunde varying intake levels, two clinical studies were peformed. Inthe
first study, healthy males consumed a very low molybdenumdiet for 102days, followed by a
high molybdenumdiet for 18 days. In the second study, healthy males were administered
dietary molybdenumat five different levels consecutively, consuming each intake level for
24 days each. In both studies, tracer doses of molybdenumwere given orally and
intravenougy at several time paints during the study, and plasma, urine and fecal samples
were andyzed for tracer and tracee molybdenum Dynamic compartmental modding of
tracer and tracee data was performed usng the WinSAAM software package Modding
results reveaed tha two physologic pahways were sengtive to molybdenumexposure.
Increasing molybdenumintake resulted in increased urinary molybdenumexcretion and
decreased fraction of molybdenumdeposted into tissues. The ability for these pahways to
adjug to changes in molybdenumintake may explain why molybdenumdeficiency and
toxicity in humansisrare.



Use of stochagic elementsin models.
N. R StPiere

The Ohio State University, Colunbus OH

Mog moddsin biology have adeerministic structure; they make definite predictionsfor
guantities withoutany assodated probability distribution. A stochastic modd, onthe other
hand, containsrandomelements and probability distributonswithin themodd itself.
Historicaly, the predominant perspective was tha the stochasticity of amodd represented
theunknown part of asystem, with theimplicit implication that stochasticity should be
absentin amodd of sufficient complexity. This characterization of stocheasticity isat best
nave, and at worst plain wrong. In general, aunivariate modd can berepresented as. Y =
f(X,1)+", wheeY isavector of observations f is some unknown fundion or set of
funaions X isamatrix of inputvariables (observed), ! isavector of parametersto the
fundionf, and" isavector of errors. Stochasticity entersthemodd at fowr locations First,
" represents the outcome from many sources of error. Measurement errorsontheY appear
in"; thiscomponentis generally referred to as pure error. But™ also containssome of the
errors assodated with having an incorrect modd, wha has been called the lack-of-fit
componet. A propea experimental design allows a separate estimate of these two
componelts. Thesecondsource of stochasticity isrelated tothe! . Inafrequentist
framework, ! arefixed, errorless paameters. Thdr estimates B, however, are stochastic
variables with a multivariate distribution (often consdered multivariate nomal in
application). Thus the prediction error of any modd indudes components related to ", but
also thevariances and covariances assodated with theestimated ! . Thusa simulation of the
moded errors, even in afrequentist paradigm, mug indudethevarianceinthe! aswell asin
the". InaBayesan framework, the! arethemselvesrandomparameters. Thusthar
stochestic propaty is evident and explicitly congdered dunng estimation. A third sources of
stochesticity relatesto the X elements. Inputsto modds are never known with certainty.
Theerror in the measurements of the variables must be accounted for during
paameterization. Thisisavery complicated problem for dynamic modds expressed in the
form of differential equaions Lastly, thefundionf isitself an approximation to thetrue but
unknown funaion. Thus theuncertainty surroundng f addsuncertainty to modd
predictions This stochesticity can beinduded in theandysisin indances when there are
more than onecompeting modds (fundiong. Examples are presented to illudrate the
incorporation of al four sources of stochasticity into amodd. Additiondly, globd as
oppo%d to local sengtivity andysis techniques mugs beused. The probability distributions
of themodd outcomes can be compared to the probability distributonsof the experimental
outcomes, thusanswering the question whether thetwo are from the same process. Viewed
thisway, stochasticity isan inhaent characteristic of biological modds the same way that
errors and probability distributionsare inhaent characteristics of experiments.



