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Supplementary Table 1 Mass and isotope balance equations with various rates and pool size 

for the cerebral cortex   
 

Mass Balance Equations: 

 

dGlcbrain/dt = Vmax(in) Glcblood/(Km(in) + Glcblood) – Vmax(out) Glcbrain /(KM(out) + Glcbrain) + CMRglc 

 

dLac/dt = dGluGlu/dt = dGluGABA/dt = dGluA/dt = dGABA/dt = dGln/dt = dAspGlu/dt = 

dAspGABA/dt = dAspA/dt = dLac/dt = dKGGlu/dt = dKGGABA/dt = dKGA/dt = dOAAGlu/dt = 

dOAAGABA/dt = dOAAA/dt = 0 

 

 

Isotope Balance Equations: 

 

d(Glcbrain,C16)/dt = Vmax(in) (Glcblood,C16)/ (Km(in) + Glcblood) - Vmax(out) (Glcbrain,C16)/(Kmout + Glcbrain) 

- CMRglc (Glcbrain,C16/Glcbrain) 

dLacC3/dt = 2 CMRglc(Glcbrain,C16/Glcbrain) + Vdil(Lac) (0) - (Vpc + Vdil(Lac) + Vpdh(A) + Vpdh(GABA) 

+ Vpdh(Glu)) (LacC3/Lac) 

dGluGlu,C4/dt = Vcyc(Glu-Gln) (GlnC4/Gln) + VxGlu(KG-Glu) (KGGlu,C4/KGGlu) - (Vcyc(Glu-Gln) + 

VxGlu(Glu-KG)) (GluGlu,C4/Glu(Glu)) 

dGluA,C4/dt = Vcyc(Glu-Gln) (GluGlu,C4/Glu(Glu)) + VxA(KG-Glu) (KGA,C4)/KGA) + Vcyc(GABA-Gln) 

(KGA,C4/KGA) - (Vgln + VxA(Glu-KG)) (GluA,C4/GluA) 

dGln4/dt = Vgln (GluA,C4/GluA) + VdilGln (0) - [Vefflux + Vcyc(Glu-Gln) + Vcyc(GABA-Gln)](Gln4/Gln) 

dKGA,C4/dt = Vpdh(A) (LacC3/Lac) + VxA(Glu-KG) (GluA,C4/GluA) + VdilA (0) - (Vtca(ANet) + 

VxA(KGGlu) + Vcyc(GABA-Gln) (KGA,C4 /KGA) 

dKGA,C3/dt = VxA(Glu-KG) (GluA,C3/GluA) + Vtca(A) (OAAA,C2/OAAA) - (Vtca(ANet) + VxA(KG-Glu) + 

Vcyc(GABA-Gln)) (KGA,C3/KGA) 

dGluA,C3/dt = VxA(KG-Glu) (KGA,C3/KGA) + Vcyc(Glu-Gln) (GluGlu,C3/GluGlu) + Vcyc(GABA-Gln) 

(KGA,C3/KGA) - (Vgln + VxA(Glu-KG) (GluA,C3/GluA) 

dGlnC3/dt = Vgln (GluA,C3/GluA) + VdilGln (0) - [Vefflux + Vcyc(Glu-Gln) + Vcyc(GABA-Gln)](GlnC3/Gln) 

dGluGlu,C3/dt = Vcyc(Glu-Gln) (GlnC3/Gln) + VxGlu(KG-Glu) (KGGlu,C3/KGGlu) - (Vcyc(Glu-Gln) + 

VxGlu(Glu-KG)) (GluGlu,C3/GluGlu) 

dKGGlu,C4/dt = VxGlu(Glu-KG) (GluGlu,C4/GluGlu) + Vdil(Glu) (0) + Vpdh(Glu) (LacC3/Lac) - (VxGlu(KG-

Glu) + Vtca(Glu)) (KGGlu,C4/KGGlu) 

dKGGlu,C3/dt = VxGlu(Glu-KG) (GluGlu,C3/GluGlu) + Vtca(Glu) (OAAGlu,C2/OAAGlu) - (VxGlu(KG-Glu) + 

