Physiological Reports

ORIGINAL RESEARCH

Open Access

Physiological Reports ISSN 2051-817X

Relating tissue/organ energy expenditure to metabolic
fluxes in mouse and human: experimental data integrated
with mathematical modeling

China M. Kummitha', Satish C. Kalhan?, Gerald M. Saidel’ & Nicola Lai'3

1 Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio, USA
2 Department of Pathobiology, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA
3 Department of Pediatrics, Case Western Reserve University, Cleveland, Ohio, USA

Keywords

Energy metabolism, flux balance analysis,
metabolic pathway fluxes, oxygen
consumption, substrate utilization.

Correspondence

Nicola Lai, Research Assistant Professor,
Biomedical Engineering, Case Western
Reserve University, Room 411, Wickenden
Building, Cleveland, OH 44106-7207, USA
Tel: +1 216-368-5566

Fax: +1-216-368-4969

E-mail: nicola.lai@case.edu

Funding Information
This research was supported in part by NIH

grants from NIGMS (GM088823), NIAMS
(K25AR057206), and NIDDK (DK027651).

Received: 21 July 2014; Revised: 26 August
2014, Accepted: 1 September 2014
doi: 10.14814/phy2.12159

Physiol Rep, 2(9), 2014, e12159,
doi: 10.14814/phy2.12159

Introduction

Abstract

Mouse models of human diseases are used to study the metabolic and physio-
logical processes leading to altered whole-body energy expenditure (EE),
which is the sum of EE of all body organs and tissues. Isotopic techniques,
arterio-venous difference of substrates, oxygen, and blood flow measurements
can provide essential information to quantify tissue/organ EE and substrate
oxidation. To complement and integrate experimental data, quantitative math-
ematical model analyses have been applied in the design of experiments and
evaluation of metabolic fluxes. In this study, a method is presented to quan-
tify the energy expenditure of the main mouse organs using metabolic flux
measurements. The metabolic fluxes and substrate utilization of the main
metabolic pathways of energy metabolism in the mouse tissue/organ systems
and the whole body are quantified using a mathematical model based on mass
and energy balances. The model is composed of six organ/tissue compart-
ments: brain, heart, liver, gastrointestinal tract, muscle, and adipose tissue.
Each tissue/organ is described with a distinct system of metabolic reactions.
This model quantifies metabolic and energetic characteristics of mice under
overnight fasting conditions. The steady-state mass balances of metabolites
and energy balances of carbohydrate and fat are integrated with available
experimental data to calculate metabolic fluxes, substrate utilization, and oxy-
gen consumption in each tissue/organ. The model serves as a paradigm for
designing experiments with the minimal reliable measurements necessary to
quantify tissue/organs fluxes and to quantify the contributions of tissue/organ
EE to whole-body EE that cannot be easily determined currently.

important distinctions are evident in the energy metabo-
lism of mice and humans. For example, the energy expen-

Mouse-human metabolism relation

Mouse models are valuable tools to investigate and iden-
tify metabolic processes that regulate energy metabolism
and body weight (BW) (Tam et al. 2009; Guo and Hall
2011). The results obtained from the models in mice can
be translated to humans to a large extent because mice
and humans share similar physiological functions at cellu-
lar, tissue/organ, and whole-body levels (Rangarajan and
Weinberg 2003; Shultz et al. 2007). However, subtle yet
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diture (EE) per gram of body weight in mice is seven
times higher than that in humans (Blaxter 1989; Wang
et al. 2012) and EE per unit mass of liver and brain is
respectively eight times and three times higher in mice
than that in humans (Wang et al. 2012). Even though
mice and humans share metabolic similarities associated
with energy metabolism, the magnitude of these processes
in organs and tissues differ significantly between them.
Thus, it is important to identify and quantify the meta-
bolic processes that lead to those distinctions in mice and
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humans for translational research of metabolic diseases.
Because key metabolic data are limited and difficult to
obtain, modeling is necessary to identify and quantify
the metabolic processes involving mice models of human
disease.

Significance of altered metabolic fluxes

Fuel homeostasis in the whole body requires coordination
of metabolic fluxes among organs and tissues. These are
regulated by neuroendocrine and hormonal factors (Hall
2006; Kim et al. 2007; Pattaranit and van den Berg 2008).
The whole-body metabolic fluxes that are important for
energy metabolism are glycolysis, glycogenolysis, gluco-
neogenesis, lipolysis, de novo lipogenesis, triglyceride-fatty
acid cycling, proteolysis, and oxidation of macronutrients
(carbohydrate, fat, and protein). The total EE is equal to
sum of the rates of oxidation of macronutrients. These
fluxes change in chronic disease (e.g., diabetes), exercise
and dietary perturbations as a result of altered cellular
metabolic processes in various tissues and organs (Hall
2006; Kim et al. 2007; Pattaranit and van den Berg 2008).
These pathophysiologic perturbations alter metabolic
pathways and fluxes in individual organs and alter inter-
organ exchange rates of substrates with subsequent
changes in substrate utilization, EE, and BW (Hall 2006;
Kim et al. 2007; Pattaranit and van den Berg 2008).
Although most metabolic pathways of substrate utilization
are known, the relationships between these pathways and
body weight regulation are yet to be quantified. By quan-
tifying EE and metabolic pathway fluxes in organs and
tissues, we can obtain key information that relates
changes in metabolic processes with regulation of energy
metabolism and BW in disease.

EE and metabolic fluxes

Several techniques are available to measure organ/tissue
EE and metabolic fluxes in animal models and humans.
The product of blood flow and arterio-venous difference
of oxygen is commonly used to determine organ/tissue
oxygen consumption (VO,) in vivo. The VO, of different
organs/tissues is then used to quantify their contribution
to the whole-body EE (Elia 1992). The application of this
approach is limited in mice because it is challenging to
measure blood flow and arterio-venous difference of oxy-
gen across organs/tissues. Alternatively, investigators have
used allometric equations of EE and BW to obtain organ
EE in animals (Wang et al. 2012). This approach does
not account for changes in body composition and its
contribution to whole-body energy metabolism. Stable
isotope tracers combined with measurements of isoto-
pomer labeling using NMR and mass spectroscopy are
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used to determine metabolic pathway fluxes in vivo (Choi
and Antoniewicz 2011). However, they require fairly large
amount of sample, long analytical time, and expensive
equipment and provide partial information about the dis-
tribution of isotopomers. Thus, it is desirable to identify
the minimal number of the metabolic flux measurements
required to quantify the energy metabolism of each organ
in relation to the whole-body energy expenditure.

Mathematical models of energy metabolism

To relate energy metabolism to the regulation of BW in
humans and mice, mathematical models have been devel-
oped (Hall 2006, 2012; Tam et al. 2009; Guo and Hall
2011). Although these models can identify whole-body
metabolic fluxes responsible for changes in body weight
and composition in response to dietary changes, they do
not quantify the metabolic processes in the organs
responsible for body weight regulation. Previously, a com-
plementary approach was developed to evaluate metabolic
fluxes of organs and tissues by integrating stoichiometric
metabolic network models with organ/tissue measure-
ments of uptake and/or production of metabolites and
metabolic fluxes (Kim et al. 2007, 2011; Li et al. 2009).
By this method, in vivo fluxes can be quantified and
relate metabolism of organs and tissues to whole-body at
rest and during exercise in humans. In this study a simi-
lar mathematical approach is applied to quantify organ/
tissue metabolic fluxes in mice.

Here, we develop a unique quantitative framework to
estimate metabolic fluxes of the main pathways of energy
metabolism in key tissue/organs of the mouse. Our math-
ematical framework integrates mass balances, energy bal-
ances, and metabolic fluxes obtained from the literature.
Specific assumptions are also used to estimate metabolic
fluxes that are difficult to measure in each organ of the
mouse and are not available in literature. Consequently,
the model is used to evaluate (1) the metabolic pathway
fluxes of tissues and organs from a limited set of experi-
mental data and (2) the contribution of tissue/organ
energy metabolism to whole-body energy metabolism.
Furthermore, by quantifying differences of whole-body
and intraorgan metabolic fluxes between mouse and
human, we could relate energy metabolism of mice to
humans.

