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Abstract

Precise simultaneous quantification of carbon fluxes in liver and skeletal muscle remains
challenging due to overlapping metabolic pathways and incomplete correction of isotopic
dilution in conventional stable-isotope tracing. Here we establish an integrated in vivo
['3Ce]-glucose tracing framework to absolutely quantify core glycolytic, gluconeogenic,
lipogenic, TCA cycle and anaplerotic fluxes in mouse liver and skeletal muscle under
steady state. Low-dose tracer infusion avoids disrupting endogenous metabolism, and
our refined network resolves competing carbon routes with rigorous isotopic dilution
correction. Orthogonal 2-deoxyglucose tracing is incorporated to specifically enable
accurate quantification of skeletal muscle glucose uptake and support the calculation of
carbon metabolic fluxes within skeletal muscle. We applied this platform to characterize
tissue-specific metabolic remodeling triggered by fasting, high-fat diet, metformin and
Aldometanib. This method detects subtle flux changes undetectable by standard
isotopologue analysis. Our unified multi-tissue flux toolkit provides a robust resource to

dissect interorgan carbon metabolism and evaluate metabolism-targeting therapeutics.
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Liver and skeletal muscle are central metabolic organs that coordinately govern systemic
glucose homeostasis, lipogenesis, and oxidative metabolism in response to nutritional
fluctuations, including fasting and high-fat dietary stress . Dysregulated carbon
partitioning, impaired tricarboxylic acid (TCA) cycle flux, and aberrant
gluconeogenic/lipogenic remodeling in these tissues are hallmark drivers of insulin
resistance, type 2 diabetes, and metabolic syndrome 35. Despite their fundamental
importance, precise quantification of interconnected hepatic and muscular metabolic
fluxes remains technically challenging, largely due to the complexity of intertwined
glycolytic, anaplerotic, lipogenic, and oxidative pathways, as well as dynamic substrate
cycling between cytosolic and mitochondrial compartments 6.

Stable isotope tracing represents the gold-standard approach for quantifying in vivo
metabolic flux, enabling high-resolution dissection of carbon routing through discrete
metabolic nodes ’. Conventional ['3C]glucose tracing strategies can only assess bulk TCA
cycle turnover and gross pathway activity, yet fail to deconvolve biochemically
overlapping carbon fluxes that define metabolic homeostasis °. These unresolved
processes include PDH- and PC/ME-mediated TCA anaplerosis, substrate-specific
glucose futile cycling, compartment-restricted de novo lipogenesis (DNL), fatty acid [3-
oxidation, and glutamine-fueled anaplerosis. Critically, current analytical frameworks lack
unified mathematical models for simultaneous flux quantification in liver and skeletal
muscle, the two dominant tissues controlling systemic glucose and lipid metabolism 1017,
Furthermore, most existing pipelines do not incorporate rigorous corrections for isotopic
dilution arising from glycogenolysis, basal TCA substrate recycling, and heterogeneous
gluconeogenic precursors '2. Collectively, these technical shortcomings limit the capacity
to precisely quantify tissue-specific metabolic rewiring driven by nutritional stress or
pharmacological modulation.

To address these methodological bottlenecks, here we establish a comprehensive,
mathematically defined in vivo ['3Cs]glucose tracing flux analysis platform for
simultaneous, absolute quantification of core glycolytic, gluconeogenic, lipogenic, TCA
cycle, and anaplerotic/cataplerotic fluxes in mouse liver and skeletal muscle under
metabolic steady state. Our refined tracer infusion paradigm employs low-dose

['3Cs]glucose delivery to preserve physiological metabolic homeostasis, avoiding
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perturbation of endogenous glucose and lipid turnover '3. By systematically simplifying
redundant long-range isotopic pathways based on empirical isotopologue enrichment
patterns, we construct a streamlined yet rigorous metabolic network model that resolves
layered carbon fluxes, including tissue-specific glucose futile cycling, compartmentalized
DNL precursor fluxes, reversible fumarate hydratase cycling, and glutamine- and
methylmalonyl-CoA-dependent TCA anaplerosis.

A key advantage of this platform is its capacity to deconvolve parallel and competing
carbon pathways: it distinguishes PDH- versus PC/ME-derived TCA cycle carbon input,
separates lipogenic and oxidative pyruvate shuttling, and corrects isotopic dilution from
glycogenolysis and endogenous substrate recycling in both liver and skeletal muscle.
Combined with orthogonal 2-deoxyglucose (2-DG) glucose uptake tracing and selective
metabolite infusion validation, our model enables robust calculation of absolute flux
values for nearly all core nodes governing glucose and lipid homeostasis across
nutritional and pharmacological conditions.

In summary, this study establishes an integrated, high-resolution in vivo metabolic flux
quantification framework that unifies hepatic and skeletal muscle carbon network analysis.
This technically rigorous and broadly adaptable method fills a critical gap in current
metabolic tracing toolkits, provides a quantitative foundation for dissecting tissue-specific
glucose and lipid metabolism, and enables precise mechanistic evaluation of metabolism-

targeting therapeutic agents.

Methods

Animal models

All animal studies were conducted in accordance with the approved guidelines of the
Ethics Committee of Henan University (Kaifeng, Henan Province, P. R. China). Twelve-
week-old C57BL/6J male mice were purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, P. R. China). Upon arrival, the mice were housed under a 12-h light/dark cycle
at a controlled temperature of 23 £ 2°C with free access to water and a regular chow diet
(1025, Beijing HFK Bioscience Co., Ltd.) or high fat diet (h10060, Beijing HFK Bioscience
Co., Ltd.).

Mouse basal infusions
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Mouse basal infusion studies were conducted with minor modifications based on the
method described previously '4. Briefly, Instech catheters (Part Number: BTPU-027) were
implanted into the jugular vein 7 days prior to the experiments. Only mice that had
regained more than 95% of their preoperative body weight were included in the study.
Mice were fasted starting at 18:00 on the evening before the infusion study. All infusion
studies commenced at 08:00 the following morning: awake mice, under gentle tail
restraint, received a primed-continuous infusion of ['3Cs]glucose, 1,2,3,4,5,6-'3C-
palmitate or ['3Cs]alanine (Cambridge Isotope Laboratories) at a rate of 39.3 pmol/min,
25.1 pmol/min or 200 pmol/min, respectively for 120 min.

For cohorts receiving ['3Cs]glucose infusion, a bolus injection of 2-deoxyglucose (2DG, 1
mg per mouse) was administered through the jugular venous catheter at the 85th minute
of infusion. Blood samples were collected via tail vein puncture at 90 min and 120 min
post initiation of infusion.

After the clamping procedure, the mice were anesthetized via intravenous injection of
sodium pentobarbital through the pre-implanted jugular venous catheter, and blood
samples, as well as specimens of liver and skeletal muscle (gastrocnemius and soleus)
were rapidly harvested and snap-frozen with clamps precooled in liquid N2. Then, tissues

were stored at -80°C for subsequent analysis.
Design

Hepatic metabolic flux calculations

The ['3Ce]glucose-base flux calculations rely extensively on atom percent excess
calculations for precursor and product metabolites, measured by LC/MS. To avoid
disrupting the glucose and lipid metabolism in the physiological state of the animal model,
We infused ['3Cs]glucose into mice via the jugular vein at ~10% of their glucose turnover
(i.e., less than 9 pymol/(kg-min)) (Figure 1a). The glucose flux labeling pattern arises when
['3Cs]glucose is converted to ['3Cs]pyruvate via glycolysis in the liver. Subsequently, 3C
labeling is detectable in other TCA cycle intermediates as well as regenerated glucose
(Figure 1b). The calculation of glucose flux was based on the dilution of the *C label and
fractional contributions across TCA cycle and gluconeogenesis.

We found that the percentage of serum ['3Cas]glucose was lower than that of ['3Cs]glucose
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in mice under both ad libitum regular chow diet (RC, 0.12% vs. 0.19%) and high-fat diet
(HFD, 0.13% vs. 0.22%) feeding conditions, as well as in both RC-fed (0.24% vs. 0.45%)
and HFD-fed (0.22% vs. 0.32%) overnight-fasted mice (Figure 1c). Thus, the contribution
of the common metabolic pathway (denoted as i, Figure 1b) for generating serum
['3C4]glucose and ['3Cs]glucose are negligible. Similarly, the percentage of serum
['3Ca]glucose was substantially lower than that of ['3Cs]glucose in mice under both ad
libitum regular chow diet (RC, 0.12% vs. 0.86%) and high-fat diet (HFD, 0.13% vs. 1.03%)
feeding conditions, as well as in both RC-fed (0.24% vs. 1.74%) and HFD-fed (0.22% vs.
1.72%) overnight-fasted mice (Figure 1c). Thus, the contribution of the common metabolic
pathway (denoted as ii, Figure 1A) for generating serum ['3C4]glucose and ['3Cs]glucose
is negligible. In line with this, the common metabolic pathway (denoted as iii) for
generating serum ['3Cz]glucose and ['3Cs]glucose is a component of pathway ii, thus its
contribution is negligible. Of note, the metabolic pathways responsible for generating
glucose via pathways i, ii, and iii are longer than the others, with their enrichments
expected to be significantly lower. Collectively, the metabolic pathway responsible for
generating ['3C1]-, [3Cz2]-, ['3C3]-, ['3C4]-, ['°Cs]- and ['3Cs]glucose can be simplified as
shown in Figure 1d.

