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Abstract 12 

Precise simultaneous quantification of carbon fluxes in liver and skeletal muscle remains 13 

challenging due to overlapping metabolic pathways and incomplete correction of isotopic 14 

dilution in conventional stable-isotope tracing. Here we establish an integrated in vivo 15 

[13C6]-glucose tracing framework to absolutely quantify core glycolytic, gluconeogenic, 16 

lipogenic, TCA cycle and anaplerotic fluxes in mouse liver and skeletal muscle under 17 

steady state. Low-dose tracer infusion avoids disrupting endogenous metabolism, and 18 

our refined network resolves competing carbon routes with rigorous isotopic dilution 19 

correction. Orthogonal 2-deoxyglucose tracing is incorporated to specifically enable 20 

accurate quantification of skeletal muscle glucose uptake and support the calculation of 21 

carbon metabolic fluxes within skeletal muscle. We applied this platform to characterize 22 

tissue-specific metabolic remodeling triggered by fasting, high-fat diet, metformin and 23 

Aldometanib. This method detects subtle flux changes undetectable by standard 24 

isotopologue analysis. Our unified multi-tissue flux toolkit provides a robust resource to 25 

dissect interorgan carbon metabolism and evaluate metabolism-targeting therapeutics. 26 

Main 27 



Liver and skeletal muscle are central metabolic organs that coordinately govern systemic 28 

glucose homeostasis, lipogenesis, and oxidative metabolism in response to nutritional 29 

fluctuations, including fasting and high-fat dietary stress 1-4. Dysregulated carbon 30 

partitioning, impaired tricarboxylic acid (TCA) cycle flux, and aberrant 31 

gluconeogenic/lipogenic remodeling in these tissues are hallmark drivers of insulin 32 

resistance, type 2 diabetes, and metabolic syndrome 3,5. Despite their fundamental 33 

importance, precise quantification of interconnected hepatic and muscular metabolic 34 

fluxes remains technically challenging, largely due to the complexity of intertwined 35 

glycolytic, anaplerotic, lipogenic, and oxidative pathways, as well as dynamic substrate 36 

cycling between cytosolic and mitochondrial compartments 6-8. 37 

Stable isotope tracing represents the gold-standard approach for quantifying in vivo 38 

metabolic flux, enabling high-resolution dissection of carbon routing through discrete 39 

metabolic nodes 7. Conventional [13C]glucose tracing strategies can only assess bulk TCA 40 

cycle turnover and gross pathway activity, yet fail to deconvolve biochemically 41 

overlapping carbon fluxes that define metabolic homeostasis 9. These unresolved 42 

processes include PDH- and PC/ME-mediated TCA anaplerosis, substrate-specific 43 

glucose futile cycling, compartment-restricted de novo lipogenesis (DNL), fatty acid β-44 

oxidation, and glutamine-fueled anaplerosis. Critically, current analytical frameworks lack 45 

unified mathematical models for simultaneous flux quantification in liver and skeletal 46 

muscle, the two dominant tissues controlling systemic glucose and lipid metabolism 10,11. 47 

Furthermore, most existing pipelines do not incorporate rigorous corrections for isotopic 48 

dilution arising from glycogenolysis, basal TCA substrate recycling, and heterogeneous 49 

gluconeogenic precursors 12. Collectively, these technical shortcomings limit the capacity 50 

to precisely quantify tissue-specific metabolic rewiring driven by nutritional stress or 51 

pharmacological modulation. 52 

To address these methodological bottlenecks, here we establish a comprehensive, 53 

mathematically defined in vivo [13C6]glucose tracing flux analysis platform for 54 

simultaneous, absolute quantification of core glycolytic, gluconeogenic, lipogenic, TCA 55 

cycle, and anaplerotic/cataplerotic fluxes in mouse liver and skeletal muscle under 56 

metabolic steady state. Our refined tracer infusion paradigm employs low-dose 57 

[13C6]glucose delivery to preserve physiological metabolic homeostasis, avoiding 58 



perturbation of endogenous glucose and lipid turnover 13. By systematically simplifying 59 

redundant long-range isotopic pathways based on empirical isotopologue enrichment 60 

patterns, we construct a streamlined yet rigorous metabolic network model that resolves 61 

layered carbon fluxes, including tissue-specific glucose futile cycling, compartmentalized 62 

DNL precursor fluxes, reversible fumarate hydratase cycling, and glutamine- and 63 

methylmalonyl-CoA-dependent TCA anaplerosis. 64 

A key advantage of this platform is its capacity to deconvolve parallel and competing 65 

carbon pathways: it distinguishes PDH- versus PC/ME-derived TCA cycle carbon input, 66 

separates lipogenic and oxidative pyruvate shuttling, and corrects isotopic dilution from 67 

glycogenolysis and endogenous substrate recycling in both liver and skeletal muscle. 68 

Combined with orthogonal 2-deoxyglucose (2-DG) glucose uptake tracing and selective 69 

metabolite infusion validation, our model enables robust calculation of absolute flux 70 

values for nearly all core nodes governing glucose and lipid homeostasis across 71 

nutritional and pharmacological conditions. 72 

In summary, this study establishes an integrated, high-resolution in vivo metabolic flux 73 

quantification framework that unifies hepatic and skeletal muscle carbon network analysis. 74 

This technically rigorous and broadly adaptable method fills a critical gap in current 75 

metabolic tracing toolkits, provides a quantitative foundation for dissecting tissue-specific 76 

glucose and lipid metabolism, and enables precise mechanistic evaluation of metabolism-77 

targeting therapeutic agents. 78 

Methods 79 

Animal models 80 

All animal studies were conducted in accordance with the approved guidelines of the 81 

Ethics Committee of Henan University (Kaifeng, Henan Province, P. R. China). Twelve-82 

week-old C57BL/6J male mice were purchased from Beijing HFK Bioscience Co., Ltd. 83 

(Beijing, P. R. China). Upon arrival, the mice were housed under a 12-h light/dark cycle 84 

at a controlled temperature of 23 ± 2°C with free access to water and a regular chow diet 85 

(1025, Beijing HFK Bioscience Co., Ltd.) or high fat diet (h10060, Beijing HFK Bioscience 86 

Co., Ltd.).  87 

Mouse basal infusions 88 



Mouse basal infusion studies were conducted with minor modifications based on the 89 

method described previously 14. Briefly, Instech catheters (Part Number: BTPU-027) were 90 

implanted into the jugular vein 7 days prior to the experiments. Only mice that had 91 

regained more than 95% of their preoperative body weight were included in the study. 92 

Mice were fasted starting at 18:00 on the evening before the infusion study. All infusion 93 

studies commenced at 08:00 the following morning: awake mice, under gentle tail 94 

restraint, received a primed-continuous infusion of [13C6]glucose, 1,2,3,4,5,6-13C-95 

palmitate or  [13C3]alanine (Cambridge Isotope Laboratories) at a rate of 39.3 μmol/min, 96 

25.1 pmol/min or 200 pmol/min, respectively for 120 min.  97 

For cohorts receiving [13C6]glucose infusion, a bolus injection of 2-deoxyglucose (2DG, 1 98 

mg per mouse) was administered through the jugular venous catheter at the 85th minute 99 

of infusion. Blood samples were collected via tail vein puncture at 90 min and 120 min 100 

post initiation of infusion. 101 

After the clamping procedure, the mice were anesthetized via intravenous injection of 102 

sodium pentobarbital through the pre-implanted jugular venous catheter, and blood 103 

samples, as well as specimens of liver and skeletal muscle (gastrocnemius and soleus) 104 

were rapidly harvested and snap-frozen with clamps precooled in liquid N2. Then, tissues 105 

were stored at -80°C for subsequent analysis. 106 

Design 107 

Hepatic metabolic flux calculations 108 

The [13C6]glucose-base flux calculations rely extensively on atom percent excess 109 

calculations for precursor and product metabolites, measured by LC/MS. To avoid 110 

disrupting the glucose and lipid metabolism in the physiological state of the animal model, 111 

We infused [13C6]glucose into mice via the jugular vein at ~10% of their glucose turnover 112 

(i.e., less than 9 μmol/(kg·min)) (Figure 1a). The glucose flux labeling pattern arises when 113 

[13C6]glucose is converted to [13C3]pyruvate via glycolysis in the liver. Subsequently, 13C 114 

labeling is detectable in other TCA cycle intermediates as well as regenerated glucose 115 

(Figure 1b). The calculation of glucose flux was based on the dilution of the 13C label and 116 

fractional contributions across TCA cycle and gluconeogenesis. 117 

We found that the percentage of serum [13C4]glucose was lower than that of [13C5]glucose 118 



in mice under both ad libitum regular chow diet (RC, 0.12% vs. 0.19%) and high-fat diet 119 

(HFD, 0.13% vs. 0.22%) feeding conditions, as well as in both RC-fed (0.24% vs. 0.45%) 120 

and HFD-fed (0.22% vs. 0.32%) overnight-fasted mice (Figure 1c). Thus, the contribution 121 

of the common metabolic pathway (denoted as i, Figure 1b) for generating serum 122 

[13C4]glucose and [13C5]glucose are negligible. Similarly, the percentage of serum 123 

