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Supplementary Note 1: Arterial and venous circulating metabolite labeling and
turnover flux

Glucose production rate is typically determined using main text Eqn. [2], based on labeled
glucose infusion and measurement of venous glucose labeling. Eqn. [2] was derived based on
the assumption that the circulatory system approximates a single well-mixed liquid pool. For
lactate, arterial and venous labeling diverge, and this divergence has resulted in substantial
debate in the literature about the biological meaning of lactate labeling data (see main text for
relevant citations). Here we re-examine the basic assumptions underlying Eqn. [2], with a
particular focus on the causes and consequences of arterial-venous labeling differences.
Through both partial differential equation modeling of labeling gradients across a single tissue
and a more generalized model that includes any numbers of tissues, we establish the general
validity of Eqn. [2] with turnover flux measured based on arterial labeling data. We also
establish the quantitative relationship between arterial-venous labeling differences and
turnover flux, as shown in main text Eqn. [3].

1. Model of single well-mixed pool
In the absence of tracer, at metabolic steady state, the rate at which tissues collectively
consume a metabolite from the arterial circulation (Fopnsumption) @and excrete the metabolite
into the venous circulation (Fproguction) are equal and define the metabolite’s circulatory
turnover flux (F;,c). Previous literature refers to Fy,oquction and Feonsumption s rate of
appearance R, and rate of disappearance R, respectively'. While the choice of symbols does
not affect the downstream analysis, we prefer the term circulatory turnover flux to emphasize
that F;, is flux and that influx and efflux from the circulation balance.

Consider first the simple case where metabolite turnover is slow relative to circulatory carrying
capacity (F,jrc < Q - C) and thus the whole circulatory system resembles a single well mixed
liquid pool. This is the situation which has been assumed in prior literature that attempts to
quantitatively measure F_;,... As shown in Fig. S1, metabolite production released from tissues
(Fproduction) and tracer infusion (R) feed into a common circulatory pool which is drained by
tissue metabolite consumption (Fonsumption).- The amount of the labeled form in the pool is
denoted as M’ and the amount of the unlabeled form as MY. The fraction of the labeled form

M L .
UL Here M* refers specifically to
circulating metabolite in the same labeling state as the infused tracer. For example, if the tracer
is U-"*C-glucose, then partially labeled glucose is counted as unlabeled, as it comes from

endogenous glucose production, not from tracer infusion.

in the pool is measured as labeling enrichment L =

Fproduction |:>
|:> Fconsumption
R —)

Figure S1. A model of infusing into a single well-mixed pool.
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The change of the amount of the labeled form follows the simple kinetic equation,

amt
i R—-L- Fconsumption [S1.1]

where for the last term we have used the assumption that the pool is well mixed (so that the
outgoing flux for the labeled form is proportional to the fraction of the labeled form in the total
pool).

At steady state, metabolite labeling is given by
R

L=——— [51.2]
Fconsumption
Note also at steady state that
Fconsumption =R+ Fproduction [51-3]
We thus have
L = R [S1.4]
Fproduction+R

Assuming that tracer infusion is accommodated by increased F,psumption Without changing
Fproduction, and hence define

Feire = Fproduction [S1.5]
Combining Eqgns. [2.4] and [2.5], we have
R(1-L
Feire = (L ) [S1.6]

which is shown as Egn. [2] in the main text.

Note that the impact of labeled metabolite infusion on endogenous flux depends on the
physiological regulatory mechanisms involved. Consistent with the glucose production rate
literature”™, here we assume that the Fproduction 1S NOt altered and that the infused labeled
metabolite is absorbed by increased F.onsumption- This need not be the case. For example, if an
ultrasensitive negative feedback regulatory mechanism maintains a nearly constant metabolite
pool, Fyroduction May decrease rather than Fonsumption increasing. In such cases, Fi.. =

Feonsumption = %, which differs from Eqn. [S1.6] by the term 1 — L. Therefore, Eqn. [S1.6] is

subject to systematic relative error of magnitude L. For this reason, low labeling (L <« 1) favors
accurate measurement of F,;,... On the flipside, higher labeling (L > 0) facilitates more precise
measurement of L. To balance these factors, we selected infusion rates to achieve L = 10%.

2. A partial differential equation model that accounts for arterial-venous tracer
enrichment differences

A complication in prior reported measurements of the lactate turnover flux involved differences
in arterial and venous lactate labeling®*'. Because we infuse into the right atrium and labeled
metabolite is cleared by the tissues, arterial labeling always exceeds venous labeling. The
question is the magnitude and significance of the difference. Conceptually, the enrichment
difference depends both on the metabolite’s tissue transformation rate and on its physical flow
through the tissue carried by the blood stream. When the metabolite's circulatory flow (cardiac
output Q x concentration C) is much greater than its tissue biochemical transformation rate
(F¢irc) then arterial-venous differences are minimal and the entire system acts as a single well-
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mixed pool. Here we develop a more general model, based on partial differential equations,
which works also when F_;,.. is similarto Q - C.

Instead of treating a tissue as one well-mixed compartment, we introduce a position dependent
enrichment of isotopic labeling L(x) within a tissue along the dimension x from the arterial
inflow to the venous outflow. As tissues are connected in parallel to the artery and the vein, for
simplicity, here we consider only a single generic cylindrical tissue with cross sectional area of A
and length of [ (Fig. S2). Other parameters are defined in Fig. S2.

