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Tracers are Required to Measure Fluxes by Detecting 
Enrichment in Product Molecules

Analysis of Substrate Oxidation:
CO2 Release is Not Pathway - Specific
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Analysis of Substrate Oxidation:
CO2 Release is Not Pathway - Specific
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Nucleus Abundance

11C - 20 minutes

12C 98.9% -

13C 1.1% -

14C - 5730 years

Half-life

11C, 13C and 14C may all be used as tracers 

Properties of Carbon Isotopes

catalogue,	paperwork &	
radiation containmet

catalogue	&	lab sink

cyclotron &	radiochemists
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Carbon-13: Natural Abundance

üNatural Abundance of 13C ~1.1%

üg13C ~1/4 g1H

üLow Sensitivity Þ [sample]

üConsecutively Labeled 13C Nuclei £ 0.011*0.011
(~1:8300)

Carbon-13: Enriched Metabolites

üAbundance of 13C > 1.1%

üConsecutively Labelled 13C Nuclei Þ1JCC Couplings

üMultiplets in Each Carbon Resonance

Isotopomer Information
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Glutamate Isotopomers
ü Isotopomer Û Isotope + Isomer

ü Metabolite with n Carbons has 2n Isotopomers

- glutamate ® 25 = 32 Isotopomers

M1

M0

M2 M3

M4

M5

-O2C-CH-CH2-CH2-CO2
-

NH3
+

I

J45 = 52 HzJ34 = 34 Hz
J23 = 34 Hz

Spin - Spin Coupling

The Overwhelming Advantage of 13C NMR 
for Analysis of Substrate Oxidation
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Distinction of Glutamate 13C Isotopomers 
ü Glutamate C4 Resonance Þ Labeling in C4
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13C Enrichment of Metabolites
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TCA Cycle:  1st Turn
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TCA Cycle:  2nd Turn

Not 
Scrambling!
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At steady state, a heart oxidizing:
[U-13C]LCFA 50%
[3-13C]LP 30%
[1,3-13C]KB 10%
12C-Glucose 10%

CH3-C~S-CoA
O
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13.7%

0.1%
0.3%
0.5%
1.1%
0.6%
1.0%
1.8%
4.6%

0.7%
1.3%
2.3%
5.7%
2.8%
5.2%
9.2%

22.8%
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8 isotopomers from 
unlabeled sources

This metabolic situation 
generates 32 isotopomers

Since Ac-CoA label 
corresponds to glutamate 
C4 and C5 enrichment, it 
is useful to cluster 4 
groups of isotopomers 
based on label in positions 
4 & 5.

8 isotopomers from 
[3-13C] lactate & pyr

8 isotopomers from 
[1,3-13C] ketones

8 isotopomers from 
[U-13C] fatty acids

CH3-C~S-CoA
O

0.5 (LCFA)

0.1%
0.3%
0.5%
1.1%
0.6%
1.0%
1.8%
4.6%

0.4%
0.8%
1.4%
3.4%
1.7%
3.1%
5.5%

13.7%

0.1%
0.3%
0.5%
1.1%
0.6%
1.0%
1.8%
4.6%

0.7%
1.3%
2.3%
5.7%
2.8%
5.2%
9.2%

22.8%

0.3 (Lac/pyr)
0.1 (ketones)
0.1 (no label)

10%

30%

10%

50%
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Ac-CoAglucose

acetoacetate

short chain fatty acids

lactate  

pyruvate

Cardiac metabolism transfers energy from many 
sources to the contractile apparatus

NADH, 
FADH2

2 H2O

O2

2 CO2

tca

b hydroxybutyrate

long chain fatty acids

myocyte triglycerides

glycogen  

The enzymatic machinery to oxidize is available
to oxidize each substrate.

Ac-CoA
glucose

acetoacetate

short chain fatty acids

lactate  

pyruvate

b hydroxybutyrate

long chain fatty acids

myocyte triglycerides

glycogen  

By definition, sources of Ac-CoA in vivo are complementary: 
Ftrig + FLCFA + Fglucose + . . . = 1
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Conditions Associated with Altered FA 
Oxidation or Altered Gene Expression 

High fatty acid oxidation 

Transition from fetal environment
Fasting
Diabetes
Exercise

High carbohydrate oxidation

Fetal environment
Hypertrophy
Myocardial ischemia
Drugs

Why is it important to measure 
substrate oxidation in the heart? 