Methods

Overview

In this work, a model paradigm is developed to relate
organ-level energy expenditure to metabolic flux as an
alternative to the Fick principle in mice. The main goal is
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to provide a method to quantify the energy expenditure
of organs using metabolic fluxes of the main pathways
involved in fuel metabolism. Here, the main organs and
tissues involved in lipid, carbohydrates, and protein
metabolism and the organs for which there is sufficient
metabolic information about mice are considered. The
methodology presented here allows quantitative analysis
of metabolic fluxes (MF) of overnight-fasted mouse
organs/tissues: brain, heart, liver, skeletal muscle, adipose
tissue, and gastrointestinal tract (GI), which includes
stomach, spleen, intestines, and visceral fat. The model
provides a mechanistic framework to study substrate utili-
zation in each organ. Liver, gastrointestinal (GI) tract,
skeletal muscle, and adipose tissue are key organs/tissues
that contribute to the adaptive responses to pathophysio-
logical conditions and provide metabolic fuels necessary
for sustenance. Additionally, brain and heart consume
energy for sending biochemical signals and transport
energy. Because of insufficient data on fuel metabolism of
lung and kidney in mice, these organs are not included.
Steady-state mass balance equations are developed for
each key metabolite in the biochemical pathways of
organs and tissues. This builds upon the approach by oth-
ers (Kim et al. 2007) used to determine organ/tissue MFs
of humans. For mice, however, data are lacking in regard
to rates of substrate uptake/release and MFs to construct
all the pathway fluxes of organs/tissues. To compensate
for this lack of data, the mathematical model combines
mass and energy balances to quantify organ/tissue energy
expenditure (EE). Consequently, this model analysis yields
MFs, substrate uptake/release, substrate utilization, oxygen
consumption (VO,), and carbon dioxide production
(VCO,) in various organs/tissues of mice. The data inputs
given in Tables 1-4 and 10 allow the mathematical model
(Fig. 1) to predict the data outputs (Table 5-9 and 12).

Mathematical model

Based on the primary function of the organ/tissue in the
whole-body energy metabolism, we specified the major
specialized metabolic pathways, which dictate the
exchange and distribution of metabolic fuels among tis-
sues/organs. The main metabolic fuels that exchange
among tissues and organs via blood circulation are glu-
cose, free fatty acid, glycerol, triglyceride, lactate, and
amino acids (represented here by alanine) (Fig. 2). The
systems of metabolic reactions that are present in each
tissue and organ are provided in Figure 2 and
Appendix 1 (Kim et al. 2007). The distinctive metabolic
reactions present in each tissue and organ are shown in
Figure 3. The protein breakdown is present in most
of the organs/tissues after overnight fasting, however,
we considered proteolysis only in skeletal muscle because
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Table 1. Metabolic fluxes (MFs) of mouse organs/tissues.

Organ/tissue MF (umol/min/kg)"  Reference

Brain ¢GLY~>GGP 2.0 (Klm et al. 2007)
PpyR-LAC 469.8 (Kim et al. 2007)
Heart ¢GLY~>66P 160.0 (Klm et al. 2007)
PpyR-LAC 352.0 (Kim et al. 2007)
P16 -GLR 16.0 (Kim et al. 2007)
Liver delcscop 73.12 (Mulligan and
Tisdale 1991)
doercar  73.13 (Kim et al. 2007)
boppopyr 14623 (Kim et al. 2007)
¢PYR~>LAC 140.0 (Klm et al. 2007)
dGeP-GLY 66.0 (Kim et al. 2007)
doivocer  305.42 (Chacko et al. 2012)
¢TG~>GLR 2.7 (Klm et al. 2007)
aconrrn 747 (Kim et al. 2007)
¢PYR~>ACOA 0.0 (Klm et al. 2007)
Gl PpyR-LAC 100.0 (Kim et al. 2007)
Skeletal PLAC PYR 44 .4 (Kim et al. 2007)
muscle DGy -Gep 6.2 (Kim et al. 2007)
Pr6-aLR 6.5 (Kim et al. 2007)
Adipose tissue  ¢ppyr_iac 3.3 (Kim et al. 2007)
PLACPYR 0.9 (Kim et al. 2007)
Preaia 138.4% (Kim et al. 2007)

All fluxes otherwise indicated by 2, > and # are calculated using

the assumption that the metabolic fluxes (MFs) (per unit organ/tis-
sue mass) in mouse and human are similar.

The ¢giccer and ¢ciy_gep iN the mouse liver were obtained
using isotope tracers.

"per kg of organ weight.

2Experimental data.

3The relationships of MFs for ¢G6P4>GAP (:d)GLCHGGP) and ¢GAP~>
pyR (=2XdGic -gep) IN mouse liver were based on the fluxes in
human liver.

“The relationship of MFs for ¢gra_te (=0.2¢16rra) iIN Mouse adi-
pose tissue was based on the fluxes in human adipose tissue.
20% of the FFA resulted from lipolysis reesterified to TG.

in all other organs the contribution of proteolysis to
whole body is not significant compared to skeletal
muscle. Furthermore, although gluconeogenesis also
takes place in the GI tract but we neglected for this
analysis because its contribution to the whole body is
not significant.

Mass balances

A system of mass balance equations is defined for each
tissue/organ system. The mass balance for each metabolite
is based on the metabolic flux (production/utilization)
and uptake/release rates of the metabolite in each tissue/
organ. The metabolic fluxes of substrate production and
utilization in tissues and organs depend on many com-
plex biochemical reactions. We assume that the tissue and
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Table 2. Mouse organ/tissue substrate uptake/release rates.

Uptake (Upt)
Release (Rel)

Uptake/Release as

Organ/tissue %R, of substrate Upt/Rel (umol/min/kg)’ Reference

Heart Uptiac 12.9% of R, iac 708.3 (Kim et al. 2007)

Liver Relgic 100% RaGLc 1154.8° (Chacko et al. 2012)
Relrg 100% R 16 10.8 (Kim et al. 2007)
Uptair 100% of R, air 545.7 (Kim et al. 2007)
Uptaia 100% of R, aLa 860.2 (Kim et al. 2007)

Gl Uptre 20.7% of Ry1g 1.6 (Kim et al. 2007)
ReIFFA 36.2% of Ra,FFA 3533 (Klm et al. 2007)

Skeletal muscle UptgLc Mouse data 58.3% (Toyoda et al. 2011)
RelLAc 36.1% of Ra,LAC 32.8 (Klm et al. 2007)
Uptrg 10.3% of R,1c 0.2 (Kim et al. 2007)
Relgir = 0.2° (Kim et al. 2007)
RelALA 100% of Ra,ALA 155.8 (Klm et al. 2007)

Adipose tissue Uptrg 69% of R,16 4.5 (Kim et al. 2007)
RelGLR 70.4% of RS,GLR 230.6 (Klm et al. 2007)
Relra 63.7% of R, ra 531.2 (Kim et al. 2007)

R., appearance rate; Upt, substrate uptake; Rel, substrate release rate.

All substrate uptake/release rates otherwise indicated by 2 and > are calculated using the following assumption. The appearance rate fraction
of metabolic fuels taken out (or released) of (or into) plasma by organs/tissues is similar in both human and mouse. Mouse organ/tissue sub-
strate uptake/release rates were calculated by multiplying appearance rate fraction of metabolic fuels of human organs/tissues with mouse
appearance rate of substrates in plasma (R, ) reported in Table 10.

The Relg ¢ from liver and Uptg,c into skeletal muscle were determined using isotope tracers.

"Per kg of organ weight.

Experimental data.

3The relationships of Relgr = Uptrg in mouse muscle was based on the substrate uptake/release rate in human muscle.

Table 3. Mouse and human physiological parameters.