[13C4]glucose was substantially lower than that of [13C3]glucose in mice under both ad 124 

libitum regular chow diet (RC, 0.12% vs. 0.86%) and high-fat diet (HFD, 0.13% vs. 1.03%) 125 

feeding conditions, as well as in both RC-fed (0.24% vs. 1.74%) and HFD-fed (0.22% vs. 126 

1.72%) overnight-fasted mice (Figure 1c). Thus, the contribution of the common metabolic 127 

pathway (denoted as ii, Figure 1A) for generating serum [13C4]glucose and [13C5]glucose 128 

is negligible. In line with this, the common metabolic pathway (denoted as iii) for 129 

generating serum [13C2]glucose and  [13C3]glucose is a component of pathway ii, thus its 130 

contribution is negligible. Of note, the metabolic pathways responsible for generating 131 

glucose via pathways i, ii, and iii are longer than the others, with their enrichments 132 

expected to be significantly lower. Collectively, the metabolic pathway responsible for 133 

generating [13C1]-, [13C2]-, [13C3]-, [13C4]-, [13C5]- and [13C6]glucose can be simplified as 134 

shown in Figure 1d. 135 

The schematic diagram shown in Figure 1e and 1f illustrates the integrated hepatic 136 

glucose and lipid metabolic networks, where key metabolites (glucose, pyruvate, acetyl-137 

CoA, and TCA cycle intermediates including citrate, oxaloacetate, malate, fumarate) form 138 

interconnected nodes. Glucose dynamically interconverts with glycogen via 139 

glycogenolysis (Vglycogenolysis) and glycogenesis (Vglycogenesis), while also feeding into 140 

pyruvate production. Pyruvate, in turn, serves as a central hub: it is generated not only 141 

from glucose but also via gluconeogenesis (VGNG) fueled by amino acids/lactate and 142 

glycerol input. Notably, glucose engages in a futile cycle (Vglucose futile), which comprises 143 

two distinct metabolic loops. The first loop proceeds as: glucose is converted to pyruvate 144 

through glycolysis, and the resulting pyruvate is then transformed into oxaloacetate, 145 

which ultimately undergoes gluconeogenesis to regenerate glucose；this segment is 146 

composed of fluxes through pyruvate carboxylase (VPC) and malic enzyme (VME). The 147 

second loop involves a more complex route: pyruvate derived from glucose is converted 148 

to citrate via either pyruvate dehydrogenase (VPDH(T)) or pyruvate carboxylase (VPC(T)); 149 



this citrate then traverses the TCA cycle to generate oxaloacetate, which finally enters 150 

gluconeogenesis to form glucose again. Both loops contribute to Vglucose futile, representing 151 

a net flux where glucose is cycled through these pathways without net accumulation of 152 

end products, yet playing a role in metabolic regulation and substrate sensing 15. 153 

Pyruvate further links to acetyl-CoA, a pivotal metabolite in lipid metabolism. Within the 154 

cytosol, pyruvate-derived acetyl-CoA (moved from mitochondria via citrate-malate shuttle, 155 

with citrate export tied to pyruvate dehydrogenase flux (VPDH(DNL)), malic enzyme flux 156 

(VME(DNL)) and pyruvate caboxylase flux (VPC(DNL)) drives de novo lipogenesis (VDNL). Here, 157 

acetyl-CoA carboxylase (activity reflected in flux terms integrating cytosolic acetyl-CoA 158 

availability) converts acetyl-CoA to malonyl-CoA, initiating fatty acid chain elongation 159 

(VDNL). Pyruvate generates acetyl-CoA and OAA through PDH and PC/ME, which then 160 

form citric acid under the action of CS (VCS), and subsequently generate α-ketoglutaric 161 

acid under the action of isocitrate dehydrogenase (VIDH). Afterwards, α-ketoglutaric acid 162 

generates succinic acid through OGDH (VOGDH). Fatty acids (FA) enter the pathway 163 

through uptake (VFA uptake), are converted to FA-CoA, and then generate acetyl-CoA via 164 

β-oxidation (Vβ). Mitochondrial fluxes, such as those mediated by pyruvate 165 

dehydrogenase (VPDH), pyruvate carboxylase (VPC), and malic enzyme (VME), act as 166 

shuttles for intermediates between these organelles and the cytosol. The TCA cycle, 167 

supported by anaplerotic and cataplerotic shuttles like the malate-citrate shuttle 168 

(with VFH(forward) and VFH(reverse) governing fumarate-malate flux), drives both energy 169 

production and metabolite exchanges. Additionally, the TCA cycle receives anaplerotic 170 

inputs from two key pathways: glutamine is converted to α-ketoglutarate via glutaminase 171 

(VGLS), directly feeding into the cycle; and methylmalonyl-CoA is transformed into 172 

succinate by methylmalonyl-CoA mutase (VMUT), providing another critical anaplerotic 173 

input to TCA cycle intermediates. Given these interconnected metabolic relationships, 174 

flux balance analysis allows derivation of pathway flux equations.  175 

As we have reported previously 16, glucose turnover is calculated by Eq. (1): 176 

𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ = ݉] ݁ݐܽݏݑ݂݊݅) + ݉] ݉ݑݎ݁ݏݐℎ݉݁݊ܿ݅ݎ݊݅ ݁ݏ݋ܿݑ݈݃[6 + ݐℎ݉݁݊ܿ݅ݎ݊݅ ݁ݏ݋ܿݑ݈݃[6 − 1) ∗  177 ݁ݐܽݎ ݊݋݅ݏݑ݂݊݅ ݁ݏ݋ܿݑ݈݃

 178 

(1) 



In the state of metabolic equilibrium, as shown in Figure 1f, systemic glucose turnover 179 

equals the sum of fluxes across amino acid/lactate (VGNG, this part of the flux includes the 180 

flux of glucose absorbed from the digestive tract), glycogenolysis (Vglycogenolysis), glycerol-181 

mediated gluconeogenesis (Vglycerol), hepatic de novo lipogenesis (VDNL), yield Eq. (2): 182 𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ = 𝑉 ேீ + 𝑉௚௟௬௖௢௚௘௡௢௟௬௦௜௦ + 𝑉௚௟௬௖௘௥௢௟ + 𝑉஽ே௅ 183 

Glucose futile cycling rate equals the sum of the regeneration rates of [13C1]-, [13C2]-, 184 

[13C3]-, [13C4]-, [13C5]- and [13C6]glucose, calculated by Eq. (3): 185 

𝑉௙௨௧௜௟௘ ௖௬௖௟௘ = ܵ௚௟௨௖௢௦௘ ௙௨௧௜௟௘[݉ݑݏ]ܵீ[݉ݑݏ] ∗ 𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ 186 

Where SG[sum] represents the total enrichment of serum 13C labelled glucose, yields Eq. 187 

[݉ݑݏ]ீܵ 188 :(4) = ܵீ[݉ + 6] + ܵீ[݉ + 5] + ܵீ[݉ + 4] + ܵீ[݉ + 3] + ܵீ[݉ + 2] + ܵீ[݉ + 1] 189 

 190 

Sfutile cycle[sum] represents the total enrichment of serum 13C labelled glucose derived from 191 

glucose futile flux. It should be noted that the [13C6]glucose in the futilely cycled glucose 192 

is derived from two [13C3]OAA molecules; therefore, its percentage equals the square of 193 

the percentage of [13C3]glucose, yields Eq. (5): 194 ܵ௙௨௧௜௟௘ ௖௬௖௟௘[݉ݑݏ]195 = ܵீ[݉ + 3]2 + ܵீ[݉ + 5] + ܵீ[݉ + 4] + ܵீ[݉ + 3]196 + ܵீ[݉ + 2]+ܵீ[݉ + 1] 197 

As shown in Figure 1C, glucose derived from TCA cycle-generated oxaloacetate (OAA) 198 

consists of [13C1]glucose and a portion of [13C2]glucose. Their enrichments are expected 199 

to be equal, as both are produced via the same pathway; collectively, this yields Eq. (6): 200 

𝑉 ஼஺ = 𝑉௉஼(்) + 𝑉௉஽ு(்) + 𝑉ொ(்) = 2ܵீ[݉ + 1]ܵ௙௨௧௜௟௘ ௖௬௖௟௘[݉ݑݏ] ∗ 𝑉௚௟௨௖௢௦௘ ௙௨௧௜௟௘ 201 

In contrast, the glucose generated via the PC and ME pathways equals the total futile 202 

cycling flux minus the flux of glucose generated via the TCA cycle, yields Eq. (7): 203 

(3) 

(4) 

(6) 

(5) 



(10) 

𝑉௉஼ + 𝑉ொ = ܵ௙௨௧௜௟௘ ௖௬௖௟௘[݉ݑݏ] − 2ܵீ[݉ + 1]ܵ௙௨௧௜௟௘ ௖௬௖௟௘[݉ݑݏ] ∗ 𝑉௚௟௨௖௢௦௘ ௙௨௧௜௟௘ 204 

