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Abstract

The goal of this work is to investigate the potential for and limitations of in vivo

nuclear magnetic resonance (NMR) spectroscopy for quantitation of glucose flux through

the pentose phosphate pathway (shunt). Interest in the shunt is motivated by the possibility

that its activity may be greatly increased in cancer and in the pathological states of cardiac

and cerebral ischemia. The ability to dynamically monitor flux through the pentose shunt

can give new knowledge about metabolism in pathological states.

Methods developed in this research use 13C NMR spectroscopy to monitor shunt

activity by determination of the ratios of [13C-4] to [13C-5]-glutarnate, [13C-3] to [13C-2]-

alanine or [13C-3] to [13C-2]-lactate produced when [13C-2]-glucos.e is infused. The

principal operational relation for the fractional shunt activity under aerobic conditions is

3rG/(2+3rG), where rG is the ratio of the 13C enrichment at C4 to that at C5 of glutamate.

These methods provide measures of the effect of oxidative stresses on shunt activity in

systems ranging from cell free enzyme,substrate preparations to cell suspensions and

whole animals.

In anaerobic cell free preparations, the fraction of glucose flux through the shunt

was monitored with a time resolution of 3 minutes. Oxidized glutathione (GSSG 1.5 mM)

. was shown to increase flux by a factor of 3 from its control value. In aerobic yeast cells,

GSSG (1.5 mM) increased flux by a factor of 3, and t-butyl-hydroperoxide (TBHP, 1-10

mM) by a factor of 1.6. A shunt flux of 255:4% was measured from brain extracts from

the anesthetized rat infused with [13C-2]-glucose.



This work predicts the potential for in vivo human studies of pentose phosphate

pathway activity based on the mathematical simulation of the 1312fractional enrichments of

C4 and C5-glutamate as a function of shunt activity and on the signal-to-noise ratio

acquired in 13C NMR human studies from the current literature. A signal-to-noise of 5,

sufficient to infer 5% glucose flux through the shunt, is estimated to be acquired from the

NMR signals of [13C-4] and [13C-5]-glutamate in the human brain at a field strength of 4

Tesla, in a localized volume of 6x6x6 cm with an acquisition time of 30 minutes, if a total

[13C-2]-glucose dose of about 33 grams (471 mg/(kg body-weight)) is infused over a total

period of 90 minutes and 82% plasma [13C-2]-glueosefractional enrichment is obtained.
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Chapter 1.

Introduction.

We hypothesize that using nuclear magnetic resonance (NMR) spectroscopy it is

possible to measure the fractional flux of glucose through the pentose phosphate pathway

(pentosc shunt) in the brain under aerobic conditions in vivo. In this study we develop and

evaluate NMR methods for measuring the flux of glucose through the pcntose shunt in

anaerobic and aerobic tissues. The NMR based methods are used in this study to

investigate the effects of oxidative stresses on regulation of glucose utilization via the

pentose shunt in systems ranging from cell free enzyme-substrate preparations to cell

suspensions and whole animals. The cellular regulation of the flux of glucose through the

shunt is dependent on the redox state of the NADPH/NADP couple. The utilization of

glucose via the penrose shunt provides the cell with reducing power in the form of NADPH

and with ribose-5-phosphate for the biosynthesis of nucleotides. A major function of the

. shunt is to provide NADPH for maintaining sulfhydryl groups reduced (1), thus assuring

protection against oxidative damage. Thus we expect variations in pentose shunt activity to

be reflective of applied oxidative stress in the brain and the heart. The mathematical model

developed in this study is used to predict the potentials for and limitations of the methods
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applied to in vivo human studies of the brain. Based on these results inferences can be

,drawn regarding the ability to monitor the pentose shunt in other organs as well as

cancerous tissue.

1.1. Motivation. ,

The pentose phosphate pathway in the brain.

The brain, with its continuous electrical and biochemical activity involved in

neurotransmission, depends mainly on glucose supplied from the blood for its energetic

needs (2). Although glycolysis is the main pathway for glucose utilization in the brain, the

alternate pentose phosphate pathway o, pentose shunt must have important specific

functions to fulfill since blockage of the pentose shunt leads to neurological d_sorders and

brain cell damage (3) & (4). In brain tissue, the pentose shunt provides ribose-5-phosphate

for synthesis of nucleotides and NADPH for reductive biosyntheses (such as lipid

biosynthesis in myelin formatior,). In neurons, NADPH is important in the catecholamine-

linked metabolism (1) and plays the role of a protector against oxidative damage or

intoxication that would occur during the normal process of monoamine neural

transmission. In this case, the reductive potential provided by NADPH is involved in

maintaining sulfhydryl groups such as glutathione in the reduced state. Glutathione in turn

scavenges peroxides produced either in the normal functioning of the brain or under

pathological conditions, lt would then appear that regulation of activity between the two

pathways, glycolysis and the pentose shunt, enables the brain to maintain a high energetic
9

level while assuring cell protection against oxidative stress.

Oxidative stress in the brain.

The use of oxygen in the cell's energetic reactions enables higher energy production

than that produced under anaerobic conditions. Only 2 ATP molecules are produced for

......... ;.............. .......... ....................... i -,
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one glucose molecule degraded to lactate anaerobically, whereas 36 are produced when

glucose is completely oxidized to CO2 aerobically (5). But oxygen metabolism comes at

the cost of potential toxicity in th_ form of the highly reactive species superoxide radical,

" singlet oxygen, hydroxyl radical and peroxides. If unquenched by some protective system

these species react with membrane lipids, with proteins, or nucleic acids, altering

macromolecular structure and hindering function. The origins of these toxic free radicals

are from both normal and pathological processes.

In the monoamine neuroanatomical pathways of the brain, monoamine

neurotransmitters (norepinephrine, epinephrine, dopamine and serotonin) released in the

synaptic cleft are taken up by the neuron and nearby glia after interaction with the post-
/

synaptic receptor (see figure 1). The neurotransmitter is further inactivated through

degradation by monoamine oxidase. Monoamine oxidase in the mitochondfial membrane

uses molecular oxygen to oxidize the monoamine producing an aldehyde and hydrogen

peroxide (HOOH). Glutathione peroxidase metabolizes the peroxide using reduced

glutathione which is then regenerated by glutathione reductase which uses NADPH. The

constant production of peroxide in the normal operation of neurotransmission constitutes

the basis for the hypothesized importance of the pentose shunt in neurons (1) & (6).

The processes occurring during and after transient ischemia are numerous and

complex. Various mechanisms have been implicated in ischemic damage including

acidification due to increased lactate, toxic levels of aspartate and glutamate, and changes in

calcium concentration. It has been suggested that the lesions observed following hypoxic

hypoxia, status epilepticus, hypoglycemia and ischemia, are most likely due to oxidative

reactions e.g, lipid peroxidation of membranes that have been structurally damaged by a

primary defect in energy metabolism (2). lrn fact, in some cases it has been possible to

single out free radical production as being implicated in injury to brain tissue after transient

ischemia (7) & (8).
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Figure l. Protection against peroxides in the brain. In monoamine neurotransmission
(for example 5,hydroxytryptamine: 5-HT), after release of the neurotransmitter from the
presynaptic neuron (PRE) in the synaptic cleft and interaction with the receptor in the post .,
synaptic neuron (POST), uptake and degradation of 5-HT by monoamine oxidase (MAO)
will result in the production of hydrogen peroxide (R-H). Transient ischemia produces
free radicals resulting in peroxides ROOH. ROOH are scavenged by the glutathione-
peroxidase (GP) -reductase (GR) system. Reduced glutathione (GSH) is regenerated from
its oxidized form (GSSG) by NADPH which is generated by pentose shunt activity.



Since the pentose shunt is linked to protection against deleterious effects of free radicals it

is possible that pentose shunt activity may be increased in transient ischemia (see figure 1).

Systems protecting against oxidative damage in the brain.
d

The brain is subjected to a particularly high risk from peroxides and free radicals

due to the importance of its content in polyunsaturated lipids, and protective systems are

expected to be equally important. The cellular antioxidant enzyme systems present in

measurable amounts in the brain include superoxide dismutase, which reacts with the

superoxide radical to produce hydrogen peroxide, and the other enzymes catalase and

glutathione peroxidase-reductase which scavenge the peroxides. The main fraction of

glutathione peroxidase-reductase activity is located in the cytosol (9). The concentrations

of these enzymes are small relative to other tissue types. For example in the rat brain

glutar/tione peroxidase activity is about 70 nmol GSH oxidized/minute/mg protein (10) &

(11). The activity is reported to be 2 to 9 (11) & (12) times higher in the heart and 5 to 20

(11) & (12) times higher in the liver. In the human brain, activity is reported to be from 30

to 56 nmol GSH oxidized/minute/mg protein depending on the cerebral localization (9).

Efficient protection via glutathione peroxidase in the brain is dependent on rapid

regeneration of of the reduced species and this is dependent on a rapid regulation of

NADPH production via the pentose shunt.

. 1.2. Non.NMR approaches to measurement of the pentose

phosphate pathway.

Our objective is to presenta method for measurementof the pentose phosphate

pathway activity underaerobicconditions in the brair_in vivo. The techniques which have

historically built up our present knowledge of the pentose pathway fall short of this

objective. Foremost this is because the in vivo condition is not fulfilled. Chemical assays
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in vitro of the individual enzyme activities provide us with valuable information about

individual properties of the constituent enzymes of the pathway, but regulation of the

pathway must be understood under the physiological conditions in the cells and organisms

in which they occur. The use of radioactively labeled substrates in perfused tissue

preparations or injected in the live animal in part respond to this condition. The first

formulations of the pathway relied ort incubation of radioactively labeled substrates in

tissue preparations and indeed our present formulation of the shunt is based on these

studies, but analysis of the radiotracer's fate involves the degradation of the tissue (except

in the case of CO2 analysis) during which metabolic changes may occur. Furthermore the

localization of the tracer in the metabolic intermediate can only be determined by isolation
,

and degradation of the compound. Dynamic studies imply sacrificing organisms at each

time point, and subjecting the tissues to extraction procedures. Positron emission

tomography (PET) permits radioactive tracer studies to be done dynamically in vivo, but as

in the previous case the position of the label in the metabolic intermediate is not obtained

unless the tissue is extracted and analyzed chemicady for each species. Therefore, in !(act,

dynamic detection of the tracer in PET studies does not yield any irformation on the

chemical state of the tracer.

1.3. NMR approach to measurement of the pentose phosphate

pathway.

The technique of nuclear magnetic resonance spectroscopy permits detection of

nuclei possessing magnetic spin in intermediate metabolites in vivo and yields information

on their physico-chemical state. As opposed to radioactive tracer techniques, information

on label position is obtained because the resonant frequency of a given spin is determined

by its molecular environment. For these reasons it is theoretically possible to follow

variations in time of metabolic pools, or metabolic transformations undergone by a tracer
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molecule. Practical limitations to such measurements depend on the specific case under

study. One limitation that applies in ali eases is the sensitivity of the NMR technique. In

order to be detected, the concentration of the metabolic pool of interest must be sufficiently

large, Conversely, the volume of detection must be sufficiently small for it to be of

biological significance, We estimate the lower concentration limit for lH NMR detection of
,. i

small metabolites in the human braiJa With a signal to noise ratio (SNR) of 5 from a lH

NMR study from the current literature (13). In that study, the peak arising from creatine

and phosphosphocreatine was detected in humans in vivo with a signal to noise ratio

(SNR) of 95 using localized proton spectroscopy at 2.1 Tesla in a detection volume of 14

ml with an acquisition time of 4 minutes (13). The concentration of creatine plus

phosphosphocreatine in the brain was assumed to be 10.5 mM (14). From these

observations, and assuming a linear relationship between concentration and SNR, and

volume arrd SNR, we estimate that a proton species at a concentration of about 0.9 mM in a

volume of 8 ml with 4 minutes of acquisition time at a field strength of 2.1 Tesla would

yield a SNR of 5....

With this limitation in mind we will approach the problem of measurement of

pentose shunt activity by applying two strategies concerning the physiological parameters

of interest. These physiological strategies involve:

• Targeting the metabolic pools of largest size in the organ. A spin label goes through

alternative metabolic pathways before arriving in a target metabolite (glutamate) which has a

large pool size in the tissue. The position of the spin label in the target metabolite yields

- information on which pathway has been taken by the label. The method we develop based

on this strategy is called the glutamate fractional enrichment method.

• Increasing the pool size of a specific intermediate of the pathway using a specific

metabolic blocker. The method we develop based on this strategy is called the

aminonicotinamide method.
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Themetabolichypotheseswillbetestedonbiologicalsystemswhichmay bestudiedat

highstaticmagneticfields.

1
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Chapter 2.

Models for measurement of flux through the
pentose phosphate pathway.

2.1. Radioactive tracer studies.

The penrosephosphate pathway is shown in its classical formulation(15) in figure

2,1. The Oxidativebranch of the pentose shuntproduces reduced NADPH and ribose-5-

phosphate (R5P) by oxidation of glucose-6-phosphate (G6P). The first reaction of the

shunt (oxidation of glucose-6-phosphate by glucose-6-phosphate dehydrogenase) is

irreversibleand rate limiting underphysiological conditions. Inthe non-oxidative branch

. of the shunt, the reversible action of transketolase and transaldolase enzymes produces

fruetose-6-phosphate (F6P) and glyceraldyhyde-3-phosphate (G3P) from R5P. Under

" physiological conditions where more NADPH than R5P is required and glucone0genesis

reactions are limited, G6P flows through the shunt to produce F6P and G3P which are then

metabolized to pyruvate by the reactions of the glycolysis branch. Existence of these

pathways is based on chemical inference and radiotracer studies. Another formulation
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called the L-type pathway has been proposed by Williams (16). The L-type was proposed

to account for results of radioactive tracer studies in liver whence its name (L for liver) as

opposed to the F-type (F for fat tissue) which is the name given to the classical formulation

" of the pathway, A review by the same author (17) presents results in accord with the L-

type pathway, but none of these was in brain tissue. Other reviews suggest that the

majority of radiotraeer studies are in accord with the classical formulation (18), and there is

to this date a controversy concerning the operation of the pathway in the liver. More

recently, a comparison of NMR data in red blood cells to computer simulations of the L-

type and F-type pathways showed that the results were more consistent with the F-type

than with the L-type formulation (19). The model we use in the development of our

method is the classical formulation of the pathway and our data are also consistent with this

formulation.

2.2. Models for the anaerobic fractional enrichment of the

lactate pool.

The following two methods for measurement of glucose flux through the pentose

shunt rely on the NMR detection of the lactate pool produced after 13Clabeled glucose is

given as a substrate to the cell system. The two labeled glucose substrate species

considered are [13C-1]-glucose and [13C-2]-glucose. The accumulation of a lactate pool

results from consumption of glucose in cell systems under anaerobic conditions. The

" cessation of this accumulation accompanied by the inhibition of glucose consumption with

the onset of respiration is called the Pasteur effect and is described in general biochemistry

textbooks (5). Lactate pools may also occur in tissues under aerobic conditions, when

rates of lactate production and removal differ (20). We will see that the C1 of glucose is

lost to CO2 in the pentose shunt and the C2 is conserved. This implies that [13C-1]-
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glucose can be used for determinationof the relative fluxes only by observation of labeling

patterns in lactate, whereas [13C-2].glucose can be used by observation of either lactate or

glutamate labeling patterns, Therefore [13C.1]-glucosecan be used for determination Ofthe
,4'

relative fluxes in the aerobic case only if rates of lactateproduction andremoval differ, The

use of [13C-2]-glucose in the aerobic case by observation of glutamate labeling patterns is
N

,J

developed in the next section (2.3).

The glucose substrate flows to lactate by alternative pathways: direct glycolysis or

penrose shunt. The fraction of glucose that has been consumed through either pathway is

called the relative flux, lt is possible to obtain information on the relative fluxes becvase

the labeling pattern of the lactateproduced from glucose consumption depends on the it_itial

position of label in the sub,_trateand on the pathway that was taken. The final lactate pool

thereforecontains lactate molecules w_thdifferent 13C labeling patterns, each different type

being called a lactate species. (The different lactate species are lactate isotope isomers or

isotopomers and this notion is developedfurtherin the next section). The relative amounts

of the different lactate species in the lactate pool are related to the relative fluxes, and the

models described here yield the mathematical equations of that relationship. The reiative

amounts of lactate species are obtained experimentally in the NMR spectrum, and the

relative fluxes are therefore calculated from the experimental data with the moders

equations. The relative amounts may be defined in different ways depending on what

information is most easily extracted from the NMR spectrum. The fractional enrichment

defines the amount of species labeled in a given position relative to all species (including

unlabeled species) whereas the relative enrichment defines the amount of label in a given

position relative to amount of label in other positions, It is not always possible to obtain

the fractional enrichment from the NMR data and therefore in the following development,

expressions are given for the flux both as a function of fractional enrichments and of

relative enrichments.
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2.2.1. Use of [13C-l]-glucose as a precursor.

This model was first used to measure relative flux of glucose via the pentose shunt

in anaerobic preparations of rabbit lens (21). In this method, the substrate provided to the

cell system is glucose labeled in the C1 position ([13C-l]-glucose), The method is based

. on the loss of the label in the C1 position when [13C'l]'6"phosphogluconate ([13C-1]-

6PO) is oxidized to ribulose 5-phosphaie in the second oxidative step of the pathway. The

model is shown in figure 2.2.

ii m m,lnm i I I I

13C-1Glucose Rtbulose-S-P
,

HOR2.C 9

i_ OHOH

0 I

, CHOH
..... "- CHOH

PENTOSEPHOSPHATEPATHWAY t
_ CHL:,OP
GLYCOLYSIS

PO= (l-X) PS= X

Lactatefromglycolysis Lactatefromshunt '_¢
m iii

iCH3 7H3 IGH3
CHOH CHOH n(L/G)=2/1 n(L/G)=5/3 CHOH
I I I
CO0" CO0" C00"

1/2 1/2 l/l

1.

Figure 2.2. Model for the anaerobic fractional enrichment of lactate using initial [ ]3C- 1]-
. glucose. Ps=X is the fraction of glucose flux through the pentose shunt and Po is the

fraction of glucose flux through direct glycolysis (Po + PS = 1). n(L/G) is the number of
lactate molecules produced per glucose molecule consumed in either case. The number
indicated at the bottom of each species is the fraction of that species in the pool produced by
either glycolysis or shunt.
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For each glucose molecule that goes through direct glycolysis to lactate there are

one [13C-3]-lactate molecule and one unlabeled [12C-3]-lactate molecule produced,

However for every three glucose molecules going through the shunt five unlabeled lactate

molecules are produced. The fraction X of glucose that that has been through the shunt is :

iexpressed as a function of the ratio r of labeled to unlabeled lactate. _:' '_'°N

The following assumptions are applied in the model (21). The label entering the

lactate pool does so via either the direct glycolysis pathway or via the pentose shunt and not

via any other pathway. Therefore from glucose to lactate, there are only two branches,

There are no unlabeled endogenous lactate precursors; the only lactate precursor is the

labeled glucose supplied by the experimenter. There is no recycling of pentose shunt

products. The fractional enrichment of the glucose substrate is 100%. We may note here

that it is not necessary to assume steady state.

Although the "no unlabeled endogenous lactate precursors" assumption should be

valid in brain tissue in which glycogen stores are low and glucose from the blood is the

main energy source, it is not valid in skeletal muscle where glycolytic flux from glycogen

can be 4 times greater than from glucose. A method of correction of the NMR pentose

shunt measurement for endogenous carbon sources that uses both [13C-II-glucose and

[13C-6]-glucose has been proposed (22). We show in the next section (2.2.2) thnt by

using [13C-2]-glucose and observing relative 13C enrichment of lactate carbons, the

measurement ca, be made independently of endogenous carbon sources.

The following defines the notations to be used in the the present and subsequent . '

models and develops the relationship between X and r.

Fracn'onal fluxes.

Assuming that the observed lactate comes from glucose which is consumed only

through either direct glycolysis or pentose shunt pathways, the fractional fluxes PG for

direct glycolysis, PS for the shunt are defined so that their sum equals 1'
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PG + PS = 1

Calling PS = X, we have PG = 1-X as shown in figure 2.2.

.)'

Labeling of lactate produced.