Many diseases or physiological states are associated with 
altered substrate oxidation or metabolism, which implies: 

Understanding metabolism provides insight into pathogenesis

Measurement of metabolism yields diagnostic information

Therapeutic control of metabolism may improve clinical outcome
Improve ATP yield / mole O2 – critical for ischemic syndromes
Reduce TG storage
Reduce rhythm disturbances
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FA oxidation requires activation to acyl-CoA which consumes ATP

FAs are more reduced (contain more chemical energy) than glucose

Greater
ATP/
Mole 

oxygen

Greater
ATP/
Gram

Substrate

Substrate Competition by 13C-NMR

12C-G 12C-Ac.2

Gluc.+Endogenous

( ) n [U-13C2n]LCFA [1,2-13C2]Ac.n

F.A. F.A.F.A. F.A. F.A.

F.A.
F.A.F.A.

F.A.

F.A.

34.2 PPM182.0
Glut. C4

2.35
Glut. C5Glut. H4

[3-13C]LP [2-13C]Ac.

Lac.
Lac. Lac.

+ Lac.+ Lac.

[1,3-13C2]KB [1-13C]Ac.2

Acetoac.
+Acetoac.
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Acetyl-CoA Enrichments (Fci)

ü FC2 = %[3-13C]LP = C4D34*(C4F/C3F)

ü FC3 = %[U-13Cn]LCFA = C4Q*(C4F/C3F)

ü FC1 = %[1,3-13C2]KB = (C5S/C5D)*FC3

ü FC0 = %Glucose + Endogenous= 1-(FC3+ FC2+ FC1)

60 40 20120 100 80160 140200 180 ppm

C5 C4

34.034.4 ppm

Analysis of a 13C NMR Spectrum from a Rat Heart 
Extract Supplied with [U-13C] LCFA, 

[1,3-13C] ketones and [3-13C] lactate/pyruvate
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Q + D45

S + D34

62 + 29

3 + 6
= = = 10

34.2 ppm

Analysis of C4

SD34 D34

Q QD45 D45Q Q

LCFA oxidation

Lactate oxidation
= 10

34.2 ppm

Analysis of C4

LL L

F FF FF F
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181.5 ppm

=  5.2
16

84
=

C5D45

C5S
=

Analysis of C5

5.2
LCFA

AcAc
=

Analysis of C4 & C5:

60 40 20120 100 80160 140200 180 ppm

LCFA = 77%

ketones = 15%

Lac & pyr = 8%

C4

34.034.4 ppm

C3

ppm28.0 27.6

Analysis of C3, C4 & C5:

LCFA = 72%

ketones = 14%

Lac & pyr = 7%

unlabeled = 7%
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Kinetic Model of the Krebs Cycle

VTCA

y - VTCA

VX

VX  

Pyruvate

Glutamate

Acetyl-CoA

OAA Citrate +
Isocitrate

a-ketoglutarate
Malate +
Fumarate +
Succinate

Acetate

Disposal
Pathways

Aspartate

tcaFLUX

C3

C4

C4D34

C3F

C4F

for a singly enriched
substrate, FC2 = 90%TCA cycle kinetics
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pyr/lac = 10 
0.5 Ca2+Malate

GlutamateAspartate

Citrate

Metabolite pools are sensitive to cell redox

pyr/lac = 0.1 
0.5 Ca2+

Glutamate

45 40 35 30 PPM

44 42 40 38 36 34 32 30 28 PPM

13C Isotopomer Analysis of TCA Cycle Kinetics: 
Redox & Calcium

Amino acids
VTCA VX

Pyr/Lac Calcium

0.1 0.5

0.1 2.5

10 0.5

10 2.5
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5

10

15

20

25
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[glutamate]
µmol/gdw
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Flux
µmol/gdw/min

Glutamate      O2 cons           VTCA Vx
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13C Isotopomer Analysis of TCA Cycle Kinetics: 
Redox & Calcium