Parameter Estimation using Markov Chain, Monte Carlo Techniques
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Thephysology of nutrition can often be described by dynamic modding usng differential
equdionsto describe a set of state variables over time. Thechdlengeis often tha thereis
more known aboutthe system than there is daa to smultaneoudy fit the parametersin the
equdions Because these modds are nonlinear, the usud linear regression techniques cannot
be used to find values for these parameters. Therefore, nonlinear optimization methodsare
required, but they too are generaly unable to fit more than afew unknown parameter values
withoutfailingto convegeto an optimum, even with adequéae data. Onetechniquehas
shown promise, however, in these situaions of many parameters, Markov Chan Monte
Carlo. Hence, paameter estimationis doneby solving the set of differential equaions
numerically with some biologically sendble initial estimates for parameter values. These
estimates are used as the starting values for estimation usng a Markov Chan Monte Carlo
algonthm; interestingly, this methodalso provided estimates of the parameter distributions
Thistechniquewill bedemondrated for amodd of animal growth and compostionfitto a
multidimensond data set.

Mathematical M odelsfor Health and Nutrition: their Identifiability and their
Accuracy
R. C. Bogon', P. Wilkins', P, and|. Tedeschée’
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This presentation will review two fairly recent contributionsto the area of the application of
mathematical modds in the nutrition and health sciences; identifiability and accuracy.

| dentifiability in modd advancement hdpsuswith the question Qvill a proposd experiment
on asystem enable usto determinevalues for the parameters of amodd of tha systemO The
modd is assumed to beknown, and to reflect the respons of the system to the experiment.
Identifiability is not concerned with the precision with which the parameters can be
estimated, indeed, estimation per se does not enter into our consderation. Berman and
Schoenfeld (B6) were thefirst to determinetheimportance of thistopic in modding E they
used theterms uniqueness and congstency as they introduced thisissueand they posted a
coupling between estimability and identifiability. Since tha time semind works by Godfrey
and by Cobdli have clarified thedistinction of these ideas and in this presentation we review
the works of these investigators.

Theaccuracy of an approach to characterize an aspect of a system is therelative agreement
between the results based on the approach compared with theresults based on a (gold)
standad method. Or we could say that two approaches to characterizing an aspect of a
system agree if theresults from thetwo approaches conaord. Inthisregard conoordanceisa
much more profoundissuethan merely correlation, or regression. For example conardance
needsto embrace the observation rangeover which thetwo series of measurements exigt, it
needsto pendize a quantification of agreement for not predicting the origin as acritical
point, and also for notengaging aline of perfect agreement (dopeunity) into its



congderation. Recently Lin () produced an easily implementable index of concordance
(Lin® Conordance Correlation, LCC) with all the properties needed to effectively quantify
agreement. Unfortunaely though,Lin did notaccountfor tail weightingin deriving his
measure and the LCC was foundby Chinchilli to be biased unde certain important
observation settings In this presentation we review theworks of Lin and Chinchilli and
demondrate thar applicationto datafromthe glucose chdlenge and from cardiac output
measurements.

Modeling Complex Biological Systems
M. E. Wastney*, C. Palliser?, P. Beukes’, G. Lewy?, andC. Folkers®
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Modds have been developel to ddineate metabolic pahways of nutrients in both humans
and animals. However these modds do not reflect the influences of the environment on the
nutrient, or vice versa. In orde to achieve thisintegration, thereisaneed to link the
individud moddstogeher into asingle system. Integration also alows the utility of modds
to berealized, asin their use for examininginteractionswithin a system, as repostories of
information and for relating metabolism at oneleve (e.g., cell) to ahighe level (e.g., organ).
Furthermore, with the addition of user-friendly interfaces the modds can be used by awider
(nonrmodding) audience to experiment and make predictionsabouta system. In this
presentation we will examinetwo projects where component modds have been linked for the
purposes of modding acomplete system. Thefirst the Physome project isin thearea of
human health. The second,aWhole Farm Modd isin agriculture and this project will be
examined in more detail. It will bediscussed in terms of the project ams, the software used,
and some of thechdlenges encountred in linking detailed mechanistic modds from
different fields Theseindudethedesign, evaluaion and testing of the system modd, the
design of user-friendly interfaces and the need to balance the requirements of different user
groups(e.g., research and education) for power and modd usability. Aspects of thismodd
will bedemongrated.