Vtca(Glu)) (KGGlu,C3/KGGlu) 



iii 

 

dAspGlu,C3/dt = VxGlu(OAA-Asp) (OAAGlu,C2/OAAGlu) - VxGlu(Asp-OAA) (AspGlu,C3/AspGlu) 

dAspA,C3/dt = VxA(OAA-Asp) (OAAA,C2/OAAA) - VxA(Asp-OAA) (AspA,C3/AspA) 

dOAAGlu,C2/dt = VxGlu(Asp-OAA) (AspGlu,C3/AspGlu) + 0.5 Vtca(Glu) (KGGlu,C4/KGGlu) + 0.5 Vtca(Glu) 

(KGGlu,C3/KGGlu) - [VxGlu(OAA-Asp) + Vtca(Glu)] (OAAGlu,C2/OAAGlu) 

dOAAA,C2/dt = 0.5 VtcaANet (KGA,C4/KGA) + 0.5 VtcaANet (KGA,C3/KGA) + VxA(Asp-OAA) (AspA,C3/AspA) + 

0.5 Vpc (LacC3/Lac) + Vcyc(GABA-Gln) (GABAC2/GABA) - [VxA(OAA-Asp) + VtcaA] (OAAA,C2/OAAA) 

dGABAC2/dt = Vgad (GluGABA,C4/GluGABA) - (Vshunt + Vcyc(GABA-Gln)) (GABAC2/GABA) 

dKGGABA,C4/dt = VpdhGABA (LacC3/Lac) + VxGABA(Glu-KG) (GluGABA,C4/GluGABA) + VdilGABA (0) - 

[VtcaGABANet + VxGABA(KG-Glu] (KGGA,C4/KGGABA) 

dGluGABA,C4/dt = Vcyc(GABA-Gln) (GlnC4/Gln) + VxGABA(KG-Glu) (KGGABA,C4/KGGABA) - (Vgad + 

VxGABA(Glu-KG)) (GluGABA,C4/GluGABA) 

dKGGABA,C3/dt = VxGABA(Glu-KG) (GluGABA,C3/GluGABA) + Vtca(GABA) (OAAGABA,C3/OAAGABA) - 

(Vtca(GABANet) + VxGABA(KG-Glu)) (KGGABA,C3/KGGABA) 

dGABAC3/dt = Vgad (GluGABA,C3/GluGABA) - (Vshunt + Vcyc(GABA-Gln)) (GABAC3/GABA) 

dGluGABA,C3/dt = Vcyc(GABA-Gln) (GlnC3/Gln) + VxGABA(KG-GABA) (KGGABA,C3/KGGABA) - [Vgad + VxGABA(Glu-

KG)] (GluGABA,C3/GluGABA) 

dAspGABA,C3/dt = VxGABA(OAA-Asp) (OAAGABA,C2/OAAGABA) - VxGABA(Asp-OAA) (AspGABA,C3/AspGABA) 

dOAAGlu,C3/dt = VxGlu(Asp-OAA) (AspGlu,C3/AspGlu) + 0.5 Vtca(Glu) (KGGlu,C3/KGGlu) + 0.5Vtca(Glu) 

(KGGlu,C4/KGGlu) - [VxGlu(OAA-Asp) + Vtca(Glu)] (OAAGlu,C3/OAAGlu) 

dOAAA,C3/dt = Vcyc(GABA-Gln) (GABAA,C3/GABA) + VxA(Asp-OAA) (AspA,C3/AspA) + 0.5 Vpc (LacC3/Lac) + 