The schematic diagram shown in Figure 1e and 1f illustrates the integrated hepatic
glucose and lipid metabolic networks, where key metabolites (glucose, pyruvate, acetyl-
CoA, and TCA cycle intermediates including citrate, oxaloacetate, malate, fumarate) form
interconnected nodes. Glucose dynamically interconverts with glycogen via
glycogenolysis (Vgiycogenolysis) and glycogenesis (Vgiycogenesis), While also feeding into
pyruvate production. Pyruvate, in turn, serves as a central hub: it is generated not only
from glucose but also via gluconeogenesis (Veng) fueled by amino acids/lactate and
glycerol input. Notably, glucose engages in a futile cycle (Vgiucose futiie), which comprises
two distinct metabolic loops. The first loop proceeds as: glucose is converted to pyruvate

through glycolysis, and the resulting pyruvate is then transformed into oxaloacetate,
which ultimately undergoes gluconeogenesis to regenerate glucose; this segment is
composed of fluxes through pyruvate carboxylase (Vec) and malic enzyme (Vme). The

second loop involves a more complex route: pyruvate derived from glucose is converted

to citrate via either pyruvate dehydrogenase (VrpH()) or pyruvate carboxylase (Vec));
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this citrate then traverses the TCA cycle to generate oxaloacetate, which finally enters
gluconeogenesis to form glucose again. Both loops contribute to Vgiucose futile, representing
a net flux where glucose is cycled through these pathways without net accumulation of
end products, yet playing a role in metabolic regulation and substrate sensing '°.
Pyruvate further links to acetyl-CoA, a pivotal metabolite in lipid metabolism. Within the
cytosol, pyruvate-derived acetyl-CoA (moved from mitochondria via citrate-malate shuttle,
with citrate export tied to pyruvate dehydrogenase flux (VeprpnL)), malic enzyme flux
(Vme(NL)) and pyruvate caboxylase flux (Veconw)) drives de novo lipogenesis (VonL). Here,
acetyl-CoA carboxylase (activity reflected in flux terms integrating cytosolic acetyl-CoA
availability) converts acetyl-CoA to malonyl-CoA, initiating fatty acid chain elongation
(Vono). Pyruvate generates acetyl-CoA and OAA through PDH and PC/ME, which then
form citric acid under the action of CS (Vcs), and subsequently generate a-ketoglutaric
acid under the action of isocitrate dehydrogenase (Vion). Afterwards, a-ketoglutaric acid
generates succinic acid through OGDH (VocpH). Fatty acids (FA) enter the pathway
through uptake (VFa uptake), are converted to FA-CoA, and then generate acetyl-CoA via
B-oxidation (Vp). Mitochondrial fluxes, such as those mediated by pyruvate
dehydrogenase (VeoH), pyruvate carboxylase (Vec), and malic enzyme (Vwme), act as
shuttles for intermediates between these organelles and the cytosol. The TCA cycle,
supported by anaplerotic and cataplerotic shuttles like the malate-citrate shuttle
(with VEHforward) and VFH(reverse) governing fumarate-malate flux), drives both energy
production and metabolite exchanges. Additionally, the TCA cycle receives anaplerotic
inputs from two key pathways: glutamine is converted to a-ketoglutarate via glutaminase
(VaLs), directly feeding into the cycle; and methylmalonyl-CoA is transformed into
succinate by methylmalonyl-CoA mutase (Vwmur), providing another critical anaplerotic
input to TCA cycle intermediates. Given these interconnected metabolic relationships,
flux balance analysis allows derivation of pathway flux equations.

As we have reported previously '8, glucose turnover is calculated by Eq. (1):

infusate [m + 6]glucose inrichment

Vgtucose turnover = ( — 1) * glucose infusion rate

serum [m + 6]glucose inrichment

(1)
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In the state of metabolic equilibrium, as shown in Figure 1f, systemic glucose turnover
equals the sum of fluxes across amino acid/lactate (Veng, this part of the flux includes the
flux of glucose absorbed from the digestive tract), glycogenolysis (Vgiycogenolysis), glycerol-

mediated gluconeogenesis (Vgycerol), hepatic de novo lipogenesis (VonL), yield Eq. (2):

Vglucose turnover — VGNG + Vglycogenolysis + Vglycerol + VDNL

Glucose futile cycling rate equals the sum of the regeneration rates of ['3C4]-, ['3C2]-,
['3Ca]-, ['®Ca]-, ['3Cs]- and ['3Cs]glucose, calculated by Eq. (3):

Sglucose futile [Sum]
Vfutile cycle = SG [sum] * Vglucose turnover (3)

Where SC[sum] represents the total enrichment of serum '3C labelled glucose, yields Eq.
(4):

SC[sum] =S [m+6]+S[m+5]+Sm+4]+S°m+3]+S°[m+2]+S[m+1]

(4)
Sfutile cydle[sym] represents the total enrichment of serum '3C labelled glucose derived from
glucose futile flux. It should be noted that the ['*Cs]glucose in the futilely cycled glucose
is derived from two ['*C3]JOAA molecules; therefore, its percentage equals the square of

the percentage of ['3Cs]glucose, yields Eq. (5):

Sfutile cycle[ g m]
=Sm+3)12+S[m+5]+S[m+4]+S[m+ 3]
+ S¢[m + 2]+S¢[m + 1] (5)
As shown in Figure 1C, glucose derived from TCA cycle-generated oxaloacetate (OAA)

consists of ['*C+]glucose and a portion of ['3C2]glucose. Their enrichments are expected

to be equal, as both are produced via the same pathway; collectively, this yields Eq. (6):

256[m + 1]
Vrea = Veeer + Veoner) + Ve = Srume cyetey

sum] * Vglucose futile (6)

In contrast, the glucose generated via the PC and ME pathways equals the total futile
cycling flux minus the flux of glucose generated via the TCA cycle, yields Eq. (7):
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Sfutile cycle [sum] _ ZSG [m + 1]

Vec +Vup = Sfutile cycle[sym] * Vglucose futite (7)

Glucose in liver tissue is categorized into two types based on its source: one type is
glucose absorbed from the blood, which will be further used for lipid synthesis (V7g,
composited of three carbon glycerol backbone (Vgiycerol) and de novo lipogenesis, with a
theoretical ratio of 1:3 between the two), glycogen synthesis (whose rate is equal to that
of glycogenolysis), and futile cycling; the other type is generated through
gluconeogenesis, including glucose converted from gluconeogenic amino acids/lactate,
glycerol, and fatty acids via different metabolic pathways, as well as glucose produced by
glycogenolysis. Thus, the fraction of between the former and latter can be measured as
Eq. (8) and Eq. (9):

1
Vig = Vglycerol + § (VPC(DNL)+VME(T) + VME(DNL)) (8)
Vfutile cycle + VTG - Vglycogenesis _ LG [m + 6] (9)
Vglucose turnover S [m + 6] - SG[m + 3]2

The hepatic ['3Cs]citrate pool originates from the TCA cycle and DNL via PC and ME.
However, this pool is diluted by citrate derived from acetyl-CoA—formed through PDH
(Figure 1D). Based on the dilution ratio of ['3Cs]citrate, the following equation can be

derived:

(VPC(T) + VPC(DNL)+VME(T) + VME(DNL)) * LPYT [m + 3]

=L%m+3] (10)
Veeery + Vecwoney + Vepury + Vepuonwy tVuem + Vueonn)

After the '3C-labeled citrate in mitochondria is shuttled to the cytoplasm, it is cleaved to
form acetyl-CoA, which then forms [16-'3C1]PA through DNL (as shown in Figure 1e).
These fatty acids are rapidly esterified into triglycerides in the liver, transported to adipose
tissue via apolipoproteins, and subsequently hydrolyzed to release free fatty acids back
into the bloodstream. It can thus be seen that total hepatic DNL (VbnL) is equivalent to the
fatty acid in the circulation (SPA [m+1]). At steady state, the ratio of SPA [m+1 to glucose
turnover is equal to the ratio of the molar mass of [16-'3C1]PPA to that of ['3Cs]glucose.
Collectively, DNL derived from [3,4,5-13Ca]-, [3,5-13C2]- and [5-'3C+]-citrate is given by Eq.
(11):
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) , SPAIm + 1]
ki=V PC(DNL)+V ME(DNL) = m * Vglucose turnover (1 1)

Based on the metabolic features illustrated in Figure 1e, we calculated the fractions of

DNL derived from [3,4,5-'3Cs]-, [3,5-13C2]- and [5-'3C+]-citrate relative to total PC/ME-
supported DNL. The formula for total PC/ME-contributed DNL is defined as:

Veconw) tVmemnL)

SE[m + 6] + SC[m + 5] + S[m + 4] + 5 S [m + 3] + 5 S5[m + 2] + 5 ¢ [m + 1]

= * Iy

S6¢[m+ 6]+ S¢[m+ 5] + S¢[m + 4] +%SG[m+3] +%SG[m+2]

(12)

Likewise, using the information from Figure 1e, we calculated the flux ratio between PDH
and the PC/ME pathway:

Lm+1] LP"[m+1]

_ « (GG 2 1ce 1l
ko = Vppn _(LC”[m+3] prr[m+3]) (§¥[m+3]" + 55" [m + 5] +55%[m + 3]
2 = =
Ve + Vi 2S0[m + 5] + S[m + 4] + 5 (S [m + 2] - $°[m + 1])

(13)
Thus, total DNL is given by Eq. (14)

VDNL = (VPC(DNL)+VME(DNL)) * (kZ + 1) (14)
In the state of metabolic equilibrium, the rate at which the liver takes up fatty acids from

the blood is equal to the rate of their oxidative decomposition, thus leading to the following

formula:

Vﬁ = Vra uptake = Voni (15)

As shown in Figure 1D, the flux through isocitrate dehydrogenase (IDH) is equal to Vca,
and the flux through citrate synthase (CS) is equal to sum of VonL and Vrca, yields Eq.
(16) and (17):

(16)

Vibr = Vrca

Ves = Vone + Vrca (17)
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The glutamate pool is formed by two fluxes: a fraction of glutamate is generated by IDH-
mediated conversion of isocitrate to aKG, which is rapidly exchanges with glutamate and
reaches isotopic equilibrium; the remaining fraction is produced through the net reaction
of glutaminase (GLS) (VeLsret)). As shown in Figure 1e and 1f, by measuring the [2-
13Cq]citrate, [3,4-13Cz]citrate and [5-'3C+]citrate derived [m+1]glutamate enrichment and
dividing it by the detected hepatic [m+1]glutamate enrichment, we can determine the
fraction of glutamate derived directly from the net flux of GLS. First, theoretical [3,4-
13Cz]citrate enrichment can be calculated using the following equation:

; 1
L% m + 3] *5S%[m + 1]
ks = Z (18)

SG[m + 3]? +%SG[m+5] +%SG[m+3]