Stable I sotope Kinetics of Two Forms of Selenium isused to Determine Dietary Intake
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SELECT, an ongongrandomized clinical tria istesting whether selenium (Se) can prevent
progate cancer; ~17,000men will take 200 ug of Se as selenomethionine (SeMet) daly for
7-12yr. We are compaing Sekindics at baselineand following 2 yr of supplementation
with SeMet. Asdiet is comprised of two chemical forms of Se, organic andinorganic, we
measured thekinetics of both forms. Thirty-onefree-living subjects (16 M, 15F) received
oral doses of 2 stable isotopetracers, 150ug each of “SeMet and "°Se as sodium selenite
(Sel) at days 0 and 10. Plasma, red bloodcell, urine and feces were sampled during the 4-
mo. study periods A compatmental modd was developed usng WinSAAM and previous
modds for each form. Despite major chemical differences, organic and inorganic selenium
appeared to enter acommon pathway within 30 min. A single modd fitted both forms of Se.
A mgjor difference was a three-fold highe incorporation of SeMet into RBC compared to
Sel. Themodd required multiple plasma compartments and recirculation of tracer through
tissue poolks. By usngtherelative absorption of Sdl to SeMet, and excretion rates of total Se
in urine and feces, we were able to combine information on thekinetics of each form and
predict dietary compostion of Se, trangport rates and pool sizes.

Thermodynamics and Kinetics of M etabolism, Transcriptional Regulation, and
Evolution
R. A. Kohn,andE. M. Ungefeld

Dept. of Animal Saences, University of Maryland, MA

We propos a mathematical modd structure to integrate subdrate, enzyme, genomic and
thermodynamic regulation. Subdrate, enzyme and thermodynamic control of metabolism can
beintegrated by solving for different cases of theorigind Michaelis-Menten equéion. The
origind equdion assumes subdrate concentration is greater than enzyme concentration and
thereis negligible accumulation of produd. Rates of reaction are first order with respect to
enzyme and nonlinear with respect to subdrate. When conaentration of enzyme binding sites
is greater than concentration of subdrate binding sites, thereaction velocity would befirst
order with respect to subgrate, but norntlinear with respect to enzyme. If accumulation of
produd occurs, thereaction velocity may belimited by thermodynanics (the system
approaches equilibrium), and the extent of thermodynamic limitation can be modded by
subtracting therate of thereverse reaction. Thermodynanic data (e.g. %G of produd and
reactant formation) can be used to calculate thereverse reaction rate congant relative to the
forward rate. Findly, transcriptiond regulation of gene expression can beundestoodas
stacked kinetic control mechanisms, but with current knowedge parameterization would be
highly speculative. Alternaively, gene expression might be assumed to be optimal and
estimated by application of thermodynamics. This modd of asingle present-day organism
might befurther extended to unde'stand how a species may changeover generationsdueto
selection. It is hopel tha themore robus modd of metabolism proposd here will hdp
undestand impacts of changing environment, selection pressure, or genomic manipulationon
organisms and thar descendents.



Effect of Genetic Polymorphismson the Kinetics of in Vivo Human Folate M etabolism
A. J. Clifford", J. E. Owens’, J. G. Fadd®
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Inefficiendesin folate metabolism and inadequae dietary intake lead to poorfolate
nutritiond statusand an increased therisk of degenerative and developmental diseases such
as CVD, cancer, and neural tubedefects (NTDs). A better undestanding of thedynamic and
kinetic benavior of human folate metabolism and the genetic and environmental factors tha
influence it are needed. Therefore, we determined thefate of a very small ora dose of *C-
folic acid (0.5 nmol compared to the# one! mol/d intake of Americans) in 13 nomal adults
and condructed a kinetic modd of the behavior of in vivo human folate metabolism. We
foundtha folate absorption, bile folate flux, and body folate stores were larger than prior
estimates, and marrow folate uptake and folate polyglutamate synthesis, recycling, and
catabolism were determined to be saturable processes. Three hunded seventy normal adults
were genotyped for 8 folate-relevant polymorphisms. These polymorphisms induded
MTHFR 677and 1298 MTR 2756 MTRR 66, CBS 883and 844in$8, GCP Il 1561, TC I
776,and RFC-1 80. Thar folate intake and bloodlevels of folate, vitamin B6, Vitamin B12,
triglycerides, and cholesterol were measured also. We founda significant interaction
between gende and the RFC-1 genotype, and between the MTHFR 677 and GCP 11 1561
genotypes. We will discuss our findingsin the context of our longterm god to quantify the
metabolism of folate in the context of individud and interactive polymorphisms so asto
undestand theindividud respon to improve strategies to minimize therisk of disease.