Model layout ﬂR
* R:infusion rate of tracer (nmol/min/g) 0
e (Q:cardiac output (ml/min/g)
* (,: concentration of the nutrient in the artery (uM) .
* L,:isotopic enrichment in the artery c Venous Arterial c
+ C,:concentration of the nutrient in the vein (LM) Lv return supply  “a
* L,:isotopic enrichment in the vein v La
* ((x): concentration of the nutrient in the tissue at position x (LM)
* L(x):isotopic enrichment in the tissue at position x Tissue
* A:areaof cross section of the tissue \ ‘ igg O<,l//
e [:length of the tissue
x

Figure S2. Layout of the partial differential equation model.

Defining the circulatory turnover flux

Similar to the definition of F,;,. that leads to Eqn. [S1.5], here F_;,. is defined as the production
flux that is released by tissues into the systemic venous circulation. This definition distinguishes
F_;r from the total production flux, as some of the production flux may be consumed by the
tissue locally. To define F,;,.. mathematically, we first note that inside the tissue, the infused
metabolite can be regarded as composed of three components, the labeled form CL(x) , the
newly produced component which is unlabeled CY,,, (x), and the “old” unlabeled component
which flows to the tissue from the artery CY,(x), i.e.,

C(x) = C(0) + Crlew () + Copa () [51.7]
The circulatory turnover flux is then defined by
Feire = Q - Crlllew(x =1 [51.8]

where CY,,(x = 1) is the venous concentration of the newly produced metabolite. With this
definition, in the following, we re-derive the expression for F;,.. in terms of the infusion rate
and circulating metabolite labeling.

Differential metabolite labeling across tissue
To model the change of each of the three metabolite components across a tissue, we consider a
thin slice of tissue of cross section area A and of width Ax.
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Labeled form: The amount of the labeled form of the metabolite within this tissue slice at time t
is CL(x,t) - A - Ax. The time dependence of the amount is then described by

UCEDAL) _ Ly, 1) - Q - CL(x+Ax,0) - Q —k - CH(x,0) - A-Ax  [S19]
where the first and second terms of the right hand side are the bloodstream-carried incoming
and outgoing fluxes to and from the tissue slice, respectively, and the third term is the
consumption flux of the tissue with k as the reaction constant. Rearranging Eqn. [S1.9] and
taking the limit Ax — 0, we obtain a partial differential equation describing the temporal and

spatial dependences of isotopic labeling in the tissue,

L L
e _ 20D 2 k. clix,t) [51.10]
dt dx A
At steady state, Eqn. [S1.10] becomes
L
4 24 k. Cl(x) =0 [$1.11]
dx A
And its solution is
_ka
Clx)=cCcL.e e [S1.12]

where CL(x = 0) = CL is the concentration of labeled form in the artery.

The concentration of the labeled form in the vein (C%) is given by
k-A-l

Ck=cl.e o [S1.13]
Old unlabeled component: For the old unlabeled form of the metabolite, it follows similar

kinetics as the labeled form and similar derivation yields

kA
Coa(x) =C e @
where CJ is the unlabeled metabolite in the artery.

X

[S1.14]

Newly made component: For the newly made metabolite, the change of its amount in the tissue

slice follows

U A-
HonewCORE) = €l (0,6) - Q = Cloyy (X + A, 8) - Q +jp - A= Ax — k- Clloy (,) - A - Ax

[S1.15]

where jp is the specific production rate of the metabolite (i.e., production rate per tissue
volume). The PDE version of Eqn. [S1.15] is

dC}ljew(x:t) dCrlL]ew(x.t) Q .

A = e St jp — k- Clew (1) [S1.16]
And the ODE at steady state is

dCiew®) Q .
It solution is

cl., () = f (1—e @) [S1.18]

which correctly produces that CY,,,(x = 0) = 0.

Expression of the circulatory turnover flux
Using Eqn. [S1.18] and with the definition of F_;,. in Eqn. [S1.8], we have the expression of F;,..
as
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k-A-l

Fare=0Q-2-(1-e" @) [51.19]
Substituting Egns. [S1.12], [S1.14], and [Sl 18] |nto Eqgn. [S1.7], we get
Cx)=C,-e” T x+’: (1-e" T 9 [51.20]
Thus in the vein,
_kAl _kal
C,=Clx=D=Core @ +%-(1-e"0) [51.21]
Using Eqns. [S1.13] and [S1.21] to replace the tissue related parameters in Eqn. [S1.19], we
obtain
La Ly CyLy
Fere=Q-C-——=0Q-C, — Eoly [51.22]

La
Since mass balance of total amount and the Iabeled form of the metabolite in the artery
requires that

R=0Q (C;—C) [$1.23]
and
R=Q-(Ct-ChH=Q - Cy-L,—Q-Cp,-L, [S1.24]
Egn. [S1.22] becomes
R(1-Lg
Feire = % [$1.25]

by substituting Q - C, - L,, from Eqgn. [S1.24] into Eqn. [S1.22] and then using Eqn. [S1.23]. Thus,
in cases where metabolite turnover is sufficiently fast to produce arterial-venous labeling
differences, with use of arterial labeling data, Eqn. [2] of the main text still holds.

Note that an equation for calculating the cardiac output can be derived from Eqgns. [S1.22] and
[S1.25],

Q—_'l Lg

Cv La_Lv
where all the parameters are given or can be accurately measured.