Respiratory quotient

Mass Blood flow . 5
(RQ) (Kim et al. 2007)

Human (Lindstedt

Mouse (Martin and and Schaeffer 2002;

Fuhrman 1955)

Kim et al. 2007)

Mouse (Fenneteau

et al. 2009) Human (Kim et al. 2007) Mouse/Human
Organ/Tissue ) (% of BW)  (10°g) (% of BW)  (mL/min/100 g)’ (mL/min/100 g)' (=)
Brain 0.54 1.8 1.49 2.1 98.15 50.34 1.0
Heart 0.17 0.57 0.25 0.36 658.82 100.0 0.79
Liver 1.86 6.2 1.5 2.1 146.77 100.0 0.72
Gl tract 2.65 8.83 2.0 2.9 90.19 55.0 1.0
Skeletal Muscle 10.27 34.23 27.8 39.7 26.19 3.24 0.78
Adipose Tissue 3.10 10.33 11.0 15.7 38.39 3.27 0.81
Others 11.41 38.03 25.96 37.1 55.21 2.47 0.80/0.67 (this work)
Whole body 30.0 100.0 70.0 100.0 56.47 7.86 0.77/0.8%

We assumed that mouse and human organs have same RQ.
"Per 100g of organ weight.
“Mouse whole-body RQ is 0.77 (Kaiyala et al. 2010) and human whole-body RQ is 0.8 (Kim et al. 2007).
3Mouse and or human.

capillary subcompartments are spatially lumped in all tis-
sues and organs. The concentration dynamics C,,(t) of
each substrate (i) in each tissue and organ (x) can be

described by
equation:

the
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following dynamic

mass balance

dC,;

Vi —t
ode

- Px,i - Uxi + Qx(cuj -

va,i) (1)

where V,; is the volume of substrate i in tissue or organ
x, P.; and U,; are the substrate production and utiliza-

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 1. (A) Essential model inputs and equations for estimating computational outputs; (B) Whole-body systems:Venous (gray arrows) and
arterial blood (black arrows) leaving/going to the organ/tissue systems, respectively. RQ is respiratory quotient; VO, and VCO, are oxygen
consumption and carbon dioxide release rates respectively; CHO and FAT are rates of carbohydrate and fat utilization.

tion rates in tissue or organ x. Q, is the tissue or organ
blood flow rate. The input arterial concentration is C,;
and the output venous concentration is C,,;. At steady
state, the transient term is zero so that

0= Pxﬁi - Ux,i + Qx(cuﬁi - va,i) (2)

The uptake (Upt,;) or release (Rel,;) of substrate i in
tissue or organ x is related to blood flow and arterio-
venous difference:

Upt/Relx‘i = Qx(ca,i - va,i) (3)

For substrates that exist only within tissues/organs, we
set Q, = 0. The net rate of metabolic reaction is

Rei=Pei= Ui =Y Broibuioi— O Biibrioie (4)
k k

where ¢, ,_; and f_; are the flux and stoichiometric
coefficient of the reaction from substrate k to substrate i,
respectively. The steady-state mass balance equations for
the system of reactions shown in Figure 2 and Appen-
dix 1 are presented in Appendix 2. The specific metabolic
functions of each tissue/organ system and the number of
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metabolites in the pathways determine steady-state mass
balance equations of organs/tissues, which vary from one
organ/tissue to another.

Energy balances

The EE for each organ and tissue is related to the carbohy-
drate and fat oxidation according to the following equa-
tion:

%IlglADP,xCECHO + ¢FAI§MADP,xCEFAT —EE,=0 (5

where CE“"© and CE™7 are the calorific ATP equivalents
of carbohydrate and fat oxidation, respectively and

S%,OHADPW and ¢A1/:\1}1I:~>ADP,JC are the carbohydrate and fat
oxidation for organ x (Appendix 3). These fluxes are cal-

culated according to

CHO _ E .

ATP—ADPx — ﬂj—»id’jaz’,x’
j

FAT _ § :

ATP—ADPx — ﬁw~ﬁ¢w~»iﬁx
w

(6)
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Table 4. EE of mouse and human organs/tissues.

C. M. Kummitha et al.

Mouse Human
Mouse/Human

Organ/Tissue (kcal/kg/day)' (kcal/day) (%) (kcal/kg/day)' (kcal/day) (%) X-fold
Brain 740.7 0.4 6.42 2471 368.2 21.35 3.0

Heart 1352.9 0.23 3.69 705.5 176.4 10.23 1.92
Liver 17473 3.25 52.17 224.5 336.7 19.53 7.78
Gl tract 52.8 0.14 2.25 36.8 73.6 4.27 1.43
Skeletal muscle 78.9 0.81 13.0 13.0 361.9 20.99 6.06
Adipose tissue 100.0 0.31 4.98 4.1 44.9 2.6 24.5

Others 95.6 1.09 17.5 14 362.7 21.03 6.84
Whole body 207.7 6.23 100.0 24.6 1724.4 100.0 8.43

EE of brain, heart, liver were determined using allometric equations that relate organ/tissue EE to body mass. The EE of Gl tract and “others”
were obtained using “residual organs” allometric equation (Wang et al. 2012). “Others” includes the rest of the organs/tissues including kid-
neys. Adipose tissue EE was determined from FM EE (Guo and Hall 2011). Muscle EE was determined by subtracting brain, heart, liver, Gl
tract, and others EE from FFM EE (Guo and Hall 2011; Wang et al. 2012).

Human organ/tissue EE was determined from sum of carbohydrate and fat utilization rates (Kim et al. 2007).

X-fold for each organ/tissue: mouse EE (kcal/kg/day)/human EE (kcal/kg/day).

"Per kg of organ weight.

Table 5. Mouse and human organ/tissue substrate uptake/release rates.

Substrate Uptake/Release (umol/min/kg)’

Mouse Human
Organ/Tissue Substrate Calculated Measured Calculated/Measured
Brain Glucose 764.4 1270.0, 700.0 (Growdon et al. 1971; 255.0
Mulligan and Tisdale 1991)
Heart Glucose 108.7 49.1 (Matsui et al. 2006) 160.0
Free fatty acid 268.8 NA 140.0
Liver Free fatty acid 592.8 NA 140.0
Lactate 4371 NA 180.0
Gl tract Glucose 54.5 236 (Mulligan and Tisdale 1991) 38.0
Glycerol —117.8% NA —20.0%
Skeletal muscle Free fatty acid 13.6 NA 2.3
Adipose tissue Glucose 59.1 43 (Mulligan and Tisdale 1991) 3.50
Lactate —2.4% NA 5.1

NA, not available.
"Per kg of organ weight.
2The negative sign indicates substrate release.

where ¢,_; ., ¢,,_.;, and f;.;, B, are fluxes and stoichi-
ometric coefficients of the reaction from substrate j (or
w) to substrate i associated with carbohydrate (or fat) uti-
lization.

We solved coupled steady-state mass and energy bal-
ance equations numerically to obtain estimates of mouse
organ/tissue MFs (using MATLAB R2011b, fsolve). We
also computed rates of substrate utilization, VO,, and
VCO, for each organ/tissue from the MFs. A model cal-
culation for estimating liver metabolic fluxes is provided
in the Appendix 6. The “others” organs/tissues VO, is
determined by subtracting the VO, of brain, heart, liver,

2014 | Vol. 2 | Iss. 9 | e12159
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GI tract, muscle, and adipose tissue from the whole-body
VO..

We also used standard empirical relationships (Tang
et al. 2002) to compute whole-body and organ/tissue
(x = brain, liver, heart, skeletal muscle, adipose tissue, GI
tract, others) VO,:

VO, =EE,/(3.784+1.24RQ,); RQ,=VCO,,/VO,, (7)

The VO, and VCO, rates (per unit mass of organ/tis-
sue) thus obtained wusing both FBA and standard
approach are compared.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 6. Mouse VO, and VCO, rates calculated with flux balance
analysis (FBA) and standard approach.

VO, (mL/min/kg’) VCO, (ml/min/kg")

Standard Standard
Organ/Tissue FBA approach FBA approach
Brain 102.74 102.47 102.74 102.47
Heart 200.70 197.40 158.55 155.95
Liver 278.19 259.68 200.29 186.97
Gl tract 7.33 7.31 7.33 7.31
Skeletal muscle 11.45 11.54 8.93 9.00
Adipose tissue 15.69 14.51 12.71 11.76
"Per kg of organ weight.
Table 7. Whole-body fuel metabolic fluxes.

Mouse Human Xi-fold

Metabolic flux (umol/min/kg)’ Mouse/Human
Glycogenolysis 14.8 5.4 2.7
Gluconeogenesis 56.8 5.0 1.4
De novo lipogenesis 4.8 0.3 16.7
Proteolysis 44.3 4.0 11.1
Lipolysis 36.7 3.9 9.4

X-fold for each flux: mouse flux/human flux.
"Per kg of body weight.

Model inputs

Substrate uptake/release, metabolic fluxes, energy expendi-
ture, and respiratory quotients are the data inputs to the
organ/tissue mathematical model (Fig. 1). To the extent
possible, available data from literature are used. In the
absence of experimental data, specific assumptions are
made to determine metabolic pathway fluxes based on
current knowledge of fuel homeostasis in human and
mice. Quantification of the key information in each
organ/tissue of the mouse is described in the following
sections.