Glucose in liver tissue is categorized into two types based on its source: one type is 205 

glucose absorbed from the blood, which will be further used for lipid synthesis (VTG, 206 

composited of three carbon glycerol backbone (Vglycerol) and de novo lipogenesis, with a 207 

theoretical ratio of 1:3 between the two), glycogen synthesis (whose rate is equal to that 208 

of glycogenolysis), and futile cycling; the other type is generated through 209 

gluconeogenesis, including glucose converted from gluconeogenic amino acids/lactate, 210 

glycerol, and fatty acids via different metabolic pathways, as well as glucose produced by 211 

glycogenolysis. Thus, the fraction of between the former and latter can be measured as 212 

Eq. (8) and Eq. (9):  213 

𝑉 ீ = 𝑉௚௟௬௖௘௥௢௟ + 13 (𝑉௉஼(஽ே௅)+𝑉ொ(்) + 𝑉ொ(஽ே௅)) 214 𝑉௙௨௧௜௟௘ ௖௬௖௟௘ + 𝑉 ீ − 𝑉௚௟௬௖௢௚௘௡௘௦௜௦𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ = ݉]ீܮ + 6]ܵீ[݉ + 6] − ܵீ[݉ + 3]2 215 

The hepatic [13C3]citrate pool originates from the TCA cycle and DNL via PC and ME. 216 

However, this pool is diluted by citrate derived from acetyl-CoA—formed through PDH 217 

(Figure 1D). Based on the dilution ratio of [13C3]citrate, the following equation can be 218 

derived: 219 (𝑉௉஼(்) + 𝑉௉஼(஽ே௅)+𝑉ொ(்) + 𝑉ொ(஽ே௅)) ∗ ݉]௉௬௥ܮ + 3]𝑉௉஼(்) + 𝑉௉஼(஽ே௅) + 𝑉௉஽ு(்) + 𝑉௉஽ு(஽ே௅)+𝑉ொ(்) + 𝑉ொ(஽ே௅) = ݉]஼௜௧ܮ + 3] 220 

After the 13C-labeled citrate in mitochondria is shuttled to the cytoplasm, it is cleaved to 221 

form acetyl-CoA, which then forms [16-13C1]PA through DNL (as shown in Figure 1e). 222 

These fatty acids are rapidly esterified into triglycerides in the liver, transported to adipose 223 

tissue via apolipoproteins, and subsequently hydrolyzed to release free fatty acids back 224 

into the bloodstream. It can thus be seen that total hepatic DNL (VDNL) is equivalent to the 225 

fatty acid in the circulation (SPA [m+1]). At steady state, the ratio of SPA [m+1 to glucose 226 

turnover is equal to the ratio of the molar mass of [16-13C1]PPA to that of [13C6]glucose. 227 

Collectively, DNL derived from [3,4,5-13C3]-, [3,5-13C2]- and [5-13C1]-citrate is given by Eq. 228 

(11): 229 

(7) 

(9) 

(8) 



(11) 

(14) 

(16) 

(17) 

(12) 

(13) 

(15) 

݇1 = 𝑉′௉஼(஽ே௅)+𝑉′ொ(஽ே௅) = ܵ௉஺[݉ + 1]ܵீ[݉ + 6] ∗ 𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ 230 

Based on the metabolic features illustrated in Figure 1e, we calculated the fractions of 231 

DNL derived from [3,4,5-13C3]-, [3,5-13C2]- and [5-13C1]-citrate relative to total PC/ME-232 

supported DNL. The formula for total PC/ME-contributed DNL is defined as: 233 𝑉௉஼(஽ே௅)+𝑉ொ(஽ே௅)234 

= ܵீ[݉ + 6] + ܵீ[݉ + 5] + ܵீ[݉ + 4] + 12 ܵீ[݉ + 3] + 12 ܵீ[݉ + 2] + 12 ܵீ[݉ + 1]ܵீ[݉ + 6] + ܵீ[݉ + 5] + ܵீ[݉ + 4] + 12 ܵீ[݉ + 3] + 12 ܵீ[݉ + 2] ∗ ݇1 235 

 236 

Likewise, using the information from Figure 1e, we calculated the flux ratio between PDH 237 

and the PC/ME pathway: 238 

݇2 = 𝑉ܲܪܦ𝑉ܲܥ + 𝑉ܧܯ = ݉]ݐ݅ܿܮ) + ݉]ݐ݅ܿܮ[1 + 3] − ݉]ݎݕ݌ܮ + ݉]ݎݕ݌ܮ[1 + 3]) ∗ (ܵீ[݉ + 3]2 + 12 ܵீ[݉ + 5] + 12 ܵீ[݉ + 3])12 ܵீ[݉ + 5] + ݉]ܩܵ + 4] + 12 (ܵீ[݉ + 2] − ݉]ܩܵ + 1])  239 

 240 

Thus, total DNL is given by Eq. (14) 241 𝑉஽ே௅ = (𝑉௉஼(஽ே௅)+𝑉ொ(஽ே௅)) ∗ (݇2 + 1) 242 

In the state of metabolic equilibrium, the rate at which the liver takes up fatty acids from 243 

the blood is equal to the rate of their oxidative decomposition, thus leading to the following 244 

formula： 245 𝑉ఉ = 𝑉ி஺ ௨௣௧௔௞௘ = 𝑉஽ே௅ 246 

As shown in Figure 1D, the flux through isocitrate dehydrogenase (IDH) is equal to VTCA, 247 

and the flux through citrate synthase (CS) is equal to sum of VDNL and VTCA, yields Eq. 248 

(16) and (17): 249 𝑉ூ஽ு = 𝑉்஼஺ 250 𝑉஼ௌ = 𝑉஽ே௅ + 𝑉 ஼஺ 251 



(18) 

(19) 

(21) 

(22) 

(20) 

(23) 

(24) 

The glutamate pool is formed by two fluxes: a fraction of glutamate is generated by IDH-252 

mediated conversion of isocitrate to αKG, which is rapidly exchanges with glutamate and 253 

reaches isotopic equilibrium; the remaining fraction is produced through the net reaction 254 

of glutaminase (GLS) (VGLS(net)). As shown in Figure 1e and 1f, by measuring the [2-255 

13C1]citrate, [3,4-13C2]citrate and [5-13C1]citrate derived [m+1]glutamate enrichment and 256 

dividing it by the detected hepatic [m+1]glutamate enrichment, we can determine the 257 

fraction of glutamate derived directly from the net flux of GLS. First, theoretical [3,4-258 

13C2]citrate enrichment can be calculated using the following equation: 259 

݇3 = ݉]஼௜௧ܮ + 3] ∗ 12 ܵீ[݉ + 1]ܵீ[݉ + 3]2 + 12 ܵீ[݉ + 5] + 12 ܵீ[݉ + 3] 260 

Based on the dilution ratio of [m+1]glutamate, we derived the following equation: 261 𝑉 ௟௦(௡௘௧) = ݇4 ∗ 𝑉ூ஽ு 262 

Where 263 ݇4 = ݉]஼௜௧ܮ + 1] + ݇3 − ݉]௟௨ீܮ + ݉]௟௨ீܮ[1 + 1]  264 

Similarly, the succinate pool is created by two fluxes: a fraction of glutamate is generated 265 

by Methylmalonyl-CoA mutase (MUT) (VMUT(net)) and Succinyl-CoA synthetase (SCS) 266 

(VSCS(net)). Collectively, the fractional contribution of α-ketoglutarate dehydrogenase 267 

(OGDH) (VOGDH) and VMUT(net)+ VSCS(net) can be calculated using Eq. (21) and (22): 268 𝑉ைீ஽ு = 𝑉ூ஽ு + 𝑉 ௅ௌ(௡௘௧) 269 𝑉ைீ஽ு𝑉ெ௎்(௡௘௧) + 𝑉ௌ஼ௌ(௡௘௧) = ݉]௦௨௖௖௜௡௔௧௘ܮ + ݉]௟௨ீܮ[1 + 1] − ݉]௦௨௖௖௜௡௔௧௘ܮ + 1] 270 

Lastly, from the metabolic characteristics illustrated in Figures 1d and 1f, the reverse VFH(R) 271 

and forward VFH(F) fluxes of fumarate hydratase (FH) were determined using the following 272 

equations: 273 

𝑉ிு(ோ) = 𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ ∗ ܵீ[݉ + 2] − ܵீ[݉ + [݉ݑݏ]ீܵ[1  274 𝑉ிு(௙௢௥௪௔௥ௗ) = 𝑉ிு(௥௘௩௘௥௦௘) + 𝑉ைீ஽ு + 𝑉ெ௎்(௡௘௧) + 𝑉ௌ஼ௌ(௡௘௧) 275 



Using the above equations, we substitute the absolute rate of glucose turnover and then 276 

solve for the absolute rates of hepatic Vfutile cycle, VTCA, VPC+VME, Vβ (equal to VDNL), Vglycerol, 277 

VTG, VGNG+Vdigestion, Vglycogenolysis, VFA uptake, VPC(DNL)+VME(DNL), VPC(T)+VME(T), VPDH(DNL), 278 

VPDH(T), VCS, VIDH, VGlS(net), VMUT(net)+VSCS(net), VOGDH, VFH(R), and VFH(F). 279 

Skeletal muscle metabolic flux calculations 280 

The schematic diagram presented in Figure 1f depicts core glucose and oxidative 281 

metabolic networks in skeletal muscle, with central metabolites (glucose, pyruvate, acetyl-282 