Amino acids
VTCA VX

Pyr/Lac Calcium Vx / VTCA

0.1 0.5 2.0

0.1 2.5 2.7

10 0.5 0.3

10 2.5 0.6

13C Isotopomer Analysis of Intermediary Metabolism
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a-Ketoglutaratea-Ketoglutarate

OAA

PEP
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2JHC|2JHC =	4.25	Hz

Glutamate

BP FX11

CPI-613

TCA	
cycle

CPI-613

FX11BP

Q Q Q Q

D23 D23

D12 D12

1JC2C3 =	37	Hz

1JC1C2 =	55	Hz

[U-13C]Glc
[1,6-13C2]Glc

[U-13C]Gln

Glutamate

[U-12C]Glc

[2-13C]Ace

1 2 3 4 5 6
1 2 3 4 5 61 2 3 4 5 6

1 2 3 4 5 6 1 2 3 4 5 6
1 2 3 4 5 6

1 2 3 4 5
[U-13C]Gln

1 2 3 4 5

[U-13C]Gln
1 2 3 4 5

Pyruvate-cycling

TCA	cycle	2nd turn
TCA	cycle	1st turn

Glutaminolysis
Glycolysis/Lactic	acid	fermentation

1 2 3 4 5
TCA	cycle	2nd turn
TCA	cycle	1st turn
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[2,3-13C2]Lac

[U-13C]Lac

[3-13C]Lac

[1,3-13C2]Lac

[2-13C]Lac

[1,2-13C2]Lac

[U-12C]Lac

[1-13C]Lac

1.42 1.40 1.38 1.36 1.34 1.32 1.30 PPM

13C Isotopomer Analysis of Lactate

Lactate

OAA

PEP
Pyruvate

Glucose

Glutamate

TCA	cycle
a-Ketoglutarate

[U-13C]Gln

1 2 3 4 5 6

1 2 3 4 5

OAA

Glutaminolysis	(5-10)
Glycolysis/Lactic	acid fermentation (3,4)

a-Ketoglutarate

Glutamate

TCA	
cycle

[U-13C]Gln
1 2 3 4 5

Pyruvate-cycling (11,12,13,14)

[1,6-13C2]Glc
1 2 3 4 5 6

[U-12C]Glc

Glycolysis/Lactic	acid fermentation (1,2)

1
2

3
4

1
2

3 4

1 2

5

6

7,12

9

10
11 14

A

C

B

5 87 10

15
16
17

18

8,13

Krebs cycle (15,16,17,18)

1.42 1.40 1.38 1.36 1.34 1.32 1.30 PPM

13C Isotopomer Analysis: Glycolysis vs Glutaminolysis
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13C Isotopomer Analysis: Salivary Glands

Glutamate

F1

OAA
Citrate

a-Ketoglutarate

Succinyl-CoA

LactateAlanine

F2

F
3F4

1st Turn,	D45

2nd Turn,	Q

1 2 3 4 5 6
Glucose

1 2 31 2 3

1 2 3 4 5

F5

Fatty	AcidsPEP

F6

VTCA

69.5 69.4 69.3 69.2 69.1 69.0 68.9 68.8
PPM

Lactate C2

1 2 3
Q

D23

D12

S

8 7 6 5 4 3 2 1 PPM

Fumarate

H1b-Glc

H1a-Glc

Cre
Lac

Ala

AceSuc

3JHH

2JHC	;	3JHC

Cre
Macromolecules

(proteins)
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Gly
Tau

Tau

Lac-13C3-Satellite

180 160 140 120 100 80 60 40 20 PPM
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NA-Fum

GlcC1a

C6b,a-Glc

AlaC2
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D45D45 S

S
D DLacC2

QQ QQ
D23D23
D12D12

MalC3

D34D34 S

S
D D

S

AlaC1

S
D D

GlcC1b

S
DD
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1H & 13C NMR Spectroscopy
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Suc
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1H NMR Spectroscopy: Levels of Intermediary Metabolites

13C Isotopomer Analysis: Salivary Glands
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13C Isotopomer Analysis: Salivary Glands
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*

0

0,5
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0,05

0,1

0,15

0,2

Submandibular Parotid

LacC2D23
*
*

*
*
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*
*
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LactatePC

KC
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LactatePC
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13C Isotopomer Analysis: Salivary Glands