Mouse physiological parameters

The model analysis is based on a 30 g adult wild-type
mouse. The weights of the organs and tissues were deter-
mined from measurements of organ weights expressed as
percent of total body weight (Martin and Fuhrman 1955).
The rates of organ and tissue blood flow were calculated
from blood flow rates expressed as a fraction of the car-
diac output (Q) (Fenneteau et al. 2009). The mouse
organ and tissue weights and blood flows are reported in
Table 3. The respiratory quotient (RQ) of each organ and
tissue in mouse is assumed to be the same as that of an
overnight fasting human (Kim et al. 2007) (Table 3). This

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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assumption is consistent with the experimental evidence
that whole-body RQ under fasting conditions is similar in
both human and mice (Kim et al. 2007; Kaiyala et al.
2010).

Appearance rates of substrate in plasma

The appearance (or disappearance) of metabolic fuels in
plasma occurs when one or more organs and tissues
release (or take up) substrates. Under steady-state condi-
tions, the appearance rate equals the disappearance rate.
The rate of appearance of various substrates in plasma
measured in an overnight fasting (8-16 h) mouse from
tracer infusion studies are reported in Table 10 (Andriko-
poulos and Proietto 1995; Xu et al. 2002; Goudriaan et al.
2005; Bergman et al. 2006; Chacko et al. 2012).

Substrate uptake/release rates

The rate of uptake of glucose determined using isotope
tracers are available in literature for brain, heart, GI tract,
skeletal muscle, and adipose tissue (Tables 2 and 5).
Unknown mouse substrate uptake/release rates were cal-
culated based on appearance rates of substrate in the
plasma of mice and the fractional rates of substrate
uptake/release in humans (Table 2):

(Upt/Rel), .

(8)
Rﬂi :| Human

[Ra]

Mouse

[wprren ]~

Fractional rates of substrate uptake/release determine
tissue/organs contributions to appearance rates of sub-
strate in the plasma. It is assumed that the appearance
rate fractions of metabolic fuels taken (or released) out of
(or into) plasma by organs/tissues are similar in both
human and mouse (Table 2). Based on the literature
(Kim et al. 2007), we can specify substrate uptake (or
release) by (or from) each tissue and organ. We assume
that all the glucose that appears in plasma comes from
liver and all other organs/tissues consume glucose, which
holds true both in human and mouse. Adipose tissue
(AT) and GI tract are the sources of FFA in the plasma,
while all other organs consume FFA. Glycerol is released
from AT, GI tract, and skeletal muscle (SM), while liver
consumes all plasma glycerol. Triglyceride (TG) is
released by liver, while TG is consumed by the GI tract,
SM, and AT. Alanine is released by SM and consumed by
liver. We assumed alanine as the representative amino
acid of all amino acids. Lactate is released by SM, AT,
and “others” tissues (e.g., red blood cells) and consumed
by liver and heart. The organ/tissue substrate uptake/
release rates are presented in Tables 2.
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Table 8. Mouse organ/tissue metabolic fluxes.

C. M. Kummitha et al.

Metabolic fluxes (umol/min/kg)’

Fluxes Brain Heart Liver Gl Skeletal muscle Adipose tissue
GLC — G6P 764.4 108.7 73.1 54.5 58.3 59.3
G6P — GAP 764.4 108.7 731 54.5 58.3 59.3
GAP — PYR 1528.8 217.5 146.2 109.0 116.6 72.5
PYR — GAP - - 1443.6 - - -
GAP — G6P - - 1978.5 - - -
G6P — GLC - - 1228 - - -
G6P — GLY 2.0 160.0 66.7 - 6.25 -
GLY — G6P 2.0 160.0 305.4 - 6.25 -
PYR — LAC 469.8 352.0 140.0 100.0 77.2 3.3
LAC - PYR 469.8 1060.3 5771 100.0 44.4 0.9
GLR — GRP - 16.0 548.4 - 6.3 0.0
GAP — GRP - - - 0.0 46.1
GRP — GAP - - 5349 - 0.0 -
PYR — ALA - - - 26.5 -
ALA — PYR - - 860.2 - 0.00 -
PYR — ACoA 1528.8 925.8 109.0 57.3 70.2
FFA — ACoOA - 268.8 569.7 - 14.2 22.3
ACoA — FFA - - 74.7 - - -
TGL — GLR - 16.0 117.8 6.50 230.6
FFA — TG - 48.0 40.4 - 18.9 138.4
ACoA — CO, 1528.8 3076.1 4483.1 109.0 170.7 248.6
0, —» H,0 4586.3 8959.4 12418.8 327.1 511.3 700.5
ATP — ADP 30574.1 56241.7 72908.6 2180.5 3276.6 4156.8
Protein — ALA - - - 129.3 -
Values in bold are assumed fluxes (see Table 1) and the rest are calculated with flux balance analysis.
"Per kg of organ weight.
Table 9. Carbohydrates and fat oxidation rates in mouse and human organs.

Substrate utilization (umol/min/kg)’ X-fold

Mouse Human Mouse/Human

Organ/Tissue CHO FAT CHO FAT CHO FAT
Brain 30574 0 10199 0 3.0 -
Heart 17163 39079 9028 20300 1.9 1.9
Liver —4251.2 77160 —1700 11078 2.5 7
Gl tract 2180.5 0 1520 0 1.4 -
Skeletal muscle 1197.7 2078.9 180.84 360.21 6.6 5.8
Adipose tissue 1282.7 2874.2 52.12 117.52 24.6 24.5

CHO, carbohydrate; FAT, fat.

X-fold for each organ/tissue: mouse substrate utilization/numan substrate utilization.

Negative sign indicates CHO production.
"Per kg of organ weight

Metabolic fluxes

The metabolic fluxes (MFs) of glucose to glucose-6-
phosphate (¢grc_cep) and glycogen to glucose-6-phos-
phate (¢gry_gep) are available in literature for mouse
liver, which are determined using isotope tracers
(Table 1). For any MF that is not known from litera-
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ture, we assume organ/tissue MFs that the reaction flux
(per unit weight of organ/tissue) in mouse is equal to
the reaction flux in human (Table 1). This assumption
corresponds to the flux relationship between ¢grc_.gsp
and ¢gry_gep from MFs measured in mouse and
human liver (Mulligan and Tisdale 1991; Kim et al.
2007; Chacko et al. 2012).
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Figure 2. General metabolic pathways in whole-body model. Eight
substrates connected with open arrays are transported between
tissue and blood. While gray arrows are common pathways in all
tissues, black arrows are tissue-specific pathways. The pathways
marked with (*) are composed of several reaction steps but lumped
into one step in this model. ADP, adenosine diphosphate; ATP,
adenosine triphosphate; ACoA, acetyl CoA; AA, amino acids; GLC,
glucose; G6P, glucose-6-phosphate; GAP, glyceraldehyde-3-
phosphate; GLR, glycerol; GRP, glycerol-3-phosphate; GLY,
glycogen; FFA, free fatty acid; LAC, lactate; PYR, pyruvate; TG,
triglycerides.
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Organ energy expenditure

To calculate EE of mouse organs and tissues, we used an
allometric function that relates EE (kcal/kg/day) to body
mass BW (kg) (Wang et al. 2012):

EE, = o, BWF (9)

where o, and f, are the parameters for organ x, which
are reported in Table 11. EE, refers to the energy expen-
diture of organs and tissues, and BW refers to the mouse
whole body mass under overnight fasting conditions
(unless otherwise specified). Similar allometric functions
that relate organ size to body mass were successfully used
to estimate organ masses of different mature mammalian
species ranging in body size from mice to elephants (Elia
1992; Wang et al. 2001). Furthermore, the whole-body EE
determined from the sum of the EE of individual organs
predicted the whole-body EE, which is a function of BW
(Wang et al. 2012). Therefore, we chose this relation as a
first approximation to obtain mouse organ/tissue EE.