CoA, and TCA cycle intermediates including citrate, oxaloacetate, malate and fumarate) 283 

forming tightly connected metabolic nodes. Glucose undergoes bidirectional exchange 284 

with glycogen through Vglycogenesis and Vglycogenolysis, and glucose-derived pyruvate 285 

constitutes a primary metabolic hub. In skeletal muscle, pyruvate can enter the 286 

mitochondria via multiple routes: pyruvate is oxidized through pyruvate dehydrogenase 287 

(VPDH(T)) to produce acetyl-CoA, or converted to oxaloacetate by pyruvate carboxylase 288 

(VPC(T)); malic enzyme (VME(T)) mediates the interconversion between malate and 289 

pyruvate to support cytosolic-mitochondrial metabolite exchange. 290 

Pyruvate-derived acetyl-CoA converges with acetyl-CoA originating from fatty acid 291 

oxidation to fuel the TCA cycle. Circulating fatty acids (FA) are taken up (VFA uptake) and 292 

converted to FA-CoA, which yields mitochondrial acetyl-CoA via β-oxidation (Vβ). 293 

Mitochondrial acetyl-CoA condenses with oxaloacetate to form citrate, initiating the TCA 294 

cycle. Forward and reverse fumarate-hydratase fluxes (VFH(F)) and (VFH(R)) govern the 295 

reversible interconversion between malate and fumarate, supporting cataplerotic and 296 

anaplerotic exchange across the malate shuttle. Unlike the liver, skeletal muscle lacks 297 

robust gluconeogenic machinery and cytosolic de novo lipogenesis pathways; the PC/ME 298 

axis primarily functions to maintain TCA cycle anaplerosis and facilitate redox balance 299 

rather than supporting glucose production or lipogenesis. The coordinated fluxes of 300 

VPDH(T), VPC(T) and VME(T) sustain carbon substrate supply to the TCA cycle, coordinating 301 

glucose and fatty acid catabolism to meet the energy demand of skeletal muscle. Based 302 

on this interconnected topological framework, stable isotope tracing enables 303 

quantification of individual pathway fluxes. 304 



(25) 

(27) 

(26) 

(29) 

(30) 

(31) 

(28) 

To calculate glucose uptake (Vglucose uptake) under metabolic steady state, a single bolus 305 

injection of 2-DG (1 mg per mouse) was administered via the jugular vein catheter. Blood 306 

samples were collected from the tail vein at 90 and 120 min post-injection (Figure 1a). 307 

Consistent with our previous report 17, Vglucose uptake was quantified using Eq. (25): 308 

𝑉௚௟௨௖௢௦௘ ௨௣௧௔௞௘ = DG-2  ݂݋ ݏ݈݁ݒ݈݁ ݊ܽ݃ݎ݋
∆2-DG 

∗ 𝑉௚௟௨௖௢௦௘ ௧௨௥௡௢௩௘௥ 309 

The [13C6]glucose pool in skeletal muscle is diluted by unlabeled glucose released via 310 

glycogenolysis (Vglycogenolysis), from which we derived the following equation: 311 𝑉௚௟௨௖௢௦௘ ௨௣௧௔௞௘ − 𝑉௚௟௬௖௢௚௘௡௘௢௟௬௦௜௦𝑉௚௟௬௖௢௚௘௡௘௢௟௬௦௜௦ = ݉]௉௬௥ܩ + 3]ܵீ[݉ + 6] − ܵீ[݉ + 3]2 + 12 ܵீ[݉ + 5] + 12 ܵீ[݉ + 3] 312 

 313 

As shown in Figure 2Sa, the total TCA flux (VTCA), equivalent to VCS or VIDH, is defined as 314 

the sum of VPDH(T), VPC(T), VME(T), and Vβ, yields Eq. (27) and (28): 315 𝑉 ஼஺ = 𝑉஼ௌ = 𝑉ூ஽ு 316 𝑉 ஼஺ = 𝑉௉஼(்) + 𝑉௉஽ு(்) + 𝑉ொ(்) + 𝑉ఉ=𝑉௚௟௨௖௢௦௘ ௨௣௧௔௞௘+𝑉ఉ 317 

In skeletal muscle, the [13C3]citrate pool arises from TCA cycle flux supported by PC and 318 

ME activity. This isotopic pool is nevertheless diluted by [13C2]citrate originating from 319 

acetyl-CoA generated via PDH. From the dilution ratio of [13C3]citrate, the equation below 320 

can be derived: 321 𝑉௉஼(்) + 𝑉ொ(்)𝑉 ஼஺ = ݉]஼௜௧ܩ + ݉]௉௬௥ܩ[3 + 3] 322 (𝑉௉஼(்) + 𝑉ொ(்)) ∗ ݉]௉௬௥ܩ + 3](𝑉௉஼(்) + 𝑉ொ(்)) ∗ ݉]௉௬௥ܩ + 2] + 𝑉௉஽ு(்) ∗ ݇3 = ݉]஼௜௧ܩ + ݉]௉௬௥ܩ[3 + 3] 323 

Where 324 

݇5 = ݉]௉௬௥ܩ + 3] + ݉]௉௬௥ܩ + 2] ∗ 12 ܵீ[݉ + [݉ݑݏ]ீܵ[1  325 

Similar to the hepatic glutamate pool, the skeletal muscle glutamate pool is generated via 326 

IDH-catalyzed conversion of isocitrate to (VIDH) and the net reaction of glutaminase (GLS) 327 



(32) 

(33)
c

(34)
c

(35)
c

(36)
c

(VGLS(net)). Accordingly, the theoretical [3,4-13C2]citrate enrichment can be calculated 328 

using the following equation: 329 

݇6 = ݉]஼௜௧ܩ + 3] ∗ 12 ܵீ[݉ + 1]ܵீ[݉ + 6] + 12 ܵீ[݉ + 5] + 12 ܵீ[݉ + 3] 330 

From the dilution ratio of skeletal muscle [m+1]glutamate, we derived the following 331 

equation: 332 

݉]஼௜௧ܩ） + 1] + ݇6） ∗ 𝑉ூ஽ு𝑉ூ஽ு + 𝑉 ௟௦(௡௘௧) = ݉]௟௨ீܩ + 1] 333 

𝑉 ௟௦(௡௘௧) = ݉]஼௜௧ܩ + 1] + ݇6 − ݉]௟௨ீܩ + ݉]௟௨ீܩ[1 + 1] ∗ 𝑉ூ஽ு 334 

The succinate pool (VOGDH) is sustained by IDH (VIDH) and VGLS(net), can be calculated 335 

using Eq. (35): 336 𝑉ைீ஽ு = 𝑉ூ஽ு + 𝑉 ௅ௌ(௡௘௧) 337 

Analogous to hepatic FH flux, the net FH flux of skeletal muscle is calculated as follows: 338 𝑉ிு(௡௘௧) = 𝑉ைீ஽ு + 𝑉ெ௎்(௡௘௧) + 𝑉ௌ஼ௌ(௡௘௧) 339 

Results 340 

[13C6]glucose tracing reveals fasting remodels hepatic TCA cycle, gluconeogenic, 341 

and lipogenic flux homeostasis in chow- and high-fat-fed mice 342 

To assess the alterations of glucose metabolism and TCA under different physiological 343 

condition, we infused mice with [13C6]glucose at a rate of 39.3 μg/min for 120 min (Figure 344 

1a). Consistent with our previous studies 16,18, this approach theoretically generates high-345 

mass isotopologues in TCA metabolites according to Figure 1b. In addition, at metabolic 346 

equilibrium, the percentage of the tracer in the blood is approximately 10% (Figure 1c), 347 

which is generally considered not to disrupt the physiological metabolism of mice 12,13. 348 

Based on the distribution patterns of glucose labeled with distinct isotopic tracers and the 349 

principles outlined in the Design section, the hepatic metabolic pathway is simplified as 350 

illustrated in Figure 1d–f. 351 



RF mice exhibited elevated isotopic labeling of pyruvate, glutamate, glutamine, succinate, 352 

fumarate m+1 and malate at distinct isotopologue positions, whereas citrate labeling 353 

remained unaltered (Figure 1Sa-g). To correct for systemic tracer recirculation, we further 354 

analyzed glucose-normalized relative enrichment. Total relative 13C-labeled hepatic 355 

pyruvate enrichments were comparable between fasting RF mice and ad libitum-fed RC 356 

controls. While m+1 and m+2 pyruvate isotopologue enrichments were similar across 357 

groups, RF mice possessed significantly elevated m+3 pyruvate enrichment (Figure 2a). 358 

Conversely, total 13C isotopic enrichment of multiple TCA cycle intermediates, including 359 

citrate, glutamate, glutamine, succinate, fumarate and malate, was significantly 360 

suppressed in RF mice. RF mice exhibited lower m+1 and m+2 enrichments for citrate, 361 

glutamate, glutamine and succinate, without altered m+3 citrate levels. For fumarate, only 362 

m+2 isotopologue enrichment was reduced in RF mice, with m+1 fumarate unchanged. 363 

In malate, RF mice displayed significant decreases in m+1 and m+2 enrichment, whereas 364 

m+3 malate isotopologue abundance was comparable between groups (Figure 2b-g). 365 