Based on the dilution ratio of [m+1]glutamate, we derived the following equation:
(19)

Veistner) = ks * Vipy

Where

L - LE*[m + 1] + k3 — L™ [m + 1] (20)
£ LS [m + 1]

Similarly, the succinate pool is created by two fluxes: a fraction of glutamate is generated
by Methylmalonyl-CoA mutase (MUT) (Vmutret) and Succinyl-CoA synthetase (SCS)
(Vscs(et)). Collectively, the fractional contribution of a-ketoglutarate dehydrogenase
(OGDH) (VoepH) and VmuTtretyt Vscs(net) can be calculated using Eq. (21) and (22):

Voeor = Viow + Virsner) (21)

VOGDH Lsuccinate [m + 1]

= : (22)
Viur(net) + Vscsnery L€ [m + 1] — Lsuceinate[m 4 1]

Lastly, from the metabolic characteristics illustrated in Figures 1d and 1f, the reverse VFHRr)
and forward VeH(F) fluxes of fumarate hydratase (FH) were determined using the following

equations:

S¢im+2]—S%m + 1]
VFH(R) = Vglucose turnover * SG[sum] (23)

Ver(rorwara) = Vrrgreverse) ¥ Voepu + Vmurner) T Vscsner) (24)
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Using the above equations, we substitute the absolute rate of glucose turnover and then
solve for the absolute rates of hepatic Viutile cycle, VTca, Vec+VuE, Vg (equal to VonL), Vgiycerol,
V16, VGNG*+Vdigestion, Vglycogenolysis, VFA uptake, VPC(ONL)*VMEDNL), VpcT)+VMET), VPDHDNL),

VpoH(T), Ves, VIiDH, Vaisnet), VMUTnet)+Vscsmet), VoebH, VFHR), and VEHF).
Skeletal muscle metabolic flux calculations

The schematic diagram presented in Figure 1f depicts core glucose and oxidative
metabolic networks in skeletal muscle, with central metabolites (glucose, pyruvate, acetyl-
CoA, and TCA cycle intermediates including citrate, oxaloacetate, malate and fumarate)
forming tightly connected metabolic nodes. Glucose undergoes bidirectional exchange
with glycogen through Vgiycogenesis and Vgiycogenolysis, and glucose-derived pyruvate
constitutes a primary metabolic hub. In skeletal muscle, pyruvate can enter the
mitochondria via multiple routes: pyruvate is oxidized through pyruvate dehydrogenase
(VeoH(m) to produce acetyl-CoA, or converted to oxaloacetate by pyruvate carboxylase
(Vecm); malic enzyme (Vwmgm) mediates the interconversion between malate and

pyruvate to support cytosolic-mitochondrial metabolite exchange.

Pyruvate-derived acetyl-CoA converges with acetyl-CoA originating from fatty acid
oxidation to fuel the TCA cycle. Circulating fatty acids (FA) are taken up (VFra uptake) and
converted to FA-CoA, which yields mitochondrial acetyl-CoA via B-oxidation (Vg).
Mitochondrial acetyl-CoA condenses with oxaloacetate to form citrate, initiating the TCA
cycle. Forward and reverse fumarate-hydratase fluxes (VrHrF) and (VrHRr)) govern the
reversible interconversion between malate and fumarate, supporting cataplerotic and
anaplerotic exchange across the malate shuttle. Unlike the liver, skeletal muscle lacks
robust gluconeogenic machinery and cytosolic de novo lipogenesis pathways; the PC/ME
axis primarily functions to maintain TCA cycle anaplerosis and facilitate redox balance
rather than supporting glucose production or lipogenesis. The coordinated fluxes of
VeoH(m), Veem and Vmem) sustain carbon substrate supply to the TCA cycle, coordinating
glucose and fatty acid catabolism to meet the energy demand of skeletal muscle. Based
on this interconnected topological framework, stable isotope tracing enables

quantification of individual pathway fluxes.
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To calculate glucose uptake (Vglucose uptake) Under metabolic steady state, a single bolus
injection of 2-DG (1 mg per mouse) was administered via the jugular vein catheter. Blood
samples were collected from the tail vein at 90 and 120 min post-injection (Figure 1a).

Consistent with our previous report 17, Vgiucose uptake Was quantified using Eq. (25):

organ levels of 2-DG
Vglucose uptake — A2-DG * Vglucose turnover (25)

The ['3Cs]glucose pool in skeletal muscle is diluted by unlabeled glucose released via

glycogenolysis (Vgiycogenalysis), from which we derived the following equation:

Pyr
Vglucose uptake — Yglycogeneolysis G [m + 3]

Vgiycogeneotysis SClm + 6] = SO[m + 312 + S5 [m + 5] + 7S¢ [m + 3]

(26)

As shown in Figure 2Sa, the total TCA flux (Vtca), equivalent to Vcs or Viph, is defined as

the sum of Veor(m), Vecm), VMme(), and Vg, yields Eq. (27) and (28):
Vrca = Ves = Vipy (27)
Vrca = Veeery + Vepuery + Vuem) + Ve=Vgiucose uptake tVp (28)

In skeletal muscle, the ['3Cs]citrate pool arises from TCA cycle flux supported by PC and
ME activity. This isotopic pool is nevertheless diluted by ['3C2]citrate originating from
acetyl-CoA generated via PDH. From the dilution ratio of ['3C3]citrate, the equation below

can be derived:

Veey + Vuemr G¢"[m + 3]

Vrca ~ GPY'[m + 3] (29)
(VPC(T) + Vumem) * GP"[m + 3] _ GCit[m + 3] (30)
(VPC(T) + VME(T)) * GPY'[m + 2] + VepH(r) * ks  GPY"[m + 3]
Where
. 28¢m +1]
ks =GP [m+ 3]+ GP"[m + 2] x & (31)

SG[sum]
Similar to the hepatic glutamate pool, the skeletal muscle glutamate pool is generated via

IDH-catalyzed conversion of isocitrate to (Vion) and the net reaction of glutaminase (GLS)
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(VaLspet)). Accordingly, the theoretical [3,4-'3Cz]citrate enrichment can be calculated

using the following equation:

GC*[m + 3] * 1SG[m +1]

ke = — (32)
§6[m + 6] +5S%[m + 5] +55¢[m + 3]

From the dilution ratio of skeletal muscle [m+1]glutamate, we derived the following

equation:

(G m + 1]+ kg) *Vipy
VIDH + VGls(net)

GO m + 1] + kg — G [m + 1]
Véistner) = GOm + 1] * Vipn

=G m +1] (33)

(34)

The succinate pool (VocpH) is sustained by IDH (VioH) and VaeLs(net), can be calculated
using Eq. (35):

Voepr = Vion + Versmer) (35)

Analogous to hepatic FH flux, the net FH flux of skeletal muscle is calculated as follows:

Vernety = Voo + Vmurner) T Vscsner) (36)
Results

['3Cs]glucose tracing reveals fasting remodels hepatic TCA cycle, gluconeogenic,
and lipogenic flux homeostasis in chow- and high-fat-fed mice

To assess the alterations of glucose metabolism and TCA under different physiological
condition, we infused mice with ['3Cs]glucose at a rate of 39.3 pyg/min for 120 min (Figure
1a). Consistent with our previous studies 1618 this approach theoretically generates high-
mass isotopologues in TCA metabolites according to Figure 1b. In addition, at metabolic
equilibrium, the percentage of the tracer in the blood is approximately 10% (Figure 1c),
which is generally considered not to disrupt the physiological metabolism of mice 213,
Based on the distribution patterns of glucose labeled with distinct isotopic tracers and the
principles outlined in the Design section, the hepatic metabolic pathway is simplified as

illustrated in Figure 1d—f.
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RF mice exhibited elevated isotopic labeling of pyruvate, glutamate, glutamine, succinate,
fumarate m+1 and malate at distinct isotopologue positions, whereas citrate labeling
remained unaltered (Figure 1Sa-g). To correct for systemic tracer recirculation, we further
analyzed glucose-normalized relative enrichment. Total relative '3C-labeled hepatic
pyruvate enrichments were comparable between fasting RF mice and ad libitum-fed RC
controls. While m+1 and m+2 pyruvate isotopologue enrichments were similar across
groups, RF mice possessed significantly elevated m+3 pyruvate enrichment (Figure 2a).
Conversely, total 13C isotopic enrichment of multiple TCA cycle intermediates, including
citrate, glutamate, glutamine, succinate, fumarate and malate, was significantly
suppressed in RF mice. RF mice exhibited lower m+1 and m+2 enrichments for citrate,
glutamate, glutamine and succinate, without altered m+3 citrate levels. For fumarate, only
m+2 isotopologue enrichment was reduced in RF mice, with m+1 fumarate unchanged.
In malate, RF mice displayed significant decreases in m+1 and m+2 enrichment, whereas
m+3 malate isotopologue abundance was comparable between groups (Figure 2b-g).
Thus, these divergent labeling profiles upon normalization indicate fasting reshapes
hepatic carbon partitioning and reduces tracer incorporation into selected TCA
intermediates in chow-fed mice.

To quantify the extent of these fasting-induced alterations in carbon incorporation, we
carried out quantitative flux analysis. This analysis demonstrated that RF mice showed
substantially decreased whole-body glucose turnover (Vgiucose tumover). In line with the
altered TCA isotopic labeling, RF mice exhibited markedly lower hepatic glucose futile
cycle flux (Viutile cycle), combined pyruvate carboxylase and malic enzyme flux (Vec+Vwme),
glycogenolysis (Vglycogenalysis), and glycerol gluconeogenic flux (Vgycerol) relative to RC
counterparts (Figure 2h). Combined pyruvate carboxylase/ malic enzyme and pyruvate
dehydrogenase fluxes dedicated to lipogenesis (VeconL+VmeDNL) and  VPpHDNL),
respectively), were also robustly diminished in RF animals (Figure 2i). In addition, hepatic
fatty acid B-oxidation flux (Vg) was strongly reduced in RF mice (Figure 2j). Intriguingly,
net gluconeogenic flux (Veng) diverged sharply between groups: RC mice showed
negative net Veng, consistent with net glucose uptake by the liver, while RF mice
displayed positive net hepatic gluconeogenesis (Figure 2k). Consistent with the

suppressed hepatic TCA cycle intermediate labeling, nearly all core TCA cycle fluxes,
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including overall TCA flux (V1ca), pyruvate dehydrogenase flux (Vepx), combined (Vec(T)
+VMmem), citrate synthase flux (Vcs), isocitrate dehydrogenase flux (VioH), net
glutaminolysis flux (VeLs(net)), OXoglutarate dehydrogenase flux (VocpH), reverse fumarate
hydratase flux (VrnR)) and forward fumarate hydratase flux (VrHF)), were significantly
lower in RF mice relative to RC controls. Moreover, net combined methylmalonyl-CoA
mutase and succinyl-CoA synthetase flux (Vmut(nety +Vscset)) exhibited distinct patterns
between groups, with negative net flux observed in RC mice and positive net flux in RF
mice (Figure 2I).