Dependence of the turnover flux on tissue metabolic rate and blood flow rate
With Egns. [S1.19] and [S1.21], the circulatory turnover flux can be expressed as

kAl
Feire =Q-C, — Q- Cq B [S1.26]
With Eqgn. [$1.23], it becomes
kAl
Fire=Q-C,-(1—e @ ) —R [$1.27]
or
Fere=Q-Cq-(1—e q) - [$1.28]

where g = % is the volumetric blood flow rate. [For mouse, Q ~ 0.53 ml/min/g**"°. The

tissue volume A - I = 1ml/g. Therefore, the volumetric blood flow rate in mouse is g =
0.5/min.]
This equation describes an asymptotic exponential approach of turnover flux towards the
circulatory carrying capacity Q - C as the quantity S which measures the relative magnitude
between the tissue metabolic rate k and the volumetric blood flow rate g, increases. For
relatively slow metabolic rate (g > k),

Fire=k-C,-A-l—R [S1.29]
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or

Fcirc = I'consumption — R [S1.30]
which recovers what we have in the case of single well-mixed pool. For relatively fast metabolic
rate (q < k),

Fore=Q-C,—R [S1.31]
meaning that F,;,.. nears the upper bound Q - C, as stipulated in Eqn. [1] in the main text.

Arterial and venous enrichment differences and turnover flux
Rearranging Eqn. [S1.22] yields Eqn. [3] in the main text,

L = Zare [51.32]
Lo QCy '

where AL = L, — L,,. In practice, since we infuse only trace amount of labeled metabolite, the
infusion rate is much smaller than the turnover flux, R < F.;,.. < Q - C,, and subsequently

C, = C,. We can therefore assume a constant metabolite concentration C throughout the
system. Thus,

ﬁ ~ Feire
Lg  Q<C
This equation relates the turnover flux to the relative difference between the arterial and

[S1.33]

. AL ) . . . .
venous labeling ( L—): the bigger the difference is, the closer the turnover flux is to its upper
a

. AL .
bound Q - C. For lactate in the fasted state, T~ 0.3, indicating that the turnover flux of lactate

a

reaches about 30% of the maximal carrying capacity by the blood flow. Eqn. [S1.33] can also be
used to calculate F,;,. for lactate. Using Q = 0.53 + 0.11 ml/min/g***®and C = 2.5+ 0.2

mM*’, together with % ~ 0.3, we get lactate F_;,. as 398 + 88 nmol/min/g in fasted state,
a

which is comparable to the value of 374 + 112 nmol/min/g obtained with Eqn. [2]. Eqn. [S1.33]
was used to estimate arterial lactate labeling in the fed state, with the estimated arterial lactate
enrichment used for all subsequent fed state calculations. For pyruvate, venous labeling
following tracer infusion is low and implies a large arterial-venous labeling difference and
accordingly we report pyruvate F,;,. as Q - C in Table 1, using C = 108.3 £+ 13.7 ul\/l”.

Calculating the contribution of circulating metabolites to tissue metabolites
We define the normalized labeling L., from an infused **C-labeled circulating metabolite A
into a downstream tissue product B as,

L?

LB(—A = E [51.34]

where L% is the fraction of *C-labeled carbon in B in the tissue and L4 is the fraction of *C-
labeled carbon in A in the arterial circulation. This definition specifically captures the
contribution of incoming circulating precursor (carried to the tissue by the arterial circulation)
to the downstream metabolic product. It omits any contribution to the product coming from
precursor which is made, released into the circulation, and reabsorbed within the tissue. In this
respect, the definition is both conservative (i.e. leads to lower estimates of fractional lactate
contributions to TCA intermediates) and properly reflects our interest in inter-organ metabolite
exchange.
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L4 and L? (used in the calculation of Ly, ,) are defined as the average labeling on a per carbon
atom basis of circulating A and tissue B. For example, let M4 be the mass isotopomer
distribution (which is a vector representing the fractional abundance of different **C-labeled

forms) of 4

My = [Ay, A1, Ay, ..., 4] [$1.35]
where n is the number of carbon atoms in A.
Then

1A =Yal [51.36]

n
where N is the column vector of [0, 1, 2, ..., n].

Note that calculation of F,;,. is not based on this average carbon labeling but rather only the
fraction of the labeled infused form (such that any biochemical transformations which alter the
labeling contribute equally to F;,.). Specifically, if A is infused in fully labeled form, then F;,..is
calculated solely based on M,’s last element 4,, irrespective of the abundances of the other
labeled forms.

3. A more generalized model including multiple tissues that accounts for arterial-venous
tracer enrichment differences
Consider multiple tissues connected to the circulation. Although Fig. S3 shows only two tissues i
and j, the model applies to any number of tissues.

Tissue-specific production flux
Let us focus on one tissue first. As in Egn. [S1.7], we have for tissue i,

Ci(x) = CF(x) + Chq () + CLy i (20) [S1.37]
And similar to Egn. [S1.8], we define the production flux by tissue i is
Fi = Qi Crgwi(x = 1) [51.38]

where [ is the length of the tissue.
Importantly, since the unlabeled old metabolite undergoes identical kinetics as the labeled
metabolite, or C3, ;(x) = a - C}(x), Eqn. [S1.37] becomes

Ci(x) =Clx) +a-Cf(x) +CL,, i (%) [S1.39]
Applying the equation to the arterial and venous sides of the tissue, we get
Ci(x=0)=Cl(x=0)+a-Ct(x=0) [S1.40]

and

Cx=D=Cx=D+a-Cfx=D+Cl,(x=10) [S141]
Rearranging [S1.41],

CU (x=0=Cx=10-(1-2D) [51.42]

new,i L;(x=0)
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where we have used L;(x) = and L;(0) = —a from Eqn. [S1.40].