Thus, these divergent labeling profiles upon normalization indicate fasting reshapes 366 

hepatic carbon partitioning and reduces tracer incorporation into selected TCA 367 

intermediates in chow-fed mice. 368 

To quantify the extent of these fasting-induced alterations in carbon incorporation, we 369 

carried out quantitative flux analysis. This analysis demonstrated that RF mice showed 370 

substantially decreased whole-body glucose turnover (Vglucose turnover). In line with the 371 

altered TCA isotopic labeling, RF mice exhibited markedly lower hepatic glucose futile 372 

cycle flux (Vfutile cycle), combined pyruvate carboxylase and malic enzyme flux (VPC+VME), 373 

glycogenolysis (Vglycogenolysis), and glycerol gluconeogenic flux (Vglycerol) relative to RC 374 

counterparts (Figure 2h). Combined pyruvate carboxylase/ malic enzyme and pyruvate 375 

dehydrogenase fluxes dedicated to lipogenesis (VPC(DNL)+VME(DNL) and VPDH(DNL), 376 

respectively), were also robustly diminished in RF animals (Figure 2i). In addition, hepatic 377 

fatty acid β-oxidation flux (Vβ) was strongly reduced in RF mice (Figure 2j). Intriguingly, 378 

net gluconeogenic flux (VGNG) diverged sharply between groups: RC mice showed 379 

negative net VGNG, consistent with net glucose uptake by the liver, while RF mice 380 

displayed positive net hepatic gluconeogenesis (Figure 2k). Consistent with the 381 

suppressed hepatic TCA cycle intermediate labeling, nearly all core TCA cycle fluxes, 382 



including overall TCA flux (VTCA), pyruvate dehydrogenase flux (VPDH), combined (VPC(T) 383 

+VME(T)), citrate synthase flux (VCS), isocitrate dehydrogenase flux (VIDH), net 384 

glutaminolysis flux (VGLS(net)), oxoglutarate dehydrogenase flux (VOGDH), reverse fumarate 385 

hydratase flux (VFH(R)) and forward fumarate hydratase flux (VFH(F)), were significantly 386 

lower in RF mice relative to RC controls. Moreover, net combined methylmalonyl-CoA 387 

mutase and succinyl-CoA synthetase flux (VMUT(net) +VSCS(net)) exhibited distinct patterns 388 

between groups, with negative net flux observed in RC mice and positive net flux in RF 389 

mice  (Figure 2l). 390 

Similar to RF mice, overnight-fasted high-fat-fed (HF) mice exhibited elevated isotopic 391 

labeling of pyruvate, citrate, glutamate, glutamine, succinate, fumarate m+1 and malate 392 

at distinct isotopologue positions (Figure 1Sh-n). However, following normalization to 393 

account for tracer recirculation, total relative 13C enrichment of hepatic pyruvate was 394 

comparable between HFD and HF groups. At the isotopologue level, pyruvate m+1, m+2 395 

and m+3 enrichments exhibited no significant differences upon fasting in HFD mice 396 

(Figure 2m). By contrast, overnight fasting markedly suppressed total 13C labeling of 397 

citrate, glutamate, glutamine, succinate and fumarate in HF mice. Specifically, HF mice 398 

displayed significantly reduced m+1 and m+2 citrate enrichment. Glutamate m+1 and 399 

m+2 isotopologue abundances were also lower in HF relative to HFD controls. Similarly, 400 

glutamine m+1 and m+2 labeling, total glutamine enrichment, succinate m+2 enrichment 401 

and total succinate enrichment were all diminished after fasting. For fumarate, both m+2 402 

isotopologue enrichment and total 13C-fumarate labeling were significantly decreased in 403 

HF mice. No consistent fasting-induced changes in malate isotopologue labeling (m+1, 404 

m+2, m+3) or total malate 13C enrichment were detected between groups (Figure 2n–s). 405 

Quantitative flux calculations revealed profound suppression of multiple glucose 406 

metabolic fluxes after overnight fasting in high-fat-fed mice. Vglucose turnover, Vfutile cycle, 407 

combined VPC + VME, Vglycogenolysis, and Vglycerol were all significantly reduced in HF mice 408 

compared with ad libitum HFD controls (Figure 2t). These flux reductions align closely 409 

with the attenuated hepatic TCA cycle carbon labeling observed in HF animals, 410 

demonstrating that fasting globally restrains hepatic glucose substrate turnover and 411 

gluconeogenic precursor fluxes in the setting of high-fat feeding. Consistent with the 412 

global suppression of hepatic carbon metabolism, fluxes supporting DNL were also 413 



markedly reduced after overnight fasting. Furthermore, lipogenic VPC(DNL)+VME(DNL) and 414 

VPDH(DNL) were significantly lower in HF mice relative to HFD controls (Figure 2u). These 415 

results indicate that fasting potently restricts carbon precursor supply for hepatic de novo 416 

lipogenesis in high-fat diet-fed animals, alongside the concurrent repression of 417 

gluconeogenic and TCA cycle fluxes. Hepatic Vβ was substantially lower in overnight-418 

fasted HF mice compared with fed HFD controls (Figure 2v). Notably, VGNG exhibited a 419 

striking directional shift: HFD mice displayed robust net glucose uptake with negative 420 

VGNG, whereas HF animals switched toward net hepatic glucose production, leading to a 421 

highly significant difference between groups (Figure 2w). Collectively, these data reveal 422 

that fasting in high-fat-fed animals suppresses hepatic fatty acid catabolism while rewiring 423 

net hepatic glucose balance toward gluconeogenesis, even amid broad reductions in 424 

carbon precursor fluxes supporting lipogenesis and substrate cycling. To further dissect 425 

the remodeling of hepatic mitochondrial metabolism, we quantified core tricarboxylic acid 426 

cycle and associated anaplerotic/cataplerotic fluxes. Overnight fasting significantly 427 

reduced overall VTCA, VPDH, VCS, and VIDH in HF mice compared with HFD controls. 428 

Consistent with depressed mitochondrial oxidation, VOGDH, VFH(R), VFH(F), as well as 429 

VGLS(net) were all diminished upon fasting. By contrast, VPC(T) + VME(T) and VMUT(net) + 430 

VSCS(net) did not differ significantly between groups (Figure 2x). These data demonstrate 431 

that fasting broadly suppresses forward TCA cycle flux and mitochondrial oxidative 432 

metabolism in livers of high-fat-fed mice, largely through limiting pyruvate entry and 433 

glutamine-supported anaplerosis, while preserving basal pyruvate cycling capacity. 434 

To verify the fasting-induced changes in VGNG and Vβ, we conducted infusion of 13C3-435 

alanine and 1,2,3,4,5,6-13C-palmitate via jugular vein catheterization. These tracer 436 

studies revealed that fasting elevated whole-body alanine turnover and promoted alanine 437 

tracer incorporation into gluconeogenesis (Figure 1So). Unexpectedly, we observed 438 

marked increases in palmitate tracer incorporation into TCA cycle intermediates upon 439 

fasting. Together, these data demonstrate that fasting enhances amino acid-fueled 440 

gluconeogenesis (Figure 1Sp). Despite reduced overall hepatic Vβ, fasting stimulates the 441 

activity of fatty acid β-oxidation (Figure 1Sq).  442 

To evaluate fasting-mediated changes in carbohydrate and lipid metabolism in skeletal 443 



muscle (Figure 2Sa), tracer studies revealed that modest perturbations in select 444 

isotopologue fractions of muscle pyruvate, citrate, glutamate, glutamine, succinate, 445 

fumarate and malate upon fasting (Figure 2Sb-h). Nevertheless, tracer recirculation-446 

corrected data demonstrated that fasting markedly diminished 13C enrichment in these 447 

metabolites (Figure 3a-g). Quantitative flux calculations showed that fasting suppressed 448 

skeletal muscle Vglucose uptake, Vglycogenolysis, VPC(T) + VME(T), VPDH(T), VCS, VIDH. By contrast, 449 

global VTCA, Vβ, VGLS(net), VOGDH, combined VMUT(net) + VSCS(net), and net VFH flux remained 450 

unaltered (Figure 3h). Very similarly, while fasting did not alter raw 13C enrichment of 451 

muscle pyruvate, citrate, glutamate, glutamine, succinate, fumarate and malate (Figure 452 

2Si-o), it markedly lowered relative tracer incorporation into these intermediates (Figure 453 

3I-o). Meanwhile, fasting significantly reduced Vglucose uptake, Vglycogenolysis, VPC(T) + VME(T), 454 

VPDH(T), VCS, VIDH, VOGDH, and net VFH flux. Fasting increased negative VMUT(net) + VSCS(net), 455 

whereas VTCA, Vβ and VGLS(net) remained unchanged (Figure 3p). 456 

[13C6]glucose analysis reveals Aldometanib-induced hepatic metabolic remodeling 457 

and inhibited skeletal muscle glucose carbon flux 458 

To further explore the mechanism by which Aldometanib (Ald), a candidate agent with 459 

proven efficacy in ameliorating diet-induced glucose dyshomeostasis, improves insulin 460 

sensitivity, we performed 13C-glucose infusions in Ald-treated HFD-fed mice. Consistent 461 

with improved metabolic phenotype, Ald administration significantly decreased relative fat 462 

mass, accompanied by a robust increase in lean mass fraction (Figure 3Sa). Raw hepatic 463 