Similar to RF mice, overnight-fasted high-fat-fed (HF) mice exhibited elevated isotopic
labeling of pyruvate, citrate, glutamate, glutamine, succinate, fumarate m+1 and malate
at distinct isotopologue positions (Figure 1Sh-n). However, following normalization to
account for tracer recirculation, total relative '3C enrichment of hepatic pyruvate was
comparable between HFD and HF groups. At the isotopologue level, pyruvate m+1, m+2
and m+3 enrichments exhibited no significant differences upon fasting in HFD mice
(Figure 2m). By contrast, overnight fasting markedly suppressed total '*C labeling of
citrate, glutamate, glutamine, succinate and fumarate in HF mice. Specifically, HF mice
displayed significantly reduced m+1 and m+2 citrate enrichment. Glutamate m+1 and
m+2 isotopologue abundances were also lower in HF relative to HFD controls. Similarly,
glutamine m+1 and m+2 labeling, total glutamine enrichment, succinate m+2 enrichment
and total succinate enrichment were all diminished after fasting. For fumarate, both m+2
isotopologue enrichment and total '3C-fumarate labeling were significantly decreased in
HF mice. No consistent fasting-induced changes in malate isotopologue labeling (m+1,

m+2, m+3) or total malate '3C enrichment were detected between groups (Figure 2n—s).

Quantitative flux calculations revealed profound suppression of multiple glucose
metabolic fluxes after overnight fasting in high-fat-fed mice. Vgiucose tumover, Viutile cycle,
combined Vpc + VME, Vglycogenolysis, and Vgiycerol Were all significantly reduced in HF mice
compared with ad libitum HFD controls (Figure 2t). These flux reductions align closely
with the attenuated hepatic TCA cycle carbon labeling observed in HF animals,
demonstrating that fasting globally restrains hepatic glucose substrate turnover and
gluconeogenic precursor fluxes in the setting of high-fat feeding. Consistent with the
global suppression of hepatic carbon metabolism, fluxes supporting DNL were also
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markedly reduced after overnight fasting. Furthermore, lipogenic VeconL)+VmeDNL) and
VepH(DNL) Were significantly lower in HF mice relative to HFD controls (Figure 2u). These
results indicate that fasting potently restricts carbon precursor supply for hepatic de novo
lipogenesis in high-fat diet-fed animals, alongside the concurrent repression of
gluconeogenic and TCA cycle fluxes. Hepatic Vp was substantially lower in overnight-
fasted HF mice compared with fed HFD controls (Figure 2v). Notably, Vene exhibited a
striking directional shift: HFD mice displayed robust net glucose uptake with negative
VeneG, whereas HF animals switched toward net hepatic glucose production, leading to a
highly significant difference between groups (Figure 2w). Collectively, these data reveal
that fasting in high-fat-fed animals suppresses hepatic fatty acid catabolism while rewiring
net hepatic glucose balance toward gluconeogenesis, even amid broad reductions in
carbon precursor fluxes supporting lipogenesis and substrate cycling. To further dissect
the remodeling of hepatic mitochondrial metabolism, we quantified core tricarboxylic acid
cycle and associated anaplerotic/cataplerotic fluxes. Overnight fasting significantly
reduced overall Vrca, VeoH, Ves, and Vipn in HF mice compared with HFD controls.
Consistent with depressed mitochondrial oxidation, VoebpH, VFHR), VFHEF), as well as
VaLsrety were all diminished upon fasting. By contrast, Vecm) + Vmem and Vmut(nety +
Vscs(net) did not differ significantly between groups (Figure 2x). These data demonstrate
that fasting broadly suppresses forward TCA cycle flux and mitochondrial oxidative
metabolism in livers of high-fat-fed mice, largely through limiting pyruvate entry and

glutamine-supported anaplerosis, while preserving basal pyruvate cycling capacity.

To verify the fasting-induced changes in Vene and Vg, we conducted infusion of 13Cs-
alanine and 1,2,3,4,5,6-'3C-palmitate via jugular vein catheterization. These tracer
studies revealed that fasting elevated whole-body alanine turnover and promoted alanine
tracer incorporation into gluconeogenesis (Figure 1So). Unexpectedly, we observed
marked increases in palmitate tracer incorporation into TCA cycle intermediates upon
fasting. Together, these data demonstrate that fasting enhances amino acid-fueled
gluconeogenesis (Figure 1Sp). Despite reduced overall hepatic Vg, fasting stimulates the

activity of fatty acid -oxidation (Figure 1Sq).

To evaluate fasting-mediated changes in carbohydrate and lipid metabolism in skeletal
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muscle (Figure 2Sa), tracer studies revealed that modest perturbations in select
isotopologue fractions of muscle pyruvate, citrate, glutamate, glutamine, succinate,
fumarate and malate upon fasting (Figure 2Sb-h). Nevertheless, tracer recirculation-
corrected data demonstrated that fasting markedly diminished '3C enrichment in these
metabolites (Figure 3a-g). Quantitative flux calculations showed that fasting suppressed
skeletal muscle Vgiucose uptake, Vglycogenolysis, VPc(m) + Vme(), VeoH(T), Ves, VibH. By contrast,
global Vrtca, Vg, VaLs(net), VoebH, combined VmuT(net) + Vscsnet), and net Ve flux remained
unaltered (Figure 3h). Very similarly, while fasting did not alter raw '3C enrichment of
muscle pyruvate, citrate, glutamate, glutamine, succinate, fumarate and malate (Figure
2Si-0), it markedly lowered relative tracer incorporation into these intermediates (Figure
3l-0). Meanwhile, fasting significantly reduced Vgiucose uptake, Vglycogenolysis, VPc(t) + VME(),
VeoH(T), Ves, VioH, VoebH, and net VeH flux. Fasting increased negative Vmut(net) + Vscs(net),
whereas V1ca, Vg and VaLs(et) remained unchanged (Figure 3p).

['3Cé]glucose analysis reveals Aldometanib-induced hepatic metabolic remodeling
and inhibited skeletal muscle glucose carbon flux

To further explore the mechanism by which Aldometanib (Ald), a candidate agent with
proven efficacy in ameliorating diet-induced glucose dyshomeostasis, improves insulin
sensitivity, we performed '3C-glucose infusions in Ald-treated HFD-fed mice. Consistent
with improved metabolic phenotype, Ald administration significantly decreased relative fat
mass, accompanied by a robust increase in lean mass fraction (Figure 3Sa). Raw hepatic
13C enrichment analysis revealed that Aldometanib altered isotopic labeling in only a
limited set of hepatic glycolytic and TCA cycle intermediates. Ald increased total '3C
enrichment of pyruvate, citrate and glutamate: it suppressed pyruvate m+1, elevated
pyruvate m+2/m+3 and citrate m+1, and enhanced glutamate m+1 labeling. Succinate
showed a trend of increased '3C enrichment (p=0.065). All other assessed isotopic
parameters for citrate, glutamine, fumarate and malate were unchanged (Figure 3Sb-h).
Next, we normalized these raw enrichment values to correct for systemic tracer
recirculation and quantify relative tracer incorporation in the liver. Relative isotopic
labeling analysis recapitulated core changes observed in raw enrichment profiles. Ald
significantly enhanced relative total '3C enrichment of pyruvate, citrate and glutamate.

While relative pyruvate m+1 was unchanged, pyruvate m+2 and m+3 fractions increased
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significantly. Ald induced coordinated elevation of citrate m+1 and m+2, together with
higher glutamate m+1 and m+2 labeling. In addition, relative succinate m+1, m+2 and
total succinate enrichment were markedly increased. No significant differences in relative
13C labeling were found for glutamine, fumarate or malate (Figure 4a-g). Based on the
resolved isotopologue distributions, we next performed metabolic flux analysis to
quantitatively assess hepatic carbon fluxes. Calculated flux values revealed that Ald
administration significantly increased whole-body glucose turnover. At the hepatic level,
Ald robustly elevated Viutile cycle, the combined Vec + VmE, Vglycogenolysis, and Vgiycerol (Figure
4h). Further analysis of fluxes supporting de novo lipogenesis (DNL) demonstrated that
Ald markedly increased VeconL)+VMmeNL) and Veoron) (Figure 4i). In addition, Ald
treatment induced a substantial rise in Vp (Figure 4j), alongside a pronounced reduction
in net gluconeogenic flux Vene (Figure 4k). We further examined TCA cycle and
associated anaplerotic/cataplerotic fluxes. Ald significantly increased Vepr), Ves and
VEHR), While V1ca, Vecm + Vmem), ViDH, VGLset), VMuTet)y + Vscs(net), VoebH remained
unaltered. VrH(F) showed a trend toward elevation with a p-value of 0.059 (Figure 4l).
We performed '3C stable isotope tracing to evaluate skeletal muscle carbon metabolism.
Raw and normalized isotopic enrichment of pyruvate and TCA-cycle intermediates (citrate,
glutamate, glutamine, succinate, fumarate, malate; m+1/m+2/m+3 isotopologues) were
comparable between HF and Ald groups. Thus, Ald exerts prominent effects on hepatic
carbon flux without majorly altering skeletal muscle TCA carbon trafficking ( Figure 3Si-n
and Figure 4m-s).