" According to the model, consumPtion of glucose labelled in the C1 position will

lead to a label only in the C3 position of lactate after glycolysis. Let's call [glucose] the

amount of glucose consumed, [[13C-3]-lactate] and [[12C]-lactate] respectively the amounts

of labeled and unlabeled lactate produced. The amount of a given species of lactate is

obtained by summing the amounts produced from each pathway. [[13C-3]-lactate] is

produced only from direct glycolysis and is proportional to the fractional flux through

glycolysis PG, the number of molecules of lactate produced per molecule glucose

consumed through glycolysis (n(L/G)=2/1 for glycolysis in figure 2.2), and the fraction of

labeled lactate produced from glycolysis (fraction = 1/2). [[ 12C]-lactate] is produced from

glycolysis and from the shunt. The amount of [[12C]-lactate] produced from the shunt is

proportional to the fractional flux through the shunt PS, the number of molecules of lactate

produced per molecule glucose consumed through the shunt (n(L/G_=5/3 for the shunt in

figure 2.2), and the fraction of unlabeled lactate produced from the shunt (fraction = 1/1).

Therefore we have:

[[13C-3] lactate] = PG [glucose] = (l-X) [glucose] (2.1)

(one labeled lactate for each glucose via glycolysis)

. [[12C]lactate] = PG[glucose] + (5/3)Ps[glucose] = (1-X)[glucose] + (5/3)X[glucose] (2.2)

(one unlabeled lactate for each glucose through glycolysis)

(five unlabeled lactate for three glucose through the shunt)
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And the total amount of lactate produced is therefore:

[lactate]- [[13C-3]lactate] + [[12C]lactate] = [glucose] ( 2PG + (5/3)Ps)

6-X
[lactate] = [glucos e]_ (2.3)

3

The ratio r of labeled to unlabeled lactate is:

r = [[1312- 3]lactate] Po 3(1 - X)= = (2.4)
[[12C-3] lactate] Po +_Ps 3+2X

Which yields X as a function of r:

X = 3(1 - r) (2.5)
3+2r

The ratio r is obtained experimentally from the proton NMR spectrum and then used

to Calculate the fraction X of glucose flux through the shunt. Labeled lactate peaks appear

in the proton spectrum as 13C satellites symmetrically placed on each side of the unlabeled

lactate peak because of the 128 Hz scalar coupling between the 13C and lH in the C3

position. Expression 2.5 may also be derived by using fractional enrichments which are

defined in the following.

Fractional enrichments.

The fractional enrichment FLi of lactate in the Ci position is defined as the ratio of

the amount of lactate species labeled in Ci to the total amount of lactate •

[[13C- i]lactate]
FLi = (2.6)

[lactate]

In this case the only lactate species present after glucose consumption are the unlabeled and

C3 labeled species Therefore if we call FL0 the fraction of unlabeled lactate, we have:

FL0 + FL3 = 1

Inserting the expressions for amounts of lactate species produced (equations 2.1 to 2.3) in

the definition of FLi, we obtain the following expressions for the fractional enrichments"
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FL0 = [!12C- 3]lactate] = PG+ _Ps = 3+2._._X (2.7)
[lactate] 2pG + 5/_PS 6- X

. FL3 = [[13C-3]lactate] = PO = 3(1-X) (2.8)
[lactate] 2PG+ _ PS 6- X

The ratio r may be expressed as a function of FL0and FL3:

r = FL3 - 3(1- X)
FL0 3+ 2X (2.9)

which is equivalent to equation 2.4.

Likewise, expressions 2.7 and 2.8 may be used to express the flux simply as a function of

the fractional enrichments:

X = 3(2FLo- 1)
2 + FLo (2.1O)

X = 3(1- 2FL3) (2.1 1)
3-FL3

2.2.2. Use of [13C.2].glueose as a precursor.

In this method, the substrate provided to the cell system is glucose labeled in the C2

position ([13C-2]-glucose). We base this model on the classical formulation of the non-

oxidative steps of the pathway which is shown in figure 2.3.



18
i

i i i

_. H2OH

_1 HO 3_IH_H _HOH3CHOH ' 31 -CHOH
41 I TK J
CHOH 4CHOH _ 4CHOH 4CH0
I + I _ i + I

5CHOH 5CHOH 5CHOH 5CHOH "

6_H20P I , , I 6 I6CH=OP 6CHiOP CH=OP

Ribose-5-P Xytulose-5-P Sedoheptulose-7-PGlyceraldehyde,3-P
_3456 _3456 Z3_3456 456

3C0 _1 H_)H
CHOH ' 3 .CO

(_CHOH 3CHO3/HOH TA I
4CHOH 4CHO , -- 4CHOH 4CHOH
i + i _ i + t

5CHOH 5CHOH 5CHOH 5CHOH

6_H20P I I I6CH=OP 6CH=OP 6CH20P
Sedoheptulose-7.PGlyceraldehyde.3-P Fructose-6-P Erythrose-4-P

_3_3456 456 _32456 3456

_IH2 OH

3__; 2OH 3C013CHO 3CHOH
4_HOH I TK =4CHOH _ 4CHOH, 4CHO

I + I _ I + I
5CHOH 5CHOH 5CHOH 5CHOH

I I I

6_H20P 6CH_)P 6CH20P 6CH20P
Erythrose-4-P Xylulose-5-P Fructose-6-P Glyceraldehyde-3-P

3456 _456 _33456 456

Ribose-5-P + 2 Xylulose-5-P _ 2 Fructose-6-P + Glyceraldehyde.3P
_3456 _456 _32456 456

_3456 Z33456

Figure 2.3. Non-oxidative steps of the pentose phosphate pathway.
The carbons of each molecule are assigned numbers which correspond to the
numbers given to the initial substrate glucose carbons by starting with 1 in the
aldehyde position. A 13C label placed in position 2 of glucose is indicated by a
circle around 2 in the molecule and an underlined 2 in the name.



Is

, 19

Figure2.3showsthescrambl!ngoflabelsre-enteringtheglycolyticrouteintheformof

F6P and GA3P. The glucosecarbonsarenumbered startingfrom 1 inthealdehyde

position.The CI islosttocarbondioxideinthe6-phosphogluconatedehydrogenase
D

(6PGDH) step.InthisfiguretheinitialC2 labelfromglucoseiscircledtohighlightthefate

ofthe13Cisotopeplacedthere.Themodelforthemethodbasedonmeasurementof[C-3]-
q

lactatefractionalenrichmentisshownirifigure2.4.Therearetwoadvantagesconferredby

takinga labelintheC2 positioninsteadoftheCI positionbecauseofthefactthattheC2

labelisnotlosttoCO2 withpassageoftheglucosemoleculethroughthestepsoftheshunt.

Firstly,thecharacteristicpositioningof the13C labelinlactatedue topassage

throughtheshuntallowsustodevelopexpressionsforrelativeshuntfluxasafunctionof

relative13Cenrichmentsofthelactatecarbonpositionsi.e.nothavingtotakeintoaccount

theamountof 12C incorporatedintoa particularlactatecarbonposition.Since12C

incorporatedintolactatepositionsmay come fromendogenousunlabeledsourcessuchas

glycogenstores,by usingonlytherelativeamountsof 13C incorporatedintolactate

positionswe freeourselvesfrom theassumptionof"no endogenousunlabeledlactate

precursors".When onlyrelativeamountsof13C incorporatedintolactatepositionsare

used thentheamount of unlabeledlactatepositionsproduceddoesn'tmatter. The

assumptionnccdcdtoreplacethe"noendogenousunlabeledlactateprecursors"assumption

isthattheonlysourceoflabeledlactateisthelabeledprecursor.Concurrently,this

assumeswc neglecttheI.I% naturalabundanceof13C.The expressionsofrelativeshunt

fluxbasedon relativeenrichmentsareapplicabletotissueswhichhavelargeendogenous

• carbon sources such as muscle tissue where glycolytic flux from glycogen can be 4 times

greater than from glucose.
,,

Secondly, under aerobic conditions the 13C label from [13C-2]-glucose is able to

incorporate into glutamate after glucose has passed through the shunt. This enables us to

develop expressions of relative shunt flux based on glutamate relative 13C enrichments in

the aerobic case.
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In thefollowing,expressionsfortherelativeshuntfluxas a functionoflabele,d and

unlabeledpositionsoronlyoflabeledpositionsoflactatearedeveloped,sowe restatehem

thesame assumptionsthatwere appliedinthepreviousmodel,notingthatthe"no
,m

unlabeledendogenouslactateprecursors"assumptionisnot necessarywben relative

amounts are used:

t

The label entering the lactate pool does so via either the direct glycolysis pathway or

via the pentose shunt and not via any other pathway. Therefore from glucose to lactate,

there are only two branches. There are no unlabeled endogenous lactate precursors, the

only lactate precursor is the labeled glucose supplied by the expen_menter. There is no

recycling of pentose shunt products. The fractional enrichment of the glucose substrate is

100%.

The model in figure 2.4 shows that once [13C-2]-glucose has been consumed, there

are 4 possible labeling patterns for lactate: [12C-1,2,3]-lactate (unlabeled lactate), [13C-2]-

lactate, [13C-3]-lactate and [13C-1,3]-lactate. First we develop the flux through the shunt

as a function of the amount of C3 labeled relative to C2 labeled species, then of C3 labeled

relative to C3 unlabeled species. Then for completeness the flux is given as functions of

the fractional enrichments in positions 2 and 3 of lactate.
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Figure 2.4. Model for the anaerobic fractional enrichment of lactate using initial [13C-2]-
glucose. Ps=X is the fraction of glucose flux through the pentose shunt and PG is the
fraction of glucose flux through direct glycolysis (PG+ PS = 1). n(L/G) is the number of
lactate molecules produced per glucose molecule consumed in either ease. The number
indicated at the bottom of each species is the fraction of that species in the pool produced by
either glycolysis or shunt.

The expression for the fraction X of glucose that has gone through the shunt is

obtained by applying conservation of label in the lactate pool. In this case we consider the

amount of label in the C2 and C3 positions of lactate.

, When one glucose molecule is consumed through the pathway of direct glycolysis

the result is the formation of one [13C-2]-lactate molecule and one unlabeled lactate

molecule. On the other hand for every three glucose molecules that have gone through the

shunt, the shuffling of label results in the formation of two [13C-3]-lactate molecules and

three unlabeled lactate molecules. The fractional fluxes PO and PS are defined as in the
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previous model. The amounts of labeled lactate species formed expressed as a function of

the glucose consumed [glucose] are therefore given by:

[[13C- 2]lactate] PO [glucose]= (1- X)[glucose] (2.12) "

(one[13C-2]lactateforeachglucoseviaglycolysis)
t.

u

[[13C- 3]lactate] = (,_) Ps[glucose]= -_ [glucose] (2,13)

(two [13C-2]lactate for each three glucose via shunt)

[[12C - 3]lactate] = 2 PG[glucose]+ PS [glucose]= (2 - X)[glucose] (2.14)

(two for each via glycolysis one for each glucose via shunt)

The [13C-2]-lactate and [13C-2]-glucose are observed in the carbon spectrum

whereas [13C-3]- and [12C-3]-lactate are observed in the proton spectrum. The ratio rl,

fraction of the [13C-3] to [13C-2] lactate species is expressed as a function of the fractional

fluxes PG and PS = X of glucose:

= [[13C-3]lactate] = _Ps ' 2X
rl [[13C-2]lactate] _ 3(1-X) (2.15)

or as in the previous case the ratio r2 of [13C-3]- to [12C-3]-lactate:

= [13C-3]lactate = _Ps 2X (2.16) "
r2 [12C- 3]lactate 2P G + PS-= 6- 3"--'X

Or addition of equations 2.12 and 2.14 enable one to express X as a function of [13C-2]-

lactate, [12C-3]-lactate and glucose consumed.

Three expressions evaluating the fraction X of glucose consumed via the pentose

shunt as a function of observables from the NMR spectra are therefore given by:
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x =, (2.17)
2+3r 1

X = 6r2 (2,18)
- 2+3r2

. X = [[12C- 3]lactate]- 2[[13C - 2]lactate] (2.19)
. [glucose]

, Fractional enrichments.

Expressions for the fractional enrichments FLi as a function of the fractional fluxes

are given by the following. As mentioned earlier, figure 2,4 shows that once [13C-2]-

glucose has been consumed, there are 4 possible labeling patterns for lactate: [12C-1,2,3]-

lactate (unlabeled lactate), [13C-2]-lactate, [i3C-3]-lactate and [13C-1,3]-lactate. It is

sufficient to consider the fractional enrichments in C2 and C3 positions, FL2 and FL3 and

the fraction of unlabeled lactate FEDto obtain equations similar to the previous ones relating

flux to fractional enrichments.

The fractional enrichments are obtained by substituting equations 2.12 and 2.13 in

the definitions and using the additional expressions for total lactate produced [lactate] and

unlabeled lactate produced [[12C. 1,2,3]-lactate]:

[lactate] = (2PG + 5/_Ps) [glucose]= 6- X [glucose ] (2.20)
3

[[12C-1,2,3]-lactate] = [glucose] PG + [glucose] PS = [glucose] (2.21)

This gives:

PG+Ps 3

' F-L0= 2PG + _Ps = 6-"_ (2.22)

" Pc 3(1-x)
FL2 = 2Po + _ PS = 6- X (2.23)

2X

FL3= 2p_'3:_ ps = 6_X (2.24)
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It is also possible to give expressions of X as a function of the fractional

enrichments using the formulae above, assuming ali of the lactate comes from consumption

of [13C-2]-glueose:

X = 6FLo -3 (2.25)

X = 6F_2 - 3 (2.26)
r 2-3

X = 6FL3 (2.27)
FL3+2

2.3. Model for pentose shunt activity under aerobic conditions.

The glutamate enrichment method.

In the following we develop expressions linking the relative enrichment of

glutamate carbon,s with the fractional flux X of glucose through the shunt using the

assumption that the relative enrichment of acetyl-CoA carbons reflects the relative
,f

enrichment of pyruvate carbons. The models we develop for measurement of flux of

glucose through the pentose shunt based on the classical formulation of the shunt assume

the distribution of labels in fructose 6 phosphate and glyceraldehyde-3-phosphate after

passage of [13C-2]-glucosethrough the shunt shown in figure 2.3. This labeling scheme is

shown again in figure 2.5. where the entry of labeled pyruvate into the citrate cycle via

pyruvate dehydrogenase (PDH) and transamination to glutamate is also shown. The

labeling scheme of pyruvate is the same as that of lactate shown in figure 2.4 where the C1

of lactate corresponds to the C1 of pyruvate. In the following, expressions for the
i,

fractional enrichment of pyruvate as a function of the fractional flux X through the shunt

are developed. The incorporation of label into glutamate from pyruvate will depend on the

relative activities of PDH and pyruvate carboxylase (PC), the equilibration of oc-
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Numbers in parentheses at right of molecules are carbon positions, Pi are fractional fluxes,
nfP/G) are number or pyruvatemoleculesproducedper glucosemolecule consumed, Carbon 2
of glucose is circled to indicatea label 13Cplaced there.



26

ketoglutaratewith glutamate via glutamate transaminaseand the amount of cycling in the

citrate cycle. Using a model for the citrate cycle that takes into account cycling and

anaplerotic reactions, expressions for the fractional enrichment of acetyl-CeA species as a

function of the fractional enrichment of glutamate species are developed. Relative "

enrichments of pyruvate (arbons, acetyl-CeA carbons are defined, and the relative

enrichment of glutamate carbons are' given as a function of the glutamate fractional

enrichments,

2.3.1. Fractional enrichment and relative enrichment of pyruvate.

Fractional enrichment of pyruvate,

The fractional enrichment of pyruvate as a function of the flux X of glucose via the

shunt can be developed in the same manner as it was for lactate in the previous section.

The following notation is used :

[pyruvate] = total pool of pyruvate

Fro = fraction of unlabeled pyruvate = [[12C-1,2,3]]pyruvate / [pyruvate]

Fr,2= fraction of [13C-2]-pyruvate= [[13C-2]-pyruvate] / [pyruvate]

Fp3 = fraction of [13C-3]-pyruvate= [[13C-3]-pyruvate] / [pyruvate]

where [13C-3]-pyruvate refers to ali pyruvate labeled in position C3 i.e. [13C-3]- and [13C-

1,3]-pyruvate.

Applying the model in figure 2.5., pyruvate formed from the consumed glucose yields:

[pyruvate] = (2P0 4._ PS) [glu cose]= 6_" X [glu cose] (2.28) '3

[[12c- 1,2,3- pyruvate]] = (Po + Ps)[g lucose] = [glucose] (2.29)

[[13C- 2]pyruvate] = PO[glucose]= (1- X)[glucose] (2,30)
.t.,

[[13C- 3]pyruvate] = (_)Ps[glucose]= 2X. [gluco,_e] (2.31)
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and if ali the pyruvate present is fomled only from glucose then the fractional enrichments

would be:

= P+Ps = 3
• Fpo' '2Po + _Ps '6- X' (2.32)

. Fl:,2 = PO = 3(1- X) (2.33)
2Po +_P s 6-X

PS 2X (2.34)
Fp3 = '2P_+ _ PS = 6- X

j.

Expression 2.28 gives the total amount of pyruvate if ali pyruvate is formed from

glucose. In an open cellular system, pyruvate is at the crossroads of metabolic pathways,

and unlabeled pyruvate may be produced from unlabeled alanine, lactate or oxaloacetate

pools present in the cell. If unlabeled pyruvate is produced from other undetermined

sources, expression 2.28 and 2.29 need another term on their fight hand side to take this

into account and the expressions for the fractional enrichments also need correction. In this

case the fractional flux of glucose via the pentose shunt cannot be determined from the

fractional enrichments which will contain an unmeasurable term. However we can measure

the relative enrichments which do not contain this term.

Definition of relativeenrichments.

The relative enrichment Rpt of position Ci of a given intermediate is defined as the

ratio of the amount of label in position i over the sum of amount of label in ali positions:

[[13C i]pyruvate] (2.35), i

Rpi _[[13C- j]pyruvate]
J
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Relative enrichments of pyruvate,

Under the assumption that the only source for labeled pyruvate is the labeled

glucose, the relative enrichments do not rely on the total amount of pyruvate and may be

expressed as a function of the fractional fluxes by substituting equations 2,30 and 2,31 into

the definition (equation 2.35):
i

= [[13C- 2]pyruvate] = ,, PG 3(1-- X), (2.36)
Rp2 [['13'C-2]pyruvate]+[[13C-3]pyruvate] PO +_Ps = 3-X

= ' [[13C- 3]pyruvate] = .... _.Ps 2X
Rp3 [[13C-2]pyruvate]+[[!3C'"-3]pyruvate] PG +_Ps = 3-X (2,37)

Therefore the expressions for the flux as a function of the relative enrichments of pyruvate

are:

X = 3(Rp2"!) (2.38)
Rp2 - 3

X = 3Rp3 (2.39)
2+ Rp3

Or X may be expressed as the ratio rp of [13C-3] to [13C-2]-pyruvate:

rp =--_ (2.40)
Rp2

X= 3rp (2.41)
2+3rp

This is identical to the expression for relative shunt flux from the ratio rl of C3 to

C2 labeled lactate. The same result is obtained by expressing the relative enrichments as a

function of the ratios of fractional enrichments, since the denominators of the fractional

enrichments containing the undetermined term will eliminate in the ratio.
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Relative enrichments of alanine.

Alanine is produced from pyruvate via transaminase and 13C labeled alanine is

observed in the NMR spectrum. Under the assumption that the only labeled alanine

produced is from labeled pyruvate, the relative enrichments of alanine are equal to the

relative enrichments of pyruvate:

3(1-X)
RA2 = (2.42)

3-X

2X
RA3 = _ (2.43)3-X

From the above equations X may be expressed as the ratio rA of [13C-3] to [13C-2]-alanine:

RA3
rA = _ (2.44)

Rg2

X = 3rA (2.45)
2+3r A

Relative enrichments of acetyl-CoA.

Rci are the relative enrichments of acetyl-CoA carbon positions. Under the

assumption that labeled acetyl-CoA is produced only from labeled pyruvate via pyruvate

dehydrogenase (see figure 2.5) then at steady state the relative enrichment of acetyl-CoA at

position C1 (Rc1) is equal to the relative enrichment of pyruvate at position C2 (Rp2), and

. the relative enrichment of acetyl-CoA at position C2 (Rc2) is equal to the relative

enrichment of pyruvate at position C3 (Rp3).

3(1- X)
RC1 - (2.46)3-X

2X

Rc2 3- X (2.47)
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In the next section we link these expressions to the relative enrichments of

glutamate.

2.3.2. Model taking into account cycling and anaplerotic reactions.
,q

A mathematical model of the cKrate cycle which allows evaluation of the fractional

enrichment of molecules entering both the oxidative and anaplerotic pathways under steady

state conditions was developed by Malloy et al. (23). Figure 2.6 shows the network of

reactions of the citrate cycle and transamination reactions necessary to describe the model.