1(
ﬂR
Model layout
Q

* R:infusion rate of tracer (nmol/min/g)
e (Q: cardiac output (ml/min/g)

Venous Arterial
* (,: concentration of the nutrient in the artery (uM) Co| return supply  |Ca
* L,:isotopic enrichment in the artery L, Lq
* (,: concentration of the nutrient in the vein (uLM)
* L, :isotopic enrichment in the vein

) ) o . . Tissue i

* C;(x): concentration of the nutrient in tissue i at position x (LM)
* L; (x):isotopic enrichment in tissue i at position x C,: L. . Ci(x) —Q;

L2 L;(x)
* C,;: concentration of the nutrient in the vein of tissue i (LM) pe
* L, ;:isotopic enrichment in the vein of tissue i
* (;:regional plasma flow through tissue i Tissue j

Cy,iL, J J)
vj Ly, L;(x) (%//
X

Figure S3. Model layout of the generalized model.

With some parameters defined in Fig. S3, i.e., C,; = Ci(x = 1), L,,; = Ly(x = [l),and L, =

L;(x = 0), Egn. [S1.42] can be rewritten as
LVl

ner(x =0)=0C,;-(1- [$1.43]
Combining Egns. [S1.38] and [S1.43], we have the tlssue—specific production flux
Lvl
F = Ql * Ly (1 - _a) [51-44]

where Q; is the regional plasma flow through the tissue, and C,,; and L, ; are respectively
concentration and labeling fraction of the metabolite in the tissue-specific vein.

Note that net uptake of a metabolite by a tissue is given by

netl Ql (C‘l]l - Ca) [S1.45]
With the production flux and the net flux known, the tissue-specific consumption flux can then
be obtained from Eqns. [S1.44]-[S1.45] as

Fconsumption,i = Fi - Fnetl Ql C (1 - @ ) LLL;) [51-46]
Turnover flux
Since mass balance in the vein requires that

2i0Qi-C;=0Q-C, [$1.47]
and

%iQi-Cpi-L,;=0Q-C,- L, [S1.48]
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we get back Eqn. [S1.22], originally derived for a single tissue, now more generally for any
number of tissues, using Eqn. [S1.44]

Lg—Ly
Fere =2iFi=Q-C,- Lo [$1.49]

Finally, using the same derivation procedure as in Eqns. [S1.22]-[S1.24], we again reach the Eqn.
[S1.25] for calculating the turnover flux from an isotope infusion experiment.
Note that summing the tissue-specific consumption flux gives

Zi Fconsumption,i = Feire TR [51.50]

Thus, main text Eqn. [2] holds for any number of distinct organs, irrespective of arterial-venous
labeling differences.
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Supplementary Note 2: Dependence of lactate turnover flux on pyruvate-lactate
exchange

The high circulatory turnover flux of lactate (F;,.) is sometimes dismissed as an artifact
resulting merely from rapid interconversion of pyruvate and lactate'®*. Here we quantitatively
assess the requirements for obtaining the high observed F;,. for lactate. For simplicity, we
consider only two metabolite pools, tissue pyruvate and circulating lactate (Fig. S4). There is
bidirectional flux between them, represented by /¢ and J,.. Importantly, unlike scrambling of
pyruvate and lactate within the cell, interconversion of tissue pyruvate and circulating lactate
has the physiological function of uncoupling, at the cellular level, glycolysis from
lactate/pyruvate metabolism.

In addition, to Jf and Jr, pyruvate is produced by glycolysis (potentially additional pathways such
as amino acid catabolism) via flux J, and consumed by the TCA cycle via flux J;. R is the infusion

rate of isotopic-labeled lactate. Initially, we do not consider gluconeogenesis; then, we show
that including gluconeogenesis does not change impact the conclusions.

Ig R

Jr
Tissue 3 Circulating
Pyruvate b Lactate
Jr

Je

Figure S4. Flux model for evaluating the factors impacting measurement of F,;,.. for lactate.

At steady state, the pool sizes of both metabolites remain unchanged. By mass balance,

]g+]r:]f+]t [521]
and

R+]Jr=], [S2.2]
The labeled fractions of both pools are also constant at steady state. Where L, and P, are the
labeled fractions of lactate and pyruvate, isotope balancing (under the assumption that
glycolysis produces only unlabeled pyruvate) yields

Ly =Pi(Jr +]J¢) [52.3]
and

R+ Pjr =L, [S2.4]

Solving for P;and L, from Eqns. [S1.2]-[S1.4], we get
R

P, [52.5]

T
and
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L= j; [S2.6]
1+?

Since /s < J,- (according to Eqn. [S2.2]), Jscan be regarded as the exchange flux between tissue
pyruvate and circulating lactate, while the flux difference J,. — J is the net flux from circulating

lactate to tissue pyruvate. For fast exchange flux, J; > J;, it follows thatL; - P, = ]5 . And for
t

slow exchanging flux, i.e., J = 0, we have L; — 1.
As the turnover flux F_;,. of lactate is given by

R
L, = RiFo [S2.7]
combining Eqns. [S2.6] and [S2.7] and utilizing Eqn. [S2.1], we get
]
Feire :]g L [S2.8]

Jetif
which is illustrated in Extended Data Fig. 2a. Thus, F_;,. is bounded by the whole body rate of
tissue pyruvate production from nutrients other than lactate: mere exchange between pyruvate
and lactate cannot produce large F;,.c. This is evident in the chemistry of the process, as, in the
absence of additional reactions, pyruvate-lactate exchange does not change the lactate labeling
pattern. At the same time, to obtain large F_;,. approaching the upper bound, it is necessary for
exchange between circulating lactate and tissue pyruvate to be rapid, i.e. faster than the rate of
pyruvate production from nutrients other than lactate, such that most tissue pyruvate become
circulating lactate (and conversely most tissue pyruvate comes from circulating lactate). Thus,
large F,;,.. for lactate implies that most tissue pyruvate comes from circulating lactate (rather
than directly from glucose), and thus that glucose feeds the TCA cycle via circulating lactate.