We characterized skeletal muscle carbon metabolism via stable '3C tracing and
measured both raw and normalized isotopic enrichment of pyruvate and TCA-cycle
intermediates across m+1, m+2, and m+3 isotopologues. No significant intergroup
differences in labeling patterns were detected for citrate, glutamate, glutamine, succinate,
fumarate, and malate. Quantitative flux calculations further defined skeletal muscle
carbon flow: Ald significantly suppressed Vgiucose uptake, Vglycogenolysis, VPDH(T), Vcs, VIDH. VTcA
(p=0.065) and VoapH (p=0.076) showed borderline non-significant reductions, while VecT)
+ VMEm), VB,  VaeLsmet), VMuT(net) + Vscsnet), and net Ven were comparable between groups
(Figure 4t). Together, these data indicate that Ald restrains glucose carbon flux into

skeletal muscle TCA cycle, an effect unaccompanied by detectable shifts in metabolite
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isotopic enrichment. Although Ald reduces glucose uptake under fasting conditions and
restricts glucose carbon flux into the skeletal muscle TCA cycle, this treatment exerts
beneficial effects on mitochondrial function.

['3Cs]glucose tracing reveals metformin-mediated rewiring of hepatic metabolism
and enhanced skeletal muscle anaplerotic flux

We further assessed the effects of metformin, a first-line clinically used drug, on glucose
and lipid metabolism. Body composition analysis revealed that, metformin treatment did
not alter the relative percentage of fat mass or lean mass when compared with vehicle-
treated HFD animals. We next performed hepatic '3C stable isotope tracing to measure
raw isotopic enrichment of glycolytic and TCA-cycle intermediates. Metformin significantly
decreased pyruvate m+1 enrichment while increasing pyruvate m+2, m+3 and overall
total '3C-pyruvate labeling. Within TCA metabolites, metformin elevated total '3C-
fumarate enrichment and fumarate m+1, together with a borderline increase in fumarate
m+2 (p=0.052). No consistent differences were observed for citrate, glutamate, glutamine,
succinate and malate isotopologues, though total '*C-malate enrichment exhibited a non-
significant downward trend in metformin-treated animals (p=0.07) (Figure 4Sa-h).
Normalized isotopic enrichment analysis yielded highly congruent findings. Metformin
reduced normalized 3C-pyruvate m+1 and markedly enhanced normalized pyruvate m+2,
m+3 and total pyruvate labeling. In the TCA cycle, normalized fumarate m+1, m+2 and
cumulative fumarate enrichment were significantly elevated upon metformin
administration. Isotopic enrichment of citrate, glutamate, glutamine, succinate and malate
remained unaltered after normalization (Figure 5a-g).

Quantitative flux calculations demonstrated enhanced hepatic carbon turnover following
metformin intervention. Metformin significantly increased Vgiucose tumover, and the combined
flux Vec + VMe. No significant alterations were detected in Viutile cycle @and Vgiycogenolysis.
Meanwhile, Vgiycerot Showed a marginal increase in metformin-treated animals (p=0.056)
(Figure 5h). Further quantification of lipogenic precursor fluxes revealed a non-significant
rise in VpcponL+VMmenL), while Veporpne) was significantly upregulated after metformin
administration (Figure 5i). Vg showed a marginal elevation in the metformin group
(p=0.056) (Figure 5j), whereas no obvious change was observed in net hepatic

gluconeogenesis flux Vene between the two groups (Figure 5k). Analysis of tricarboxylic
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acid (TCA) cycle fluxes showed that total Vec(r) + Vme(), was markedly reduced upon
metformin treatment. No significant differences were observed for Vrca, Vecm) + VmEe(m),
Vs, VipH, VaeLs(net), VMUT(net) + Vscs(et), VoebH, VEHR) and VrHF) (Figure 5I).

Skeletal muscle '3C isotopic enrichment was characterized upon metformin treatment.
The enrichment of malate m+1 isotopologue was significantly elevated in the metformin
group (Figure 4Si-0). After normalization to relative enrichment, the overall labeling
patterns of pyruvate, citrate, glutamate, glutamine, succinate, fumarate and malate
isotopologues were largely comparable between groups, with no additional consistent
alterations detected for other measured intermediates (Figure 5m-s). Then, Skeletal
muscle metabolic fluxes were quantified using '3C tracing. Metformin significantly
increased Vec(T) + Vme(), total TCA flux Vrca, B-oxidation flux Vg, and net glutaminolysis
VaLsret). No significant shifts were detected for Vgiucose uptake, Vglycolysis, VPDH(T), Vs, VIDH,

VoebH, VMUT(net) + Vscs(et), and VEHnet) following metformin exposure (Figure 5h).

Discussion

Here, we establish an integrated in vivo tracing framework to simultaneously quantify
absolute carbon fluxes in mouse liver and skeletal muscle under metabolic steady state.
Conventional stable-isotope approaches are often restricted to single-tissue analysis and
struggle to disentangle overlapping anaplerotic, lipogenic and glycolytic pathways 1921,
Furthermore, incomplete correction for isotopic dilution originating from glycogenolysis
and substrate recycling introduces systematic bias into flux estimations 2223, Our refined
metabolic network model addresses these limitations by resolving competing carbon
routing, while orthogonal 2-deoxyglucose tracing is incorporated to quantify skeletal
muscle glucose uptake and enable robust calculation of intramuscular carbon metabolic
fluxes. Methodological validation via independent metabolite infusion experiments
supports the reliability of absolute flux outputs across distinct nutritional and
pharmacological contexts. Recent advances in computational modeling, including tissue-
specific genome-scale metabolic models and machine-learning-based digital twin
frameworks, further underscore the power of integrating multi-omics data with flux

analysis to capture tissue-specific metabolic heterogeneity 2425,

We applied this multi-tissue quantification platform to characterize metabolic remodeling
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triggered by fasting and high-fat diet feeding. Notably, we resolve a key contradiction:
while fasting reduces absolute rates of hepatic fatty acid B-oxidation and amino
acid/lactate-mediated gluconeogenesis, supplementary tracing with 1,2,3,4,5,6-13C-
palmitate and ['3CsJalanine confirms fasting enhances the relative activity of these
pathways—uncovering an “activity-flux dissociation” driven by metabolic resource
prioritization 2627, This observation parallels findings from lipid metabolic flux analysis
(Lipid-MFA), which demonstrated that flux through fatty acid synthase and very long-chain
fatty acid elongation pathways can decrease while relative pathway activities remain
elevated under certain metabolic stress conditions 2. Under nutrient deprivation,
systemic substrate availability declines. The liver upregulates intrinsic pathway capacity
to maximize efficient utilization of available carbon sources, yet limited substrate supply
constrains maximal absolute throughput. This decoupling carries substantial conceptual
implications: measurements relying only on isotopologue enrichment or pathway enzyme
activity cannot reliably reflect net metabolic flux 7. It emphasizes that distinguishing
relative pathway activity from absolute carbon turnover is indispensable for interpreting

adaptive metabolic responses.

Beyond nutritional challenges, our flux profiling reveals divergent tissue-specific
metabolic signatures in response to metformin and Aldometanib. Consistent with prior
mechanistic reports, metformin predominantly remodels hepatic anaplerotic and
gluconeogenic fluxes 2239, In contrast, Aldometanib exerts coordinated effects on both
liver and skeletal muscle, reshaping inter-organ carbon partitioning to improve systemic
insulin sensitivity 332, Notably, studies modeling high-sugar diet-induced metabolic
dysregulation in Drosophila muscle have identified distributed control of glycolytic flux and
altered NAD(H)-dependent reactions, highlighting the importance of tissue-specific
metabolic models for understanding drug and dietary interventions ?4. These divergent
flux fingerprints illustrate why multi-tissue simultaneous quantification is critical for
dissecting drug action; single-organ measurements risk oversimplifying systemic

metabolic regulation and may mask tissue-selective pharmacological effects 33.

Several technical considerations warrant discussion. The current model is built upon
steady-state tracer infusion in conscious mice, which preserves physiological metabolism

yet restricts direct extension to acute, rapidly transitioning metabolic states. In addition,
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our framework focuses on core carbon pathways centered on glucose-derived carbon.
Future iterations may integrate long-chain fatty acid and amino acid multi-tracer designs
to achieve a more complete view of interconnected carbon, nitrogen and lipid metabolism
6. Although we have implemented corrections for major sources of isotopic dilution,
compartmental substrate exchange between cytosol and mitochondria remains difficult to
fully deconvolve using whole-tissue extracts alone. Combining this flux modeling strategy
with subcellular fractionation, genetically encoded metabolic sensors and spatial flux
mapping approaches represents a promising direction to further refine spatial resolution,
enabling precise dissection of metabolic alterations across functionally distinct
subregions within a single tissue and facilitating mechanistic exploration of the
pathogenesis underlying metabolic diseases. Emerging single-cell and spatial
metabolomics technologies, as exemplified by recent applications in cancer metabolism,

offer new avenues to address these challenges 2°34.

In summary, this unified in vivo flux quantification toolkit addresses critical gaps in existing
stable-isotope tracing methodologies, enabling parallel absolute flux analysis in liver and
skeletal muscle. The discovery of activity-flux dissociation during fasting exemplifies the
unique insights accessible via absolute flux measurement that are obscured by
conventional relative quantification strategies. Moving forward, this platform provides a
broadly applicable experimental blueprint to map inter-organ carbon communication,
define mechanisms of diet-induced metabolic dysfunction, and quantitatively evaluate

metabolism-targeted therapeutic candidates.