This allometric equation was used to calculate EE only
for brain, heart, liver, kidney, and “residual” organs/tis-
sues. The EE of the GI tract was evaluated using equa-
tion (9) with the parameters of the “residual organs”. The
EE of “others” was evaluated as the weighted average of
kidney EE and other nonspecified organs and tissues. Kid-
ney EE was evaluated using equation (9). Other nonspeci-
fied organs and tissues EE was determined using

Metabolic Pathways Brain

Heart

Skeletal Gl
Muscle

Adipose
Tissue

Gluconeogenesis |, II, IIl
(PYR -GAP, GAP—G6P, G6P—GLC)
Glycogen synthesis
(GLY—G6P)
Glycogenolysis
(GBP—GLY)

Fatty acid synthesis
(ACoA—FFA)

Fatty acid oxidation
(FFA—ACOA)
Lipolysis
(TG—FFA+GLR)

TG synthesis
(FFA+GRP—TG)
Glycerol phosphorylation
(GLR—GRP)

GAP reduction
(GAP—GRP)

GRP oxidation
(GRP—GAP)

Alanine breakdown
(ALASPYR)

Alanine synthesis
(PYR—ALA)

Protein breakdown
(Protein—ALA)

Figure 3. Map for tissue-specific metabolic pathways. In addition to the common pathways shown in Figure 2, each tissue has different kinds
of metabolic pathways. Blank filled with gray color means the existence of the corresponding pathway.
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Table 10. Appearance rates of metabolic fuels in the plasma of mouse and human.

C. M. Kummitha et al.

Appearance rate (R,) (umol/min/kg)’

Appearance rate (R,) (umol/min)

X-fold

Metabolic fuel Mouse Human Mouse Human Mouse/Human
Glucose 71.6 + 4.57 (Chacko et al. 2012) 10.87 2.15+0.14 761.0 6.59

Lactate 31.12 (this work) 4.43 0.93 (this work) 310.0 7.02
Pyruvate 0.0 (this work) 0.07 0.0 (this work) 5.0 NA

Alanine 64.9 + 11.8 (Andrikopoulos and 4.57 1.95 £ 0.35 320.0 14.21

Proietto 1995)

Free Fatty acid 96.3 + 17.3 (Bergman et al. 2006) 473 2.89 £ 0.52 331.0 20.37
Glycerol 32.6 4+ 4.3 (Xu et al. 2002) 2.00 0.98 £ 0.13 140.0 16.30
Triglyceride 0.67 + 0.03 (Goudriaan et al. 2005) 0.41 0.020 + 0.001 29.0 1.63

NA, not available.

X-fold for each organ/tissue: mouse R, (umol/kg/min)/human R, (umol/kg/min). 'Per kg of body weight.
The references for mouse substrate appearance rates are reported in the brackets. Human substrate appearance rates were obtained from

Kim et al. (2007).

Table 11. Parameters of the organ/tissues EE allometric relation-
ships (Wang et al. 2012).

Organ/Tissue o p

Brain 446.6 —0.1423
Heart 890.3 —0.1181
Liver 683.9 —0.2677
Kidneys 689.7 —0.0833
Other organs 29.96 —0.1667

equation (9) with the parameters of the “residual organs”.
The adipose tissue EE was evaluated using the specific
metabolic activity of fat mass proposed in a previous
study (Guo and Hall 2011) (Appendix 4). Muscle EE was
evaluated subtracting EEs of brain, heart, liver, GI, and
“others” from the fat-free mass (FFM) EE of the whole
body. The EE of mouse and human FM and FFM are
reported in Appendix 4. For human tissues/organs, the
values of EE was evaluated using sum of the carbohydrate
and fat substrate utilization rates estimated from flux bal-
ance analysis (Kim et al. 2007). The EE of mouse and
human organs and tissues are reported in Table 4.

Mouse whole-body VO, prediction

Using body composition and oxygen consumption data
for each organ and tissue, the whole-body VO, (mL/h)
can be predicted according to:

VO, = > M, VO, (10)
X

where M, is the organ/tissue mass (g) and VO, is the
oxygen consumption (mL/h/g) of the organ/tissue x of a
30 g wild-type mouse. For this prediction, the masses

2014 | Vol. 2 | Iss. 9 | e12159
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(Fig. 4A) and estimated rates of VO, (Table 6) of mouse
organs/tissues were used for HRS/] strain of mice at 23
and 30°C (Konarzewski and Diamond 1995).

Sensitivity analysis

We simulated the effect of £25% changes of the meta-
bolic fluxes and substrate uptake/release rates from mouse
basal levels (Tables 1 and 2) derived from human data on
carbohydrate and fat utilization rates. Some simulations
of metabolic flux or substrate uptake/release variations
produced negative intraorgan fluxes that were ignored as
not physiological.

Results

Energy expenditure

The EE (per organ/tissue mass) of all mouse organs/tis-
sues is significantly higher than their respective human
organs/tissues (Table 4). The EE of brain, heart, liver, and
GI tract in mouse is 3.0, 1.9, 7.8, and 1.4 times higher
than the respective organ/tissue in human. The EE of
muscle and adipose tissue in mouse are 6.0 and 24.5
times higher than those tissues in human. The EE of FFM
and FM in mouse are 7.9 and 25.0 times higher than
those tissues in human (Appendix 4).

Organ/tissue metabolic fluxes and rates

For each organ/tissue, Equations (2-6) were solved to
quantify metabolic fluxes and rates of O, consumption,
CO, production, as well as rates of substrate uptake/
release and utilization. As a representative case, the model

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 4. (A) Body composition; (B) Comparison of whole-body VO, of the HRS/) mouse strain between simulated and experimental data

obtained at 23° and 30°C.

calculation to estimate the liver metabolic fluxes is given
in the Appendix 6 and results are presented in Figure Al.
The inputs to the model equations are reported in the
Tables 1-4 and 10. The solution of the mass and energy
balance provides the rates of substrate uptake/release and
gas exchange of mouse organs/tissues (Tables 5, 6)
and whole body (Table 7), the metabolic fluxes (Table 8),
and substrate utilization (Table 9). For convenience, the
simulated metabolic pathway fluxes are reported in
Table 8 with the input metabolic fluxes highlighted in
bold.

Glucose uptake and gas exchange rates

The estimated glucose uptake in the brain and adipose
tissue is within the range of the measured glucose uptake.
The estimated glucose uptake, for heart is almost twofold
higher, and for GI tract is an order-of-magnitude lower,
than the measured glucose uptake (See Table 5). The VO,
and VCO, are compared with those calculated with the
standard approach Eq. (9) (Tang et al. 2002) (Table 6).
The VO, and VCO, for brain, heart, GI tract, muscle,
and adipose tissue estimated using these two approaches
are similar. In contrast, the VO, and VCO, of the liver
differ significantly between these two approaches.

Whole-body metabolic fluxes

With our methods, we could estimate whole-body meta-
bolic fluxes including glycogenolysis and gluconeogenesis
(Table 7). The equations that relate organ/tissue to
whole-body metabolic fluxes are provided in Appendix 5.
The results quantify the higher whole-body metabolic
fluxes in mouse compared to human. Gluconeogenesis in
mouse is about 11 times higher than that in human. The
rates of de novo lipogenesis, proteolysis, and lipolysis are

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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about 16, 11, and 9 times respectively higher in mouse
than those in human.

Substrate utilization rates

The rates of carbohydrate (CHO) and FAT utilization in
mouse organs/tissues are higher compared to human
(Table 9). FAT utilization is absent in the brain and GI
tract of mouse and human. The relative contributions of
CHO and FAT to energy production are reported in
Table 12. The percent contribution of CHO and FAT to
energy production in the liver is significantly different for
mouse and human, but they are only slightly different in
heart, muscle, and adipose tissue. CHO is the only fuel
for brain and GI tract energy metabolism and FAT utili-
zation is absent in these organs. The negative carbohy-
drate utilization of liver indicates that liver is producing
glucose with the energy from fat metabolism.

Whole-body VO, prediction

The predicted organ and whole-body VO, at 23°C
and 30°C for HRS/J strain of mice were reported in

Table 12. Contribution of CHO and FAT oxidation to substrate
utilization in mouse and human organs.

CHO (%) FAT (%)
Organ/Tissue Mouse Human Mouse Human
Brain 100.0 100.0 0.0 0.0
Heart 30.5 30.8 69.5 69.2
Liver -5.8 —18.1 105.8 118.1
Gl tract 100.0 100.0 0.0 0.0
Skeletal muscle 36.6 334 63.4 66.6
Adipose tissue 30.9 30.7 69.1 69.3
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Figure 4B. The simulated whole-body VO, is close to
the experimental value at 23°C, while the simulated VO,
at 30°C is slightly higher than the measured value
(Konarzewski and Diamond 1995).