A System Dynamics Mode of Visceral Fat and Abdominal Girth for Prevention of
Central Obesity in Men
J. L. Hargrowe', D. K. Hartle?, andP. Greengparf

'Department of Foodsand Nutrition, College of Family and Consumer Sdences, and
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Accumulation of visceral fat increases thelikelihood of developing fatty liver, inqulin
resistance, elevated cholesterol, and other symptoms of the metabolic syndrome. Traditiond
energy bdance equaionsfail to accountfor feedback controls and other features of dynamic
systems. Therefore, an interactive modd of visceral fat accumulationin male subjects was
developead usgng the prinaples of system dynamics. The modd assumes tha negdive
feedback of leptin on appdite istoo weak to maintain bdance in afoodrich environment.
Because feedback is weak, consumption of highly pdatable foodsand lack of aneed for
exercise inevitably lead to excess abdomind fat and an increase in girth. In theabsence of
self-regulation, benaviors tha hdp steer energy bdance towardsa healthier phenotype mus
belearned. Themodd suggests tha an effective strategy of preventing abdomnind obesity
mug indudeguidance to reduce food pdatability, energy dendty and glycemic tendency,
andto increase physcal activity to achieve a minimum of 0.5-1.0 h/day of activity of at |east
4-6 Met units. These behaviors are not sugained withoutbehavioral reinforcement, and a
feedback system was induded to incorporate the use of inexpendve tools such as atape



measure, bahroomscale, pedometer, watch, and/or an activity log. These can be purchased
forlessthan 50 US dollars. Themetabolic syndrome can be prevented for less than the cost
of 1 month® medical treatment.

The Application of I sotopomer Data and Mathematical Modeling in Flux
Quantification
G. Siiram

Department of Human Genetics, David Geffen Sdool of Medicineat UCLA; and
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Metabolic flux is an impartant ind cator of cell physiology. Flux measurements can
complement transcriptomic and proteomic technologies as a powerful investigdtive tool in
systems biology, and can beingrumental in the selection of metabolic engineering targets,
the eluddaion of metabolic control, and the undestanding of disease etiology. However,
systemic flux quantification is consdered chdlenging since it involves carbon (*3C) labeing
expeiments followed by mathematical modding to evaluate fluxes from thelabding daa,
and such modds are highly nonlinear and often non-trivial to solve. This presentation will
discuss the development and solution of such models, as well as computer-aided metabolic
flux andysistools tha enable the conaurrent evaluation of fluxesin several primary and
intermediate metabolic pathways. Topics covered will indudeinterpretation of isotopomner
daafrom NMR and mass spectrometry, development and computationd implementation of
metabolite and isotoponer bdance modds, and optimal design of labding experiments.
Recent mathematical developments in efficient flux quantification, such as cumulative
isotoponer bdandng, bondoner bdandng, and Boolean fundion mapping will be
discussed. Furthermore, identifiability and statistical andysis of the evaluated fluxes will be
covered. We will aso present our application of this flux andysis tool ontwo plant systems
[soybean (Glycine max) embryosand Catharanthusroseushary roots] to study carbon
trafficking, and on a mammalian system [H4IIE rat hepatoma cells] to study an inban error
of metabolism. Findly, emerging methodsand applicationsof flux andysis such as
indationay state flux andysis and pahway discovery will bediscussed.