Figure legends

Figure 1. Schematic overview and validation of the in vivo ['3Cs]glucose tracing
platform for hepatic carbon flux analysis under ad libitum and fasting conditions

(a) Workflow of the 120-min primed-continuous ['*Cs]glucose infusion strategy applied in
awake mice. (b) Schematic illustrating major isotopologue generation patterns of central
glycolytic and TCA cycle metabolites derived from fully labeled glucose. (c) Steady-state
blood tracer enrichment achieved at the endpoint of infusion, confirming minimal
perturbation of endogenous physiological metabolism. (d—f) Simplified metabolic network

models for quantitative resolution of hepatic glycolysis, gluconeogenesis, lipogenesis,
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TCA cycling, and anaplerotic/cataplerotic fluxes used for flux calculation. Viutile cycle,
glucose futile cycle flux; Veng, glucogenic amino acids, lactate flux; Vgiycogenesis, hepatic
glycogen synthesis flux; Vgiycogenolysis, hepatic glycogenolysis flux; Vgiycerol, flux of glycerol
involved in gluconeogenesis; Vg, fatty acid B-oxidation flux; VFa uptake, hepatic fatty acid
uptake flux; Vec, flux of glucose generated via pyruvate carboxylase (PC); Vec(), flux of
glucose generated via PC and traversing the TCA cycle; Vwme, flux of glucose generated
via malic enzyme (ME); Vwme(), flux of glucose generated via ME and traversing the TCA
cycle; VepH(m), flux of glucose generated via pyruvate dehydrogenase (PDH) and
traversing the TCA cycle; Vecon), flux of de novo lipogenesis (DNL) generated via PC;
VmenL), flux of DNL generated via ME; Veprpne), flux of DNL generated via PDH; Viph,
flux through isocitrate dehydrogenase (IDH); Vas, flux through glutaminase (GLS);
VMmuT(net), net flux through methylmalonyl-CoA mutase (MUT); Vscset), net flux through
succinyl-CoA synthetase (SCS); VoepH, flux through oxoglutarate dehydrogenase
(OGDH); VFH(F), flux through fumarase (FH) in the forward direction; VrH(r), flux through
FH in the reverse direction. Data are presented as mean £ SEM.

Figure 2. Fasting rewires isotopic labeling profiles and suppresses core hepatic
carbon fluxes in chow-fed and high-fat-fed mice

(a—g) Normalized relative isotopic enrichment of pyruvate and major TCA cycle
intermediates (citrate, glutamate, glutamine, succinate, fumarate, malate) at distinct m+1,
m+2, and m+3 isotopologue positions in ad libitum-fed (RC) and overnight-fasted (RF)
chow mice. (h—l) Quantified hepatic carbon fluxes in RC versus RF mice, including whole-
body glucose turnover, futile cycling, glycogenolysis, glycerol-derived gluconeogenesis,
lipogenic precursor fluxes, fatty acid p-oxidation, net gluconeogenesis, and
comprehensive TCA cycle/anaplerotic fluxes. (m—s) Normalized isotopic labeling patterns
of hepatic glycolytic and TCA metabolites in ad libitum HFD-fed (HFD) and overnight-
fasted HFD (HF) mice. (t—x) Systematic quantification of hepatic glucose turnover,
substrate cycling, lipogenic precursor supply, B-oxidation, net gluconeogenic flux, and
mitochondrial TCA/anaplerotic fluxes in HFD versus HF mice. All data demonstrate that
fasting broadly restrains hepatic glucose-derived carbon incorporation, suppresses
glycolytic, lipogenic, and oxidative fluxes, and switches net hepatic glucose balance

toward gluconeogenesis under both chow and high-fat dietary conditions. Data are
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presented as mean + SEM. Statistical significance was determined via two-way ANOVA
for multiple-group comparisons, and unpaired Student’s t-test for pairwise comparisons
between two groups: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 3. Fasting inhibits glucose carbon influx and remodels flux distribution in
skeletal muscle

(a—g) Normalized relative 3C enrichment of pyruvate and TCA cycle intermediates in
skeletal muscle under fed and fasting states. (h) Quantitative flux profiling reveals
suppressed skeletal muscle glucose uptake, glycogenolysis, and pyruvate-driven
anaplerotic and TCA entry fluxes upon fasting, whereas total TCA turnover and fatty acid
B-oxidation remain stable. (i—0) Normalized isotopic labeling signatures of skeletal muscle
metabolites in HFD-fed and fasted HFD mice. (p) Summary of fasting-induced skeletal
muscle flux alterations in obese mice, showing restricted glucose carbon utilization and
selective suppression of glycolysis-linked mitochondrial fluxes without perturbation of
overall TCA cycling and lipid oxidation capacity. Data are presented as mean + SEM.
Statistical significance was determined via two-way ANOVA for multiple-group
comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups:
*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 4. Aldometanib induces extensive hepatic metabolic reprogramming and
restricts skeletal muscle glucose carbon flux in HFD mice

(a—g) Normalized isotopic enrichment of hepatic glycolytic and TCA cycle intermediates
in vehicle- and Aldometanib-treated HFD mice. (h—I) Quantitative hepatic flux analysis
showing elevated whole-body glucose turnover, enhanced substrate cycling, glycerol
gluconeogenesis, lipogenic precursor fluxes, and [B-oxidation, alongside reduced net
gluconeogenic flux and selective remodeling of TCA/anaplerotic fluxes upon Aldometanib
administration. (m—s) Normalized skeletal muscle isotopic labeling profiles, showing
unaltered metabolite isotopologue patterns after Aldometanib treatment. (t) Skeletal
muscle carbon flux quantification demonstrating that Aldometanib significantly
suppresses glucose uptake, glycogenolysis, and pyruvate-dependent TCA entry fluxes,
thereby restricting glucose carbon influx into muscle mitochondrial metabolism without
altering basal TCA cycling or B-oxidation capacity. Data are presented as mean + SEM.

Statistical significance was determined via two-way ANOVA for multiple-group
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comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 5. Metformin drives distinct hepatic flux remodeling and enhances skeletal
muscle anaplerotic and oxidative metabolism in HFD mice

(a—g) Normalized hepatic isotopic enrichment of glycolytic and TCA metabolites in
vehicle- and metformin-treated obese mice, showing altered pyruvate isotopic distribution
and elevated fumarate labeling. (h—l) Hepatic flux quantification revealing increased
glucose turnover and combined pyruvate carboxylase/malic enzyme anaplerosis,
elevated lipogenic pyruvate dehydrogenase flux, and reduced hepatic anaplerotic cycling
upon metformin treatment, with unaltered net gluconeogenesis. (m—s) Normalized
skeletal muscle isotopic enrichment patterns. (t) Skeletal muscle flux profiles
demonstrating that metformin markedly enhances muscle anaplerotic flux, total TCA
turnover, [B-oxidation, and net glutaminolysis, indicating divergent tissue-specific
metabolic regulation compared with Aldometanib. Data are presented as mean £ SEM.
Statistical significance was determined via two-way ANOVA for multiple-group
comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups:
*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplemental Figure 1. Raw isotopic labeling and multi-tracer validation of fasting-
induced hepatic metabolic remodeling

(a—g) Raw unnormalized '3C isotopic enrichment of hepatic metabolites in chow-fed
control and fasted mice. (h—n) Raw hepatic isotopic labeling profiles in ad libitum and
fasted HFD mice. (0—q) Independent validation using ['3*Cs]alanine and 1,2,3,4,5,6-13C-
palmitate tracers, confirming enhanced amino acid-dependent gluconeogenic activity and
elevated fatty acid B-oxidation pathway activity despite reduced absolute B-oxidation flux
during fasting. Data are presented as mean = SEM. Statistical significance was
determined via two-way ANOVA for multiple-group comparisons, and unpaired Student’s
t-test for pairwise comparisons between two groups: *p < 0.05, **p < 0.01, ***p < 0.001,
****pn < 0.0001.

Supplemental Figure 2. Basal skeletal muscle isotopic signatures under fed and
fasting conditions

(a) Schematic of skeletal muscle tracing analysis. (b—h) Raw skeletal muscle metabolite
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isotopic enrichment in chow-fed and fasted mice. (i—0) Raw isotopic labeling profiles in
HFD-fed and fasted obese mice, illustrating modest baseline isotopic alterations prior to
normalization and flux quantification. Data are presented as mean + SEM. Statistical
significance was determined via two-way ANOVA for multiple-group comparisons, and
unpaired Student’s t-test for pairwise comparisons between two groups: *p < 0.05, **p <
0.01, ***p < 0.001.

Supplemental Figure 3. Body composition and raw hepatic isotopic profiles upon
Aldometanib treatment

(a) Relative fat mass and lean mass fraction in vehicle- and Aldometanib-treated HFD
mice. (b—h) Raw unnormalized hepatic isotopic enrichment of glycolytic and TCA cycle
intermediates following Aldometanib intervention. (i—n) Raw skeletal muscle metabolite
isotopic labeling patterns, confirming largely unaltered muscle isotopic signatures after
Aldometanib treatment. Data are presented as mean + SEM. Statistical significance was
determined via two-way ANOVA for multiple-group comparisons, and unpaired Student’s
t-test for pairwise comparisons between two groups: *p < 0.05, **p < 0.01, ***p < 0.001.

Supplemental Figure 4. Raw hepatic and skeletal muscle isotopic enrichment in
metformin-treated HFD mice

(a—h) Raw hepatic isotopic enrichment of pyruvate and TCA cycle intermediates in
vehicle- versus metformin-administered obese mice. (i—0) Raw skeletal muscle
metabolite isotopic labeling profiles, showing selective elevation of malate m+1
enrichment upon metformin treatment. Data are presented as mean + SEM. Statistical
significance was determined via two-way ANOVA for multiple-group comparisons, and
unpaired Student’s t-test for pairwise comparisons between two groups: *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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Figure 1

Schematic overview and validation of the in vivo ['3C¢]glucose tracing platform for hepatic carbon flux
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(a) Workflow of the 120-min primed-continuous ['3C¢]glucose infusion strategy applied in awake mice.