Sensitivity analysis

The sensitivity results are presented in Figure 5. When
dcepcry flux in liver varied by £25%, the carbohydrate
utilization value varied slightly (£2.7%) and the fat utili-
zation varied less than +1% (Fig. 5A). From a +25% var-
iation of Uptgirriver the carbohydrate utilization
changed by £9.6%, and the fat utilization varied less than
+1% (Fig. 5B). When Reljzcspm varied by £25%, small
changes occurred in carbohydrate (£4.1%) and fat utili-
zation (£2.4%) (Fig. 5C). The variation in other meta-
bolic fluxes and substrate uptake/release (£25%) derived
from human data (Tables 1 and 2) had negligible (<1%)
effect on carbohydrate and fat utilization rates. When
¢rra TG flux and Relgps and Relgrr rates in adipose tis-
sue were changed by £25%, the results produced negative
values of metabolic fluxes, which are not physiological.
The simultaneous (+25%) variation of Relgp, and Relgir

C. M. Kummitha et al.

affected carbohydrate and fat utilization rates by +20%
and —40%, respectively (Fig. 5D).

Discussion

Mouse metabolism

In this study, a multiorgan analysis is applied to obtain
mouse organ/tissue metabolic fluxes and rates of exchange
of substrates. Using mass and energy balances for each
organ, the rates of organ/tissue carbohydrate and fat utili-
zation are evaluated. In turn, rates of substrate utilization
were used to obtain organ/tissue energy expenditure (EE).
The whole-body and organ/tissue physiological parameters,
EE, rates of substrate utilization, and rates of oxygen con-
sumption of mice and humans are compared to quantify
the differences in their energy and metabolic processes.

Flux balance analysis in determining energy
expenditure

The flux balance analysis with limited experimental data
(organ/tissue metabolic fluxes and whole-body metabolic
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Figure 5. Sensitivity analysis. The effect of variation (+25% from the base case value) of ¢ggp_.cLy in liver (A), Uptgg in liver (B), Relac, in
skeletal muscle (C), and simultaneous variation (=25% from the base case value) of Relrra and Relgir in adipose tissue (D) on carbohydrate and

fat utilization.
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parameters) can be used to quantify the fluxes that can-
not be obtained easily with experiments and identifies the
number of experiments required for obtaining unknown
measurements (Tables 5, 7, 8). Currently, experimental
data related to rates of free fatty acid uptake of heart,
liver, skeletal muscle, lactate uptake/release of liver and
adipose tissue, and glycerol release from GI tract are not
available for mice. Our model analysis yields estimates of
these rates. Furthermore, the model also estimates rates of
glucose uptake for brain, heart, adipose tissue, and GI
tract. We observed few differences between rates of glu-
cose uptake obtained with model simulations and experi-
ments. The rates of glucose uptake of brain and adipose
tissue derived with model simulations are consistent with
the experimental data (Table 5). This indicates that the
model proposed with EE values and other assumptions
utilized for these organs are consistent with experimental
data obtained under similar physiological conditions. On
the other hand, significant differences were noticed
between estimated and measured rates of glucose uptake
for heart and GI tract (Table 5). These differences in glu-
cose uptake could be related to the inputs values for EE
used for heart and GI tract. It is expected that for the
same RQ, the increase in the EE of organs/tissues results
in the simultaneous increase in the rates of carbohydrate
and fat oxidation, which is followed by an increase in glu-
cose and fatty acid uptake and vice versa. Therefore, the
lower (or higher) glucose uptake for GI tract (or heart)
can be caused by an underestimation (or overestimation)
of the EE determined by allometric functions. This was
verified by simulations using different EE values of GI
tract and heart. The actual EE of GI tract and heart used
for the FBA are 0.14 and 0.23 kcal/day, respectively. It
was found that at 0.61 kcal/day EE value, the GI tract
measured, and estimated rates of glucose uptake
(234.3 pmol/min/kg) are the same. At 0.2 kcal/day EE
value, the measured and calculated rates of glucose uptake
by the heart (49.1 umol/min/kg) are the same and the
free fatty acid uptake by the heart decreased from 268.8
to 234.3 umol/min/kg (Table 5).

Sensitivity analysis for model justification
and experiment design

Under the assumption that the metabolic flux per unit
organ/tissue mass in mouse and human are similar
(Table 1), sensitivity analysis indicates that variations of
most metabolic fluxes have a minor effect on the organ
substrate utilization. Under the assumption that the
appearance rate fractions of metabolic fuels in organs/tis-
sues are similar in both human and mouse (Table 2),
variations in all organ/tissue substrate uptake/release rates,
only a few showed moderate sensitivity to carbohydrate

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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and fat utilization. (Fig. 5B and C). Since FFA and GLR
are both stoichiometrically related to lipolysis (3:1),
Relppa and Relgrr rates (Table 2) are closely coupled and
significantly affect carbohydrate and fat utilization rates.
Therefore, the relationship between Relgry and Relgrr in
mouse is similar in human. Since Relgpy and Relgrr were
estimated using appearance rates of R,ppa and R,grr
from mouse, the substrate utilization rates estimated in
the base case (Table 9 and 12) are plausible. Variation of
most assumptions in Tables 1 and 2 has minimal effects
on estimates of organ and whole-body substrate utiliza-
tion. This sensitivity analysis not only quantified the effect
of assumptions on the model outputs, but also identified
the most critical metabolic fluxes affecting organ substrate
utilization and energy expenditure.

Whole-body metabolic fluxes

The model also yields estimates of whole-body metabolic
fluxes including gluconeogenesis, de novo lipogenesis,
glycogenolysis, lipolysis, proteolysis, and oxidation of ma-
cronutrients (Tables 7, 9, and 12). These fluxes are higher
in mouse than those in human organs/tissues. For exam-
ple, the rates of gluconeogenesis and glycogenolysis in
mouse liver are 11.4 and 2.7 fold higher than that in
human liver, respectively. This is mainly due to the differ-
ence in the utilization of glucose as the fuel under over-
night fasting conditions. This is supported by a glucose
level in mouse plasma 6.6-fold higher than that in
human. The major source of glucose production under
fasting conditions via gluconeogenesis and glycogenolysis
is the liver.

Comparison of mouse and human
metabolism

The whole-body energy expenditure (expressed per unit
BW) in mouse is significantly higher than in human. Fur-
thermore, the organ/tissue contribution to the whole-
body metabolic rate differs in mouse and human. The
liver consumes about 52% and 20% of whole-body energy
expenditure in mouse and human, respectively, whereas
the contributions of brain, heart, GI tract, skeletal muscle
to the whole-body energy expenditure in mouse are com-
paratively smaller than those in human (Table 4). These
differences in the energy expenditure of mice and humans
can be related to differences in the body composition and
organ/tissue metabolic activities. While the size of liver
and GI tract in mouse relative to body weight are about 3
times that in human, the proportions of skeletal muscle
and adipose are lower in mice than that in human
(Table 3). The energy expenditure of organs and tissues
are higher in mouse than in human (Table 4), which can
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be related to the differences in the cellular and structural
constituents of organs and tissues in these species.
Although no direct evidence supports this argument, it
can be inferred from studies (Elia 1992) that the energy
expenditure of rat cerebral tissue is twofold higher than
that in human. The higher energy expenditure of rat cere-
bral tissue was linked to a much smaller proportion of
glial cells (i.e., lower energy expenditure). Furthermore,
fiber type and composition of skeletal muscle vary across
species. Similar muscles in different species may have dif-
ferent functional and metabolic properties (Schiaffino and
Reggiani 2011; Bloemberg and Quadrilatero 2012). The
citrate synthase activity, an indicator of mitochondria
content, is higher in mouse than in human skeletal mus-
cle, while the fraction of type I fibers in human skeletal
muscle is higher than in rodents (Schiaffino and Reggiani
2011). Thus, the higher energy expenditure in mouse can
be attributed to the higher mitochondrial density. The
higher energy expenditure of mouse at whole-body and
organ/tissue levels is also related to higher rates of organ/
tissue carbohydrate and fat oxidation (Table 9) and
higher rates of glycogenolysis, gluconeogenesis, de novo
lipogenesis, proteolysis, and lipolysis whole-body meta-
bolic fluxes (Table 7). The higher metabolic activity is
also related to more heat loss in mouse than in human
(Blaxter 1989).