0.5 VtcaANet (KGA,C4/KGA) + 0.5 VtcaANet (KGA,C3/KGA) - [VxA(OAA-Asp) + VtcaA] (OAAA,C3/OAAA) 

dAspA,C2/dt = VxA(OAA-Asp) (OAAA,C3/OAAA) – VxA(Asp-OAA) (AspA,C2/AspA)  

dAspGlu,C2/dt = VxGlu(OAA-Asp) (OAAGlu,C3/OAAGlu) – VxGlu(Asp-OAA) (AspGlu,C2/AspGlu) 

dAspGABA,C2/dt = VxGABA(OAA-Asp) (OAAGABA,C3/OAAGABA) – VxGABA(Asp-OAA) 

(AspGABA,C2/AspGABA) 

dOAAGABA,C2 /dt = 0.5 Vtca(GABANet) ((KGGABA,C3/KGGABA) + (KGGABA,C4/KGGABA)) + 0.5 

Vshunt {(GABAC3/GABA) + (GABAC2/GABA)}  + VxGABA(Asp-OAA) (AspGABA,C3/AspGABA) 

- (Vtca(GABA) + VxGABA(OAA-Asp)) (OAAGABA,C2/OAAGABA) 
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dOAAGABA,C3/dt = 0.5 Vtca(GABANet) ((KGGABA,C3 /KGGABA) + (KGGABA,C4/KGGABA)) + 0.5 

Vshunt {(GABAC2/GABA) + (GABAC3/GABA)} + VxGABA(Asp-OAA) (AspGABA,C2/AspGABA) - 

(Vtca(GABA) + VxGABA(OAA-Asp)) (OAAGABA,C3 /OAAGABA) 

 

Distribution of Glutamate and Aspartate in Different Compartments [4]:   

  Glutamatergic 

Neurons 

GABAergic 

Neurons 

Astrocyte 

Glutamate Cerebral Cortex 0.82 0.02 0.16 

 Hippocampus 0.86 0.02 0.12 

 Striatum 0.83 0.02 0.15 

Aspartate Cerebral Cortex 0.42 0.42 0.16 

 Hippocampus 0.44 0.44 0.12 

 Striatum 0.425 0.425 0.15 

 

Pool Concentrations: 

 

 

GlcBrain (Concentration of brain glucose) = Km(out) X2 / (Vmax(out) - X2) = 3.72 µmol/g 

GluTotal = 12.29 µmol/g (measured) 

GluA (Concentration of Glu in Astrocytes) =1.9664 µmol/g 

GluGABA (Concentration of Glu in GABAergic neurons) = 0.2458 µmol/g [1,2] 

GluGlu (Concentration of Glu in Glutamatergic neurons) = 10.0778 µmol/g 

GABA = 2.57 µmol/g (measured) 

Gln = 5.84 µmol/giv(measured) 

AspTotal = 2.11 µmol/g (measured) 

AspA (Concentration of Asp in astrocytes) = 0.3376 µmol/g 

AspGABA (Concentration of Asp in GABAergic neurons)= 0.8862 µmol/g 

AspGlu (Concentration of Asp in Glutamatergic neurons) = 0.8862 µmol/g 

KGA (Concentration of α-KG in astrocytes) = 0.09 µmol/g 

KGGlu (Concentration of α-KG in Glutamatergic neurons) = 0.1 µmol/g 

KGGABA (Concentration of α-KG in GABAergic neurons) = 0.01 µmol/g [3] 
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Lac = 1.5 µmol/g 

OAATotal = 0.2 µmol/g  

OAAA (Concentration of OAA in astrocytes)= OAATotal-OAAN-OAAGA = 0.05 µmol/g 

OAAGABA (Concentration of OAA in GABAergic neurons) = 0.05 µmol/g [3] 

OAAGlu (Concentration of OAA in Glutamatergic neurons)= 0.1 µmol/g [3] 

 

Values of Rates: 

 

Km(in) (Michaelis−Menten half-saturation constant for blood-to-brain glucose transport) = 

13.9 mM [4] 

Km(out) (Michaelis−Menten half-saturation constant for brain-to-blood glucose transport) = 

Km(in) x Vd = 10.7 µmol/g [4] 