(b) Schematic illustrating major isotopologue generation patterns of central glycolytic and TCA cycle
metabolites derived from fully labeled glucose. (c) Steady-state blood tracer enrichment achieved at the
endpoint of infusion, confirming minimal perturbation of endogenous physiological metabolism. (d—f)
Simplified metabolic network models for quantitative resolution of hepatic glycolysis, gluconeogenesis,
lipogenesis, TCA cycling, and anaplerotic/cataplerotic fluxes used for flux calculation. Ve ¢ycle: glucose

futile cycle flux; Vgne, glucogenic amino acids, lactate flux; Vg cogenesis: h€patic glycogen synthesis flux;
Vgiycogenolysis, Nepatic glycogenolysis flux; Vg cerols flux of glycerol involved in gluconeogenesis; Vg, fatty
acid B-oxidation flux; Vea yptake: N€Patic fatty acid uptake flux; Vpe, flux of glucose generated via pyruvate
carboxylase (PC); Vpg(r), flux of glucose generated via PC and traversing the TCA cycle; Vg, flux of
glucose generated via malic enzyme (ME); Vg, flux of glucose generated via ME and traversing the
TCA cycle; Vppyy ), flux of glucose generated via pyruvate dehydrogenase (PDH) and traversing the TCA
cycle; Vpgpnyy flux of de novo lipogenesis (DNL) generated via PC; Viygpny) flux of DNL generated via
ME; Vppppn) flux of DNL generated via PDH; V|, flux through isocitrate dehydrogenase (IDH); Vg s,
flux through glutaminase (GLS); Vyyr(net) N€t flux through methylmalonyl-CoA mutase (MUT); Vgcgnet,
net flux through succinyl-CoA synthetase (SCS); Vgpw, flux through oxoglutarate dehydrogenase
(OGDH); V(e flux through fumarase (FH) in the forward direction; Ve g), flux through FH in the reverse
direction. Data are presented as mean + SEM.
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positions in ad libitum-fed (RC) and overnight-fasted (RF) chow mice. (h-1) Quantified hepatic carbon
fluxes in RC versus RF mice, including whole-body glucose turnover, futile cycling, glycogenolysis,
glycerol-derived gluconeogenesis, lipogenic precursor fluxes, fatty acid B-oxidation, net gluconeogenesis,
and comprehensive TCA cycle/anaplerotic fluxes. (m—s) Normalized isotopic labeling patterns of
hepatic glycolytic and TCA metabolites in ad libitum HFD-fed (HFD) and overnight-fasted HFD (HF) mice.
(t—x) Systematic quantification of hepatic glucose turnover, substrate cycling, lipogenic precursor supply,
B-oxidation, net gluconeogenic flux, and mitochondrial TCA/anaplerotic fluxes in HFD versus HF mice. All
data demonstrate that fasting broadly restrains hepatic glucose-derived carbon incorporation,
suppresses glycolytic, lipogenic, and oxidative fluxes, and switches net hepatic glucose balance toward
gluconeogenesis under both chow and high-fat dietary conditions. Data are presented as mean + SEM.
Statistical significance was determined via two-way ANOVA for multiple-group comparisons, and
unpaired Student'’s t-test for pairwise comparisons between two groups: *p< 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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Figure 3

Fasting inhibits glucose carbon influx and remodels flux distribution in skeletal muscle

(a—g) Normalized relative '3C enrichment of pyruvate and TCA cycle intermediates in skeletal muscle

under fed and fasting states. (h) Quantitative flux profiling reveals suppressed skeletal muscle glucose

uptake, glycogenolysis, and pyruvate-driven anaplerotic and TCA entry fluxes upon fasting, whereas total



TCA turnover and fatty acid B-oxidation remain stable. (i—0) Normalized isotopic labeling signatures of

skeletal muscle metabolites in HFD-fed and fasted HFD mice. (p) Summary of fasting-induced skeletal
muscle flux alterations in obese mice, showing restricted glucose carbon utilization and selective

f glycolysis-linked mitochondrial fluxes without perturbation of overall TCA cycling and

lipid oxidation capacity. Data are presented as mean + SEM. Statistical significance was determined via

two-way ANOVA for multiple-group comparisons, and unpaired Student’s t-test for pa

between two groups: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4

Aldometanib induces extensive hepatic metabolic reprogramming and restricts skeletal muscle
glucose carbon flux in HFD mice

(a—g) Normalized isotopic enrichment of hepatic glycolytic and TCA cycle intermediates in vehicle- and
Aldometanib-treated HFD mice. (h—1) Quantitative hepatic flux analysis showing elevated whole-body
glucose turnover, enhanced substrate cycling, glycerol gluconeogenesis, lipogenic precursor fluxes, and
B-oxidation, alongside reduced net gluconeogenic flux and selective remodeling of TCA/anaplerotic
fluxes upon Aldometanib administration. (m—s) Normalized skeletal muscle isotopic labeling profiles,
showing unaltered metabolite isotopologue patterns after Aldometanib treatment. (t) Skeletal muscle
carbon flux quantification demonstrating that Aldometanib significantly suppresses glucose uptake,
glycogenolysis, and pyruvate-dependent TCA entry fluxes, thereby restricting glucose carbon influx into
muscle mitochondrial metabolism without altering basal TCA cycling or B-oxidation capacity. Data are
presented as mean + SEM. Statistical significance was determined via two-way ANOVA for multiple-
group comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups: *p <
0.05, **p < 0.01, ***p< 0.001, ****p < 0.0001.



(S]

Liver GAS
- P - B - [ ] ] - - =
s B K] J i 2 g ° € = ®We 2 ol ] o joim 12 v pwf 12 JouE . 3 oofmd (3
| = ¥
nﬁu L T = o uﬁumu v o g2 3 TW“ w e afel L cobme o & oo o & afes i
© < o Q9 @ N = C Q © © o {Q{eagwre 2 o o o @ @ a 9 N 2 % 2 29 o o o c o 9 o o ©
S oS o o S o S o ® & = N s Bouwrd & ¥ & o o o o < S8 o o T8 =2° 2 S 3 I «
(yun Asgjique) Juswyouus  (jun Aseygue) juswiyouus [(uj.63)jowr] m:.Ex%_oE I [(unw-63)jowri] (3un Aieygue) juswyouus (3un Aigyque) Juswyouus [(unw.Bx)jowrd] [(unw-6y)jowrl]
alewen|B-O;, OANEIRY SlBIBWIN;-Og, BAIRISY |aisok|B A A (DH4 A ajewe)n|B-O¢, eARelRYy 9je/ewn;-Og SAREIRY u> (18u)Hd A
- - B = - -
= oo o sod o | o Tede 2 0 e p2 ) mal g wedd o 8w J e e 2 = pm g3
+ | + X + +
Mn E s pad | E Seage = £ uuwmnu T s oeld E mawu” E % TE 5 dedag T
2 2 R — YL e @ o 2 2 YR S % S & o
M - mm o < ‘OI o © % N ~N - a . . m W © T N '’ - A\ -.,L
a
o B | S ST [(unw.Bx)owri] [(unw Bx)owr] [(unw-Bx)jourd] e e | sed e | (unw.Bx)jouwri] [(unw-Bx)powri]
L t [ *_ t SIsKioueBodAIB S (WHap £ t £ t oL (10uls05 p BRULLAN
: uﬁ u um:mu A A . o odim N uuw% o A
- - - - © -
33333 3 3 3 = 3 e 13 e |8 2 3 3 2 838333 B o s 3
(hun Asejique) Juswyouus (yun Aseyigle) Juswyosuua ¥ il = | o (hun Aseyique) Juswyouus (3un Aseygue) Juswiyoduue e = e
ajewein|b-Og, aAneey ajRIBWNS-Dg, BAIEIY * nrﬁ L agfds @ & o nTmr L ajewein|b-Og, aAneey QJBIBWNS-D¢, BANERY - 238 L oo %3 3
o 2 ¢ g ° e g v ©° 8 § R ° o FEEEER 88 8 R °
o Teen 2 ° 2 [(unw.Bxy) o] [(unw Byy)jowr] [(unw-By)owri] 2l 2 s vIAE“ 2 [(unw.Bx)jowuri] [(ui-By)owr]
A WaNp, (W0 HA90, (WHad HaZop
e & e & AN coRy? i S35 % 4 A
© © + N o 3 - - o~ © < > - -
2232332 233838 E 3 aetmas 8§ Sol-goe ] < 3 s 3 22 3 3 seefee 3 o aets | |8
(un Aseyque) Juswyouus (yun Aseyqe) juswyouus n o " (un Aseyque) Juswyouus (yun Aseyque) Juswyouus * W * o
BIENO-Dg, OAIERY Sjeuoons-Og, aneley 26 I aa - ] ses—§ et @ n-Og, enefey 8]RUIONS-O;, BAIEIEY Bt savflot
8 828 ° £ 2 v o obhovgg g & & °
& | 5 5 . DR 8o N . ;
¥ o wpie ~ [(uiw-By)jowur] [(ui Bx)jowrl] [(unw.63)jowrd] + wmiE |y [(unw-Bx)jouuri]
® | E + e1oko ol (WHad : @ E P (03w, , (od
§ N A A (1901505 5 (RULAN s |E AN
- 3
g - g 2 gooto1 2
- * el g 2 RH g 2% e (3 . ° ® m eyl = peile 3 subdfe 13
- -
w . - w B T o W w as reif |« £3 Tt
= A T L S R e T - B Tall - S U LR L P LU
3333353 s 3335 3 8 8 8 ° g 2 ° ° 8 & 2 ° g 2 3 2 g 33383 ¥ 8Re° 8 & & °
(j1un Aseique) JuewiyoLus (31N AJEjIgue) JUBLILYOUUS [(un.6x)jowr] [(un-6)jowr] [(unw-By)jowr] (un Aeygue) Juswyouus (nun Atepge) Juawyouus [(unw-Bxy)jowir] [(unw-B3)jowur]
8jenIo-Og, NnePY 8JBUIOINS-Og, BAJEIY e Janon eseoniB —_ I (o019, aje1o-Og, SANERY 8lBUDINS-Og, BMjRIeY stshiouaBookiBy HaIp
o = o
3 .mu W = 4% M = B M b Em ° w s fape W o oop—4 " o M o sai = M
X e
LIRS - o ide £ 5o £ tleis olB i E Sisie - o Y [ o 9 L
- s s
N @ ¥ 9 ©® © ¥ N Qo ® © ¥ N C o ® Fi= m @ © ¥ N O © < o 9 S & & o S & o o
- ©o o o S ©o o o o S ©o o o o ks o e o & © © o o o c ©o o o ® I « ® ¥ «
(yun Aseyique) yuswyouus (yun Aseyiqie) juawyouus (yun Kigyigie) Juawyouua ol a n_nmmn W (yun Aseyque) yuswiyouua (yun Aueyque) yuswyouua [(unw-Bx)jowri] [(uiw-Bx)jowrl]
ajeAniAd-D¢, anneey auwen|B-0g, aAlejay 8)e[eW-Og, BANEIDY =) =) S o ajeAnikd-Og, aAnely auiwe)n|B-Og, anjejey axeidn asoon|b A SO
Q 9 9o 9 O © b3 S T e
©® © ¥ « "
q o8 |2 . o Wy  (wShour (s Sxyour) oo | T i
o~
1w [E g ® [ E °A A a0 e £ b g€
o s E —_ . g |E
gk o ly I R ey f g ey
= % ™ -
T L . g = L sgE
w T w w -—t -
£ *_%uﬂ £ e |E E A 8~ w u £ By R P G 5 ol &
o e | E a 5 = easd £ I B ol | € B a oefaes
© ¥ N o 4. o N = 9 WY ON = Q < 898 ee M + &N o M N M S M M = 8 9 N M 2

o o o o
(yun Aseyigie) Juswyonue
ajennuhd-0g, esanesy

©

c o o o
c_:: Aeygle) Juswyouua
auwe)n|B-0Og, sneey

T

(3un Aseyiqe) Juswyouus

(=]