Individual enzyme reactions of the cycle not shown in figure 2.6 are" aconitase, succinyl-

CoA synthetase, succinate dehydrogenase and fumarase. When the cycle turns, the

oxidative decarboxylations following the incorporation of the acetyl group via citrate

synthase produce NADH for the electron transport chain which generates ATP for the cell.

When citrate cycle intermediates are used for biosynthesis of amino acids or porphyrins,

the intermediate pools must be replenished in order for the cycle to continue operating. The

reactions resulting in the de novo synthesis of citrate cycle intermediates, excluding the

citrate synthase reaction, are called the anaplerotic reactions. Anaplerosis includes the

formation of oxaloacteate from pyruvate via pyruvate carboxylase or from aspartate via

transaminase and results in the replacement of the intermediate's label by an unlabeled or

differently labeled species. The model takes into account replacement of label by

anaplerosis, cycling of label in the cycle and production of labeled glutamate from o_-

ketoglutarate via transaminase.

The strategy of the model is based on the analysis of the glutamate 13C spectrum.

13C coming from the labeled glucose provided to the cell system in the experiment is

incorporated into glutamate. The various species of 13C labeled glutamate are isotope

isomers of unlabeled glutamate and are called glutamate isotopomers. There are 32 possible
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Figure 2.6, Simplified citrate cycle and transamination reactions.
Enzymes: PDH=pyruvate dehydrogenase, PC=pyruvate decarboxylase, CS=citrate
synthase, TA = transaminase. The o and * follow the fate of a C-13 label placed at
respectively C2 and C3 of pyruvate.
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13C isotopomers for glutamate resulting from the 25= 32 possible different combinations of

the 5 labeled (or unlabeled) positions of glutamate. The appearance and relative intensifies

. of the glutamate resonances in the NMR spectrum depend on the mixture of isotopomers

present in solution. The model yields the fraction of each isotopomer (amount of

isotopomer i relative to the total amount of glutamate) as a function of 7 metabolic

parameters describing the citrate cycle a't steady state. These parameters are:

FCO= fraction of unlabeled acetyl-CoA

FC1 = fractional enrichment of [13C-1]-acetyl-CoA

FC2 = fractional enrichment of [13C-2]-acetyl-CoA

FC3 = fractional enrichment of [13C-1,2]-acetyl-CoA (doubly labeled species)

y = flux of anaplerotic reactions relative to citrate synthase flux

FAO= fraction of unlabeled anaplerotic substrate

FA1 = fractional enrichment of anaplerotic substrate that yields either [13C-2] or [13C-3]-

oxaloacetate in the fast span of the citrate cycle.

FA2 = fractional enrichment of anaplerotic substrate that yields [13C-2,3],oxaloacetate in

the first span of the citrate cycle.

The model is developed with the following assumptions (23):

1. The citrate cycle is in steady state: the concentrations of the citrate cycle intermediates

and their exchanging pools are constant, the fractional enrichment at each carbon of the

substrates and citrate cycle intermediates is not changing, and the rate of disposal reactions

equals the rate of anaplerotic reactions.

2. Ali 13C entering oxaloacetate has been randomized between C1 and C4 and between C2

and C3.

3. The fraction of labeled CO2 involved in carboxylation of pyruvate is negligible.

4. The relative concentration of glutamate isotopomers is identical to the relative

concentrations of o_-ketoglutarate isotopomers.
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The general ease developed includes ali folar possible labeling patterns in acetyl-

CoA (unlabeled, singly labeled in C1 or C2 and doubly labeled) and three possible labeling

patterns in the anaplerotic substrates. Development of the model to yield the concentration
i

of each isotopomer of glutamate as a function of the metabolic variables defined above is

done in the following manner.

The distribution of isotopomers is determined by the input-output method (24).

Consider a given _-ketoglutarate isotopomer as the input molecule. After one turn of the

cycle, the labeling pattern of the output o_-ketoglutarate isotopomer depends firstly on

whether the succinate formed has proceeded directly to oxaloacetate or has been replaced in

an anaplerotic_ reaction, and secondly, on which acetyl isotopomer oxaloacetate has

combined with. So the probability of obtaining a given output o_-ketoglutarate isotopomer

depends on the al;.emative pathways available to the input o_-ketoglutarate isotopomer, and

is a function of the metabolic parameters given above. Conservation of mass at steady state

implies that the concentration of a given input o_-ketoglutarate isotopomer must equal the

sum of ali isotopomer concentrations times the probability that each isotopomer will yield

that isotopomer of interest after one turn of the cycle. This results in 32 equations in 32

unknowns which is solved to relate the relative concentration of each isotopomer to the

metabolic variables (23).

Although the concentration of a single isotopomer cannot be measured from the 13C

spectrum, the relative concentration of the glutamate carbon groups can be directly

measured, thereby relating the 13C spectrum to physiological variables. For example in

• the 13C NMR spectrum the peak for [C-4]-glutamate is due to the contribution at 36.10

ppm of ali 16 isotopomers that have a 13C label in position C4 ' [13C-4]-glutamate, [13C-

1,4]-glutamate, [13C-2,4]-glutamate, [13C.l,2,4].glutamate, [13C-3,4]-glutamate, [13C-

1,3,4J-glutamate, [13C-2,3,4]-glutamate, [13C. 1,2,3,4J-glutamate, [13C-4,5]-glutamate,

[13C-1,4,5]-glutamate, [13C-2,4,5]-glutamate, [13C-1,2,4,5]-glutamate, [13C-3,_,_5J-

glutamate, [13C. 1,3,4,5J-glutamate, [13C-2,3,4,5]-glutamate, [13C. 1,2,3,4,5]-glutamate.
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These are shown below (where a star indicates 13Clabel):

"OOC_. CH=_ CHFCH_.. COO" "OOC_. CH-- CHf=- CHf- CO0"+H3 N_' +H3N _" .

* "OO_._. r..,r, * *
+"OOC_,.H3N"" CH-- CI-Lz--*CHf-COO" + H3N .__,n--CH2--.CHf- COO" "

(

-ooc_,..c. cH --coo -ooc_,o,,+ H3N -" Cn-- + H3N _' ,..n-- _ .

c.F.F oo.+H3N--_;"-- + H3N,_, _rl--

"OOC._ * * OOC_., CH-- CH2=- CH_==COO"CH-- CH2--CHf- COO" * * *+H3N " +H3N "_

"O(_C-_CH_._H2_.*CHf_ COO" "0(_ CH_.*CHFCHFCO O.+ H3N "" + H3N

"OOC_*,,, *,,, *,,, +HO_3N_H__HFCH___OO.+ H3N" _.n-- _n2--. ,..hf-- COO"

"OOC-._*, * * "OOC _.*,.. H ,__ *__ *
+ H3N" CH-- CH2.-- CHf-- COO" + H3N" C -- CH2.-- CH_-- COO"

The first four isotopomers will contribute to the singlet peak at 36.10 ppm while the

others which have a 13C adjacent to C4 will contribute to multiplets centered at 36.10 ppm.

The fractional enrichment of [C-4]-glutamate is therefore given by the sum of relative areas

of the above 16 isotopomers. Before giving the expressions relating the fractional

enrichment of each of the five carbons of glutamate to the physiological parameters, the

following simplification is applied.

When [13C-2]-glucose is the labeled substrate, the first four isotopomers are the

predominant C4-1abeled species. The glucose generated pyruvate pool supplying the acetyl-
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CeA pool is approximately half unlabeled half singly labeled. This is explained by the

equivalent production of labeled and unlabeled pyruvate via glycolysis and the production

of 2/5 labeled to 3/5 unlabeled pyruvate via the shunt (see figure 2.5). This is supported by

" the experimental NMR spectrum: species labeled in adjacent positions should give rise to

multiplets, and no multiplet structure was observed in the 13C spectrum. Consequently the
,4

probability of having doubly labeled aCetyl-CeA is negligible, and in the [13C-2]-glucose

substrate case one sets FC3 = 0. For the same reasons the probability of having doubly

labeled anaplerotic substrate is negligible and FA2 is also set to 0. The fractional

enrichments FGi after this simplification are given by:

(1- 2FC0 + F20 - FCl +FCOFC1+ 4y- 6FC0Y+ 2F_0Y- 3FclY + 2FcoFclY

FG1 = -2Fc2Y - FAoFc2Y+ 2FcoFc2Y + 2FcIFC2Y+ 3y2 - FA0Y2 - 2Fc0Y 2 - 2Fc2Y 2)
2(1 + y)(1- FCO- FCl + y)(1 + 2y)

(2.48)

FG2 = 1- Pc0 - FCI+ y- FA0Y (2.49)
1+2y

FG3 = I- FC0 - FCI+ y - FA0Y (2.50)
l+2y

FG4 = FC2 (2.5I)

FG5 = FCI (2.52)

One notes that with the simplification taken into account, the fractional enrichments

• in positions C4 (FG4) and C5 (FG5) of glutamate are determined by the two physiological

parameters FC1 and FC2.

The relative enrichments between C4 and C5 positions are defined as:

R'G4 = FG4 (2.53)
Fc4+Ft5
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FG5 (2.54)
R'G5= FG4 + FG5

Substituting the FG4 and FG5 by the metabolic parameters FC1 and FC2 in equations

2.53 and 2,54 gives the relative enrichments between C4 and C5 expressed as relative
q

enrichments of acetyl-CoA which in turn is expressed as a function of the fractional flux X
t,

of glucose via the shunt (equations 2,46 and 2,47):

.,, Fc2 , 2x
R'O4 = FCI + FC2 = RC2 3-X' (2.55)

3(I-X)
FO5 = RCl = (2.56)

R'G5= FG4 + FG5 3-X

From the above equations X may be expressed as the ratio ro of [13C-4] to [13C-5]-

glutamate:

ro = R'G---'A'4 (2,57)
R'G5

X = 3ro
2 + 3rG (2.58)

Therefore the fractional flux of glucose via the pent0se shunt may be expressed as

a function of the ratio rL of relative enrichments of C2 and C3 of lactate in the anaerobic

case (equation 2.17) and of the ratio rA of relative enrichments of C3 and C2 of alanine

(equation 2.45) or of the ratio rG of relative enrichments of C4 and C5 of glutamate in the

aerobic case (equation 2.58). Information about the fractional enrichment of the anaplerotic
ii

substrates and the total flux of anaplerotic reactions relative to citrate synthase flux may be

extracted from the relative enrichments of C1, C2 and C3 carbons of glutamate in the

aerobic case.

The different proposed methods for calculating the relative flux of glucose through

the pentose shunt are summarized in table 2.1.

f
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Table 2.1. Table of fractionalflux X of glucose through the pentose shunt related to ratio
of relativeand fractionalenrichments of metabolicintermediates.

- i i i i ill i i iii i i i i i iii i _ .i ii i i

Intermezitate Glucose Ratio Flux
label

i i i iii i i iii i i ii

,[[t3C- 3]1a¢] X - 3(1- r)
Lactate C1 r = [[tzC_ 3]!a¢] 3+ 2r

FL0= [[12C - 3]1a0] X = 3!2 FI_0-1),
• [lacl 2+FLO

FL3=[[,13C- X=30,2F  )
[lac] , 3- Ft.3

i i li i. i i H i ,ivll i i i

[[13C- 3]lae] X - 31'1
Lactate C2 q [[13"C.2]1a¢] 2 + 3r1

[[_3c.3]Lae] X=,, ,6r2,, '
r2 = '[[12C. 3]lac] 2 + 3r2

X = [[12C3]1ac]"2[[13C2]lae]
[glue]

FL° = [[12C- 3]lac] X = 6Fb° - 3
[lac] FLO

FL2 = [[12C- 2]lae] X = -6FL2- 3
[lae] FL2- 3

FL3 = [[13C- 3]lac] X = 6FL3
[lac] FL3+ 2

i i ,Hl i i h i i

....... [[13C2]pyr] _ X = 3(,RP2- l)
Pyruvate C2 Rp2 = [[13C2]pyr]+[[IBC3]pYr] Rp2 - 3

.... [[13C3]pyr] X= 3Rp3
RP3 = [[13C2]pyr]+ [[13C3]pyr] 2 + Rp3

[[i3C'3]py r] X= ....3rp
rp = [[13C. 2]pyr] 2 + 3rp

3rA
[[13C- 3]ala] X = '2'+3rAAlanine C2 rA= [[13C. 2]ala]i

[[13C"4]glu] X= 3rG
Glutamate C2 rG = [[1_C . 5]glu] 2 + 3ro

Jl I IIII I i I I

2.4. Model for the Aminonicotinamide method.
p,

This model is based on the selective inhibition of 6-phosphogluconatc

dehydrogenase (6PGDH) by by 6-amino-NADP (6-ANADP) formed when tissue is

incubated with 6-aminonicotinamide (6-AN)(3). The model is shown in figure 2.7, When
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6-AN is administered to a cell system, 6-ANADP is synthesized by the action of

endoplasmic glycohydrolase (25), The 6-amino analog of the coenzyme NADP is unable

to act as a hydrogen acceptor and is a competitive inhibitor of NADP-dependent oxido-

reduction enzymes (26), It has been shown to preferentially inhibit 6PGDH under

physiological conditions in brain tissue, and lead to accumulation of the substrate 6-

phosphogluconate (6PG) (3) & (27). From2 to 8 hours afteradministrationof 6-AN, the

accumulationof 6PG has been shownto to be approximatelylinear with time. This can be

accountedfor withthe simple model shown in figure2,7.

PENTOSEPHOSPHATEPATHWAY

_SC"IGluc°s°,,, , '*coo *

HOH2C6 I
, iCHOH ICH20H

ICHOH CHOH

I

4 * .... _- CHOH CHOH

ICHOH 6PGDH CHOHI

CH_)P CH20P

Ribulose.5.P
6.P-Gluconate

ICH20H 6-AI_ADP
cO
I
CHOH
t,
CHOH
II
CHOH
II
CH20P

Fructoso-6-Phosphate

GLYCOLYSIS

Figure 2.7, Model for the 6-aminonicotinamide blockage method. Injection of 6-
aminonicotinamide (6-AN) leads to the production of 6-amino-NADP which is a specific
inhibitor of 6-phosphogluconate dehydrogenase (6PGDH). After I.V. infusion with [13C-
1]-glucose, [13C-1]-6-phosphogluconateaccumulates in the tissue. * = 13Clabel,
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[13C-i]-glucose injected I.V, is mkcn up by the tissue and flows through glycolysis

and pentose shunt pathways. Glucose consumed via the shunt undergoes the first

irreversible step of glucose-6-phosphatc dehydrogenase (G6PDH) to form 6PG which then

" accumulates in the tissue, The amoant of [13C-1]-6PG accumulated per given time period

yields the rate of glucose utilization via the pcntose shunt, assuming that the rate measured

in the 6--ANperturbed system is the same as the rate when no 6-AN is administered (28),

We are interested in obtaining the flux of glucose through the shunt relative to flux

through glycolysis (relative shunt flux). If one could assume that after administration of 6-

AN, none of the [13C-1]-6PG formed is metabolized further, and that no 13C label is

transported out of the tissue during the accumulation time, the relative shunt flux would be

determined by the amount of 13C label in 6PG relative to 13C label incorporated in

glycolysis metabolites. The first assumption is not reasonable considering that the the

6PGDH blockage by 6-ANADP is not total. This is supported by the fact that the amount

of 6PG accumulated in a given time is proportional to the dose of 6-AN administered (27).

The second assumption is reasonable if the time necessary for 6PG to accumulate to a

detectable level is short enough. Since the action of 6PGDH results in the loss of the C1

label to CO2, the calculation just suggested would underestimate the relative shunt flux.

The calculation just suggested would have the advantage of taking into account the

amount of uptake of labeled glucose. Obviously, the amount of 6PG accumulated will also

depend on the uptake of glucose in the tissue. In order to take into account the [!,3C-1]-

glucose uptake in the tissue, we propose to normalize the amount of [13C-1 ]-6PG by the

' glucose fractional enrichment (ratio of labeled to total glucose) in the tissue, The ratio of

[13C-1]-6PG accumulated to glucose fractional enrichment then permits comparison of
lr

relative pentose shunt activities (given as G6PDH activity) of the tissue independently of

variations in glucose uptake conditions. The amount of [13C-1]-6PG is measured from the

13C NMR spectrum of the tissue extract, The glucose fractional enrichment is obtained in

the proton NMR spectrum of the tissue extract,
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Chapter 3.

Methods

3.1. NMR methodology.

3.1.1. Sensitivity, signal to noise and quantitative measurement.

When using NMP, as a tool for investigating metabolic pathways, optimization of

the sensitivity is a prime goal towards which we strive, The way by which the

maximization of the signal to noise is obtained depends on the conditions of the

experiment. To test the metabolic hypotheses of our method we have used cell systems for

dynamic NMR spectroscopy of the metabolic system with fields up to 11,7 T, We have

also extracted the tissues frozen in situ which also enables NMR spectroscopy to be

performed with the available high field narrow bore spectrometers,

Optimization of signal to noise: Ernst angle, 7'1 measurements, signal processing,

In Fourier pulsed spectroscopy one obtains increased signal to noise relative to the

continuous wave (ew) experiment due to coherent signal averaging. However, if the spin
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is not fully relaxed between pulses a steady state Z magnetization Mz smaller than the

equilibrium value MOoccurs, resulting in a lower signal to noise than one could maximally

obtain by the Fourier method. The value of Mz depends on the repetition delay TR between

• pulses and the transverse relaxation time T I of the spin: longer TR'S permit return to

equilibrium but increase acquisition time. The experimenter must trade off time for signal to
a

noise, Maximization of the signal with respect to TR which is chosen as short as

acquisition permits is obtained by using the Ernst angle (XE(29) defined by

_r__¢
cosa/_ = e T, (3.1)

We have generally used the Ernst angle which optimizes for the T1 of the spin of

interest in a given experiment, e,g. [13C-4]-glutamate in the case of aerobic experiments.

Tl's of compounds of interest were measured using an inversion recovery pulse sequence.

T2's were measured using a CPMG spin echo pulse sequence. In the relaxation times

measurements, the variation of peak intensities with variable delay time was fitted to the

following functions, using the fitting program provided by Bruker Instruments on the

Aspect 3000 computer.
i

For TI:

m_

l(t) = i0(1-2e T,) (3.2)

For T2:

, I(_) = loe T_ (3,3)

Table 3.1 shows measured Tl's for the lH and 13Cof compounds of interest.
w
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Table 3.1. Spin-lattice relaxation times (T1) for the lH and 13C of compounds of
interest.

Alanine Glutamate

13C: [13C.2] 53,18 3,2 1 13C: [13C.1] 177,30 14,41 3
13C: 13C.3 18,86 1,7 1 13C: [13C.2] 57,27 1,70 3

2-DG6P 13C:[13C.3] 29,63 1,08 3
31p:[C-6] 7,52 3,11. 13 13C:[13C.4] 36,10 1,28 3

13C: [13C.5] 183,99 14,94 3 ,

DSS , 13C: [13C.1] 177,30 n,m, 8
13C: [13C.1] 0,00 7,39 2 13C: [13C.2] 57,28 1,23 8
lH: [12(2.1] 0,00 3,10 3 13C: [13C.3] 29,63 0,93 8

0,00 2,40 3__. 13C: [13C.4] 36,10 n,m, 8
Lactate 13C: [13C.5] 183,99 12,37 8
13C: [13C.2] 69,62 6,94 12 lH: [12(2.2] 3,75 2,80 3
lH: 12(2.3 1,30 1,50 12 lH: [12(2.4] 2,34 0,69 3

6PGluconate IH: [13C.2] 3,75(c) n,m, 3

179,50 5,28 5 _4(c) 0,61 3
Glucose Glutamine ,

13C: _-[13C.1 ] 94,44 0,98 6 13C: [13C.1] 176,80 6,17 9

13C, 1]_..[13C.1] 98,26 1,30 6 13C: [13C.2] 57,02 1,76 9
13CI a-[13C.2] 72,58 1,99 7 13C: [13C.3] 29,07 1,05 9
13C: 13-[13C.2] 75,26 2,03 7 13C: [13C.4] 32,57 1,35 9

lH: ct-[12C.1 ] 5.20 0,80 6 13C: 13C.5 178,48 10,90 9
IH: cx-[13C.I]5,20(c)0,60 6 Glutathione

IH:_-[12C.I] 4.60 0,80 6 IH:tx-Cys.red 4.56 2.68 10

lH.. _ 4,60(c) 0,60 6 Ill:rx_C s-ox 3,29 0,45 11

n.m.= not measured c = center of multiplet
#1 = From Sumegi (30) pca extract of yeast preparation,field is 11.7 T.
#2 = Standard solution 0,lM DSS in 0,lM phosphate buffered D20, pH 8, field is 9.3 T,
#3 = Standard solution 0,0lM DSS, 0,3M glutamate in 0.lM phosphate buffered D20, pH 7, 9.3 T,
#4 = Yeast cell suspension after anaerobic consumption of 20 I.tmolof [13C-II-glucose, field is 9,3 T,
#5 = Standard solution 0,0lM DSS, 0,lM 6-P-gluconate In 0,1Mphosphate buffered D20, pH 8, 9,3 T.