Mouse oxygen consumption rate

The model predicted the whole-body VO, at 23°C for
HRS/J strain (Fig. 4B), but overestimated VO, at 30°C by
15%. This may be related to data at ambient temperature,
which can have a significant effect on the mouse meta-
bolic rate (Speakman 2013). A temperature variation of
7-10°C leads to 10-30% of change of the basal metabolic
rate (Konarzewski and Diamond 1995; Golozoubova et al.
2004) Therefore, an overestimation of the basal metabolic
rate of 15% appears plausible since the model does not
take into account the effect of the temperature on the
energy expenditure.

The liver VO, from flux balance analysis differ from
indirect calorimetry (Table 6). This difference is mainly
due to the inclusion of the stoichiometric reactions of
glycogenolysis, gluconeogenesis from alanine and glycerol
used for quantifying EE from the main metabolic path-
ways.

Overview of model analysis

In this study, the organ/tissue contributions to the energy
expenditure are quantified using a system of mass and
energy balance equations based on the fluxes of the main
energy metabolism pathways of each organ. This analysis
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incorporates available data on metabolic fluxes, substrate
uptake and release rates, respiratory quotient (Tables 1—
3), and organ/tissue EE allometric relationships. Since
experimental data in support of various assumptions are
lacking, the reliability of the model predictions is limited.
On the other hand, this model analysis can be applied to
identify the minimal set of metabolic flux measurements
to determine the organ/tissues EE without using any
assumptions for EE, metabolic fluxes, or respiratory quo-
tients in Tables 1-3.

Conclusions

The methodology developed in this study can be useful in
the design of experimental studies to quantify the meta-
bolic fluxes affecting energy expenditure in mouse models
of disease. Furthermore, an integrative approach that
combines limited experimental data and computational
modeling can quantify changes in the tissue/organ meta-
bolic activities taking into account body composition and
metabolic or physiological differences between species. In
future studies, contributions of kidney, lungs, and skin to
the whole-body energy balance can be included when suf-
ficient data becomes available. To analyze weight regula-
tion in disease, diet, or exercise, the tissue/organ
metabolic flux network presented here would have to be
integrated with hormonal control. In summary, the
method presented quantifies the energy expenditure of
mouse organs using metabolic flux measurements. This
methodology can be used as an alternative approach to
the traditional measurements based on Fick’s principle to
determine the organ energy expenditure. The theoretical
framework is a paradigm for direct and quantitative
human—-mouse comparison of fuel utilization in tissue/
organ systems and whole-body fluxes under various meta-
bolic or physiological conditions.
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Appendix 1

C. M. Kummitha et al.

Biochemical reactions of the metabolic pathways in tissue/organ x

0 N O U B WN =

. Glycolysis |

. Glycolysis Il

. Glycolysis Il

. Gluconeogenesis |
. Gluconeogenesis Il
. Gluconeogenesis Il
. Glycogenesis

. Glycogenolysis

. Pyruvate reduction

. Lactate oxidation

. Glycerol phosphorylation
. GAP reduction

. Glycerol 3-P oxidation

. Alanine formation

. Alanine utilization

. Pyruvate oxidation

. Fatty acid oxidation

. Fatty acid synthesis

. Lipolysis

. Triglyceride synthesis

. TCA cycle

. Oxidative phosphorylation
. Protein breakdown

. ATP hydrolysis

GLC + ATP —» G6P + ADP

G6P + ATP — 2GAP + ADP

GAP + Pi + NAD* + 2ADP — PYR + NADH + 2ATP

PYR + 3ATP + NADH — GAP + 3ADP + NAD* + 2P

2GAP — G6P + P

G6P — GLC + P

G6P + ATP — GLY + ADP + 2Pi

GLY + Pi —» G6P

PYR + NADH — LAC + NAD*

LAC + NAD* - PYR + NADH

GLR + ATP — GRP + ADP

GAP + NADH — GRP + NAD*

GRP + NAD* — GAP + NADH

PYR — ALA

ALA — PYR

PYR + CoA + NAD* — ACoA + NADH + CO,

FA + 8CoA + 2ATP + 14NAD* — 8ACOA + 2ADP + 2Pi + 14NADH
8ACOA + 7ATP + 14NADH — FA + 8CoA + 7ADP + 7Pi + 14NAD*
TGL —» GLR + 3FA

GRP + 3FA + 6ATP — TGL + 6ADP + 7Pi

ACOA + ADP + Pi + 4NAD* — 2CO, + CoA + ATP + 4NADH
0O, + 6ADP + 6Pi + 2NADH — 2H,0 + 6ATP + 2NAD™
Protein — ALA

ATP — ADP + Pi
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Figure A1. The model equations were solved using the function fsolve in MATLAB. Some of the data inputs were highlighted in bold font in
the flux balance diagram. The other data inputs are, RQ: 0.72; EE: 225.7 10> kcal min~"; CE<H°: 16.8 10~° kcal nmol~"; CE™": 16.6

102 kcal nmol~"; All metabolic fluxes are in nmol min~".
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Appendix 2

Steady-state mass balance equations of metabolite in tissue/organ x

1. Glucose $asp-cic — darc-cer + OxCacic — Craic) = 0

2. Pyruvate DGaP—PYR T PLACPYR T PALASPYR — PPYR-GAP — PPYRoLAC — DPYRoALA — PrvRoacoa T QdCopvr — Cupvr) = 0
3. Lactate drvroiac — dacoevr T QdCaac — Cuiac) = 0

4. Alanine Ppvroala + Pproteinsaa — Pataspyr + QdCoaa — Craa) = 0

5. Glycerol $re-6r — Parscre T OdCoair — Crair) = 0

6. Free Fatty acid 3¢1661r + & Pacoaira — Prra—tc — Prra—acon T Ox(Carra — Cupra) =0

7. Triglyceride T dera16 — Pr6-a6ir + Qu(Car — C16) =0

8. Oxygen —[$0,-10] +Q(Ca0, — Cv0,) =0

9. Carbon dioxide Pevr_acon + 2 [Pacoaco,] + Q(Caco, — Crco,) =0

10. Glucose 6 phosphate daLc—cer % [Poar—cer] + Pory—cap — Paep—car — Pasp—cic — Pasp—aLy = O
11. Glycogen $cer—cly — Pory—cer = 0

12. Glyceraldehyde Phosphate  2[¢gep_.cap] + Prvr—cap + Pcrr—car — Poar—pyr — Pear—cer — Poap—cre = O
13. Glycerol phosphate Pairre + Poap—cre — Parr—Gap — 3 Prrate = O

14. Acetyl coenzyme A Ppyr—acoa t 8Prra_acoa — Pacoa—rra — Pacoa—co, =0

15. Coenzyme A $acoa—co, T Pacoa—ra — Prvr—acoa — 8Prra_acoa =0

16. NAD+ Dpvrocar T Ppyvrotac + Poar—cre T %¢ACOA~FFA +26¢0,-H,0

- ¢GAP~»PYR - ¢LAC~>P‘/R - ¢GRPHGAP - ¢PYR~>ACOA - 14¢FFA~>ACOA - 4¢ACOA~»COZ =0

17. NADH doap—pyr T Drac—pyr T+ Porr—cap T Prvroacoa T 14dra—acon + 4Pacoa—co,
— Ppvr AP — DpyRLAC — PGAPGRP — %(bACOA—aFFA =200, 0 =0
18. ATP 2¢ap—pvr + Pacoa—co, +6¢0, 1,0 + Prcr—cr — Poic—cer — Posp—car — 3Ppvr_car
— Paep—cLy — PGLR—-GRP — 2PFra—ACOA — % Pacoa—rra — 2Prra—16 — Pcrpcr — Patr—app =0
19. ADP Peicaer T Peep—car + 3Ppvraap + Paep—cLy T Peir—Gre + 2¢Fraacoa T %¢ACOA4FA
+ 2¢era 16 + Pcrpcr + Patpap — 2¢6appYR — Pacoa—co, — 6¢0, H,0 — Prcrcr = 0
20. Pi 2pyr_cap + %¢GAP~>GSP + dear—cLc T 2Pcep—cLy T 2Pra—acon +é¢ACOA~>FFA

7
+§¢FFA~>TG + ¢ATP~»ADP - ¢GAP~>PYR - ¢GLY%GGP - 6¢Oz~>HzO - ¢ACOA~>COZ =0

Appendix 3

Energy balance equations

Organ/Tissue Carbohydrate utilization, ¢S, aop

Brain 2¢6ap—pyr T XcHo (Pacoa—co, T 6¢0,-H,0) — PoLc—cep — Pasp—car — Pasp—aLy

Heart 2¢ap—pyr + XcHo (Pacoa—co, T 690,—H,0) — Paic—cep — Pasp—cap — PaeP—GLy

)