Integration of Micro-Array and Metabolic Data
C. Chan

Chemical Engineering and Materials Saence, Michigan State University, USA

Free fatty acids (FFA) have been implicated in the pahogeesis of many obesity-related
metabolic disorders. Saturated fatty acid was cytotoxic and its toxicity exacerbaed by tumor
necrods factor alpha(TNF- ".In contrast, unsaturated fatty acids were observed to be non
toxic, and to enhance lipid accumulation. It is not clear which pathways play an important
role in the observed toxicity of saturated FFA in the liver cells. The phenotypic, metabolic
and gene expression profiles were measured to characterize the cellular states. A hierarchical
framework was developel. First, we identified the metabolic fluxes which contributed the
mog to the separation of the phenotypes. This andysis identified fatty acid oxidaion and



intracellular triglyceride accumulation to be the mog relevant in differentiating the cytotoxic
phenotype Second, gene set enrichment andysis was applied to identify thetranscriptiondly
atered pahways. Findly, the expression of the enriched gene sets and the metabolic profiles
were integrated with a multi-block partial least squaes andysis (MBPLS) regression modd
to identify the genes and gene sets tha regulate the metabolic pahways identified in step 1.
The hierarchical approach suggested potential mechanisms involved in mediating the
cytotoxic and cytoprotective pahways, as well as identified potential targets for modulating
these phenotypes. The approach suggested that ROS, but not ceramide, played an important
role in the toxicity of the saturated FFA to hepaoma cells. Similarly, the andysis suggested
an important role of mitochondiain thetoxicity. These predictions aswell as, some specific
targestha were suggested by the andysis were experimentally validated.

Balancesin Cellular Metabolism and Energetics: Principlesin Modeling
James B. Bassingthwaighte

Dept of Bioengineering, University of Washington, Seattle WA, USA

Metabolic events within cells are intimately linked with the externd influences of subdrate
ddivery and metabolite removd. These influencesindudetherates of trangoort

by bloodflow and trangmembrane processes as well as the regulation of enzymatic reactions
Furthe influencesindudeintravascular and intracellular binding. An obviousexampleisthat
thetrangport of respiratory gases throughthecirculationis heavily influenced by ther
binding and bufferingin theblood,which in tumn influence thar rates of exchange Dash and
Bassingthwaighte (Ann Biomed Eng 32:17671793, 2004 and Ann Biomed Eng 34: 2006
http://dx.doi.org/10. 1007/ s10439- 005- 9066- 4) developel invertible Hill-type
saturation expressionsfor hemoglobin (Hb) saturationsand blood-tissue gas exchanges
accouning for the simultaneoushemoglobin binding of O,, CO,, H*, 2,3-DPG, and the
effects of temperature. The equaionsallow rapid calculation of theredistributiontha occurs
alongthelength of capillary-tissue exchangeregionsin thelungor in tissue Likewise these
equaionscan beused for trandentsin inhded gas compostion and in tissue metabolism ina
whole body modd for gas exchange extending a circulatory/respiratory exchangemodd
(downloadable from www.physome.org/Modds) to accountfor exchanges of gasesin the
capillaries of tissues and lungs and accouning for pH bufferingin the blood

At thesubddlular level, we are building abasic modd of intermediary metabolism in
cardiomyocytes based on conrvation prindples (for mass, energy, tranamembrane charge).
Thebasic version, the Gternd cellOmodd, having ndther proteolysis nor protein synthesis,
isdesigned to serve as areference cell modd uponwhich more realistic modds can be based.
Themodynanic condraints (Haldane) limit state space; trangentsin externd andinternd
conditionscan be accounted for and compared to experimental observations (Suppoted
NIH grants BE 001973,HL 73598 and NSF 04-607/NIH)