#6 = Standard solution 0,0lM DSS, 0,lM [13C.l]-glucose in 0,lM phosphate buffered D20, pH 7, 9,3 T.
#7 = Cell free preparation w/o coenzymes, 0.02M [13C-_']-glucose,0, lM imidazole buffer pH 7,4, 9,3T,
#8 = Aqueous fraction of yeast cell pellet extract, disolved in 0,lM phosphate buffered D20, pH 7, 9.3 T,
#9 = From reference (31), pca extract of brain slices, field is 9.3 T.
#10 = Standard solution 0,0lM DSS, 0,08M GSH in 0.lM phosphate buffered D20, pH 7, field is 11.7 T,
#11 = Standard solution 0,0lM DSS, 0.0SM GSSG in 0,lM phosphate buffered D20, pH 7, 11,7 T,
#12 = Cell free preparation at end of experiment, 0,lM imidazole buffer pH 7,4, 9,3T,
#13 = Aqueous fraction of rat brain extract, disolved in 0,lM phosphate buffered D20, pH 7, field is 9,3 T.

!1
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Digital processing of the FID signal was done using standard routines on either a

Bruker Aspect 3000 computer with Bruker NMR data processing software or a SUN Spare

station with the Felix NMR data processing software from Hare Research (32). FID's

- were generally zero filled to twice their size after baseline correction for resolution

enhancement. FID's were multiplied by an exponential decay generaJly using the matched
,.,t

filter condition for the spin of interest where the resulting spectral line is broadened by an

amount equal to its natural linewidth, then Fourier transformed.

Quantitation.

The measured peak integral Ii for a spin i is proportional to the steady state

magnetization Mz(i). The peak intensity and integrals are corrected for T1 steady state

magnetization effects. These magnetization effects were incorporated by a saturation factor

Si (29)"

_L.
1-e _ cosa

Si =- -__ (3.4)

(1-e T, )sint_

where o_is the flip angle of the applied RF pulse, and TR is the recycle delay or repetition

time between pulses. The corrected peak area Ii is given by applying this saturation factor

to the measured integral Imi "

li = lmi x Si (3.5)

II

In order to relate the corrected peak integral to the concentration of the compound in

the sample, a reference peak of known concentration must be used. In the case of tissue

extracts, the internal reference DSS (2,2-dimethyl-2-silapentane-sulfonate) is used. A

volume of 50 or 100 I.tlof 0.1 M DSS in distilled water is added to the frozen tissue sample
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to be extracted. The added DSS therefore follows the extraction procedure. Variation in

concentrations due to loss of sample during the extraction are accounted for since they are

accompanied by loss of the internal reference. DSS is hydrophilic and extracts into the

aqueous phase of the aqueous-organic extraction. Calibration Of the measurement for

compounds of interest was performed by adding known amounts of the compound to
4.

tissue before extraction and measuring the concentration by NMR spectroscopy in the

aqueous phase. The concept,radon of the compound in the NMR sample is calculated from

the peak integrals of the compound of DSS with the following equation:

[L] =/_b..LnDSS [DSS] (3.6)
nL IDSS

where [L] is the concentration of compound L, IL is the T1 corrected peak integral of

compound L, nL is the number of spins participating in the peak, IDSS is the T I corrected

integral of the DSS peak at 0 ppm, nDSS is the number of spins participating in the DSS

peak, and [DSS] is the concentration of DSS. In the proton spectrum, nDSS=9 and in the

carbon spectrum, nDSS=3, since the DSS peak corresponds to a trimethyl (CH3)3 group.

For example if the compound L measured is lactate, and the peak observed in the proton

spectrum is [C-3]-iactate, then nL=3. The concentration of the compound in the NMR tube

is related to concentration in the brain sample expressed as ktmol/gram wet weight with the

following equation:

/

CLbrain = [L]VNMR (3.7)
msample

where VNMR is the volume of the reconstituted aqueous sample in the NMR tube and

msample is the wet weight (weighed before extraction) of the frozen brain sample.
t

Estimation of peak integral errors.

Peak integrals were obtained using the numerical integration routine provided in the



45

NMR data p/'ocessing package Felix (32). Polynomial baseline correction was applied to

the spectrum before integration when necessary to obtain fiat baselines. Three sources of

error are considered in the estimation of the error on the peak integral obtained. These are

" digitization, data truncation and instrumental noise and are estimated as outlined below

according to Weiss and Ferreti (33). The digitization error, or error due to availability of

data at discrete rather than continuous intervals, depends on the number of points per half

width and is negligible if this number is above 3, which is the case in our integrations. The

truncation error, or error due to incomplete sampling (impossibility to sample from -** to

4-**)of the Lorentzian line in the numerical integration, depends the digital resolution ACOof

the spectrum and the number of points (n) used to cover the peak in the peak integration.

The truncation error leads to underestimation of the peak area. Integration conditions were

such that the relative truncation error (shown in equation 3.8) was approximately 1% for ali

peaks of interest.

underestimation= 2tan-! (°c(m + _)) - 1 (3.8)
7_

with (2m + 1) = n = total number of points used in the integration, and

2_o
o_= ------ (3.9)

where Aco = digital resolution (hertz per point) and Aco1/2 = width at half height of the

peak.

The error on the peak area was dominated by noise error. The noise error depends
lt

on the previous factors and on the signal to noise ratio (SNR) of the peak. The following

expression was used to estimate the relative error on the peak area dominated by noise (33):

ct(integral) cc-J2m + 1
relative error= = (3.10)

integral n SNR
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3.1.2. Proton observation of carbon nuclei: inverse detection.

Signaito noise improvement by observation of protons instead of carbon.

The higher gyromagnetic ratio of the proton relative to the carbon nucleus implies

that higher sensitivity is achieved in the same amount of time by observing protons instead

of carbon nuclei. In order to verify that reasonable sensitivity improvement relative to
I

carbon detection was achieved in our experiments by using the proton detection sequence,

we measured signal to noise ratios obtained with both detection methods under as similar as

possible conditions on a phantom sample, and then compared the SNR improvement to the

theoretical improvement expected. Below, the theoretical SNR improvement is derived.

The expression for the theoretical signal to noise SNR or W of the NMR experiment

is given by Alderman (34) as a function of probe, instrument and sample parameters:

= Mo.[llot°o QF
8FkTAf (3.11)

with the following definitions:

Physical constanis:

po = permeability of free space = 4 _ 10-7 (A "Im-2 T)

toO= Larmor frequency = %'0B0

Y0= gyromagnetic ratio T0(proton)= 26.751xi07 radian s-I T -I

_i'o(carbon-13)= 6.7283xi07 radian s-I T-I

B0 = constant magnetic field

k = Boltzmann's constant = 1.38xi0 -23 J K-I

Probe parameters:

Q = quality factor (dimensionless)

F = amplifier noise figure = noise out/G noise in (G=amplification) (dimensionless)

T - temperature of probe

Af = bandwidth of detection

F ---factor taking into account the distribution of B 1 in the sample. (dimension = m3)

In the ideal case of a perfectly homogeneous B 1perpendicular to B0, F is given by:
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2

" F = sin2 a Vsample (3.12)
Vresonator

with ct = flip angle, Vsample = volume of the sample, and Vresonator = probe
volume.

Sampleparameters: ,.

MO- equilibriummagnetization

MO Ny_h21(l + 1)Bo= 3kT (3..13)

h ---Plank's constant - 1,0546x10"34

I - quantum spin number - 1/2 for proton and carbon

T = sample temperature

N ---number of spins per unit volume in sample (dimension = m-3)

Equations 3.11 and 3.13 enable us to express the signal to noise W as a function of

the gyromagnetic ratio. This is done by replacing toOwith 3'0B0and replacing MOwith the

fight side of equation 3.13 in equation 3.11. The signal to noise estimated using this

calculation comes out proportional to the gyromagnetic ratio to the power 5/2, as shown

below.

MO./I.to_oQF = Ny_h21(l, + 1) t"OJO'O_'°_"_o_ohr'_"
tit = _[8FkTAf 3kT Bo 48FkTzV

= Nh21(l + 1).[_I.toQF _
" 3kT _8FkTAf yoB_ (3.14)

In theory then, if one were able to devise an experiment where all experimentalii

parameters concerning the probe, the sample and the acquisition channels were identical

. except for the gyromagnetic ratio of the nucleus observed, one would get

(_'proton/Tcarbon)5/2 = 32 times better signal to noise from the proton experiment. In

practice, for a given experimental setup, this improvement is hard to achieve because for a

given proton carbon probe, probe parameters (Q, filling factor) are usually different for
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eachchannel.

The SNR improvement was measured for the probe used in the inverse detect

experiments on the Bruker AM-500 spectrometer. A phantom sample of 50% [12C-1]-

glucose/50% [13C-i]-glucoseinphosphatebufferedD20 was used.The protonand

carbonchannelsweretunedtothesampleand thelengthofprotonand carbon90° flip

anglesweredeterminedpriortothemeasurement.Fordetectiononthecarbonchannel,a
ir)

singlepulsesequencewitha90°pulseandarecycledelayTRof 7.32spermittingthe13C

glucosetransversemagnetizationtofullyrelax(TR>> TI of0c-and 13-[13C-1]-glucose)

was usedwithoutprotondecoupling.The spectralwidthwas 10000Hz, thedatarecord

sizewas 16K pointsand64 scanswereaccumulated.Fordetectionon theprotonchannel,

theprotoninversedetectsequencewas usedaswellasasinglepulsesequencewitha90°

pulseforcomparison.Forbothsequences,therecycledelayTR was 7.97s(permittingfull

transverserelaxationoftheglucoseprotons).The spectralwidthwas 5556Hz,thedata

recordsizewas 16K pointsand 64 scanswere accumulated.The SNR oftheinverse

protonobserveexperimentwas foundtobe20timeshigherthanSNR ofthedirectcarbon

detectexperiment.Takingintoaccountthedifferenceinspectralwidth:

Afl3 c =,[i(R)O0- 1.32
AflB !/5556 =

would increase the theoretical improvement by a factor of 1.32 from the improvement given

by the ratio of _'s (32 x 1.32 = 42.24). Therefore the experimental improvement in SNR

is only half of the theoretically expected improvement. The lower value of 20 for the ratio

of SNR's is assumed to be due in part to differences in the proton and carbon coils quality

factor Q, B 1 distribution factor G and/or amplifier noise figure F since all other parameters

must be the same.
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Application: proton inverse detectpulse sequence.

The proton inverse detect pulse sequence used is based on the sequence first

proposed by Bendall (35) for selective detection of protons coupled to 13Cnuclei, by

. suppression of signal from protons not coupled to 13C. The sequence is shown in 3.1.

90° 180°

1Hl' " ii II [JIf_Vvv_"........
I II li I P I
I II I I I I

I II 90o 90o I I

I _ II e3 o4 I I
I II I I

13C I II I I

f D1 II1/2Jc H I 1/2JcH I AQ [

Recycle Echo Echo Acquisition
delay delay delay

Figure 3.1. Proton inverse detect sequence for selective detection of protons coupled to
13C. The time scale of the pulses and echo delays is exaggerated relative to recycle delay
and acquisition (typical values are D 1 = 2s, 90° _ 8gs, 1/2JcH _ 4 ms, AQ _ 2s) Oi are
the phases of the pulses described below. JCH is the scalar 13C-lH coupling constant of

' the lH of interest.



50

The phase sequence is the following (Oirefer to pulse phases in figure 3.1):

Ol 02 03 04 13C 13C 12C REC
18900 lH180° t3C90° t3C900 1800 refocus refocus

i i i i ii i ii ii, i

1st scan x x x x on +y -y +y

2ndscan x -x x x on +y -y +y

3rd scan x x x -x off -y -y -y
J

4th scan x -x x .-x off -y -y -y

In the original pulse sequence (35), a 180° carbon pulse simultaneous with the 1800

proton pulse is turned on and off on alternate scans, and the "13C 180° on" scan is

subtracted from the "13C 1800off" scan. The proton inverse detect pulse sequence that was

adapted to the Bruker AM-series spectrometer realizes the 13C 180° carbon on/off pulse

with two consecutive 90° pulses (36). If the phases are are the same (03 = 04 = x, in the

1st and 2nd scans) the result is the "13C180°'' on case, whereas if they are opposite (03 = x

and 04 = -x, in the 3rd and 4th scans) the result is the "13C 180° off" case. Subtraction is

realized by inverting the receiver phase command when the 13C 1800is off (REC = -y in

the 3rd and 4th scans as opposed to +y in the 1st and 2nd scans) and summing the FID's.

Alternating between +x and -x for the lH 180° pulse phase (02) compensates for

imperfections in pulse length. Quadrature phase cycling is applied, resulting in a total of 16

scans for one full quadrature cycle. Since the subtraction is realized by inverting the

receiver phase and summing the FID's, the effect of subtraction on signal to noise should

not be different from the effect of averaging FID's that is obtained in an ordinary spin echo

sequence i.e. SNR should increase as the square root of the number of acquisitions.

Suppression of the protons connected to 12C results by subtraction of scans in

which the phase of the 13C satellites is opposite the phase of the 12C-protons(13C-180° on)

from scans in which the phase is the same (13C-180° off). The proton portion of the pulse

sequence is a spin echo, and 12C-protonswill always refocus with the same phase after the
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' lH-180° pulse (-y for an initial lH-90°+x pulse), since they areunaffected by 13Cpulses,

On the other hand because of scalar coupling JCH, after a 1H-90°+x pulse, protons

connected to 13Chave two components precessing in opposite directions corresponding to
,,

. the +z and -z eigenstates of the 13C magnetization. After an echo delay of (2JcH) "1 the two

components have a relative phase difference of 1800and are pointing in opposite directions

on the x axis, If no 13Cpulse is applied, the two components refocus with the same phase

as the 12C-protons(-y). Tile 13C-1800 pulse, interchanges the 13C eigenstates and reverses

the precession of the two 13C-proton components, which then refocus with a phase

opposite to the 12C-proton (+y), Decoupling may be applied on the carbon channel during

acquisition. When carbon decoupling is applied, the 13C satellite chemical shifts collapse

to the center of' the multiplet, This was not done in our case because the 13C satellites of

[13C-4]-glutamate are in a relatively uncluttered zone of the extract spectrum, and appear

more clearly at their coupled position than at their decoupled position.

Figure 3.2 demonstrates suppression of the 12(2protons by using the inverse detect

sequence on a sample of 50% [12C-II-glucose-50% [13C-1]-glucose in phosphate
i

buffered D20. lt is notable that the inverse detect sequence also accomplishes reasonable

water suppression, since the water protons are not connected to 13C.

ii

m
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Proton direct detect

J

[13C-I]-glucose [12C-I]-glucose [13C-l]-glucose

Proton inverse detect

Figure 3.2. 50%:50% mixture of [12C-1]-glucose:[13C-1]-glucose in D20 phosphate
buffer. Upper spectrum: direct proton detect pulse sequence (single pulse), Lower
spectrum'inversedetectpulse sequencedescribed in text,

3.2. Cell preparations.

3.2.1. Cell free brain preparations.

The purpose of the cell free preparations is to have in a small test tube a viable
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system containing the glycolysis, pentose shunt and glutathione-reduotase-peroxidase

enzymes, In this system, we veflfy the model for distribution of label from [13C..1]and

[13C.2].glucose into lactate carbons and measure relattve glucose flux through the penrose

" shuntwith high field (11,7 Tesla) NMR spectroscopy, The preparation of cell free systems,

from rat brain containing these cytosolic enzymes is based on preparations used by Dickens

and Glock (37) for observation of the' oxidative steps of the pentose shunt, Imidazole

buffer is used instead of phosphate buffer so that strong buffering capacity is obtained

without using a high concentration of phosphate which would act as an inhibitor,

Sprague Dawley rats (200-300g) were lightly anesthetized with metofane

(methoxyflurane) and decapitated, The whole brain was removed and rinsed in ice cold

imidazole buffer 0,lM with 0,02M Na-phosphate ph 7,4 (imidazole-Pi buffer), The

cerebellum was removed and the rinsed brain (the remaining two hemispheres and

midbrain) was weighed then homogenized in an ice bath with a Potter tube with 4 ml per

gram brain wet weight of ice cold imidazole-Pi buffer. The homogenate was centrifuged at

4_C at 8000g for 10 minutes, The clear supernatant constitutes the cell freepreparation,

One obtains approximately 5 ml of supernatant per gram of wet weight brain in this

preparation, The dynamic NMR measurement was done with 0,8 ml supernatant placed in

a 5 mm tube to which was added [13C-1]-glucose and coenzymes so that final
)

concentrations in 1 ml were the following: glucose 20mM, ATP 3mM, NAD+ 0,3mM,

NADP+ 0.3mM, thiamine pyrophosphate 3mM, nicotinamide 3mM, MgC122mM. GSSG

added was 1,5mM. The final enzyme dilution from amount per gram wet weight brain to

. amount per ml of aliquot in the NMR tube is therefore approximately a factor of 6, The

supernatant is kept ice cold until the measurement which was done at 37° C, Stability of the

preparations was evaluated by the glucose consumption kinetics, Preparations were stable

for approximately the first six hours after homogenization, If the glucose consumption rate

after addition of labeled glucose was slowed relative to rates from preparations used

immediately post preparation, the samples were discarded and the data not taken into
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account,

After addition of [13C_.l]-gluoose, 2 minute acquisition intervals are acquired

alternately on the carbon and proton channels, Proton decoupling is gated on during

acquisition on the carbon channel and a either a 1331 solvent suppression pulse sequence

or presaturation of the water peak is used on the proton channel,

3.2.2. Yeast preparations.

Wild strain yeast cells Saccharomyces cerevisiae and Candida utilis are grown in

aerobic suspension at 300 C to mid-log phase. The growth medium is 1% yeast extract, 2%

peptone with 2% dextrose in water. At mid-log phase the cells are placed in an Ice bath,

centrifuged for 10 minutes at 4° C, 7700 g then washed twice and resuspended in ice cold

growth medium without dextrose, Before experiments the temperature of the cell

suspensions is brought to 30° C. [13C-2]-glucose (10 mg) is pipetted in cell suspension

(30 ml of 1.4x108 cells/ml) which is maintained aerobic by agitation. After 10 minutes,

suspensions are placed in ice bath, centrifuged at 4° C. The cell pellet is frozen in liquid

nitrogen and then extracted with chloroform-methanol. The aqueous fraction reconstituted

in D20 phosphate buffer pH 7 is observed by 13C NMR spectroscopy.

3.3. Whole animal experiments.

3.3.1. Infusion of [13C.2].glucose with evaluation of the glutamate pool.

Sprague Dawley rats (200-300g) were fasted with free access to water for 24 hours

prior to the experiment in order to reduce endogenous glycogen stores. Approximately

twenty minutes prior to surgery and glucose infusion, the rats received 2 mg/kg

propranolol I,P. in order to block adrenaline induced cardiac arrhythmia and reduce

increases in circulating endogenous glucose (38). The rats were lightly anesthetized by

metofane inhalation just prior to surgery. Under metofane anesthesia, the rats were
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tracheotornized for transfer to nitrous oxide anesthesia administered with a rat respirator

connected to a gas regulator delivering 30% 02 in N20. When nitrous oxide anesthesia

was established, electrodes were placed on the limbs for cardiac monitoring, When rats

" showed heart failure, the study was discontinued, and the animals sacrificed under

anesthesia, Under nitrous oxide anesthesia, the jugular vein was catheterized for infusion
J

of glucose, 2-deoxyglucose (2DG) and t-bytyl hydroperoxide (TBHP), TBHP is the

peroxide (CH3)3-C-O-OH which is expected to be scavenged by the cellular glutathione I

peroxidase and therefore stimulate pentose shunt activity for production of NADPH. Three

series of experiments were done,

In the first series, a bolus of 15 mg/kg of 2DG was injected I,V. via the jugular

vein at the onset of the experiment. This was followed immediately by infusion of [13C-2]-

glucose in the control case. In oxidatively stressed rats, glucose infusion was preceded by

a bolus of 33 mmol/kg TBHP. A total volume of approximately 1 ml glucose in isotonic

saline was infused constantly over a period of 30 minutes at the rate of 33 I.d/minute for a

total glucose dose of 500 mg/kg (100 mg for a 200 g rat). At the end of glucose infusion,

the skull was frozen in liquid nitrogen under anesthesia and frozen brain tissue removed

and extracted with chloroform-methanol. The aqueous fraction was reconstituted after

lyophilization in phosphate buffered D20 with an internal DSS reference (see section 3.1).