13C enrichment analysis revealed that Aldometanib altered isotopic labeling in only a 464 

limited set of hepatic glycolytic and TCA cycle intermediates. Ald increased total 13C 465 

enrichment of pyruvate, citrate and glutamate: it suppressed pyruvate m+1, elevated 466 

pyruvate m+2/m+3 and citrate m+1, and enhanced glutamate m+1 labeling. Succinate 467 

showed a trend of increased 13C enrichment (p=0.065). All other assessed isotopic 468 

parameters for citrate, glutamine, fumarate and malate were unchanged (Figure 3Sb-h). 469 

Next, we normalized these raw enrichment values to correct for systemic tracer 470 

recirculation and quantify relative tracer incorporation in the liver. Relative isotopic 471 

labeling analysis recapitulated core changes observed in raw enrichment profiles. Ald 472 

significantly enhanced relative total 13C enrichment of pyruvate, citrate and glutamate. 473 

While relative pyruvate m+1 was unchanged, pyruvate m+2 and m+3 fractions increased 474 



significantly. Ald induced coordinated elevation of citrate m+1 and m+2, together with 475 

higher glutamate m+1 and m+2 labeling. In addition, relative succinate m+1, m+2 and 476 

total succinate enrichment were markedly increased. No significant differences in relative 477 

13C labeling were found for glutamine, fumarate or malate (Figure 4a-g). Based on the 478 

resolved isotopologue distributions, we next performed metabolic flux analysis to 479 

quantitatively assess hepatic carbon fluxes. Calculated flux values revealed that Ald 480 

administration significantly increased whole-body glucose turnover. At the hepatic level, 481 

Ald robustly elevated Vfutile cycle, the combined VPC + VME, Vglycogenolysis, and Vglycerol (Figure 482 

4h). Further analysis of fluxes supporting de novo lipogenesis (DNL) demonstrated that 483 

Ald markedly increased VPC(DNL)+VME(DNL) and VPDH(DNL) (Figure 4i). In addition, Ald 484 

treatment induced a substantial rise in Vβ (Figure 4j), alongside a pronounced reduction 485 

in net gluconeogenic flux VGNG (Figure 4k). We further examined TCA cycle and 486 

associated anaplerotic/cataplerotic fluxes. Ald significantly increased VPDH(T), VCS and 487 

VFH(R), while VTCA, VPC(T) + VME(T), VIDH, VGLS(net), VMUT(net) + VSCS(net), VOGDH remained 488 

unaltered. VFH(F) showed a trend toward elevation with a p-value of 0.059 (Figure 4l). 489 

We performed 13C stable isotope tracing to evaluate skeletal muscle carbon metabolism. 490 

Raw and normalized isotopic enrichment of pyruvate and TCA-cycle intermediates (citrate, 491 

glutamate, glutamine, succinate, fumarate, malate; m+1/m+2/m+3 isotopologues) were 492 

comparable between HF and Ald groups. Thus, Ald exerts prominent effects on hepatic 493 

carbon flux without majorly altering skeletal muscle TCA carbon trafficking ( Figure 3Si-n 494 

and Figure 4m-s). 495 

We characterized skeletal muscle carbon metabolism via stable 13C tracing and 496 

measured both raw and normalized isotopic enrichment of pyruvate and TCA-cycle 497 

intermediates across m+1, m+2, and m+3 isotopologues. No significant intergroup 498 

differences in labeling patterns were detected for citrate, glutamate, glutamine, succinate, 499 

fumarate, and malate. Quantitative flux calculations further defined skeletal muscle 500 

carbon flow: Ald significantly suppressed Vglucose uptake, Vglycogenolysis, VPDH(T), VCS, VIDH. VTCA 501 

(p=0.065) and VOGDH (p=0.076) showed borderline non-significant reductions, while VPC(T) 502 

+ VME(T), Vβ， VGLS(net), VMUT(net) + VSCS(net), and net VFH were comparable between groups 503 

(Figure 4t). Together, these data indicate that Ald restrains glucose carbon flux into 504 

skeletal muscle TCA cycle, an effect unaccompanied by detectable shifts in metabolite 505 



isotopic enrichment. Although Ald reduces glucose uptake under fasting conditions and 506 

restricts glucose carbon flux into the skeletal muscle TCA cycle, this treatment exerts 507 

beneficial effects on mitochondrial function. 508 

[13C6]glucose tracing reveals metformin-mediated rewiring of hepatic metabolism 509 

and enhanced skeletal muscle anaplerotic flux 510 

We further assessed the effects of metformin, a first-line clinically used drug, on glucose 511 

and lipid metabolism. Body composition analysis revealed that, metformin treatment did 512 

not alter the relative percentage of fat mass or lean mass when compared with vehicle-513 

treated HFD animals. We next performed hepatic 13C stable isotope tracing to measure 514 

raw isotopic enrichment of glycolytic and TCA-cycle intermediates. Metformin significantly 515 

decreased pyruvate m+1 enrichment while increasing pyruvate m+2, m+3 and overall 516 

total 13C-pyruvate labeling. Within TCA metabolites, metformin elevated total 13C-517 

fumarate enrichment and fumarate m+1, together with a borderline increase in fumarate 518 

m+2 (p=0.052). No consistent differences were observed for citrate, glutamate, glutamine, 519 

succinate and malate isotopologues, though total 13C-malate enrichment exhibited a non-520 

significant downward trend in metformin-treated animals (p=0.07) (Figure 4Sa-h). 521 

Normalized isotopic enrichment analysis yielded highly congruent findings. Metformin 522 

reduced normalized 13C-pyruvate m+1 and markedly enhanced normalized pyruvate m+2, 523 

m+3 and total pyruvate labeling. In the TCA cycle, normalized fumarate m+1, m+2 and 524 

cumulative fumarate enrichment were significantly elevated upon metformin 525 

administration. Isotopic enrichment of citrate, glutamate, glutamine, succinate and malate 526 

remained unaltered after normalization (Figure 5a-g). 527 

Quantitative flux calculations demonstrated enhanced hepatic carbon turnover following 528 

metformin intervention. Metformin significantly increased Vglucose turnover, and the combined 529 

flux VPC + VME. No significant alterations were detected in Vfutile cycle and Vglycogenolysis. 530 

Meanwhile, Vglycerol showed a marginal increase in metformin-treated animals (p=0.056) 531 

(Figure 5h). Further quantification of lipogenic precursor fluxes revealed a non-significant 532 

rise in VPC(DNL)+VME(DNL), while VPDH(DNL) was significantly upregulated after metformin 533 

administration (Figure 5i). Vβ showed a marginal elevation in the metformin group 534 

(p=0.056) (Figure 5j), whereas no obvious change was observed in net hepatic 535 

gluconeogenesis flux VGNG between the two groups (Figure 5k). Analysis of tricarboxylic 536 



acid (TCA) cycle fluxes showed that total VPC(T) + VME(T), was markedly reduced upon 537 

metformin treatment. No significant differences were observed for VTCA, VPC(T) + VME(T), 538 

VCS, VIDH, VGLS(net), VMUT(net) + VSCS(net), VOGDH, VFH(R) and VFH(F) (Figure 5l). 539 

Skeletal muscle 13C isotopic enrichment was characterized upon metformin treatment. 540 

The enrichment of malate m+1 isotopologue was significantly elevated in the metformin 541 

group (Figure 4Si-o). After normalization to relative enrichment, the overall labeling 542 

patterns of pyruvate, citrate, glutamate, glutamine, succinate, fumarate and malate 543 

isotopologues were largely comparable between groups, with no additional consistent 544 

alterations detected for other measured intermediates (Figure 5m-s). Then, Skeletal 545 

muscle metabolic fluxes were quantified using 13C tracing. Metformin significantly 546 

increased VPC(T) + VME(T), total TCA flux VTCA, β-oxidation flux Vβ, and net glutaminolysis 547 

VGLS(net). No significant shifts were detected for Vglucose uptake, Vglycolysis, VPDH(T), VCS, VIDH, 548 

VOGDH, VMUT(net) + VSCS(net), and VFH(net) following metformin exposure (Figure 5h). 549 

Discussion 550 

Here, we establish an integrated in vivo tracing framework to simultaneously quantify 551 

absolute carbon fluxes in mouse liver and skeletal muscle under metabolic steady state. 552 

Conventional stable-isotope approaches are often restricted to single-tissue analysis and 553 

struggle to disentangle overlapping anaplerotic, lipogenic and glycolytic pathways 19-21. 554 