Vmax(in) (Michaelis–Menten maximum uptake rate for blood-to-brain glucose transport) = 5.8 

x CMRglc = 2.44 µmol/min/g [4] 

Vmax(out) (Michaelis–Menten maximum uptake rate for brain-to-blood glucose transport)  = 

Vmax(in) = 2.44 µmol/min/g 

Vcyc(Glu-Gln)/Vtca(Glu) = 0.39 [5] 

Vcyc(GABA-Gln)/Vtca(GABA) = 0.43  [5]  

Vd (space for brain water) = 0.77 ml/g [6] 

VdilGln (Rate of dilution of glutamine from blood) = 0.001 µmol/min/g (iterated) 

Vefflux (Rate of glutamine efflux from brain) = Vpc + VdilGln = 0.07 µmol/min/g 

Vpc (Rate of pyruvate carboxylation) = 0.069 µmol/min/g (iterated) 

Vtca(ANet)) = 0.12 µmol/min/g (iterated) 

Vtca(A) (Astrocytic TCA cycle flux) = Vtca(ANet) + Vgln - Vcyc(Glu-Gln) = 0.055 µmol/min/g 

VdilA (Rate of dilution of astrocytic pyruvate/lactate from blood) = 0.155 µmol/min/g 

(iterated) 

Vpdh(A) (Rate of pyruvate dehydorgenase in astrocyctes) = Vtca(A) - VdilA = 0.067 µmol/min/g 

Vtca(GABANet) = 0.225 µmol/min/g (iterated) 

Vshunt (Flux of GABA shunt) = 0.003 µmol/min/g (iterated) 

Vtca(GABA) (TCA cycle flux of GABAergic neurons) = Vtca(GABANet) + Vshunt = 0.228 

µmol/min/g 
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Vcyc(GABA-Gln) (GABA-Gln cycle flux) = {Vcyc(GABA-Gln)/Vtca(GABA)} x Vtca(GABA) = 0.098 

µmol/min/g (calculated) 

Vdil(GABA) (Rate of dilution of GABAergic pyruvate/lactate from blood) = 0.014 µmol/min/g 

(iterated) 

Vpdh(GABA) (Rate of pyruvate dehydorgenase in GABAergic neurons) = Vtca(GABA) - Vdil(GABA)  

= 0.214 µmol/min/g 

Vgad (Rate of GABA synthesis) = Vshunt + Vcyc(GABA-Gln) = 0.102 µmol/min/g 

Vtca(Glu) (TCA cycle flux of Glutamatergic neurons) = 0.533 µmol/min/g (iterated) 

Vdil(Glu) (Rate of dilution of pyruvate/lactate in glutamatergic neurons from blood)= 0.040 

µmol/min/g (iterated) 

Vpdh(Glu) (Rate of pyruvate dehydorgenase in Glutamatergic neurons) = Vtca(Glu) - Vdil(Glu) = 

0.493 µmol/min/g 

CMRglc = (Vpdh(Glu) + Vpdh(GABA) + Vpdh(A) + Vpc) / 2 

Vcyc(Glu-Gln) (Glu-Gln cycle flux) = {Vcyc(Glu-Gln)/Vtca(Glu)} x Vtca(Glu) = 0.208 µmol/min/g 

(calculated) 

Vgln (rate of glutamine synthesis) = Vcyc(Glu-Gln) + Vcyc(GABA-Gln) + Vpc 

VxA(Glu-KG) (Glu and α-KG exchange flux in astrocytes) = 1.00 µmol/min/g 

VxA(Asp-OAA) (Asp and OAA exchange flux in astrocytes) = VxA(OAA-Asp) = VxA(Glu-KG) = 1.00 

µmol/min/g 

VxA(KG-Glu) (α-KG and Glu exchange flux in astrocytes) = VxA(Glu-KG) + Vpc = 1.068 

µmol/min/g 

VxGABA(Glu-KG) (Glu and α-KG exchange flux in GABAergic neurons) = 0.503 µmol/min/g 