13C, lH and 3lp NMR spectroscopy was performed on a Bruker AM-400 (9.3 T)

spectrometer.

The protocol for the second series was identical to the first one except that in the

second series unlabeled glucose was used and the dose of the 2DG bolus at the onset of the

. experiment was varied. 2DG doses administered were: 500 mg/kg, 100 mg/kg and 50

mg/kg. Controls and TBHP stressed animals were done for each 2DG dose. The purpose

of this series was to determine a minimum acceptable dose of 2DG for which the 2DG6P

peak would yield a reasonable signal to noise ratio in the 3lp NMR spectrum of the extract.
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This was done because in the first series the 2DG6P peak was not detected in the brain

extracts, A dose of 50 mg/kg was found acceptable,

The protocol for the third ser_eswas identical to the first one except that in the third

series a 50 mg]kg dose of 2DG was used and a total dose of 900 mg/kg of [13C-2] glucose

was infused in 30 minutes,
0

Model for the plasma glucose levels obtained during [,13C-21-glucoseitlfusion.

Plasma glucose concentrations during the infusion of [13C-2]-glucose were

estimated by using a one compartment model representing the rat's glucose distribution

compartment. The model is shown in figure 3,3,

Glucose space

Q,V,C

i

Figure 3.3. Model for plasma glucose concentrations. I(t) is the glucose input function;
Q, V and C are respectively the total amountof exchangeable glucose, the apparent volume
of the glucose distribution compartment and the glucose concentration; k is the rate constant
for glucose turnover.

The model is described by the equation of conservation of mass:

t_ =I- kQ(t) (3.15) '

where Q is the mass of the exchangeable glucose pool, I is the constant infusion rate in

units of [mass.time-1]and k is the rate constant for transport out of the glucose distribution

space in units of [time'l]. Integration of 3.15 yields:
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I e_kt )
Q(t) - Q(O)e -kt +_;(1 _ (3.16)

The exchangeable glucose pool is assumed to be in a single compartment comprised of

- plasma, extracellular fluid and cytoplasm with an apparent distribution volume V (39).

Since by definition, the glucose is rapidly exchanging in the distribution space, the glucose

" concentration is assumed to be the same in ali parts of the distribution space. Therefore

plasma concentration is obtained by dividing both sides of equation 3.16 by the apparent

volume of glucose distribution V:

C(t)= Q(t) Q(0)e_kt + I e_kt )
--_ = ---_- V----_(1 - (3.17)

This equation is plotted in figure 3.4. In the case where the total dose of glucose

infused was 500 mg/(kg body weight), the glucose input function I was constant at 3 mg

rain -1 in a volume of 33 gl min -1. Initial plasma glucose concentration C(0) = Q(0)/V was

taken to 1_. the low normal value for the rat (1.5 mg/ml = 8.3 mM) since rats were fasted 24

hours prior to the experiment. The total volume infused was 1 ml in a period of 30

minutes. Variations in volume due to the volume of infusate are neglected. The volume of

distribution of glucose for mammals is taken as 180 ml (kg body weight) "1, which for a

200 gram rat corresponds to V = 36 ml. The estimate for the initial mass of the

exchangeable glucose pool is Q(0) = C(0)V = 54 mg = 300 gmol. Glucose turnover rate

for the rat was taken as 585:4 I.tmol (kg body weight) -1 min -1 from Brooks et al. (40). The

rate constant k from equation 3.16 may be defined in units of [min 1] by multiplying the

. glucose turnover rate in units of [gmol (kg body weight) -1 min -1] by the rat's body weight

and dividing it by the initial amount of glucose in the rat glucose distribution space. For

the 200 gram rat, the plasma glucose turnover rate is then 11.6 gmol min -1 which thus

corresponds to a rate constant k = 11.6/300 = 0.039 rain "1. The values taken for the

simulation are summarized below:
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I = 0.016 mmoi min-1 constant infusion rate

V - 0.036 1 apparent glucose distribution volume

k =0.039 min -1 rate constant for glucose transport out of the glucose "

distribution compartment

C(0) = 8.3 mM initial plasma glucose concentration

and the simulation is shown in figure 3.4.

13 I I I I I

10
Normal range

9

8

7 i t t

0 10 20 30 40 50 60
Time (minutes)

Figure 3.4. Simulation of plasma glucose concentrations (mM) during constant infusion
of 3 mg/min of [13C-2]-glucose in a 200 g rat. The horizontal lines delimit the normal
range of concentrations for the rat.

Figure 3.4. shows that after 30 minutes of infusion, the plasma glucose is estimated

to be about 11.6 mM which is 5% above the high normal level of plasma glucose

concentration and considered hyperglycemic. In the hyperglycemic state one expects an

increase in insulin secretion resulting in increased glucose utilization by insulin-sensitive

tissues and consequently increased glucose turnover. The _-adrenergic receptor blocker
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propranolol which is known to inhibit insulin and glucagon secretion (41) is injected prior

to infusion. Insulin secretion due to hyperglycemia is therefore assumed to be attenuated in

our experimental protocol. Likewise any glucagon secretion should be inhibited.

" Therefore we expect the turnover rate not to be affected by high insulin levels.

Endogenous glucose production due to glucagon should also be inhibited.
t

In the case where the total dose of glucose infused was 900 mg/kg, the infusion rate

was about doubled to 6 mg min -1 by doubling the concentration of the infusate (the

infusion volume rate remained the same at 33 ktl min "1) and the steady state plasma glucose

concentration was estimated to be 23.2 mM which is about double the high normal level.

In this case the rat is highly hyperglycemic. Again, insulin secretion due to hyperglycemia

is assumed to be attenuated in our experimental protocol. It has been reported that cerebral

glucose utilization rates are unaffected by hyperglycemia levelsup to 31 mM in the rat (42),

and it is therefore unlikely that a hyperglycemia level of 23.2 mM would affect pentose

shunt activity in the rat brain.

3.3.2. 6-aminonicotinamide studies.

Sprague Dawley rats (200-300g) were fasted with free access to water for 24 hours

prior to the beginning of the experiment (considered as the beginning of surgery for

infusion) in order to reduce endogenous glycogen stores. Approximately twenty minutes

prior to surgery, the rats received 2 mg/kg propranolol I.P. in order to block adrenaline

o induced cardiac arrhythmia and increases in circulating endogenous glucose (38). Two

hours prior to surgery and glucose infusion, 35 mg/kg of 6-AN was administered I.P., in
it,

order to give sufficient time for the inhibitor 6-ANADP to form in the brain. The procedure

for the placement of the catheter in the jugular vein under metofane and nitrous oxide

anesthesia was identical to one described in the previous section. [13C-1]-glucose was

infused at a rate of approximately 250 mg kg/hour for 3 hours resulting in a total dose of
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approximately 750 mg/kg in three hours. Oxidatively stressed rats received a 33 mmol/kg

I,V. bolus of TBHP immediately before the beginning of [13C-1]-glucose infusion.

Another group of rats received a bolus dose of 110 mg/kg FDG before glucose infusion.

Control rats received only the glucose. At the end of infusion, the skull was frozen in

liquid nitrogen under anesthesia and frozen brain tissue removed and extracted with

chloroform-methanol. The aqueous fraction was reconstituted after lyophilization in

phosphate buffered D20 with an internal DSS standard (see section 3.1). [13C-1]-6-

phospho-gluconate is observed in the 13C spectrum. Spectroscopy was performed on a

Bruker AM-400 (9.3T) NMR spectrometer.
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Chapter 4.

Results

4.1o Cell free brain preparations.

The cell free brain preparations contain the cytosolic brainenzymes for glycolysis,

pentose Shunt and the glutathione-peroxidase-reductase systems; absent are enzymes from

the subcellular fractions, in particularmitochondrial enzymes (citrate cycle) and membrane

bound enzymes. We have studied these systems under anaerobic conditions to verify the

model for distribution of label from [13C-2]-glucose in the lactate pool and measurement of

glucose flux through the pentose shunt from that distribution. The distribution of label in

lactate under anaerobic conditions is assumed to reflect the distribution of label in pyruvate

under aerobic conditions and this assumption is used to evaluate the distribution of label

expected in glutamate under aerobic conditions (see section 2.3). Under aerobic

" conditions, our model for the measurement in vivo relies on glutamate to be a reporter for

measurement of pentose shunt activity by the relative enrichments in its C4 and C5

positions. The advantage for NMR detection of glutamate is that glutamate has a relatively

large pool size in the brain (43). Glucose carbons are also rapidly incorporated into the
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glutamate pool (44). The 13C enrichments of glutamate carbons depend on labeling of

initial pyruvate entering the cycle, relative flux via either pyruvate dehydrogenase or

pyruvate decarboxylase into the cycle, amount of cycling and equilibrium between tz-

ketoglutarate and glutamate, This part of our study addresses the initial labeling of

pyruvate by observation of the lactate pool and evaluates the effect of oxidative stress from
,D

oxidized glutathione or t-butyl hydroperoxide on the labeling.

4.1.1. Use of [13C.1]-glucose.

In order to monitor flux of glucose through the pentose shunt under anaerobic

conditions (21), 20 _mol [13C-1]-glucose was added simultaneously with the coenzymes

ATP, NADP, NADP +, thiamine pyrophosphate, and nicotinamideto 800 _1 of cell free

preparation and placed in the spectrometer at 37°C for acquisition alternately via the carbon

and proton channels. Oxidized glutathione (GSSG) was added at a concentration of 1.5

mM to stress the system relative to controls. The upper part of Figure 4.1. shows the time

course of a typical proton spectrum series. The flux X of glucose through the shunt was

measured as described in section 2.2.1. The time course of the measured flux is plotted in

figure 4.2 and compares controls to glutathione stressed cell free preparations. In both

cases the flux through the shunt was higher at the beginning of the experiment and then

took lower values. The high flux (43+8% for controls, 69+22% for GSSG treated) at the

beginning may be explained by a high NADP+/NADPH ratio when NADP+ has just been

added to the sample. Each time point represents the cumulated flux. The overall amount of t.

glucose consumed via the pentose shunt is given by the flux at the end of the experiment

when ali the glucose has been consumed. The cumulated flux in the GSSG stressed

preparations was 1.6 times higher than controls at the beginning of the experiment and 2.2

times higher at 60 minutes. At 60 minutes ali of the glucose has been consumed, so the

amount of glucose consumed via the shunt in the GSSG treated preparations was 13±1%
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of 20 gmol i.e, 2.6 !_rnol and 65:1% of 20 p,mol i,e, 1,2 gmol in the controls,

100 -, , , t i, , , _ I ' "' ' I ' ' ' ' I _ ' ' ' I ' ' ''r'l ' ' ' ' '
_" "l
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Figure 4.2. Percentage flux of glucose via the pentose shunt under oxidative stress in
cell free preparations under anaerobic conditions. [13C-II-glucose used, Filled circles
represent the flux when 1.5 mM oxidized glutathione (GSSG) was added at the onset of the
experiment (n=2). Empty circles represent controls that received no GSSG (n=2).

4.1.2. Use of [13C-2]-glucose.

Dynamic monitoring of the flux.

The flux of glucose via the shunt in these experiments was determined after addition

of [13C-2]-glucose using the model developed in section 2.2.2. Conditions of the

experiment were identical to the previous experiments that use [13C-1] label. Figure 4,3(a)

shows the changes with time of the fl,'x of glucose through the pentose shunt calculated

using equation 2.17 based on the ratio rl of [13C-3]-lactate to [13C-2]-lactate, One

observes an increase in flux through the shunt when glutathione has been added to the

preparation, similarly to the previous case.
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Figure 4.3. Percentage flux of glucose via the pentose shunt under oxidative stress in
cell free preparations under anaerobic conditions, [13C-2]-glucose used, Filled circles
represent the flux when 1.5 mM oxidized glutathione (GSSG) was added at the onset of the
experiment (n=2). Empty circles represent controls that received no GSSG (n=2). a:
equation 2,17 was used to calculate X. b: equation 2,18 was used to calculate X,
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In the beginning of the experiment flux was 1,3 times higher in the GSSG case than

the controls, When most of the glucose had been consumed, the flux was 3 times higher in

the GSSG case than the controls, The flux calculated using equation 2,18 based on the

ratio r2 of [13C-3]-lactate to [12C-3]-lactate is shown in figure 4.3(b), In this case the

calculation was based on integrals from the proton spectrum only and since data are

acquired alternately on the carbon and proton channels there are half as many data points in

the plot. The fluxes calculated with this method were lower than those with the previous

method, but still showed a factor of 1,5 (at the beginning) to 2 (at 60 minutes) increase in

the case of GSSG. The results using equation 2.17 for calculation of the fractional flux of

glucose through the shunt based on [13C-2]- and [12C-3]-laetate and glucose consumed are

shown in figure 4.4. The calculation yields a similar differential between the GSSG treated
i

and the control preparations as was observed with the previous two methods, but the

percentages given are too high (above 100% at the beginning of the experiment). This can

be explained by the presence of unlabeled lactate in the preparation before addition of the

labclcdglucose,
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Figure 4,4, Percentage flux of glucose via the pentose shunt under oxidative stress in
cell free preparations under anaerobic conditions, [13C-2]-glucose used, Filled circles
represent the flux when 1,5mM oxidized glutathione (GSSG) was added at the onset of the
experiment (n=2), Empty circles represent controls that received no GSSG (n=2),

Endpoint measurement of theflux.

The effect of a higher concentration of GSSG was studied in experiments where

spectra were not acquired dynamically during glucose consumption, but only at the final

time point (when ali glucose has been consumed). In this case, the cell free brain solutions

were prepared in 0.2 M imidazole / 20 mM phosphate buffer, Each cell free sample of 0,8

ml was placed in a 5 mm NMR tube and the tube placed in a water bath maintained at 37°C,,i

At the onset of the experiment, [13C-2]-glucose (20 mM) was added simultaneously with

• the coenzyme preparation. The coenzyme preparation was the same as the one used in the

previous experiments. In the stressed preparations, 50 Bl of GSSG were added at a

concentration of 20 mM, Controls received 50 p.1of buffer in the piace of GSSG, The

tubes were then capped and shaken in the water bath for a period of 200 minutes, At the
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end of the 200 minutes, the tubes wereplaced in a ice cold water bath and 100 ktlof DSS

0,1 M were added to ali tubes, Carbon and proton NMR spectroscopy was then done at

room temperature within twelve hours from the end of incubation.
i

The glucose flux through the shunt was calculated using equation 2.18, Glucose

flux through the shunt was 17 + 4% (n=2) for controls and 28 + 5% (n=3) for the GSSG

treated preparations.

4.2. Yeast preparations.

The yeast preparations, as opposed to the previous preparation, constitute a

complete cell system including cytosolic enzymes and intact mitochondria and are used here

to investigate the complete model from [13C-2]-glucose to glutamate on a well studied and

controllable system that can be observed at high field. The yeast cells have in common

with brain cells the fact that under aerobic conditions they pool glutamate and the

characteristics of their pentose shunt pathway are reported to be of the classical type (45).

Incorporation of [13C-2]-glucose into glutamate under aerobic conditions,

In order to determine the incorporation of [13C-2]-glucoseinto the glutamate pool in

Saccharomyces cerevisiae (SC) 10 mg of labeled glucose werc incubated with 30 ml

preparations of 1.4x108 cells/ml SC in medium with no other carbon source. After 10, 20

and 30 minutes of aerobic incubation at 37°C the cells were placed in an ice bath,

centrifuged at 4°C and the pellet obtailiedwas frozen in liquid nitrogen and extracted by the

chloroform-methanol method for observation by NMR (see methods). A 13C NMR

spectrum is shown in figure 4,5. Analysis of the spectrum takes into account 25 peaks

which have a signal to noise level above 3. A total of 16 of these peaks were identified and

assignments are shown in figure 4.5. Assigned peaks belong to alanine, aspanate,

glutamate, glutamine, glycerol, succinate and trehalose groups. The sections of the
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spectrum not shown in figure 4,5 include [13C-2]-trehalose, [13C.2].glYcerol and the

internal reference DSS peaks. Peaks visible but not labeled In figure 4,5 are [13C-2].

glutamine at 57,02 ppm and [13C-2,3]-succinate at 36,84 ppm, Carbons C1 to C5 of

glutamate are ali observed, Assignments are based on NMR spectra obtained of the pure

compounds in the same buffer used to reconstitute extracts and on the literature (46) &
t,

(47). Ali glucose had been consumed by 10 minutes, The observed incorporation of label

into these compounds is consistent with aerobic metabolism of glucose to pyruvate, entry

of pyruvate in the citrate cycle, active glutamate transaminase producing glutamate from ct.

ketoglutarate, and active aspartate transaminase, producing aspartate from oxaloacetate, lt

is notable that the peaks do not show 13C-13C coupling patterns, which is due to the large

pool of unlabeled substrate (see section 2,4,1), This observation is also found in aerobic

studies of SC where [13C-1]-glucose was the carbon source (48),i
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Figure 4.6. Percentage of label incorporated into metabolic pools with time of aerobic
incubation (n=2 for each time point) of SC yeast.

Figure 4,6 shows how the percentages of label incorporated into the metabolic
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pools of glut-_mate, trehalose, alanine, glutamine and aspartate varied with incubation time.

This ratio expressed in percentage is the sum of integrals of ali spectral peaks of a given

compound over the sum of integrals of ali peaks. The percentage of the total carbon label

- in glutamate increased with time, while labeled trehaiose decreased. This would indicate a

transfer of label from trehalose to glutamate under the conditions of the experiment

consistent with aerobic utilization of glucose that was first stored in the form of trehalose.

lt is notable that the five metabolic pools shown above account for about 80 to 90% of the

label incorporated as measured by the sum of integrals over the 25 main carbon peaks

observed.

Figure 4.7 shows the relative enrichments of glutamate carbons after 10 minutes of

aerobic incubation with [13C-2]-glucose under the control conditions. The ratio of C4 to

C5 peak areas of glutamate was used to calculate the relative amount of glucose flux

through the shunt and found to be 13 5:2 % (n=2) under the control conditions.

i
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Figure 4.7. Relative fractional enrichments of 13C label in the 5 positions of glutamate
after 10 minutes of aerobic incubation of Saccharomyces cerevisiae with [13C-2]-glucose
(n=2). Fraction of label in position i = [13C-i]-glutamate/_[13C-i]-glutamate.

Flux of glucose through the pentose shunt with oxidative stress.

In order to observe the effect of increasing oxidative stress on the distribution of

label in the glutamate pool and flux of glucose through the pentose shunt, SC cells were

incubated for ten minutes with 10 mg of [13C-2]-glucose under the same aerobic conditions

as the previous experiment except that t-butyl-hydroperoxide (TBHP) was added to

preparations at the onset of the experiment. Controls did not receive any TBHP. The

TBHP concentrations studied were 0.1, 1 and 10 mM and the effect on the flux of glucose

through the shunt is shown in figure 4.8.
v
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Figure 4.8. Flux of glucose through shunt with oxidative stress (TBHP) in SC yeast
preparations (n=3). Flux was measured in two ways: from the ratio of C3 to C2 alanine

peaks (Q)and from the ratio of C4 to C5 glutamate peaks.(e).
' _ /''

The flux of glucose through the pentose shunt was calculated using the two

methods developed in section 2.3. The first uses the ratio of [13C-4] to [13C-5]-glutamate

and the second the ratio of [13C-3] to [13C-2]-alanine. Using the glutamate enrichment

method for calcuhti.on, flux of glucose via the pentose shunt was shown to increase by a

factor of 1.6 (from 13 + 2% to 21 + 3%) with a dose of 1 mM TBHP. Flux remained

unchanged with a further increase to 10 mM TBHP. Using the alanine enrichment method

for calculation, the flux was shown to increase by a factor of 3 (from 12 + 2% to 35 +"3%)

- with a dose of 1 mM TBHP. The flux at 10 mM TBHP was 25 5: 3%, a factor of 2 above

the control value.

The yeast cells were also stressed with 0.1 mM phenazine methosulfate, which is a

strong electron acceptor (49). In this case the flux through the shunt was 25 + 3%

calculated by the glutamate method and 33 + 4% calculated by the alanine method. These
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values correspond to increases comparable to the increases measured for a 1 mM TBHP

stress.

I,

Saccharomyces cerevisiae vs. Candida utilis.