Furthermore, incomplete correction for isotopic dilution originating from glycogenolysis 555 

and substrate recycling introduces systematic bias into flux estimations 22,23. Our refined 556 

metabolic network model addresses these limitations by resolving competing carbon 557 

routing, while orthogonal 2-deoxyglucose tracing is incorporated to quantify skeletal 558 

muscle glucose uptake and enable robust calculation of intramuscular carbon metabolic 559 

fluxes. Methodological validation via independent metabolite infusion experiments 560 

supports the reliability of absolute flux outputs across distinct nutritional and 561 

pharmacological contexts. Recent advances in computational modeling, including tissue-562 

specific genome-scale metabolic models and machine-learning-based digital twin 563 

frameworks, further underscore the power of integrating multi-omics data with flux 564 

analysis to capture tissue-specific metabolic heterogeneity 24,25. 565 

We applied this multi-tissue quantification platform to characterize metabolic remodeling 566 



triggered by fasting and high-fat diet feeding. Notably, we resolve a key contradiction: 567 

while fasting reduces absolute rates of hepatic fatty acid β-oxidation and amino 568 

acid/lactate-mediated gluconeogenesis, supplementary tracing with 1,2,3,4,5,6-13C-569 

palmitate and [13C3]alanine confirms fasting enhances the relative activity of these 570 

pathways—uncovering an “activity-flux dissociation” driven by metabolic resource 571 

prioritization 26,27. This observation parallels findings from lipid metabolic flux analysis 572 

(Lipid-MFA), which demonstrated that flux through fatty acid synthase and very long-chain 573 

fatty acid elongation pathways can decrease while relative pathway activities remain 574 

elevated under certain metabolic stress conditions 28. Under nutrient deprivation, 575 

systemic substrate availability declines. The liver upregulates intrinsic pathway capacity 576 

to maximize efficient utilization of available carbon sources, yet limited substrate supply 577 

constrains maximal absolute throughput. This decoupling carries substantial conceptual 578 

implications: measurements relying only on isotopologue enrichment or pathway enzyme 579 

activity cannot reliably reflect net metabolic flux 7. It emphasizes that distinguishing 580 

relative pathway activity from absolute carbon turnover is indispensable for interpreting 581 

adaptive metabolic responses. 582 

Beyond nutritional challenges, our flux profiling reveals divergent tissue-specific 583 

metabolic signatures in response to metformin and Aldometanib. Consistent with prior 584 

mechanistic reports, metformin predominantly remodels hepatic anaplerotic and 585 

gluconeogenic fluxes 29,30. In contrast, Aldometanib exerts coordinated effects on both 586 

liver and skeletal muscle, reshaping inter-organ carbon partitioning to improve systemic 587 

insulin sensitivity 31,32. Notably, studies modeling high-sugar diet-induced metabolic 588 

dysregulation in Drosophila muscle have identified distributed control of glycolytic flux and 589 

altered NAD(H)-dependent reactions, highlighting the importance of tissue-specific 590 

metabolic models for understanding drug and dietary interventions 24. These divergent 591 

flux fingerprints illustrate why multi-tissue simultaneous quantification is critical for 592 

dissecting drug action; single-organ measurements risk oversimplifying systemic 593 

metabolic regulation and may mask tissue-selective pharmacological effects 33. 594 

Several technical considerations warrant discussion. The current model is built upon 595 

steady-state tracer infusion in conscious mice, which preserves physiological metabolism 596 

yet restricts direct extension to acute, rapidly transitioning metabolic states. In addition, 597 



our framework focuses on core carbon pathways centered on glucose-derived carbon. 598 

Future iterations may integrate long-chain fatty acid and amino acid multi-tracer designs 599 

to achieve a more complete view of interconnected carbon, nitrogen and lipid metabolism 600 

6. Although we have implemented corrections for major sources of isotopic dilution, 601 

compartmental substrate exchange between cytosol and mitochondria remains difficult to 602 

fully deconvolve using whole-tissue extracts alone. Combining this flux modeling strategy 603 

with subcellular fractionation, genetically encoded metabolic sensors and spatial flux 604 

mapping approaches represents a promising direction to further refine spatial resolution, 605 

enabling precise dissection of metabolic alterations across functionally distinct 606 

subregions within a single tissue and facilitating mechanistic exploration of the 607 

pathogenesis underlying metabolic diseases. Emerging single-cell and spatial 608 

metabolomics technologies, as exemplified by recent applications in cancer metabolism, 609 

offer new avenues to address these challenges 25,34. 610 

In summary, this unified in vivo flux quantification toolkit addresses critical gaps in existing 611 

stable-isotope tracing methodologies, enabling parallel absolute flux analysis in liver and 612 

skeletal muscle. The discovery of activity-flux dissociation during fasting exemplifies the 613 

unique insights accessible via absolute flux measurement that are obscured by 614 

conventional relative quantification strategies. Moving forward, this platform provides a 615 

broadly applicable experimental blueprint to map inter-organ carbon communication, 616 

define mechanisms of diet-induced metabolic dysfunction, and quantitatively evaluate 617 

metabolism-targeted therapeutic candidates. 618 

Figure legends 619 

Figure 1. Schematic overview and validation of the in vivo [13C6]glucose tracing 620 

platform for hepatic carbon flux analysis under ad libitum and fasting conditions 621 

(a) Workflow of the 120-min primed-continuous [13C6]glucose infusion strategy applied in 622 

awake mice. (b) Schematic illustrating major isotopologue generation patterns of central 623 

glycolytic and TCA cycle metabolites derived from fully labeled glucose. (c) Steady-state 624 

blood tracer enrichment achieved at the endpoint of infusion, confirming minimal 625 

perturbation of endogenous physiological metabolism. (d–f) Simplified metabolic network 626 

models for quantitative resolution of hepatic glycolysis, gluconeogenesis, lipogenesis, 627 



TCA cycling, and anaplerotic/cataplerotic fluxes used for flux calculation. Vfutile cycle, 628 

glucose futile cycle flux; VGNG, glucogenic amino acids, lactate flux; Vglycogenesis, hepatic 629 

glycogen synthesis flux; Vglycogenolysis, hepatic glycogenolysis flux; Vglycerol, flux of glycerol 630 

involved in gluconeogenesis; Vβ, fatty acid β-oxidation flux; VFA uptake, hepatic fatty acid 631 

uptake flux; VPC, flux of glucose generated via pyruvate carboxylase (PC); VPC(T), flux of 632 

glucose generated via PC and traversing the TCA cycle; VME, flux of glucose generated 633 

via malic enzyme (ME); VME(T), flux of glucose generated via ME and traversing the TCA 634 

cycle; VPDH(T), flux of glucose generated via pyruvate dehydrogenase (PDH) and 635 

traversing the TCA cycle; VPC(DNL), flux of de novo lipogenesis (DNL) generated via PC; 636 

VME(DNL), flux of DNL generated via ME;  VPDH(DNL), flux of DNL generated via PDH; VIDH, 637 

flux through isocitrate dehydrogenase (IDH); VGLS, flux through glutaminase (GLS); 638 

VMUT(net), net flux through methylmalonyl-CoA mutase (MUT); VSCS(net), net flux through 639 

succinyl-CoA synthetase (SCS); VOGDH, flux through oxoglutarate dehydrogenase 640 

(OGDH); VFH(F), flux through fumarase (FH) in the forward direction; VFH(R), flux through 641 

FH in the reverse direction. Data are presented as mean ± SEM. 642 

Figure 2. Fasting rewires isotopic labeling profiles and suppresses core hepatic 643 

carbon fluxes in chow-fed and high-fat-fed mice 644 

(a–g) Normalized relative isotopic enrichment of pyruvate and major TCA cycle 645 

intermediates (citrate, glutamate, glutamine, succinate, fumarate, malate) at distinct m+1, 646 

m+2, and m+3 isotopologue positions in ad libitum-fed (RC) and overnight-fasted (RF) 647 

chow mice. (h–l) Quantified hepatic carbon fluxes in RC versus RF mice, including whole-648 

body glucose turnover, futile cycling, glycogenolysis, glycerol-derived gluconeogenesis, 649 

lipogenic precursor fluxes, fatty acid β-oxidation, net gluconeogenesis, and 650 

comprehensive TCA cycle/anaplerotic fluxes. (m–s) Normalized isotopic labeling patterns 651 

of hepatic glycolytic and TCA metabolites in ad libitum HFD-fed (HFD) and overnight-652 

fasted HFD (HF) mice. (t–x) Systematic quantification of hepatic glucose turnover, 653 

substrate cycling, lipogenic precursor supply, β-oxidation, net gluconeogenic flux, and 654 

mitochondrial TCA/anaplerotic fluxes in HFD versus HF mice. All data demonstrate that 655 

fasting broadly restrains hepatic glucose-derived carbon incorporation, suppresses 656 

glycolytic, lipogenic, and oxidative fluxes, and switches net hepatic glucose balance 657 

toward gluconeogenesis under both chow and high-fat dietary conditions. Data are 658 



presented as mean ± SEM. Statistical significance was determined via two-way ANOVA 659 

for multiple-group comparisons, and unpaired Student’s t-test for pairwise comparisons 660 

between two groups: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 661 

Figure 3. Fasting inhibits glucose carbon influx and remodels flux distribution in 662 

skeletal muscle 663 

(a–g) Normalized relative 13C enrichment of pyruvate and TCA cycle intermediates in 664 

skeletal muscle under fed and fasting states. (h) Quantitative flux profiling reveals 665 

suppressed skeletal muscle glucose uptake, glycogenolysis, and pyruvate-driven 666 

anaplerotic and TCA entry fluxes upon fasting, whereas total TCA turnover and fatty acid 667 