)
Liver 2¢6ap—pyR +XcHO ) — Paic—aep — Pasp—cap — 3Ppvrocar — PasraLy
)
)
)

$acoa—co, + 6Po,—H,0

Gl tract 2¢cap_pyR + XCHO

¢ACOA~»COZ + 6¢Oz~>HzO - ¢GLC~>GGP - ¢GBP~>GAP

Skeletal muscle 2¢ap—pyr T Xcho (Pacoa—co, T 690,—1,0) — Paic—cep — Paspr—cap — PaeP—GLy

Adipose tissue 2¢cap—pyr + XcHo

—~ o~

¢ACOA—»COZ + 6¢OZ~HZO - ¢GLC—»G6P - d)GSP—sGAP
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Fat utilization ¢fAL e

Brain Xeat (Pacon—co, + 600, 1,0)

Heart Xeat ($acoa—co, + 6¢0,—H,0) — DoLr—cre — 2Psra—acon — 2Pra—T6 = O

Liver XeaT ($acoa—co, + 6¢0,—1,0) — PoLroare — 2Prra—acon — 7/8Pacon—rra — 2¢raTc
Gl tract Xeat (Pacoa—co, + 600, 1,0)

Skeletal muscle XFAT(¢ACOAHCOZ + 6¢OZHHZO) — PcLr—cre — 2Prra—Acon — 20Fra—TG

Adipose tissue XeaT ($acoa—co, + 6¢0,—H,0) — 2dFra—acoa — 2PFra—TG

Where carbohydrate and fat oxidation fraction is defined as follows:

d)PYR—bACOA ¢FA<—>AC0A

— xcuo = 0; —xpar = 05 XcHo + XpaT = 1

¢AC0A—>COZ d’ACoA—» CO,

The overall energy balance for each organ/tissue system is

b -appCEC + @i1h_appCE™T — EE =0

where, CE“© (16.825 10™° kcal/nmol) and CEFT 16.653 10 kcal/nmol) are the carbohydrate and fat calorific equiva-
lent of ATP, respectively.

Appendix 4

Estimation of FM and FFM energy expenditure
Under fasting conditions, the energy expenditure (EE) model for mouse reported by Guo and Hall (2011) reduces to

EE = K + ypFM + 7p FEM

Where K is the basal thermogenesis rate, while ygy (30 keal/kg/day) and yprv (150 kcal/kg/day) are the specific
metabolic rates of fat mass (FM) and free fat mass (FFM), respectively. The EE of FM and FFM are calculated with the
following equations:

EEFM = (k + VFM)FM

EE]:]:M = (k -+ VFFM)FFM

where k (per unit of body mass) is added to the metabolic rates of FFM and FM. We assumed that each gram of 30 g
mouse equally contributes to basal thermogenesis. Therefore, k (K per unit of body mass) is 70 kcal/kg/day. The energy
expenditure of FFM and FM are reported in Table 4.1.

Table 4.1. Energy Expenditure of fat and fat-free mass of mouse and human.
EE (kcal/kg/day)’

X-fold
Mouse (Guo and Hall 2011) Human (Kim et al. 2007) Mouse/Human
Fat-free mass (FFM) 220.0 28.0 7.8
Fat mass (FM) 100.0 4.0 25.0
"Per kg of FFM and per kg of FM.
2014 | Vol. 2 | Iss. 9 | e12159 © 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Human FFM EE (per unit FFM mass) was obtained by dividing sum of the absolute EEs of brain, heart, liver, GI
tract, muscle, and others with their total mass and FM EE (per unit FM mass) is similar to the adipose tissue EE (per
unit adipose mass).

Appendix 5

Whole-body metabolic fluxes

1. Glycogenolysis = >~ [¢cry—cep — Peep—aLy) Where iis brain, heart, liver, GI, muscle, and adipose
i
2. Gluconeogenesis = ["’GAPZ*G"’" - ¢G6PHGAP]
Liver
3. De novo lipogenesis > [¢cap_.cre] Where i is brain, heart, liver, GI, muscle, and adipose
i
4. Proteolysis = > [Pprotein—aLa] Where i is brain, heart, liver, GI, muscle, and adipose
i
5 Lipolysis = " [¢rg_cLr] Where i is brain, heart, liver, GI, muscle, and adipose
i

Appendix 6
Model calculations for quantifying liver metabolic fluxes

No of equations: (21)
Mass balance (19), energy balance (1), congruence relationship (1)

No of variables: (38)
RQ, EE, CE“HO, CE™T, Relgro, Relrg, Uptgrr, Uptara, Uptiac, Uptera, Upto, Relco,,

¢GLC4>G6P5 d)GGPHGAP? ¢GAP~>PYR7 ¢PYR4>LAC7 ¢G6P~>GLY3 ¢GLY~>G6P7 ¢TG~>GLR7 ¢ACOA~>FFA5
(bPYRHACOA’ ¢G6P~>GLC> ¢GAP~>G6Pa ¢PYR~>GAPa (I)GRPﬂGAPa ¢LAC~>PYR’ ¢ALA~>PYR7 ¢FFA~>TG7

d)GLRHGRP: d’TGHFFAﬁ quRPHTG? quFAHACoAv ¢ACoAﬂCOza (bOZHHzOv ¢ATPﬂADP> XCHO>

CHO FAT
ATP—ADP> ¥ ATP—ADP"

Number of data inputs: (38—21 = 17)
RQ, EE, CE“M°, CE™, Relg ¢, Relrg, Uptgrr, Uptaras

¢GLC—>G6P? ¢G6P—>GAP’ ¢GAP—>PYR7 d)PYR—»LAC? ¢G6P—»GLY7 ¢GLY—>G6P7 (bTG—»GLRv ¢ACOA—>FFA7 ¢PYR—>ACOA'

Substrate steady-state mass and energy balance equations (21)

1. Glucose baep—aLc — Perc—cep — Reloic =0

2. Glucose-6-phosphate botc—cep + 3 [Poar—cer) + PeLv—cer — Paer—car — Pose—aic — Peer—cLy = O
3. Glyceraldehyde phosphate 2[pcep—cap] + Pevrcap T Parr—cap — Pear—pyr — Poar—ger =0

4. Lactate Ppvrotac — Pracpyr T Uptiac = 0

5. Pyruvate PGAP—PYR T PLaCPYR T PalAPYR — PPYR-GAP — PPYR-LAC — PPYR-ACOA = 0
6. Alanine — ¢aa-pvr T Uptaia =0

7. Triglyceride 3 ¢rra—16 — Pro—cir — Rele =0

8. Glycerol $16-6IR — Pair—cre T Upteir = 0

9. Glycerol phosphate boir—cre — Porr—cap — 3 Prra—tc = 0

10. TG to FFA $16-FA — 3016 6IR = 0

11. GRP to TG bore—16 — (3)brra_tc =0

12. Free fatty acid 3¢16-cLr + & Pacor—fra — Prra—Tc — Prra—acoa + UPtrea = 0

13. Acetyl coenzyme A Ppyr—acoa T 8Prra—acon — Pacoa—rra — Pacoa—co, = 0
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14. Oxygen

15. Carbon dioxide

16. Respiratory quotient
17. ATP

18. CHO utilization

19. FAT utilization

20. CHO contribution to TCA cycle
21. Overall energy balance

—[¢0,—1y0] + Upto, =0

PpyvRoacoa T2 [¢ACOA~>COZ] —Relco, =0

Relco, — RQ Upto, =0

2¢cap—pyr + Pacor—co, T 600, 1,0 = Paiccer — Paep—car — 3Ppvr-GaP

— Peep—Gly — PGLRGRP — 2PFEAACOA — Z¢AC0A~FFA — 2¢ea-16 — Patpape =0
2¢6ap—pyr + Xcro (Pacoa—co, + 6¢oﬁHzg) — daic—aep — Paep—cap — 3PpvroGap
— dasp—GLy — ¢§?F9~ADP =0

(1 = Xcro) (Pacor—co, + 6¢0,-1,0) — PoLr—are — 2Prra—acor — 7/8Pacor—rra
— 2¢rraTG — ¢Z¢1I;~>ADP =0

pvRACoA — XCHOPACoA—cO, = O

CE O paTeop + CE™ e ppp —EE=0
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