Predicting Responses and Nutrient Requirementsin Growing Animal Populations: the
Case of the Growing-finishing Pig
C. Pomar
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Nutritiond requirements can be defined as the amount of nutrients needed for specified
produdion purposes such as optimal growth rate, protein depostion, etc. Two main methods
are used to estimate nutrient requirements in domestic animals. The empirical methoddefines
nutrient requirements as those tha either maximise or minimise oneor several sets of
performance parameters. In thefactorial method, nutrient requirements are estimated as the
sum of therequirements for maintenance and production. In the empirical method optimal
nutrient allowances are estimated from a popuation point of view whereas thefactorial
methodis addressing the needs of onereference animal. It is demongdrated that individud
and popuktion responss to graded levels of protein intake differ in form and magnitude
Feeding popuktionsshowing beween-animal variation according to thefactoria
requirements estimated for the average pig impliestha only 50% of the populktion will
consume enoughprotein to expressits full growth potential. It is also demondrated tha
average popuktion responss to graded levels of protein intake differs between popuktions
having a different between-animal variation. Consequently, when maximal respong isthe
criteriaused to estimate therequirements, the optimal supply of protein may differ between
popuktionshaving different between-animal variation. Mechanistic pig growth modds use
thefactorial methodto predict growth or to estimate nutrient requirements. Therefore,
caution mug be exercised when usng these modds to estimate the respon of
heterogeneouspopuktionsand in this case they are not recommended for estimating its
nutritiond requirements.

Applications of Mathematical Modeling in Pediatric Studies of Bone Turnover
K. O. O@rien

Division of Nutritional Saences, Corndl University, Ithac, NY, USA

Bonedensty isfrequently used as a measure of the adequacy of calcium intake among
children. While this techniqueprovides valuable information, it is a static measure and does
not provide dynamic information on measures of calcium flux at thewhole bodylevel. Thae
are numerousbiologica questionsfor which detailed information on theabsorption,
excretion and rates of bonecalciumturnove are necessary to inform recommendaionsin
both healthy and chronically ill popuktions These questionsare particularly relevant among
pediatric age groupsdueto the magnitudeof boneaccretion that occurs at this time and due
to the potentia for interventionsto influence attainment of peak bonemass. Stable calcium
isotopes and mathematical modding of isotopic ratiosin biological fluidscan provide novd
information onthe metabolism of calcium. This approach isincreasingly utilized to assess a
myriad of questionsconaerning calcium metabolism and boneturnove among children and
adolescents. Calcium kinetic studies are particularly relevant when utilized in chronically ill
children to identify pathways of altered calcium metabolism and boneturnove. The utility of



this approach can be exemplified by a series of recent stable isotopepublicationsproviding
data on calcium absorption, endogenousfecal calcium excretion and rates of boneturnove in
children with cystic fibross. Results from studies such as these are especidly relevant in the
design of interventionsto improve calcium retention in pediatric diseases known to limit
bonecalcium accretion. Continued use of this techniquewill assist in calcium intake
guiddines for pediatric popuktions

Modeling Perturbationsin Vitamin A Metabolism in Response to I nflammation
M. H. Green, S H. GiengandF. J. Rosales

Department of Nutritional Saences, The Penng/lvania State University, USA

Generally modd-based compatmental andysisisused to study systemstha arein aquas
steady state. However, in many redl life Stuaions exogenousfactors perturb systems away
fromthe steady state. Here we perturbed thevitamin A system in rats usng inflammation as
the perturbing agent and then applied the Windows version of the Simulation, Andysis and
Modding software (WinSAAM) to modd changesin system dynamics leading to a new
steady state. Tritiated retind in oil was administered orally to healthy control rats (n=14),
and plasma tracer respons was monitored from 2 hr to 21 days. Then an ogmotic mini-punmp
containing lipopolysaccharide or hr-interleukin-6 was implanted subautaneoudy to induce
inflammation, and the perturbed tracer respons was followed for an additiond 33 days. A
three compartment control modd (plasma exchanging with two extravascular compartments)
was sufficient to describe groupaveragetracer daa obtained duringthefirst 21 days. Tofit
thedaa after perturbdion, theprevioudy time-invariant fractiond trander coefficient
describing mobilization of retinol into plasma from the slow turning-over extravascular
compatment (i.e., liver vitamin A stores) was made time variant. Thetime variance was
simulated by an exponential equédionthat described thetracer respons and hdped explain
theundelying physologica changesinduced by inflammation. Themodd predicted that
inflammation inhibited the mohilization of vitamin A from hepaic stores, likely seconday to
inhibition of the synthesis and secretion of retinol-binding protein from hepaocytes. This
work illugrates how modding system responss to perturbaionsshedslight on undelying
mechanisms.
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