Candida utilis (CU) is a yeast v.ariety similar to Saccharomyces cerevisiae except

that it is primarily aerobic in its growth requirements and has high pentose shunt enzyme
,j

activities (45).

Candida utilis cells were prepared and incubated aerobically for 10 minutes with

[13C-2]-glucose under control conditions identical to those for SC in the previous

experiments. A 13C NMR spectrum of the aqueous fraction of the CU cell pellet extract

after incubation with [13C-2]-glucose is shown in figure 4.9. The main peaks are

comparable to the main peaks found in the SC cell extract, however the relative intensities

reflect higher flux of glucose through the pentose shunt. Oxidative stress of CU cells

relative to control conditions was realized by adding 1.5 mM GSSG at the onset of the

experiment. The flux of glucose through the pentose shunt in S. cerevisiae under control

and TBHP stressed conditions andin CU under control and GSSG stressed conditions are

compared in figure 4.10.

,t
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Figure 4.10. Flux through pentose shunt for Saccharomyces cerevisiae undercontrol
conditions (SC control,n=2) and 1 mM TBHP stress (SC TBHP, n=2)and Candidautilis
undercontrol conditions(CU control, n=4) and 1.5 mM GSSG stress (CU GSSG, n=3)).

The comparison of the two species shows that CU had 3 times more glucose flux

through the pentose shunt than did SC under identical aerobic control conditions, when

measured with the glutamate enrichment method. This increase was only 1.6 times when

measured by the alanine enrichment method. In CU, 1.5 mM GSSG increased flux

through the shunt by a factor of 1.3 to 1.5 (using either method). The glutamate method

shows a continuing increase of flux from control SC (13 5: 2%) to GSSG stressed CU (53

5:5%). ( ';
\

i

4.3. Whole animal experiments.

4.3.1. Glutamate fractional enrichment.

The previous studies show that the percentage flux of glucose through the pentose
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shunt can be measured by observation of glutamate relative enrichment in partial and whole

cell systems, and the relative increases of the flux when oxidative stress is applied can also

be measured. In order to experimentally evaluate the relative enrichment methods of

, pentose shunt measurement in a whole animal in vivo, the following experiments were

undertaken. Nitrous oxide anesthetized rats were infused for one half hour with a total of

500 or 900 mg/kg of [13C-2]-glucose, the brain was frozen under anesthesia and removed

for aqueous organic extraction. Oxidatively stressed rats received 30 mmol/kg TBHP I.V.

at the onset of the experiment while control rats received none. The aqueous phase of the

extract was analyzed by NMR spectroscopy for measurement of the relative areas of

metabolic intermediates. A 13C NMR spectrum of the aqueous phase of a control rat brain

extract is shown in figure 4.11. The spectrum shows peaks from glucose derived

metabolites that were also present in the yeast extracts (alanine, aspartate, glutamate,

glutamine and lactate) and the peaks from metabolites that are more specific to brain tissue:

L y-aminobutyrate (GABA) and N-acetyl aspartate (NAA). The {x-and [3-[13C-2]-glucose

i peaks from glucose uptake into the brain are also present but not shown in figure 4.11il

I! Analysis of the 13C NMR spectrum took into account a total of 33 resonance peaks

i (excluding the internal reference DSS peak), 21 of which were assigned to the above

mentioned metabolites. The assigned peaks account for 75 to 80% of the total carbon. The
I

! eight metabolic pools just mentioned account for about 75 to 80% of the 13C label as
i

ii measured by the sum of integrals over the 33 main carbon peaks observed. Figure 4.12

shows the distribution of label among these metabolic pools in a typical experiment. The

. presence of lactate is due to anaerobic lactate production during the freezing and extraction

procedure. The amount of lactate varied considerably with the efficiency of freezing

relative to interruption of blood flow. Brain extracts from rats in which the head was

sectioned before freezing show considerably more lactate (around 43%) than extracts from

rats in which the brain was frozen under anesthesia before sectioning (around 6%).
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Figure 4.12. Typical distribution of 13C label in the eight main metabolic pools of the rat
brain after 30 minute I.V. infusion with [13C-2]-glucose, expressed as percent of total
observed 13C, Ala = alanine, Asp = aspartate, GABA = y-aminobutyrate, Glue = glucose,
Glu = glutamate, Gin !"glutamine, Lae = lactate, NAA = N-aeetyl-aspartate,

f
I

Figure 4,13 shows the relative enrichments of glutamate carbons after 30 minutes
L

of I,V. infusion with [13C-2]-glucose under the control conditions, The ratio of C4 to C5

peak areas of glutamat_ is used to calculate the relative amount of glucose flux through the

shunt and found to be 25 :t:4 % under the control conditions. The relative enrichments of
J

alanine C2 and C3 were not used to measure flux of glucose through the pentose shunt in

this case beeat_se the C3 enrichment was too low to give a peak with sufficient signal to
b

noise ratio.
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Figure 4.13. Relative fractional enrichments of 13C label in the 5 positions of glutamate
in the rat brain extract after 30 minutes of I.V. infusion with [13C-2]-glucose under control
conditions (n=2). Fraction of label in position i = [13C-i]-glutamate/Y.[13C-ii-glutamate.

The distribution of 13C label found in the glutamate from rat brain is similar to that

found in yeast cells, When 33 mmol/kg TBHP was infused I.V. prior to glucose infusion,

the percent glucose flux through the shunt was 32 5: 5% which did not constitute a

significant increase relative to flux under control conditions.

Proton spectroscopy,

,ii

The evaluation of glucose flux through the pentose shunt by measurement of C4

and C5 glutamate peak areas is possible in the brain extracts as was shown in the previous ,

section. Due to the low receptivity of the 13C spin, acquisition of the 13C spectrum with

sufficient signal to noise ratio implies long acquisition times, which are feasible in vitro but _

make such a measurement in vivo difficult. The proton spin, which theoretically gives a
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32-fold increase in sensitivity relative to 13C,yields sufficient signal to noise ratios from

glutamate in short acquisition times, but only provides information on the protonated

positions: C2, C3 and C4. Measurementof glucose flux is thi_rCfor_not feasible from the

protonspectrumalone, but one can obtain relative variationsof C4 enrichment. If these

are normalized by the total flux of glucose, then an increase in C4 enrichmentis relatedto
,li

increase in glucose flux throughthe pentose shunt, In orderto evaluate the feasibility of

this type of measurementin vivo,protonspectrawereacquiredon the brainextracts.

Figure 4.14 shows a proton spectrum from 4.7 to 1.1 ppm of the aqueous phase of

a ratbrainafter30 minutes I.V. infusion with [13C-2]-glucose. The pulse sequence used

to obtain this spectrum was a : [recycle delay -presaturation pulse applied at the water

frequency (4.8 ppm) -single 45° pulse -acquisition]. In this case the protons connected to

unlabeled (12C) carbons are predominant and t3C satellites are obscured by the 12C

protons. Figure 4,15 shows the spectrum obtained by applying the inverse detection pulse

sequence set for detection of [13C-4]-glutamate proton satellites (see methods section
I

3.1.2.) compared to the s_lgle pulse sequence in the 0.6 ppm area surrounding the [13C-4],

glutamate proton peak at 2.5 ppm. The fight side of figure 4.15 shows the same

comparison in the DSS region and demonstrates that DSS 13C satellites can be used for
i

quantitative determination in the inverse detect spectrum. As would be expected

considering the results of the analysis of the 13Cspectra, comparison of [13C-4]-glutamate

peaks in the lH spectra did not reveal significant differences between control and TBHP

stressed animals.

The direct detect lH spectrum is also necessary for determination of the fractional

. enrichment of glutamate carbons because it permits measurement of [12C-4]-glutamate

concentrations. The fractional enrichment of the C4 carbon of glutamate was determined in

the re.tbrain extracts. The [12C-4]-glutamateconcentration was obtained from the lH direct

detect spectra and the [13C-4]-glutamate concentrations from the 13C spectra. Since the
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level of hyperglycemia is not expected to affect cerebral glucose uttli_tatton rates in the rat

(42), data from the lightly hyperglycemic (11,6 mM) and the strongly hyperglycemic (23,2

mM) rat brains were pooled together here, The fractional enrichment of [13C-4]-glutamate

was 10 5: 4% (n---4), The total glutamate pool was 9-2:2I.tmol/g wet weight L'rain (n=4)

determined from the proton direct detect spectra, Therefore approximately 0,9 I.tmol/(g wet

weight brain) of glutamate was labeled in C4 corresponding to about 0,2% of the 552 I.tmol

of label infused (for ihe lightly hyperglycemic rats) or 0,1% (for the strongly

hyperglycemic rats),

4.3.2. Metabolic blockade: the 6-amlnonicotlnamlde method.

In order to evaluate the 6-aminonicotina_aide method for determination of glucose

flux through the pentose shunt (section 2,4), the following experiments were done, 6'AN

was injected I,P, 2 hours previous to3 hours constant I.V, infusion of a total of 750 mg/kg

[13C-II-glucose, Oxidatively stressed rats received a 33 mmol/kg I.V, bolus of TBHP

immediately prior to glucose infusion, In order to test whether FDG would affect the shunt

activity, FDG stressed rats received a 110 mg/kg FDG bolus immediately prior to glucose

infusion, Control rats received only the [13C. II-glucose infusion 2 hours after the 6-AN

injection, At the end of glucose infusion, the brain was frozen and extracted. 13C NMR

spectra were acquired from the aqueous phase of the extracts, A typical !3C spectrum of

the aqueous phase of rat brain extract from a 6-AN treated rat infused with [13C-1]-glucose

is shown in figure 4,16, The [13C-1]-6PG peak area was measured to determine the

amount of [13C-1]-6PG accumulated per gram brain (see section 3,1,1), This amount was

then normalized by either the glucose dose or _:heglucose fractional enrichment to account

for glucose uptake in the brain (see section 2,4.) The results are presented in table 4.1.
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Table 4.1, Results of the 6-AN study. The first column (6PG) gives the amount of
[13C-1]-6PG per gram wet weight brain in Ixmol/g ww br. The second column (6PG per
glucose dose) gives the ratio of the first column mothe glucose dose expressed in mmol/kg.
The third column gives the ratio of the first column to the glucose fractional enrichment of
the brain expressed as a fraction.

Experimental conditions 6PG 6PG per 6PG per

(lamol/g br) glucose dose fract, enrichmt.
i i i

Control (n=3) 4 + 1 1.0 + 0.3 9.6 + 0.3 ,

TBHP (n-l) 9 + 1 2.4 + 0.3 28.0 5:0.3

FDG (n=2) 6 5:1 1.1 5:0.1 9.8 5:0.2
iii

Table 4.1. shows small increases in the amount of 6PG accumule ¢ed for the TBHP

and FDG treated animals. When the 6PG is normalized for glucose by either the glucose

dose or the glucose fractional enrichment then the FDG treated animals show no significant

difference from the controls. On the other hand the TBHP rat shows an increase by a

factor of 3 of the glucose fractional enrichment normalized 6PG, attributed to increase it,

relative flux of glucose through the pentose shunt.
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Chapter 5.

NMR determination of glutathione redox state in
tissues.

The tripeptide _,-glutamyl-cysteinyl-glycine, known as glutathione (GSH), is the

cofactor for the one of the cell's main antioxidant enzymatic systems: glutathione

peroxidase. The cell's resistance to damage from peroxides depends in p_t on the amount

of reduced glutathione present in th_.cell and the cell's capacity to regenerate reduced GSH

once glutathione has been oxidized in the peroxide destruction reaction. As we have

mentioned earlier, the cell's capacity to regenerate reduced GSH depends on the production

of NADPH. The glutathione redox state is the ratio of reduced to oxidized glutathione and

it reflects the cell's capacity at a given time to defend itself against the arrival of peroxides.

In the following, we develop a method to monitor the glutathione redox state based on the
b

proton NMR detection of the reduced and oxidized forms. We have applied this method to

the cell free preparations in which glutathione has been added, and this suggests that the

method could be applied to tissues in vivo, on the condition that the peaks specific to the
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reduced and oxidized forms of glutathione may be distinguished in the proton spectrum in

vivo.

5.1. NMR determination of glutathione redox state.
i

The active group of GSH in the redox reaction is the cysteinyl's thiol SH group

which when oxidized forms a disulfide bridge linking two glutathione molecules together in

the oxidized GSSG form.

2 GSH (red) _ GSSG (ox)

The chemical formulas of the reduced (GSH) and oxidized (GSSG) forms of

glutathione are shown below (with no assumptions on three dimensional conformation),

where Gly, Cys and Glu represent respectively the glycine, cysteine and glutamine groups.

I I
I I

' Cys ' GluGly i i
i i ,,COO"I I

_'-- CH2- NIP"CO- CH- NH-"CO-CH2-CH2-'C_ GSHI

H2 NHa+
SH

iC00
CO0-- CH2- NH- CO- CH- NH- CO-CHf CH2- CH

I "

H2 NH3+
S
I GSSG
S
I

_H2 sCO0-

CO()'--CH2- NI-I-CO- CH- NH- CO'-CH2-CH2- CH
NH3+
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The spectral differences between the reduced and oxidized forms of glutathione

distinguish the two species in solution. Quantitative determination of the relative amounts

of the two species in solution is therefore possible on the condition that the peaks specific

to each species be detectable in the spectrum. Figure 5.1 demonstrates the specti'al

differences between the reduced and oxidized forms of glutathione. Solutions of

glutathione in pi,_phate buffered D20'were prepared with varying ratios of the reduced to

the oxidized form with an internal DSS chemical shift reference standard, and the proton

NMR spectra of the solutions are shown in figure 5.1. Initial assignments of the spectra

are based on previous studies (50) & (51) and proton-proton coupling correlations that

were obtained in the 2-D COSY spectrum of glutathione by us. We interpret the spectral

differences in the following manner. The ct- and [3-cysteinyl proton frequencies are

sensitive to the change in redox state of the glutathione molecule due to the proximity of the

disulfide bridge. The ct-cysteinyl H peak at 4.57 ppm in the reduced form is shifted

downfield by 0.18 ppm to 4.75 ppm (close the the residual water peak) in ':he oxidized

form. For glutathione in the reduced form, the [_-cysteinyl H2 chemical shift is centered at

2.96 ppm. The conformation of the oxidized form of glutathione is such that the two [_-

cysteinyl H2 groups are not equivalent. One is shifted downfield by 0.34 ppm from 2.96

ppm to 3.30 ppm, while the other remains at 2.96 ppm.

Whether the above conformational interpretation is correct or not, the data show that

the peak centered at 4.57 ppm has a relative area corresponding to 1 proton and is specific

to GSH, and that the peak centered at 3.30 ppm has a relative area corresponding to 2

protons, and is specific to GSSG. With the appropriate correction for the number of

protons per peak, these two peaks were used to evaluate the ratio of reduced to oxidized

forms of glutathione in the prepared solutions. If IGSHis the area of the peak at 4.57 ppm

and IGSSGis the area of the peak at 3.30 ppm, the ratio of GSH to GSSG is given by:

[GSH] IGSH= (5.1)
[GSSG] 0.5IGSSG
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Figure 5.2 compares the value for the GSH/GSSG ratio obtained with equation 5.1

to the expected value for the ratio.
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Figure 5.2. The experimental ratio of GSH to GSSG peak intensities (equation 3.14.) is
plotted against the expected ratio. The dotted line is the fit of the data points to a linear
function and the solid line is the identity function. The point with zero coordinates
corresponds to noise which was not integrated, since no peak was visible.

The fact that the GSH peak at 4.57 ppm rides on the wings of the residual water

peak contributes to the higher than expected ratio values. These data suggest that it should

be possible to follow the reduction of GSSG to GSH after addition of GSSG to a cell

system. The characteristic peaks should be observable after subtraction of the first

spectrum of a dynamic series from the subsequent spectra of the series. The contribution to

the spectrum of the water peak and peaks from metabolites whose concentration and

" chemical shift remain constant during the experiment should be removed by the spectral

subtraction.
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5.2. Measurement of glutathione redox state in cell free preparations.

In the cell free preparations it was possible to evaluate the glutathione redox state by

subtraction spectroscopy as just described. In the cndpoint mcasurcment case, the proton

spectrum from a control preparation is subtracted from the spectrum of the GSSG treated

preparation. This procedure is illustrated in figure 5.3 which shows an example of spectra

from control and GSSG treated preparations and the subtraction spectrum. The subtraction

spectrum clearly shows the o_-and [_-cysteinyl proton peaks in the reduced and oxidized

forms of glutathione from which the redox state of glutathione is determined. The percent

of GSSG that was reduced during the experiment was found to be 87 + 11% (n=3),

assuming that ali of the glutathione added was in the oxidized form. This assumption is

reasonable considering that the GSSG solution was verified by proton NMR for presence

of GSH before addition to the cell free preparations, and no GSH was detected. The

GSH/GSSG ratio or glutathione redox state was 10 + 6 (n=3).

In the experiments in which the pentose shunt flux was monitored continually

during glucose consumption, it was also possible to monitor the decrease of the GSSG

peak. Since in these experiments, the initial GSSG concentration was lower than in the

end-point experiments, consecutive proton FIDs were added together in groups of 3 to

increase signal to noise. In order to suppress peaks from other metabolites whose

concentration doesn't vary, the last spectrum was subtracted from each of the previous

ones. The series of subtraction spectra for a typical experiment is shown in figure 5.4.

Figure 5.4 shows the decrease with '.ime of the l_-Cys GSSG peak at 3.3 ppm which

reflects the reduction of GSSG to GSH.

The cerebral concentration of glutathione is reported to be between 0.9 and 3.4

l.tmol/g brain for the rat (43) and 2 I.tmol/g brain in humans (52). At this concentration in

the human brain, the glutathione peaks should be detectable in vivo in a reasonable volume
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and with a reasonable acquisition time, but the proximity of the chemical shift of o_-Cysof

GSH to the water peak and that of 13-Cysof GSSG to choline, P-choline and taurine peaks

requires that a suitable spectral editing technique be used to distinguish the glutathione

peaks.
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Chapter 6.

Conclusions.

6.1. NMR measurement of pentose shunt.

We have proposed to develop and evaluate NMR methods for measurement of the

relative flux of glucose via the pentose phosphate pathway in living tissues. We have

presented methods based on the incorporation of 13C label into major metabolic pools after

administration of [13C-2]-glucose. The proposed methods were evaluated in cell

preparations and whole animals using tissue extracts, and we have Shown that the methods

can be used for measurement of relative pentose shunt flux under anaerobic or aerobic

conditions. The value of the NMR measurements over radioactive tracer measurements

resides in that NMR permits non-invasive sequential monitoring of the metabolic state of

the tissue.

6.1.1. Anaerobic measurements in cell free systems.

In the brain cell free preparations, we have used both [13C-1] and [13C-2]-glucosc

for measurement of the relative flux of glucose through the shunt. The relative shunt flux
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has been previously measured under anaerobic conditions using NMR detection of lactate

fractional enrichments and [13C-1]-glucose as a substrate as described in section 2.2.1

(equation 2.5) in perfused rabbit lens (21) and perfused rat C6 glioma cells (53). The brain

- cell free system is only comparable to these systems in as much as the cytosolic glycolysis,

pentose shunt and glutathione peroxidase-reductase enzymes were present in all systems
lm

and these systems were all studied in anaerobia. One obvious distinction is the fact that in

the cell free preparations, cytosolic enzymes and cofactors are diluted relative to the

physiological state and this implies that in order for it to function, cofactors are added to the

preparation. The concentrations of the cofactors affect the activities of the enzymes. In our

preparations, the enzymes and cofactors are diluted approximately by a factor of 6 from

their amount per gram wet weight brain. The selection of concentrations of cofactors used

in our studies and the choice of pH (7.4) were based on previous enzymatic studies of cell

free preparations (37), (54) & (55) and were designed to insure activity of ali steps of the

glycolysis and pentose shunt pathways. These concentrations are given again below:

Mg ++ 2 mM

NAD + 0.3 mM

NADP + 0.3 mM

ThiaminePP 3 mM

ATP 3mM
nicotinamide 30 mM

Of particular importance for the regulation of the oxidative steps of the penrose

shunt are the relative amounts of NADP + and NADPH, since under physiological

" conditions, the NADP+/NADPH ratio controls glucose-6-phosphate dehydrogenase

activity. In our experiment NADP + was prepared without any NADPH in the coenzyme
.w

solution which is added to the NMR cell free aliquot. This accounts for the high value of

50% (control) to 80% (GSSG stressed) flux through the shunt at the onset of the

experiment when the NADP+/NADPH ratio is highest. The variations of the
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NADP+/NADPH ratio during the time course of glucose consumption were not monitored

in the cell free preparations. The physiological concentrations for NADP + and NADPH in

the rat brain are reported (43) to be respectively 5 and 17 nmol/g wet weight brain which

gives a physiological NADP+/NADPH ratio of 0.3.