The rapid exchange between circulating lactate and tissue pyruvate requires high lactate
dehydrogenase (LDHA/B) activity and fast lactate transport across the plasma membrane
through monocarboxylate transporters (MCT1-4). It is possible that the rapid exchange is
facilitated by channeling mediated by co-localization of pyruvate kinase, LDH, and/or MCT or
that circulating lactate is channeled into the TCA cycle by molecular complex involving an MCT,
LDH, and the mitochondrial pyruvate carrier MPC****, although we do not invoke such
channeling to explain our observations.

Finally, to demonstrate that including gluconeogenesis does not change our conclusion,
consider a model including also gluconeogenesis flux /5, from pyruvate to glucose (Fig. S5), in
addition to the glycolytic flux /4, in the opposite direction. Similar to the simpler model, we
can write down mass balance equations for the total pool of each metabolite,

Jg +Jgtue = Jgiyc [S2.9]
Jgiye ¥ Jr = Jgue ¥ 15+t [S2.10]

and
R+]J; =] [S2.11]

Note that Egn. [S2.11] is identical to Eqn. [S2.2], as the reactions for circulating lactate are the
same in the two models, and combining Egns. [S2.9-10] yields

Jg+r=Jf+]: [S2.12]
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which simply recovers Egn. [S2.1].

For the labeled pool of each metabolite, we can write the mass balance equation,

G, ']glyc =P ']gluc [52.13]

Ll']r+Gl']glyc:Pl'(./gluc +]f +Jt) [S2.14]
and

R+P-Jr=L; ] [S2.15]

Eqn. [S2.15] is Egn. [S2.4], and Eqn. [S2.3] can be recovered by combining Eqns.[S2.13-14].

We have shown that Eqns. [S2.1-4] are valid here in this more complicated model. As Eqns.
[S2.1-4] are sufficient to derive Eqn. [S2.8], this equation and thus all of the conclusions apply
also in the presence of gluconeogenesis.

lfg

Circulating
Glucose

]glJ/C lT]gluc \l/ R

Tissue > Circulating
Pyruvate b Lactate

lft

Figure S5. A more complicated flux model for evaluating the factors impacting measurement of
F_;,. for lactate.
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Supplementary Note 3: Determination of direct circulating nutrient contributions to
individual tissues’ TCA

Here we describe how to calculate quantitatively the direct contributions to a tissue’s TCA cycle
by different circulating nutrients. By direct, we refer to the circulating nutrient being converted
into TCA metabolites within the tissue, without passing through the circulation as some other
metabolite. Based on our available tissue TCA labeling data, we consider glucose, lactate, and
glutamine as circulating TCA substrates. In essence, this model determines the quantitative TCA
contributions of circulating glucose, glutamine, and lactate based on data from infusing each in
labeled form, taking into account the extent to which labeled infusion of any one also labels the
others. Note that this accounting for transfer of label from infused tracer to other circulating
metabolites is essential for accurate understanding of tissue substrate usage.

Fig. S6 shows four relevant direct fluxes feeding the TCA, /4, from circulating glucose, J;4. from
circulating lactate, /5;, from circulating glutamine, and J,¢p., from all other sources. The three
key nutrients may interconvert (e.g. via glycolysis and gluconeogenesis), but for simplicity we
assume that they do not interconvert with other nutrients. The sum of the incoming fluxes is
equal to the TCA flux Jr¢c4, i.e.,

]glc + Jiac +]gln + Jother = Jrca- [S3.1]
Here, all fluxes are in units of per carbon atom and J;4 reflects the flux of all carbon atoms
entering the TCA cycle (i.e. sum of anaplerosis and TCA turning) or equivalently leaving the TCA
(by mass balance).

Tissue level
flux model
Circulating
7
L ,glucose‘.::\
o N
,/,//, \\:\\
’/L’ AN
- Clrculaiflng<_______ ——————->Circulating
glutamine lactate
]glc
]gln ]lac
Tissue
TCA
]other
Jrca

Figure S6. Schematic of model for calculating tissue-specific metabolism of glucose, lactate, and
glutamine. For visual clarity, the reactions interconverting the three circulating nutrients are
shown as dashed lines.

With the infusion of any of the three 13C tracers, mass balance of labeled form of metabolites
require that
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Lglc ']glc + Lige * Jiac T Lgln ']gln = Lrca *Jrca [S3.2]
where Lg;c, Lige, Lgin, and Lc, are the labeled fraction of circulating glucose, circulating
lactate, circulating glutamine, and TCA intermediates, respectively.

Dividing both sides of Eqn. [2] by Jrc4, we have

Lglc ' fTCA(—glc + Llac ' fTCA<—lac + Lgln ' fTCA<—gln = LTCA [S3.3]
J J . .
where freacgic = g frecaciac = Jiac ;and freacgin = 291" being the fractional TCA
Jrca Jrca Jrca

contribution by circulating glucose, circulating lactate, and circulating glutamine, respectively.