β-oxidation remain stable. (i–o) Normalized isotopic labeling signatures of skeletal muscle 668 

metabolites in HFD-fed and fasted HFD mice. (p) Summary of fasting-induced skeletal 669 

muscle flux alterations in obese mice, showing restricted glucose carbon utilization and 670 

selective suppression of glycolysis-linked mitochondrial fluxes without perturbation of 671 

overall TCA cycling and lipid oxidation capacity. Data are presented as mean ± SEM. 672 

Statistical significance was determined via two-way ANOVA for multiple-group 673 

comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups: 674 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 675 

Figure 4. Aldometanib induces extensive hepatic metabolic reprogramming and 676 

restricts skeletal muscle glucose carbon flux in HFD mice 677 

(a–g) Normalized isotopic enrichment of hepatic glycolytic and TCA cycle intermediates 678 

in vehicle- and Aldometanib-treated HFD mice. (h–l) Quantitative hepatic flux analysis 679 

showing elevated whole-body glucose turnover, enhanced substrate cycling, glycerol 680 

gluconeogenesis, lipogenic precursor fluxes, and β-oxidation, alongside reduced net 681 

gluconeogenic flux and selective remodeling of TCA/anaplerotic fluxes upon Aldometanib 682 

administration. (m–s) Normalized skeletal muscle isotopic labeling profiles, showing 683 

unaltered metabolite isotopologue patterns after Aldometanib treatment. (t) Skeletal 684 

muscle carbon flux quantification demonstrating that Aldometanib significantly 685 

suppresses glucose uptake, glycogenolysis, and pyruvate-dependent TCA entry fluxes, 686 

thereby restricting glucose carbon influx into muscle mitochondrial metabolism without 687 

altering basal TCA cycling or β-oxidation capacity. Data are presented as mean ± SEM. 688 

Statistical significance was determined via two-way ANOVA for multiple-group 689 



comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups: 690 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 691 

Figure 5. Metformin drives distinct hepatic flux remodeling and enhances skeletal 692 

muscle anaplerotic and oxidative metabolism in HFD mice 693 

(a–g) Normalized hepatic isotopic enrichment of glycolytic and TCA metabolites in 694 

vehicle- and metformin-treated obese mice, showing altered pyruvate isotopic distribution 695 

and elevated fumarate labeling. (h–l) Hepatic flux quantification revealing increased 696 

glucose turnover and combined pyruvate carboxylase/malic enzyme anaplerosis, 697 

elevated lipogenic pyruvate dehydrogenase flux, and reduced hepatic anaplerotic cycling 698 

upon metformin treatment, with unaltered net gluconeogenesis. (m–s) Normalized 699 

skeletal muscle isotopic enrichment patterns. (t) Skeletal muscle flux profiles 700 

demonstrating that metformin markedly enhances muscle anaplerotic flux, total TCA 701 

turnover, β-oxidation, and net glutaminolysis, indicating divergent tissue-specific 702 

metabolic regulation compared with Aldometanib. Data are presented as mean ± SEM. 703 

Statistical significance was determined via two-way ANOVA for multiple-group 704 

comparisons, and unpaired Student’s t-test for pairwise comparisons between two groups: 705 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 706 

Supplemental Figure 1. Raw isotopic labeling and multi-tracer validation of fasting-707 

induced hepatic metabolic remodeling 708 

(a–g) Raw unnormalized 13C isotopic enrichment of hepatic metabolites in chow-fed 709 

control and fasted mice. (h–n) Raw hepatic isotopic labeling profiles in ad libitum and 710 

fasted HFD mice. (o–q) Independent validation using [13C3]alanine and 1,2,3,4,5,6-13C-711 

palmitate tracers, confirming enhanced amino acid-dependent gluconeogenic activity and 712 

elevated fatty acid β-oxidation pathway activity despite reduced absolute β-oxidation flux 713 

during fasting. Data are presented as mean ± SEM. Statistical significance was 714 

determined via two-way ANOVA for multiple-group comparisons, and unpaired Student’s 715 

t-test for pairwise comparisons between two groups: *p < 0.05, **p < 0.01, ***p < 0.001, 716 

****p < 0.0001. 717 

Supplemental Figure 2. Basal skeletal muscle isotopic signatures under fed and 718 

fasting conditions 719 

(a) Schematic of skeletal muscle tracing analysis. (b–h) Raw skeletal muscle metabolite 720 



isotopic enrichment in chow-fed and fasted mice. (i–o) Raw isotopic labeling profiles in 721 

HFD-fed and fasted obese mice, illustrating modest baseline isotopic alterations prior to 722 

normalization and flux quantification. Data are presented as mean ± SEM. Statistical 723 

significance was determined via two-way ANOVA for multiple-group comparisons, and 724 

unpaired Student’s t-test for pairwise comparisons between two groups: *p < 0.05, **p < 725 

0.01, ***p < 0.001. 726 

Supplemental Figure 3. Body composition and raw hepatic isotopic profiles upon 727 

Aldometanib treatment 728 

(a) Relative fat mass and lean mass fraction in vehicle- and Aldometanib-treated HFD 729 

mice. (b–h) Raw unnormalized hepatic isotopic enrichment of glycolytic and TCA cycle 730 

intermediates following Aldometanib intervention. (i–n) Raw skeletal muscle metabolite 731 

isotopic labeling patterns, confirming largely unaltered muscle isotopic signatures after 732 

Aldometanib treatment. Data are presented as mean ± SEM. Statistical significance was 733 

determined via two-way ANOVA for multiple-group comparisons, and unpaired Student’s 734 

t-test for pairwise comparisons between two groups: *p < 0.05, **p < 0.01, ***p < 0.001. 735 

Supplemental Figure 4. Raw hepatic and skeletal muscle isotopic enrichment in 736 

metformin-treated HFD mice 737 

(a–h) Raw hepatic isotopic enrichment of pyruvate and TCA cycle intermediates in 738 

vehicle- versus metformin-administered obese mice. (i–o) Raw skeletal muscle 739 

metabolite isotopic labeling profiles, showing selective elevation of malate m+1 740 

enrichment upon metformin treatment. Data are presented as mean ± SEM. Statistical 741 

significance was determined via two-way ANOVA for multiple-group comparisons, and 742 

unpaired Student’s t-test for pairwise comparisons between two groups: *p < 0.05, **p < 743 

0.01, ***p < 0.001, ****p < 0.0001. 744 
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Figures

Figure 1

Schematic overview and validation of the in vivo [13C6]glucose tracing platform for hepatic carbon flux

analysis under ad libitum and fasting conditions



(a) Workflow of the 120-min primed-continuous [13C6]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. Vfutile cycle, glucose
futile cycle flux; VGNG, glucogenic amino acids, lactate flux; Vglycogenesis, hepatic glycogen synthesis flux;
Vglycogenolysis, hepatic glycogenolysis flux; Vglycerol, flux of glycerol involved in gluconeogenesis; Vβ, fatty
acid β-oxidation flux; VFA uptake, hepatic fatty acid uptake flux; VPC, flux of glucose generated via pyruvate
carboxylase (PC); VPC(T), flux of glucose generated via PC and traversing the TCA cycle; VME, flux of
glucose generated via malic enzyme (ME); VME(T), flux of glucose generated via ME and traversing the

TCA cycle; VPDH(T), flux of glucose generated via pyruvate dehydrogenase (PDH) and traversing the TCA
cycle; VPC(DNL), flux of de novo lipogenesis (DNL) generated via PC; VME(DNL), flux of DNL generated via
ME;  VPDH(DNL), flux of DNL generated via PDH; VIDH, flux through isocitrate dehydrogenase (IDH); VGLS,
flux through glutaminase (GLS); VMUT(net), net flux through methylmalonyl-CoA mutase (MUT); VSCS(net),
net flux through succinyl-CoA synthetase (SCS); VOGDH, flux through oxoglutarate dehydrogenase

(OGDH); VFH(F), flux through fumarase (FH) in the forward direction; VFH(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 β-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,
β-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.



Figure 3

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

(a–g) Normalized relative 13C 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 β-oxidation remain stable. (i–o) 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–l) Quantitative hepatic flux analysis showing elevated whole-body
glucose turnover, enhanced substrate cycling, glycerol gluconeogenesis, lipogenic precursor fluxes, and
β-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 β-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 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, β-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  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


    V  P C  ( D N L )   + V  M E  ( D N L ) =     S  G  [ m + 6 ] +   S  G  [ m + 5 ] +   S  G  [ m + 4 ] +    1 2 S  G  [ m + 3 ] +    1 2 S  G  [ m + 2 ] +    1 2 S  G  [ m + 1 ]    S  G  [ m + 6 ] +   S  G  [ m + 5 ] +   S  G  [ m + 4 ] +    1 2 S  G  [ m + 3 ] +    1 2 S  G  [ m + 2 ] ∗   k 1


    k 2 =     V  P D H    V  P C +   V  M E =   (     L  c i t  [ m + 1 ]    L  c i t  [ m + 3 ] −     L  p y r  [ m + 1 ]    L  p y r  [ m + 3 ] ) ∗   ( S  G   [ m + 3 ] 2 +    1 2 S  G  [ m + 5 ] +    1 2 S  G  [ m + 3 ] )     1 2 S  G  [ m + 5 ] +   S  G  [ m + 4 ] +    1 2 ( S  G  [ m + 2 ] −   S  G  [ m + 1 ] )


    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