In the rabbit lens incubated in bicarbonate medium, the flux was reported to have an

equilibrium basal level of 5.6 + 5.8'% (21), although in the first several hours of

incubation, the flux ranged from 20 to 40%. These initially high values for the flux in the

rabbit lens, similar to the ones found in the cell free brain preparations were not commented

upon by the authors. In the C6 glioma cells, the flux through the shunt was found to be

10.01 +_0.85 %, but no dynamic assessment of the flux wt..; done.

In the cell free preparations the value for the overall flux of glucose was found to be

6% under the control conditions. Since i_ the preparations the cytosolic enzyme and

cofactor system is not under physiological conditions no direct comparison is made to the

above mentioned studies in perfused tissues which also used the [13C-1]-glucose/C3 lactate

enrichment method. However studies of pentose shunt activity in brain mince have been

done under conditions similar to the cell free preparations but using [14C-1 ] and [14C-2]-

glucose as the substrate and observing release of 14CO2 (56) to evaluate pentose shunt

activity. In the brain mince experiments, 150 mg of brain are incubated in 2ml of 0.15 M

phosphate buffer containing the following cofactors:

Mg ++ 5 mM

NAD + 0.5 mM

NADP + 0.5 mM

ATP 5mM

nicotinamide 50 mM

With [14C-1]-glucose as the added substrate and the above cofactor concentrations,

the effect of GSSG on the pentose shunt activity was evaluated. The amount of 14CO2

released from the preparation was increased by a factor of 2.2 (from 302 nmol 14CO2 in
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the control to 667 nmol 14CO2 in the GSSG treated case)when 2.5 mM GSSG was added

to the brain mince. We observed an increase of the relative shunt flux by a similar factor of

2.3 (from 6% in the control to 14% in the GSSG case) when 1.5 mM GSSG was added to

the cell free preparation. Although the release of 14CO2 from [14C-1]-glucose is indicative

of pentose shunt activity it cannot be used as such to measure the relative flux of glucose

through the shunt. The results obtained in the brain mince and cell free preparations

conf'n'rn the role of the pentose shunt in the maintenance of levels of reduced glutathione in

the brain and support the hypothesis of the shunt's involvement in protection against

oxidative stress. Similar values are found between increases due to GSSG in similar

preparations (cell free preparation and brain mince) using different methods for evaluation

of the shunt flux.

When the [13C-2]-glucose/lactate enrichment method is used for measurement of

the relative shunt flux in the cell free preparations, values comparable to those obtained

with the [13C-1]-glucose/lactate enrichment method are found. Table 6.1 compares results

obtained by the two methods at the onset and towards the end of the experiment•

Table 6.1. Relative flux of glucose through the pentose shunt in cell free preparations
using the C1 and C2 methods of measurement. Increase in flux due to addition of GSSG
is shown in 3rd and 6th columns.

control C1 GSSG C1 incrC1 controlC2 GSSG C2 incr C2

onset 50% 80% 1.7 65% 85% 1.3

- end 6% 14% 2.3 15% 35% 2.3

The results as presented in table 6.1 show that the increase due to GSSG is about

the same using both measurement methods but values found ,for the C2 method are higher

than those for the C1 method.
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One possible source for bias in the measurement by the C2 method is the presence

of alanine whose C3 protons resonate at a frequency close to the 13C3 lactate satellite at

1.46 ppm. The unaccounted for presence of alanine would introduce a bias towards higher

values of relative shunt flux. This can be 'avoided by taking the [13C-3]-lactate satellite

resonance at 1.24 ppm and multiplying by 2 to obtain the total satellite peak area.

6.1.2. Aerobic yeast studies.

In the aerobic yeast, we have used [13C-2]-glucose for measurement of the relative

flux of glucose through the shunt by the method of NMR observation of the relative

enrichments of glutamate carbons, which we propose in section 2.3. Two species of yeast

were studied and the effect of oxidative stress from of t-butyl hydroperoxide and oxidized

glutathione was evaluated.

Results from NMR and radiotracer methods compared in Saccharomyces cerevisiae.

The relative flux of glucose through the shunt has been evaluated by others in

Saccharomyces cerevisiae (SC) using radioactive tracer methods under similar conditions

(57) & (58) and found to be comparable or inferior to the flux found in our measurement.

In our experiments where SC cells are grown to mid-log phase in the presence of 2%

dextrose as the carbon source and 1% yeast extract as the nitrogen source, the relative shunt

flux is found to be 13 + 2%.

Wang et al. (57) find 12%, for SC grown with glucose and (NH4)SO4. Their

method of measurement of the relative flux is based on the 14CO2 released from [14C-1 ]

and [14C-6]-glucose.

Gancedo and Lagunas (58) measured relative shunt flux in SC cells with 2%

glucose as the carbon source and compared the effects of the nitrogen source. When

(NH4)2 HPO4 was the nitrogen source, a relative shunt flux of 2.5 + 0.3% was found,
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whereas when 1% yeast extract was the nitrogen source, the relative shunt flux was 0,9 +

0.4%. These values, which are 5 to 10 times lower than the value found by us, were

obtained using the method of measurement developed by J. Katz et al. (59).

Comparable values of relative flux of glucose through the pentose shunt are found

with measurements using the NMR and radioactive tracer techniques. Differences are

probably due to both the differences in experimental conditions and the methods used for

evaluation of the shunt.

Saccharomyces cerevisiae and Candida utilis compared by the NMR method.

When the Candida utilis (CU) variety of yeast is compared to SC under identical

control aerobic conditions in our experiments, the relative shunt flux is found to be 40 +

3% which is three times higher than SC'._ flux. This is explained by the higher pentose

shunt enzymatic activities found in CU. Table 6.2 compares the reported (45) pentose

shunt enzymatic activities of Saccharomyces cerevisiae and Candida utilis.

Table 6.2. Enzymatic activity in I.tmoles/min/mg protein of the pentose phosphate
pathway enzymes in S. cerevisiae and C. utilis (from (45)).

, ,

Enzyme S. cerevisiae C. utilis Ratio CU/SC
In i L

Glucose-6-P 0.06 2.15 36
dehydrogenase

, J ,,,, , ,,

6-P-gluconate 0.12 0.35 3
dehydrogenase

II'| , ,

Transketolase 0.2 1.45 7
i

Transaldolase 0.02 0.2 10o

, , i i ,,, ,,t

Aldolase* 3.0 1.1 0.36

. *Aldolaseis an enzymeof the glycolyticpathway.

Table 6.2 shows that the shunt enzymatic activities are 3 to 36 times higher in CU

than in SC cells. Since table 6.2 gives values from individual assays of each enzyme, one

would expect that the overall effect of the enzymes in concert would be limited by the
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lowest activity. Accordingly, the factor of 3 increa_e in overall shunt activity found in CU

corresponds to the lowest increase in enzymatic activity found i.e. the activity of 6-

phospho-gluconate dehydrogenase.

Effect of oxidative stress.

The effect of oxidative stress from TBHP, phenazine methosulfate and GSSG on

the relative flux of glucose through the pentose shunt was studied in SC and CU cells. To

our knowledge, variations of shunt activity in yeast cells as a function of this type of

oxidative stress has not been evaluated by other methods. We find a small progressive

increase (factor of 1.6) of relative shunt flux from 0 to lmM TBHP in SC A similar

increase of the relative shunt flux by a factor of 1.3 was found when CU cells were

stressed with 1.5 mM GSSG. The effect on shunt flux with variable concentrations of

GSSG was not studied. In the S.C. cells the flux then plateaus with a further increase of

TBHP up to 10 mM. This may be explained by the use of other mechanisms of defense

against peroxides (catalase) by the yeast cells which do not invol,_c glutathione and the

pentose shunt.

6.1.3. Whole animal brain studies.

When the glutamate relative enrichment method is applied to the rat brain the value

found for the relative glucose flux is 25 + 4% for the control rats (n=2) which were not

stressed with TBHP. The relative shunt flux has been evaluated by others in a variety of

brain preparations, using a variety of methods. The results of studies by others are

summarized in table 6.3.
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Table 6.3., Summary of relative fluxes of glucose through the pentose phosphate
pathway measured in brain tissue.

_System studied Relative shunt flux Reference

Normal human brain negligible Sacks (60)
Q

Isolated monkey brain 5-8% Hostetler (61)

• Isolated rat brain 34.6% Hakim (62)

. Isolated calf brain the ma_or pathway Moss (63)

Incubated bovine brain slices negligible Krass (64)

Bovine pituitary/pineal slices 3-5% Krass (64)

Adult rabbit brain slices 0.3% Guerra (65)

Fetal rat brain slices 3.5% Guerra (65)

Adult rat brain slices 0.3% Zubairu (66)

Juvenile rat brain slices 0.7% Zubairu (66)

Adult rat cerebellum slices 0.35% Hothersall (67)

Adult rat hemisphere slices 0.77% Hothersall (67)

Rat superior _ervical _anglion 16% Hiirk6nen (68)

Rat brain extract 3-5% Hostetler (69)

Rat brain extract 1.3% Gaitonde (70)

Rat brain extract 2.3% Gaitonde (28)

Rat brain extract 7.8% Gaitonde (71)

Table 6.3 ha3 results distributed into 3 groups depending on the type of preparation

that was studied. The first 4 rows group results obtained in in vivo studies in which the

. anesthetized subject's principal cerebral vessels are catheterized for administration of

substrates or sampling of metabolic products. The second 9 rows group results obtained

from incubated brain slice preparations. The last 3 rows group results obtained fi'om rat

brain extracts studies similar to the studies done in this thesis work, where analysis of
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metabolic products is done on the brain extract after in vivo administration of substrates.

Table 6.3 shows that a wide range of values are found in the literature for the relative shunt

flux in the brain. Factors which may have affected our measurement are discussed in the
[

following.

Results from the study of this thesis do not reflect regional differences in activity in

the brain but only an average from ali areas of the sample. In this study, the brain samples

were the whole brain excluding cerebellum but including the brain stem structures which

contain the nucleus coeruleus and the raphe nuclei, lt is in these structures that the

enzymatic activity of pentose shunt enzymes is reported to be highest (72). High pentose

shunt activities from these small local areas could be weighting the average towards a

higher value than would be obtained if only the cerebrum was studied.

lt is possible that propranolol, which is administered to the rats prior to surgery,

might have an effect on pentose shunt activity. Propranolol is a 13-adrenergic antagonist.

One study shows that _-adrenergic a_gonists increase the oxidative pentose phosphate

pathway and that the [3-adrenergic antagonist atenolol reduces the agonist-induced increase

(73). This suggests that propranolol might also have a reducing effect on pentose shunt

activity.

In the studies where extracts of b_,ti_, tissue are used for the measurement, it is

possible that the the tissue undergoes a_ ischemic state during the tissue freeze-isolation

procedure. If ischemia increases the relative shunt flux, then possibly large increases in

shunt flux might have occurred during the brain removal proceAure.

Although the technique of anesthesia by N20 was chosen as the one that would

least perturb glucose uptake as opposed to barbiturates (wb.ch are known to decrease

glucose consumption) (2) it is possible that N20 anesthesia might have increased the shunt

activity.
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The rats all received a bolus I.V. dose of 2-deoxyglucose (2DG) before onset of

glucose infusion. We have previously reported (74) that 2-19F-2-deoxygluco,,;e (19FDG)

affects glucose uptake and pentose shunt activity in the rabbit brain in a dose dependent

• manner. This suggests that the 2DG administered in this study might also affect pentose

shunt activity in the rat brain. The results and conclusions of the previous study are
i

summarized and discussed w..lative to the results of the present study in the following.

In our previous study, anesthetized male New Zealand white rabbits were

administered I.V. loading doses of either 70 mg/kg or 120 mg/kg of 19FDG prior to an

18FDG injection via the femoral artery. Control rabbits received no 19FDG. Control and

FDG loaded rabbits were imaged simultaneously by PET using a 3 mm transverse section

after identical doses of 8.5 mCi of 18FDG were given in I.V. boluses. Dynamic brain

images were obtained continually post injection, and arterial input function samples were

obtained from a femoral line opposite the input line out to 40 minutes post 18FDG injection.

Data were also taken at the liver 40 minute; post 18FDG injection. The dynamic PET data

were used along with arterial blood concentration data to derive kinetic constants for the 3

compartment model shown below:

, 18FDG -"!'_ k 1 18FDG k 2 18FDG-6-P
in _ in _ in

blood tissue tissue

k 3 k 4

" After the 40 minute PET study, the brains of the 70 mg/kg and 210 mg/kg 19FDG loaded

rabbits were rapidly excised and frozen in liquid nitrogen immediately post euthanasia.

Brain samples were extracted with chloroform-methanol and the aqueous fraction was

reconstituted in buffered D20 with 5mM TFA as an internal 19F NMR reference. 19F

NMR spectra were collected from the aqueous fractions on an 11.7 Tesla spectrometer.
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The effect of FDG loading on 18FDG uptake and kinetics is shown in tables 6.4

and 6.5.

Table 6.4, Comparison of relative organ uptakes of 18FDG in control and 19FDG-loaded
rabbits (.from Bolo et al. (74)), ........... "

Organ ...... Control 19FDG (70 mg/kg) 19FDG (210 mg/kg) .

Brain 100% ' 78% 57%

Liver 100% 1.20% 120%
II IIIIIII I li III II

Table 6.5. Comparison of kinetic rate constants in control and 19FDG-loaded rabbits
(from Bolo et al. (74)),
Parameter 19FDG (210 mg/kg) Control % Difference
(,min- 1) Rabbit Rabbit. (FDG/control)

kl 0,092 0.089 +3%

k2 0.239 0.154 +55%

k3 0.027 0.042 -36%

k4 0.00015 0.0043 -97%

fv* 0.183 0.146 +25%
i

*fv is the vascular fraction (percent of activity in a given organ due to blood)

The data from tables 6,4 and 6.5 show that 18FDG brain kinetics are perturbed and

18FDG brain uptake is decreased with 19FDG loading. This suggests decreased glucose

uptake and perturbed glucose kinetics in the brain with 19FDG loading.

19F NMR spectra of the brain extracts showed the presence of a peak at -121.11
t.

ppm assigned to 2-19F-6-phospho-gluconate (2F-6P-DG) in the 210 mg/kg extract but not
i

in the 70 mg/kg brain extract. 2F-6P-DG is the product of metabolism of FDG by the

glucose-6-phosphate dehydrogenase enzyme of the pentose shunt. If the pentose shunt

activity had been the same in the 70 mg/kg loaded rabbit brain as in the 210 mg/kg rabbit

brain, then we would expect to see a peak with an intensity 7.5% of the intensity of the
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FDG peak in the 70 mg/kg brain extract spectrum, This would have been detectable above

noise level under the conditions of the experiment. Since no peak above noise level was

observed in the -121.11 ppm region of the 70 mg/kg brain extract spectrum, we conclude

" that pentose shunt activity was lower in the 70 mg/kg FDG loaded rabbit brain than in the

210 mg/kg FDG loaded rabbit brain. This suggests that there is a dose dependent increase

of pentose shunt activity in the rabbit brain with 19FDG loading.

lt is possible that 2DG also perturbs glucose uptake kinetics and increases pentose

shunt activity in the rat brain in a dose dependent manner. The doses given irt our study

were 15 and 50 mg/(kg body weight) which are below the 70 mg/kg for which no 19FDG

metabolism via the pentose shunt was observed in the rabbit brain. Further studies are

needed to assess the effect of 2DG on pentose shunt activity in the brain.

6.2. Applications.

6.2.1. Tumor metabolism studies.

Increases in pentose shunt enzymatic activity have been associated with cellular

proliferation in carcinogenesis and the changes in metabolism of tumors relative to normal

tissue. (75 - 79). Although cause and effect relationships between cancer and pentose

shunt activity are not established, one may explain activated pentose shunt in relation to

cellular division in general, where lipid biosynthesis and production of nucleotides are

active processes. The in vivo monitoring of pentose shunt activity has the potential to help
i

distinguish tumors from normal tissue and aid in following the metabolic evolution of

treated cancerous tissues.
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6.2.3. Ischemia in cardiac muscle and brain.

It has been suggested that the highly reactive oxygen derived free radicals

superoxide anion, hydroxyl radical and hydrogen peroxide play a role in cerebral ischemia

and trauma (80- 84). Free radical production has been implicated in injury to brain tissue

after transient ischemia (7) & (8). The fact that the pentose shunt is involved in scavenging

peroxides therefore suggests that peniose shunt activity may be increased in cerebral

ischemia. Although pentose shunt flux in the heart is reported to be low (85), shunt

activity might also be increased in the case of cardiac ischemia. One study (86) showed

that in hearts perfused with [13C-2]-glucose, [13C-3]qactate appeared in detectable amounts

immediately after ischemia was induced. These results are in accord with presence of

glur, ose flux through the shunt during the ischemic period. By applying the model

developed in this study (equation 2.17) to the data oi that study, one obtains a value of

approximately 11% flux of glucose through the shunt after 30 minutes of ischemia.

6.2.2. Cardiac and skeletal muscle studies.

A review of studies of the pathologies of the neuromuscular apparatus (87)

indicates that many affected muscle fibres of patients with muscular dystrophies, congenital

myopathies, inflammatory myopathies, metabolic myopathies, endocrine myopathies, or

with diseases of the lower motor neuron, display an enhanced activity of both oxidative

enzymes of the pentose phosphate pathway. Further understanding of the metabolic

mechanisms involved in these pathologies should result from in vivo metabolic monitoring

of pentose shunt activity of muscular tissues.
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6.3. Potential for human studies in vivo.

In the following, we investigate the potential for and limitations of applying the

methods developed in this study to human studies in vivo. The hypothetical experiment
i

here is non-invasive 13C NMR detection of [13C-5]- and [13C-4]-glutamate after

administration of [13C-2]-glucose, The strategy for evaluating the feasibility of human

studies is first to estimate the steady state amount of 13C label incorporated into C4 and C5-

glutamate from infused [13C-2]-glucose by using the mathematical model developed in this

study and then to estimate the signal-to-noise obtainable from the 13C labeled glutamate by

comparison with results obtained from 13C NMR human studies from the current literature.

We finally estimate the total amount of infused [13C-2]-glucose required for such a study

by using a one compartment mathematical model of plasma glucose concentrations that

takes into account the human glucose turnover rate.

Model for C4 and C5-glutamate fractional enrichment as a function of 113C-21-glucose flux

through the pentose shunt.

In order to estimate the signal-to-noise obtained from 13C-glutamate after infusion
f

of [13C-2]-glucose, we first est,mate the amount of 13C-glutamate that is produced in the

tissue. This is done using the model developed in chapter 2 and applying the assumption

of negligible production of pyruvate, acetyl-CoA, and glutamate from endogenous

unlabeled sources. This assumption may apply well in brain tissue, but does not apply in

. skeletal muscle tissue in which endogenous unlabeled glycogen provides most of the

glucose. ,,
i*

In the model developed in chapter 2, measurement of the relative shunt flux from

glutamat_ carbons relied on relative enrichments instead of fractional enrichments to avoid

undetermined terms arising from undetermined production of unlabeled pyruvate and

glutamate from endogenous sources. However measurement of the relative shunt flux was
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expressed as a function of fractional enrichments of lactate carbons (equations 2.26 and

2.27), assuming 100% fractional enrichment of the [13C-,2]-glucose substrate, negligible

production of lactate from unlabeled endogenous sources and a negligible endogenous

lactate pool at the onset of infusion. If we assume negligible production of p_vruvat_ from "

unlabeled endogenous sources, and that steady state enrichment of the pyruvate pool is
b,

attained, then the fractional enrichments of C2- and C3-pyruvate (Fp2 and Fp3) are given

respectively by equations 2.33 and 2.34 shown again below.