For convenience, we normalize the metabolite labeling with the labeling of infused metabolite
in serum. For *C-glucose infusion, after dividing both sides by Lgic, Eqn. [S3.3] becomes

fTCA<—glc + fTCA<—lac ' Llac<—glc + fTCA<—gln : Lglm—glc = LTCA(—glc [S3.4]
_ Liac _ Lgin _ Lrca
where Llac<—glc L. Lgln<—glc L and LTCA<—glc oL
glc glc glc

Similarly, for *C-lactate infusion and “*C-glutamine infusion, we have respectively

fTCA<—glc : Lglc<—Lac + fTCA«—lac + fTCA<—gln ' Lgln<—lac = LTCA<—lac [S3.5]
and

fTCA<—glc : Lglc<—gln + fTCA«—lac ’ Llac<—gln + fTCA<—gln = LTCA<—gln [S3.6]

For simpler representation, Eqns. [S3.4-6] can be written in matrix format,

1 Llac<—glc Lgln<—glc fTCA<—glc LTCA<—glc
Lglc<—lac 1 Lgln<—lac fTCA<—lac = LTCA(—lac [S3.7]
Lglc<—gln Llac<—gln 1 fTCA<—gln LTCA<—gln

The 3x3 matrix describes the degree of inter-conversion between the three circulating
nutrients. The labeling of the TCA cycle is the result of direct contributions transformed by this
matrix. The matrix is the same for all tissues while the TCA labeling vector is unique to each
tissue. Note also that this formulation can be generalized to any number of circulating
nutrients. While this approach is an advance over prior methods that did not distinguish direct
versus indirect contributions (e.g. glucose feeding the TCA cycle via circulating lactate), it only
corrects for indirect contributions of circulating metabolites in the matrix (e.g. if glucose feeds
the TCA via serine, because serine is not included in the matrix, glucose’s contribution via serine
will be mistakenly counted as a direct glucose contribution). It is important to apply this
approach (eventually expanded to include most major circulating nutrients) to properly
understand tissue and tumor fuel selection.

Since all the L’s (labeled fraction) are known, the vector of f’s can be solved. Applying Eqn.

[S3.7] to each of the studied tissues in fasting mice, we get the fractional TCA contributions by
circulating glucose, lactate, and glutamine for each tissue (Table S1).
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Succinate Malate Average
fTCA«—glc fTCA<—lac fTCA<—gln fTCA<—glc fTCA«—lac fTCA<—gln fTCA<—glc fTCA<—lac fTCA<—gln
Brain 0.65+0.02 0.17+0.03 | 0.02+0.01 0.66+0.02 0.1620.03 | 0.02+0.01 0.66+0.03 0.17+0.04 0.02+0.01
Muscle 0.08+0.05 0.21+0.03 | 0.07£0.01 0.05+0.04 0.23+0.03 | 0.07+0.01 0.07+0.06 0.22+0.04 0.07+0.02
Kidney -0.06+0.05 0.37+0.04 | 0.14+0.01 -0.04+0.04 0.35+0.04 | 0.12+0.00 -0.05+0.06 0.360.05 0.13+0.01
Liver -0.04+0.02 0.29+0.02 | 0.16%0.01 -0.03+0.02 0.28+0.03 | 0.13+0.01 -0.03+0.03 0.28+0.04 0.14+0.01
Spleen -0.00+0.03 0.12+0.03 | 0.27+0.02 -0.00+0.03 0.13+0.03 | 0.29+0.03 -0.00+0.04 0.13+0.04 0.28+0.04
Pancreas -0.00£0.03 0.15+0.03 | 0.36+0.08 -0.01+0.03 0.18+0.03 | 0.31+0.07 -0.01+0.04 0.17+0.04 0.33+0.11
Lung 0.01+0.03 0.22+0.02 | 0.07+0.01 0.01+0.03 0.29+0.02 | 0.09+0.01 0.01+0.04 0.25+0.03 0.08+0.02
Heart 0.03+0.05 0.21+0.04 | 0.01+0.00 0.02+0.04 0.21+0.03 | 0.02+0.00 0.02+0.07 0.21+0.05 0.01+0.01
Adipose -0.0240.03 0.23+0.03 | 0.11+0.01 -0.01+0.03 0.21+0.02 | 0.13+0.01 -0.01+0.04 0.22+0.03 0.12+0.01
S. Intestine 0.01+0.03 0.11+0.03 | 0.34+0.02 -0.01+0.03 0.15+0.03 | 0.29+0.02 0.00£0.04 0.13+0.04 0.31+0.03

Table S1. Fractional TCA contributions by circulating glucose, lactate, and glutamine for each
tissue in fasting mice. Values are mean £ SEM. Errors were obtained by error propagation.
Values in the “average” columns are shown in Fig. 2e.

Similarly, we calculate the fractional TCA contributions by the three circulating nutrients in the
fed mice (Table S2) and in tumors (Table S3).