VxGABA(Asp-OAA) (Asp and OAA exchange flux in GABAergic neurons) = VxGABA(OAA-Asp) = 

VxGABA(Glu-KG) = 0.50 µmol/min/g 

VxGABA(KG-Glu) (α-KG and Glu exchange flux in GABAergic neurons) = VxGABA(Glu-KG) + Vgad - 

Vcyc(GABA-Gln) = 0.503 µmol/min/g 

VxGlu(Glu-KG) (Glu and α-KG exchange flux in glutamatergic neurons) = 1000 µmol/min/g 

(iterated) 

VxGlu(OAA-Asp) (OAA and Asp exchange flux in glutamatergic neurons) = VxGlu(Asp-OAA) = 

VxGlu(KG-Glu) = VxGlu(Glu-KG) = 1000 µmol/min/g 

X1 = Vmax(in) Blood(Glucose)/(Km(in)+Blood(Glucose)) = 1.051 µmol/min/g 

X2 = X1-CMRglc = 0.630 µmol/min/g 
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Vcyc/VTCA for Glutamatergic and GABAergic neuron in different brain region [4]: 

 Glutamatergic Neurons GABAergic Neurons 

Cerebral Cortex 0.39±0.04 0.43±0.02 

Hippocampus 0.49±0.03 0.35±0.02 

Striatum 0.24±0.03 0.43±0.02 
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Supplementary Table 2 Concentration (µmol/g) of neuro-metabolites in AlCl3-treated mice 

Brain  

Region 

Treatment 

Group 
Neurometabolites 

Glu  GABA Gln Asp NAA m-Ino Tau Cho 

Cerebral Cortex NS (n=12) 12.1±0.3 2.6±0.1 5.8±0.4 2.1±0.1 7.4±0.8 6.4±0.1 11.9±0.3 1.8± 0.1 

AlCl3 (n=12) 12.3±0.3 2.7±0.1 6.2±0.3 2.2±0.2 8.0±0.2 6.7±0.3 12.2±0.4 1.9±0.1 

Hippocampus NS (n=12) 9.9±0.3 3.6±0.1 4.6±0.2 1.6±0.1 6.4±0.6 6.3± 0.2 9.7±0.2 1.7±0.1 

AlCl3 (n=12) 10.5±0.2 3.8±0.3 5.0±0.2 1.9±0.1 7.2±0.2 7.5±0.3**  10.3±0.4 2.0±0.1  

Striatum NS (n=12) 10.9±0.4 5.9±0.3 5.9±0.4 1.7±0.1 7.9±0.3 7.5± 0.2 11.4±0.5 2.4±0.1 

AlCl3 (n=12) 9.6±0.2* 6.3±0.3  6.0±0.3  1.8±0.1 7.1±0.3* 7.3±0.4 10.2±0.6  2.2±0.2 

Concentration of metabolites was measured in non-edited 
1
H-[

13
C]-NMR spectrum of tissue extracts using [2-

13
C]glycine as standard. Values are 

represented as mean±SEM. * p<0.01, ** p<0.001 when AlCl3 treated mice were compared with normal saline treated controls. NS, normal 

saline.  
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Supplementary Figure 1 The level of mercury in AlCl3 and RS treated mice. The mecrury 

level was measured in cortical homogenate using inductively coupled plasma mass 

spectrometry (ICP-MS.  
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Supplementary Figure 2 The 
1
H-[

13
C]-NMR spectra from mouse cerebral cortex showing 

13
C labeling of amino acids from [1,6-

13
C2]glucose. Mice were administered Rasa Sindoor (2 

g/kg, intragrastric) for 30 days in AlCl3 treated mice (40 mg/kg, intragastric). Mice were 

infused with [1,6-
13

C2]glucose for 10 min, and cortical metabolites were extracted using 

ethanol extraction protocol. The 
1
H-[

13
C]-NMR spectra of cortical extracts were recorded 

using 600 MHz NMR spectrometer.    

 