S oo oo o

sje(ew-0;, SAIe[RY

3N, (NGO |

[(uw-Bx)jourl]
jzn_uxnn_>

=

S o o
(3un Aleygee) Juawyouus
ajeanhd-Og, aaneey

o

(nun Asejigie) Juswiyouus
auwen|B-0¢, sAeIRY

o o o
(31un Aseyque) Juswuyouus
ajejew-Og, dAEIRY

(7

s s o
(hun Aieyque) Juswyouus
oje|ew-Og, OAEI9Y

Figure 5

Metformin drives distinct hepatic flux remodeling and enhances skeletal muscle anaplerotic and

ice

in HFD mi

Ismin

dative metaboli

oxi

(a—g) Normalized hepatic isotopic enrichment of glycolytic and TCA metabolites in vehicle- and

metformin-treated obese mice, showing altered pyruvate isotopic distribution and elevated fumarate



labeling. (h—1) Hepatic flux quantification revealing increased glucose turnover and combined pyruvate
carboxylase/malic enzyme anaplerosis, elevated lipogenic pyruvate dehydrogenase flux, and reduced
hepatic anaplerotic cycling upon metformin treatment, with unaltered net gluconeogenesis. (m-s)
Normalized skeletal muscle isotopic enrichment patterns. (t) Skeletal muscle flux profiles demonstrating
that metformin markedly enhances muscle anaplerotic flux, total TCA turnover, B-oxidation, and net
glutaminolysis, indicating divergent tissue-specific metabolic regulation compared with Aldometanib.
Data are presented as mean + SEM. Statistical significance was determined via two-way ANOVA for
multiple-group comparisons, and unpaired Student'’s t-test for pairwise comparisons between two
groups: *p< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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    V  g l u c o s e   t u r n o v e r =  (   i n f u s a t e    [ m + 6 ] g l u c o s e   i n r i c h m e n t  s e r u m    [ m + 6 ] g l u c o s e   i n r i c h m e n t − 1 ) ∗ g l u c o s e   i n f u s i o n   r a t e


      V  f u t i l e   c y c l e +   V  T G −   V  g l y c o g e n e s i s    V  g l u c o s e   t u r n o v e r =     L  G  [ m + 6 ]    S  G  [ m + 6 ] −   S  G   [ m + 3 ] 2


    (   V  P C  ( T ) +   V  P C  ( D N L )   + V  M E  ( T ) +   V  M E  ( D N L ) ) ∗   L  P y r  [ m + 3 ]    V  P C ( T ) +   V  P C ( D N L ) +   V  P D H ( T ) +   V  P D H ( D N L )   + V  M E  ( T ) +   V  M E  ( D N L ) =   L  C i t  [ m + 3 ]


    k 1 =   V ′  P C  ( D N L )   + V ′  M E  ( D N L ) =     S  P A  [ m + 1 ]    S  G  [ m + 6 ] ∗   V  g l u c o s e   t u r n o v e r
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    V  D N L =   ( V  P C  ( D N L )   + V  M E  ( D N L ) ) ∗ (   k 2 + 1 )


    V  𝛽 =     V  F A   u p t a k e = V  D N L


    V  I D H =   V  T C A


    V  C S =     V  D N L + V  T C A


    V  C S =     V  D N L + V  T C A


    V  g l u c o s e   t u r n o v e r =     V  G N G +   V  g l y c o g e n o l y s i s +   V  g l y c e r o l + V  D N L


    k 3 =     L  C i t  [ m + 3 ] ∗    1 2 S  G  [ m + 1 ]    S  G   [ m + 3 ] 2 +  1 2   S  G  [ m + 5 ] +    1 2 S  G  [ m + 3 ]


    V  G l s  ( n e t ) =   k 4 ∗   V  I D H


    k 4 =     L  C i t  [ m + 1 ] +   k 3 −   L  G l u  [ m + 1 ]    L  G l u  [ m + 1 ]


    V  O G D H =     V  I D H + V  G L S ( n e t )


      V  O G D H    V  M U T  ( n e t ) +   V  S C S ( n e t ) =     L  s u c c i n a t e  [ m + 1 ]    L  G l u  [ m + 1 ] −   L  s u c c i n a t e  [ m + 1 ]


      V  O G D H    V  M U T  ( n e t ) +   V  S C S ( n e t ) =     L  s u c c i n a t e  [ m + 1 ]    L  G l u  [ m + 1 ] −   L  s u c c i n a t e  [ m + 1 ]


    V  F H ( R ) =   V  g l u c o s e   t u r n o v e r ∗     S  G  [ m + 2 ] −   S  G  [ m + 1 ]    S  G  [ s u m ]


    V  F H ( f o r w a r d ) =   V  F H ( r e v e r s e ) +   V  O G D H +   V  M U T  ( n e t ) +   V  S C S ( n e t )


    V  F H ( f o r w a r d ) =   V  F H ( r e v e r s e ) +   V  O G D H +   V  M U T  ( n e t ) +   V  S C S ( n e t )


    V  g l u c o s e   u p t a k e =   o r g a n   l e v e l s   o f     2-DG  ∆2-DG  ∗   V  g l u c o s e   t u r n o v e r


    V  f u t i l e   c y c l e =     S  g l u c o s e   f u t i l e  [ s u m ]    S  G  [ s u m ] ∗   V  g l u c o s e   t u r n o v e r


      V  g l u c o s e   u p t a k e −   V  g l y c o g e n e o l y s i s    V  g l y c o g e n e o l y s i s =     G  P y r  [ m + 3 ]    S  G  [ m + 6 ] −   S  G   [ m + 3 ] 2 +  1 2   S  G  [ m + 5 ] +    1 2 S  G  [ m + 3 ]


    V  T C A =   V  C S =   V  I D H


    V  T C A =     V  P C ( T ) +   V  P D H ( T ) + V  M E  ( T ) +   V  𝛽


    V  g l u c o s e   u p t a k e


    V  𝛽


        V  P C ( T ) + V  M E  ( T )    V  T C A =     G  C i t  [ m + 3 ]    G  P y r  [ m + 3 ]


        ( V  P C ( T ) + V  M E  ( T ) ) ∗   G  P y r  [ m + 3 ]      ( V  P C ( T ) + V  M E  ( T ) ) ∗   G  P y r  [ m + 2 ] +   V  P D H  ( T ) ∗   k 3 =     G  C i t  [ m + 3 ]    G  P y r  [ m + 3 ]


        ( V  P C ( T ) + V  M E  ( T ) ) ∗   G  P y r  [ m + 3 ]      ( V  P C ( T ) + V  M E  ( T ) ) ∗   G  P y r  [ m + 2 ] +   V  P D H  ( T ) ∗   k 3 =     G  C i t  [ m + 3 ]    G  P y r  [ m + 3 ]


    k 5 =   G  P y r  [ m + 3 ] +   G  P y r  [ m + 2 ] ∗      1 2 S  G  [ m + 1 ]    S  G  [ s u m ]


    k 6 =     G  C i t  [ m + 3 ] ∗    1 2 S  G  [ m + 1 ]    S  G  [ m + 6 ] +  1 2   S  G  [ m + 5 ] +    1 2 S  G  [ m + 3 ]


    S  G  [ s u m ] =   S  G  [ m + 6 ] +   S  G  [ m + 5 ] +   S  G  [ m + 4 ] +   S  G  [ m + 3 ] +   S  G  [ m + 2 ] +   S  G  [ m + 1 ]


      （ G  C i t  [ m + 1 ] +   k 6 ） ∗   V  I D H      V  I D H + V  G l s  ( n e t ) =   G  G l u  [ m + 1 ]


  


    V  O G D H =     V  I D H + V  G L S ( n e t )


    V  F H ( n e t ) =   V  O G D H +   V  M U T  ( n e t ) +   V  S C S ( n e t )


    S  f u t i l e   c y c l e  [ s u m ] =   S  G   [ m + 3 ] 2 +   S  G  [ m + 5 ] +   S  G  [ m + 4 ] +   S  G  [ m + 3 ] +   S  G  [ m + 2 ]   + S  G  [ m + 1 ]


        V  T C A = V  P C ( T ) +   V  P D H ( T ) + V  M E  ( T ) =     2 S  G  [ m + 1 ]    S  f u t i l e   c y c l e  [ s u m ] ∗   V  g l u c o s e   f u t i l e


    V  P C +   V  M E =       S  f u t i l e   c y c l e  [ s u m ] − 2 S  G  [ m + 1 ]    S  f u t i l e   c y c l e  [ s u m ] ∗   V  g l u c o s e   f u t i l e


    V  T G =     V  g l y c e r o l +  1 3 ( V  P C  ( D N L )   + V  M E  ( T ) +   V  M E  ( D N L ) )


      V  f u t i l e   c y c l e +   V  T G −   V  g l y c o g e n e s i s    V  g l u c o s e   t u r n o v e r =     L  G  [ m + 6 ]    S  G  [ m + 6 ] −   S  G   [ m + 3 ] 2