Succinate Malate Average
fTCA«—glc fTCA<—lac fTCA<—gln fTCA«—glc fTCA<—lac fTCA<—gln fTCA«—glc fTCA<—lac fTCA<—gln
Brain 0.71+0.03 0.11+0.02 | 0.01+0.01 0.74+0.03 0.11+0.02 | 0.02+0.01 0.72+0.04 0.11+0.03 0.01+0.01
Muscle 0.21+0.06 0.24+0.02 | 0.05+0.01 0.20+0.06 0.24+0.03 | 0.05+0.01 0.21+0.09 0.24+0.03 0.05+0.01
Kidney 0.08+0.04 0.36x0.04 | 0.15+0.01 0.07+0.04 0.35+0.03 | 0.13+0.01 0.07+0.05 0.35+0.05 0.14+0.01
Liver 0.04+0.02 0.25+0.02 | 0.14+0.01 0.08+0.02 0.22+0.01 | 0.11+0.01 0.06+0.03 0.23+0.02 0.12+0.02
Spleen 0.01+0.02 0.15+0.03 | 0.24+0.00 0.04+0.03 0.15+0.03 | 0.26+0.01 0.02+0.03 0.15+0.04 0.25+0.01
Pancreas 0.04+0.02 0.18+0.02 | 0.46%0.03 0.01+0.03 0.21+0.02 | 0.39+0.02 0.02+0.04 0.19+0.03 0.42+0.03
Lung 0.10+0.02 0.20+0.01 | 0.03+0.01 0.12+0.02 0.27+0.01 | 0.10£0.01 0.11+0.03 0.23+0.02 0.06+0.01
Heart 0.28+0.07 0.26x0.04 | 0.01+0.01 0.29+0.05 0.24+0.04 | 0.02+0.01 0.28+0.09 0.250.06 0.01+0.01
Adipose 0.05+0.03 0.23+0.02 | 0.06%0.03 0.08+0.02 0.18+0.02 | 0.11+0.00 0.06+0.04 0.20+0.02 0.09+0.03
S. Intestine -0.02£0.04 | 0.20+0.04 | 0.23+0.05 | -0.00+0.04 0.20+0.04 | 0.21+0.05 -0.01+0.05 | 0.20+0.06 0.22+0.07

Table S2. Fractional TCA contributions by circulating glucose, lactate, and glutamine for each
tissue in fed mice. Values are mean + SEM. Errors were obtained by error propagation. Values
in the “average” columns are shown in Fig. 3c.

Succinate Malate Average

fTCA«—glc fTCA<—lac fTCA<—gln fTCA«—glc fTCA<—lac fTCA<—gln fTCA«—glc fTCA<—lac fTCA<—gln

KP lung 0.03+0.04 0.27+0.04 | 0.11+0.03 0.04+0.03 0.29+0.03 | 0.12+0.01 0.04+0.05 0.28+0.05 0.12+0.03
KL lung 0.05+0.04 0.29+0.06 | 0.14+0.05 0.08+0.03 0.28+0.06 | 0.16+0.03 0.07+0.05 0.28+0.09 0.15+0.06
KPC -0.03+0.04 0.16+0.04 | 0.27+0.02 -0.02+0.05 0.16+0.06 | 0.24+0.02 -0.02+0.07 0.16+0.07 0.25+0.03

Table S3. Fractional TCA contributions by circulating glucose, lactate, and glutamine for each of
the three tumors. Values are mean + SEM. Errors were obtained by error propagation. Values in
the “average” columns are shown in Fig. 4d.
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Supplementary Note 4: Glucose and lactate fluxes measured by plasma metabolite
labeling

Steady-state labeling of circulating glucose and lactate can be used to determine the whole
body fluxes of glucose and lactate shown in Fig. S7: glucose and lactate are interconverted via
the fluxes J, and J3; glucose and lactate feed directly to tissue TCA via fluxes J5 and J5; and both
glucose and lactate are produced from other substrates (in unlabeled form) via fluxes J; and J,.

Whole-body

Jy
level model

Circulating

glucoseX

S,
Js Circulating

lactate I,

Whole-body & 75

TCA

Figure S7. Layout of the whole-body flux model.

In this simple model, all fluxes are in units of nmol C/min/g. For example, to convert into units
of nmol glucose/min/g, divide J; by 6. By defining fluxes on a per carbon atom basis, there is no
need to account for the 2:1 stoichiometry between lactate and glucose.

Mass balance of the glucose and lactate leads to the following two equations,

Ji+t]z=]2+]e [S4.1]
and
Jo+]a=J3+]s [S4.2]

Next, we introduce the turnover flux on an average per carbon atom basis for glucose and
lactate as F,;. and Fy,, respectively. These average-atom turnover fluxes (F') differ from F..
in two respects: (i) scaling for the number of carbon atoms in the molecule and (ii) rather than
treating any biochemical transformation which alters the labeling pattern of the infused
metabolite as equivalent (as is done for F;,..), instead accounting for the extent to which
average carbon atom labeling is altered by the transformation. Thus, while both F' and

F_;rc are calculated based on Eqn. [2], F' Is calculated based on average carbon atom labeling
as defined in Eqn. [S1.36]. The average-atom turnover fluxes can be expressed in terms of the
fluxes illustrated in Fig. S6,

J /
]1 . ]zj]() +]4 = Flac [543]
and
] /
]4 . ]3_5]5 +]1 == Fglc [544]

Finally, under *C-glucose infusion, the labeled fraction of lactate (fiac—gic) can be expressed as
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J2
m - flac<—glc [54-5]

and under “C-lactate infusion, the labeled fraction of glucose (fgicetac) can be similarly

expressed as

J3
m - fgla—lac [54-6]

Since Fjoc, Fgic) fiac—gic, and fgicciachave been measured and thus are known parameters
(Table S4), Eqgns. [S4.1]-[S4.6] can be solved algebraically (without any fitting) to obtain the
expressions of the six fluxes,

I = Fgic(1=f gicetac) (54.7]

1_fglc<—glc'fglc<—lac

J, = Flac fiaceglc [S4.8]

1_flac<—glc'fglc<—lac

Fie-f gleet

glc'J glc—lac

= 54.9
]3 1_flac<—glc'fglc<—lac [ ]
]4 — Fl’ac'(l_flaa—glc) [54101

1_flac<—glc'fglc<—lac

F,ac_F, c’ celac
Js = —lacTgeTgtect [54.11]

1_flac<—glc'fglc<—lac

and

! !
Fglc_Flac'flam—glC

= S4.12
]6 1_flac<—glc'fglc<—lac [ ]

The numerical values of the six fluxes for fasted, fed, and anesthetized states are given in Table
S4.

To end, we note that the large whole-body lactate flux requires source(s) for the circulating
lactate. In the simplest case, this could be a specific tissue; however, we consider it more likely
that lactate production is more broadly distributed throughout the body. Given the rapid
exchange between lactate and serum, it is intriguing to speculate that red blood cells might be
responsible for a substantial fraction of the observed production of circulating lactate. This is
consistent with red blood cells relying sole on glycolysis for energy. The magnitude of the whole
body lactate production that we observed, however, is far beyond that expected based on prior
literature regarding erythrocyte metabolism. Specifically, erythrocyte lactate production has
been measured, with the maximal lactate production rate measured in the reference® equal to
3.5 umol per hr per ml of packed red blood cells. Assuming that the blood content of mouse is
0.07 ml/g”® and 40% of blood cell volume is erythrocytes, we get that the lactate production
flux by erythrocytes is 3.5 umol/hr/min x 0.07 ml/g x 0.4 = 1.6 nmol/min/g, which is less than
0.5% of the lactate turnover flux in fasted state. It is possible that in vitro measurements
dramatically underestimate the in vivo metabolic activity of erythrocytes. More likely, other
tissue compartments or cell types, yet to be determined, play a central role in circulating
lactate production.
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Measured quantities

Calculated quantities

Physiological | Quantity Value Quantity Value Shown in
state (nmol C/min/g) figure
Floe 886+104 nmol C/min/g J1 652181
Fyc 770+92 nmol C/min/g J2 740195
asted fiacegic | 0.65%0.02 JA 33669 Fig. 2f
fotcetac | 0.34£0.04 JA 398452
Js 8024140
Js 249+149
F,. |1318+160 nmolC/min/g| J; 24804276
Félc 25734285 nmol C/min/g 1> 11381148
fed fiacegic | 0.77+0.03 JA 404468 Fig. 3d
fotcetac | 0.14£0.02 A 340460
Js 1074+188
Js 1746+351
Floc 341436 nmol C/min/g J1 257431
Fyic 271133 nmol C/min/g J2 348142
Anesthetized | Jlac=ate | 0-82£0.01 JA 81+23 Extended
fglc<—lac 0.24+0.03 Ja 76110 Data Fig. 7
Js 343147
J2 -10£56

Table S4. Experimentally measured and calculated fluxes, for the fasted, fed, and anesthetized
mice. All values are means + SEM. For measured fluxes, errors were determined by combining
standard errors of biological replicates and 10% inherent error of the infusion method. For
calculated fluxes, errors were determined by error propagation based on errors in the
measured values.
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Supplementary Tables

Supplementary Table 1: Infusion parameters for tracers used in this study.

Nutrient Tracer used Tracer Infusion Labeling of
concentration rate tracer in serum
(mM) (1l/min/g)
Lactate [U-13C]sodium lactate 5% w/w 0.1 0.109
Glucose [U-13C]glucose 200 0.1 0.117
Acetate [U-13C]sodium acetate 50 0.05 0.033
Alanine [U-13C]alanine 200 0.05 0.125
Pyruvate [U-13C]pyruvate 400 0.1 0.098
Glycerol [U-13C]glycerol 100 0.1 0.158
Glutamine [U-13C]glutamine 100 0.1 0.180
3-Hydroxybutyrate [U-13C]sodium 3-hydroxybutyrate 50 0.05 0.055
Palmitic acid [U-13C]sodium palmitate 1.85 0.2 0.015
Glycine [U-13C]glycine 20 0.1 0.084
Taurine [U-13C]taurine 10 0.1 0.049
Serine [U-13C]serine 20 0.1 0.094
Citrate [2,4-13C]citric acid 10 0.1 0.058
Leucine [U-13C; 15N]leucine 15.6 0.1 0.119
Valine [U-13C; 15N]valine 10 0.1 0.094
Lysine [U-13C; U-15N]lysine:2HCI 11.6 0.1 0.111
Arginine [U-13C; U-15N]arginine:HCI 35 0.1 0.280
Tyrosine [U-13C; 15N]tyrosine 3 0.1 0.036
Threonine [U-13C; 15N]threonine 7.7 0.1 0.092
Proline [U-13C]proline 10 0.1 0.120
Isoleucine [U-13C; 15N]isoleucine 9.7 0.1 0.130
Asparagine [U-13C]asparagine 10 0.1 0.133
Phenylalanine [U-13C; 15N]phenylalanine 9 0.1 0.132
2-Oxoglutarate [U-13C]2-oxoglutarate disodium 5 0.1 0.079
Histidine [U-13C; U-15N]histidine:HCI 5 0.1 0.091
Methionine [U-13C; 15N]methionine 7 0.1 0.152
Succinate [U-13C]succinic acid 10 0.05 0.139
Creatine [Guanidino-13C]creatine 10 0.1 0.278
Tryptophan [U-13C; U-15N]tryptophan 2.6 0.1 0.102
Malate [U-13C]malic acid 10 0.05 0.200
Betaine [D11]betaine 1 0.1 0.059
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