FI:,2 = 3(1- X) (2.33)
6-X

2X

F'p3= 6- X (2.34)

If we also assume negligible production of acetyl-CoA and glutamate from

unlabeled endogenous sources and that steady state enrichment of the acetyl-CoA and

glutamate pools is attained, then Fp2 is equivalent to FC1 (fractional enrichment of acetyl-

CoA C1) which is also equivalent to FG5 (fractional enrichment of glutamate C5), and Fp3

is equivalent to FC2 (fractional enrichment of acetyl-CoA C2) which is also equivalent to

FG4 (fractional enrichment of glutamate C4). Therefore by applying these assumptions, the

following expressions are obtained for the fractional enrichments of C4- and C5-glutamate

as a function of relative shunt flux:

2X
FG4 =_

6-X (6,1)

FG5 = 3(1- X) (6.2)6-X

The fractional enrichment of the C4 carbon of glutamate was found to be 10i-_4%

(n=4) in the rat brain extracts. This 10% fractional enrichment of C4-glutamate found
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corresponds to 28% relative flux through the pentose shunt if we apply equations 6.1 and

6.2. The average value found for relative shunt flux in the rat brains is also 28+5% (n=4)

if one pools the data from the different groups of rats. This suggests that the assumptions

• ui_derlying this model are plausible in the case of the rat brain extracts. An approximate

100% FE of the glucose subsu'ate pool may be explained by considering that infusion of

99% [13C-2]-glucose was via the jugular vein, and therefore glucose uptake in the brain

was mostly on the first pass before glucose dilution from endogenous glucose production

occurred in the plasma. Under these assumptions one can say that the FE of C4 and C5

glutamate was determined by the relative flux of glucose through the pentose shunt°

In the case where C4 and C5-glutamate FE's are determined only by the relative

glucose flux through the shunt, the maximum FE for C4 and C5-glutamate are obtained. If

the FE of glucose entering the brain is lower than 100% - say x% - but there is no pyruvate

or glutamate dilution, than the C4 and C5 glutamate will be reduced by x%. Further

reduction of C4- and C5-glutamate FE will result from dilution of pyruvate or glutamate

pools. In order to evaluate conditions for measurement of pentose shunt flux in the human,

we will model the situation in the case where FE is determined by pentose shunt flux, and

then consider reductions in signal to noise that would occur when the glucose FE is

reduced.

Assuming that the C4- and C5-glutamate FE's are determined by the shunt flux, we

use the equations 6.1 and 6.2 to calculate the amount of label in C4- and C5-glutamate

produced in the human brain after constant infusion of [13C-2]-glucose. Assuming that

that the glutamate concentration in the human brain is approximately 10 _tmol/g brain

. weight (43), then the plot of steady state concentrations of [13C-4]- and [13C-5]-glutamate

as a function of relative flux of glucose through the pentose shunt is given by multiplying

FE's by 10mM. The plot of [13C-4]- and [13C-5]-glutamate concentrations obtained this

way is given in figure 6.2,
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Figure 6.2. Estimate of humal, brain concentrations of [13C-4] and [13C-5]-glutamate
assuming the glutamate carbon fractional enrichments are determined by flux of gluco:;e
through the pentose shunt.

The measurement of the relative flux of glucose through the pentose shunt depends

on the detection of both [13C-4]- and [13C-5]-glutamate. Figure 6.2 shows that for very

low and very high values of relative shunt f:ux, low tissue concentrations of either species

are obtained. These low concentrations will be the main limiting factor for NMR detection.

For low shunt flux, the measurement is limited by detection of [13C-4]-glutamate, and for

high shunt flux, the measurement is limited by detection of [13C-5]-glutamate.

Another limiting factor for NMR detection is saturation due to long T1 relaxation

time (discussed in section 3.1.1). Since the T1 of [13C-5]-glutamate in the extract is

12.37s (10 times higher than the C4's T1 in the extract), the TI saturation effect for [13C-

5]-glutamate may also be important in tissues. The value of the T1 of [13C-5]-glutamate in
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the brain in vivo must be measured to evaluate the saturation effect on SNR in the brain.

For low shunt flux values, low detectability of [13C-5]-glutamate due to saturation is

compensated by high concentration. For example in the brain extract spectra from our

" study where 25% shunt flux was measured, the [13C-5]-glutamate was observed with a

SNR 1.5 times higher than [13C-4]-glutamate (see figure 4.11), even though saturation

effects were substantial. For high shunt flux values, low detectability of [13C-5]-glutamate

due to saturation would imply increasing recycle delay times to increase SNR.

Conditions for 13C detection of [13C-4]-glutamate in human studies.

In section 1.3 we estimated the lowest detectable (at a SNR level of 5) concentration

of a small metabolite in human brain lH NMR studies to be about 0.9 _tmol/g brain in 8 ml

of detected volume with an acquisition time of 4 minutes. This was based on in vivo

human lH brain studies done at a field of 2 Tesla. In the same manner we now estimate the

lowest detectable concentration in a human brain 13C NMR study based on a 13C NMR

human study done at 2.1 Tesla (88). In the study by Gruetter et al. (88), 13C spectra were

obtained in a 144 ml volume of the brain using ISIS localized spectroscopy (89), after

infusion of 20 to 40 grams of [13C-1]-glucoseo The blood was assumed to make up only

approximately 3% of the volume of detection which excluded major blood vessels, and

therefore signal from blood glucose was neglected. The 13-glucose peak was observed with

a signal to noise of about 5 (evaluated from the spectrum), with an acquisition time of 14.5

minutes. The brain [13C-1]-glucose concentration was determined by the authors to be

• 1.03 + 0.25 mM. Assuming that 62% of the glucose was in the 13-configuration, the

concentration of _-[13C-1]-glucose peak with a SNR of 5 was about 0.6 mM. Hence a

SNR of 5 was obtained from a species with a concentration of 0.6 mM in a volume of 144

ml with an acquisition time of 14.5 minutes at a field strength of 2.1 Tesla. This SNR

obtained under these conditions is used to estimate conditions for detection of [13C-4]-
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glutamate. Assuming that [13C-4]-glutamate and [13(2-1]-glucose have about the same T1

(in solution the Tl's are respectively 1.28 s and 0.98 s ) the same SNR should be obtained

from [13C-4]-glutamate as from [13C-1]-glucose under the same conditions.

Conditions for measurement of penrose shunt flux. ,

Let's evaluate the conditions required for detection of [13C-4]-glutamate, given the

conditions of the Gruetter measurement mentioned above (88). When NMR spectroscopy

is performed in vivo, the Brownian motion of electrolytes (in high concentrations) in the

biological sample induce extra noise in the receiving coil. This noise is dependent on the

Larmor frequency toO (90) and the expressiol_ for the signal to noise ratio is therefore

different than the one used in section 3.1.2. In the in vivo case, the signal-to-noise ratio

(SNR) is still proportional to the concentration (C), the detection volume (V) and the square

root of the acquisition time (t1/2since the acquisition time is proportional to the number of

acquisitions) but the dependence on field strength (B0) is linear (as opposed to B0 to the

power 3/2 shown in equation 3.14), because the noise term in the denominator contains B0

(90). Therefore, if in the following expression:

SNR = kCVt_B0 (6.3)

we insert the values for C, V, t and B0 that were obtained by Gruetter et al., the

proportionality constant becomes"

k = 0.00724 ml -1 mM -1 min-l/2 T-1

Considering that 4 Tesla spectrometers possessing a wide enough bore to permit
e

human brain studies are presently available, and that shunt flux in the human brain in vivo

is likely to be smaller than the 25% that was found in the rat brain extract studies, let us

evaluate the SNR as a function of time and sample volume for a situation where the relative

shunt flux is 5% and the field is 4 Tesla. In accord with equation 6.1 these would be the

conditions for detection of 0.17 mM of [13C-4]-glutamate at 4 Tesla. We note that in order
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to neglect signal from blood glucose, the ;olume of detection must exclude major blood

vessels, otherwise the contribution of blood glutamate to the signal must be accounted for.

The plots for SNR under these conditions is shown in figure 6,3.
II
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Figure 6.3. 5% flux of glucose through the pentose shunt @ 4 Tesla. Estimation of the
13C signal to noise obtainable from 0.17 mM [13C-4]-glutamate in the human brain as a
function of acquisition time for different detection volumes at a field strength of 4 Tesla
after 30 minutes of constant infusion of [13C-2]-glucose. Curves are plotted for volumes
from 20 to 220 ml with 20 ml increments. The horizontal line corresponds to the SNR
limit of 5.

. Figure 6.3 based on equation 6.3 enables one to rapidly estimate graphically the

experimental conditions needed for obtaining sufficient SNR to measure pentose shunt

"" activity. A signal-to-noise ratio of 5, sufficient to infer 5% flux of glucose through the

pentose shunt is estimated to be acquired at a spectrometer field strength of 4 Tesla, in a

localized volume of about 185 ml (5.7 cm on a side) with an acquisition time of 30 minutes

if 100% plasma glucose fractional enrichment is obtained, In the following section we
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estimate that 82% plasma glucose FEis attained in the human with constant 99% [13C-2]-

glucose infusion. If 82 % plasma glucose fractional enrichment is obtained, then the

detection volume should be increased accordingly to 226 ml (6.1 cm on a side) to obtain
II

the same signal-to-noise level with the same acquisition time. A signal to noise ratio of 5 is

considered as sufficient for such a study.
'k

lt is of interest to project the conditions of the measurement beyond the present state

of NMR technology. Assuming that the signal-to-noise increases linearly with field

strength from 4 to 10 Tesla, we can consider the improvement in time resolution that would

be obtained in a hypothetical 10 Tesla wide bore spectrometer for human studies. At 10

Tesla the same signal-to-noise of 5 would be obtained from the same volume (226 ml),

with 5% pentose shunt flux in only 4.8 minutes.

The signal-to-noise obtained is mainly limited by the concentration of [13C-4]-

glutamate which depends on relative shunt flux. At 25% of glucose flux through the

pentose shunt for example, a SNR of 5 is obtained in a volume of 63 ml (3.9 cm on a side)

with 10 minutes of acquisition time at 4 Tesla. At 82% plasma glucose fractional

enrichment, this becomes 77 ml (4.3 cm on a side). In order to give an idea of the

conditions of detection as a function of the relative shunt flux the SNR obtained is plotted

as a function of the relative shunt flux at' a field strength of 4 Tesla with a 15 minute

acqu'sition time in figure 6.4.
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Figure 6.4 Estimate of the signal-to-noise ratio obtainable at a spectrometer field
strength of J,Tesla with an acquisition time of 15 minutes as a function of relative flux of
glucose through the pentose shunt.. Plots are given for different detection volumes from
20 to 220 ml in increments of 20 ml. Horizontal line corresponds to the SNR limit of 5.

Figure 6.4 shows that for values of relative glucose flux through the pentose shunt

below about 10%, a volume of 131 ml (5.1 cm on a side) or more is needed to obtain a

signal to noise of 5 at a field strength of 4 Tesla with 15 minutes acquisition time. At 82%

plasma glucose FE, this becomes 160 ml (5.4 cm on a side). For shunt flux values above

10%, smaller volumes or acquisition times may be used. As was mentioned above, for

high shunt flux values, the brain concentration of [13C-5]-glutamate is low (below 1 mM

for 80% flux), and this limits measurement of relative shunt fluxes above that value.

However for high flux values, a lower boundary for the shunt flux may be obtained. If in

- an experiment, detection of [13C-4]-glutamate were obtained without detection of [13C-5]-

glutamate, this would imply that the shunt flux is above a limit close to 80%, depending on

the conditions of detection and the TI of [13C-5]-glutamate in the tissue.
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Amount of [13C-2]-glucose required for in vivo human studies.

In the following an estimate of the amount of [13C-2]-glucose that would be

necessary for 13C NMR detection of [13C-5]- and [13C-4]-glutamate in human studies in

vivo is obtained. For this estimation, a one compartment model for the glucose distribution

space with two phases of constant infusion of 99% [13C-2]-glucose is used. lt was shown

above that the 13C-glutamate FE at a given shunt flux is proportional to the plasma glucose

FE, so the objective here is to obtain a high level of plasma glucose FE without having total

plasma glucose go beyond a level which might perturb cerebral glucose metabolism. This

is taken to be about 10 mM = 180 mg/dl.

In an experimental setting, high levels of plasma glucose can be maintained by

applying a modification of the hyperglycemic glucose clamp technique (91) which reduces

endogenous production of glucose with dosed insulin infusion (92). Therefore in the

model we use for the estimation, we assume endogenous glucose production to be

negligible (93). In the hyperglycemic glucose clamp a priming dose of glucose is

administered for 14 minutes, followed by continuous infusion at a rate which is adjusted to

maintain constant the plasma glucose concentration. In our simplified model of the glucose

clamp we use two phases of constant infusion instead of the infusion at a variable rate

which would be used in a real glucose clamp. The first phase corresponds to the priming

dose. The second phase corresponds to the continuous infusion. The values of plasma

glucose concentration and fractional enrichment are evaluated in the single compartment

model.

1/ Priming dose:

In the single compartment model, we call I the constant glucose infusion rate (units

of [mass time-l]), a the infused glucose fractional enrichment, V the apparent glucose

distribution volume and k the glucose turnover rate constant (units of [time-l]). The total

mass of exchangeable glucose Q(t) is given by:
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Q(t) = Q(0)e -kt +k(1-e-kt) (6.4)

The mass of labeled glucose Q*(t) is given by:

' Q*(t) =-_(1-e -kt ) (6.5)

g

The plasma glucose fractional enrichment is therefore:

ai (1- e-kt)
FE = Q*(t-----2)=,, , _ (6.6)

I e_kt )
Q(t) Q(0)e -kt + _-(1-

The following values for an average 70 kg person are taken for the estimation:

V = 12.6 liters (180 ml glucose distribution space/kg body weight)

k = 0.012 min "1 (from glucose turnover of 2.0 mg (kg body weight) "1 min "1 with a

plasma glucose concentration of 90 mg/dl = 5 mM)

Q(0) = 11.34 g (Q(0) = CV with C = 90 mg/dl)

a = 99% (commercially available)

The priming dose is taken as 2 mg (kg body weight) "1 for each mg/dl increase in

plasma glucose from DeFronzo et al. (91). Taking a 70 kg subject with an initial 90 mg/dl

plasma glucose concentration and a desired final glucose concentration of 180 mg/dl this

corresponds to an infusion rate I = 12.86 mg (kg body weight) -1 min -1 for a period of 14

minutes i.e. a total of 12.6 g.

2/ Continuous infusion:

After the priming dose has been applied for 14 minutes the plasma glucose

., concentration is estimated to be 168 mg/dl. Equation 6.4 is used again for estimating the

total glucose mass Q(t) except that the new initial glucose mass Q(0) is taken as as the

glucose mass after infusion of the priming dose. The following equation that takes into
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account the amount of label in the glucose space after the priming dose is used for

estimating the mass of labeled glucose:

ai e_kt )
Q*(t) = Q*(0)e -kt +_(1- (6.6) ,

We take the initial mass of labeled glucose Q*(0) as the mass of labeled glucose after

infusion of the priming dose. In the model we assume that inhibition of insulin secretion

due to hyperglycemia is obtained by infusion of somatostatin. We therefore also assume

that the glucose turnover remains unchanged in the hyperglycemic state. Values used for

the estimate of the second phase of infusion are summarized below:

V = 12.6 liters (180 ml glucose distribution space/kg body weight)

k = 0,012 min "1 (from glucose turnover of 2,0 mg (kg body weight) -1 min "1 with a

plasma glucose concentration of 90 mg/dl = 5 mM)

Q(0) = 21168 mg (estimation from priming infusion)

Q*(0) = 11482 mg (estimation from priming infusion)

These values yield a required constant infusion rate of I = 3.89 mg (kg body

weight) "1min "1 to obtain 180 mg/dl = 10 mM steady state plasma glucose concentrations

i.e. 272 mg rain -1 in a 70 kg subject.

Figure 6.5 shows the simulation of plasma glucose concentrations and fractional

enrichment using the two phase infusion.
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Figure 6.5. Simulation of plasma glucose concentration (mg/dl) and 13t2 fractional
enrichmel_tobtained with the two phase infusion model.

Figure 6.5 shows that the steady state plasma glucose concentration obtained after

60 minutes of infusion is only 4% short of the desired level of 180 rag/di. The plasma

glucose fractional enrichment obtained after 60 minutes is 74%, and is 82% by 90 minutes.

For a total infusion time of 90 minutes, (after 60 minutes, steady state is practically attained

and a minimum of 30 minutes are taken for NMR acquisition) the total [13C-2]-glucose

dose is estimated from the two phase infusion model to be about 33 g for a 70 kg subject

i.e. 471mg (kg body weight) -].

Medical science NMR studies of this type in the human subject at a field strength of

2 to 4 Tesla require 90 to 120 minutes or more of 99% 13C labeled substrate infusion with

,., large NMR detection volumes (at least 6 cm on a side), and therefore require on the order

of 20 to 50 grams of 13C labelled substrate (94) & (92). These conditions are almost

impracticable considering the high cost of 13C enriched substrates at the present time. The

price of one gram of [13C-2]-glucose at present is about $400. This results in a total cost
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of $13200 for 33 grams of [13C-2]-glucose, Yet at a field strength of 10 Tesla, the /

increase in sensitivity relative to that at 4 Tesla would result in a reduction in required f

acquisition time by a factor of 6. The consequent decrease in required 13C label would /

make the conditions of the study more practical. / "

The estimates given in this study suggest that the method of measurement of relative / ,

glucose flux through the pentose shunt based on relatwe enrichments of glutamate carbons /

C4 and 125is applicable to non-tnvasive human studies. This study predicts the limitations /

imposed on volume of detection, arnount of penrose shunt flux, field strength, acquisition /

time and 13t2 labeled glucose dose. Considering these limitations, in vivo studies of the/

pentose phosphate pathway m the human brain and in organ regions or tumors of abouI
200 cc volume appear feasible at the present time.

/
/
//

/

/
,/
/
/

,/

,!
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Appendix. lH and 13C peak integrals in the cell
free brain preparation experiments.

The following are plots of the.NMR peak integrals versus time for the cell free

experiments, Integrals are given in arbitrary units, Errors are estimated by using equations

3,7 to 3,9 from section 3,1,1,
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1. [13C.l]-glucose experiments.

1.1. Controls.

£

" ,., 25 [tlC'3]'lactate
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Time (rain)

Figure Al.1. [13C-II-glucose substrate. Control cell free preparation 1, lH NMR peak
integrals for [12C-3]- and [13C..3]-lactate.
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Figure Al.2. [13C-II-glucose substrate. Control cell free preparation 2. lH NMR peak
integrals for [12C-3]- and [13C-3]-lactate.
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Figure Al.3. [13C-1]-glucose substrate, Control cell free preparation 1, 13C NMR
peak integrals for o_-[13C-1]- and [3-[13C-II-glucose and [13C-3]-lactate,
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Figure Al.4. [13C-1]-glucose substrate, Control cell free preparation 2, 13C NMR peak
integrals for tx-[13C-1]- and 13-[13C-1]-glucose and [13C-3]-lactate,
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1.2. GSSG stressed.
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Figure Al.5. [13C-II-glucose substrate. GSSG stressed cell free preparation 1. iH
NMR peak integrals for [12C-3]- and [13C-3]-lactate.
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" Figure Al.6. [13C-1]-glucose substrate. GSSG stressed cell free preparation 2. lH
NMR peak integrals for [12C-3]- and [13C-3]-lactate.
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Figure Al.7. [13C-1]-glucose substrate. GSSG stressed preparation 1. 13C NMR peak
integrals for (x-[13C-1]- and I3-[13C-1]-glucose and [13C-3]-lactate.
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Figure Al.8. [13C-II-glucose substrate. GSSG stressed preparation 2. 13C NMR peak
integrals for ct-[13C-1]- and 13-[13C-II-glucose and [13C-3]-lactate ....
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2. [13C-2]-glucose experiments.

2.1. Controls.

,(
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Figure AI.9. [13C-2]-glucose substrate. Control cell free preparation 1. lH NMR peak
integrals for [1:_2-3]- and [13C-31-1actate.
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Figure Al.10; [13C-2]-glucose substrate. Control cell free preparation 2. lH NMR
peak integrals for [12(2-3]- and [13C-3]-lactate.
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Figure Al.II. [13C-2]-glucose substrate. Control cell free preparation 1. 13C NMR
peak integrals for a-[13C-2]- and 13-[13C-2]-glucose and [13C-2]-lactate.
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Figure Al.12. [13C-2]-glucose substrate. Control cell free preparation 2. 13C NMR
peak integrals for a-[13C-2] - and 13-[13C-2]-glucose and [13C-2]-lactate. .
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2.2. GSSG stressed.
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Figure AI.13. [13C-2]-glucose substrate. GSSG stressed cell free preparation 1. lH
NMR peak integrals for [12C-3]- and [13C-3]-lactate.
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Figure Al,14. [13C-2]-glucose substrate. GSSG stressed cell free preparation 2. lH
NMR peak integrals for [12C-3]- and [13C-3]-lactate.
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Figure Al.15. [13C-2]-glucose substrate. GSSG stressed cell free preparation 1. 13C
NMR peak integrals for o_-[13C-2]- and _-[13C-2]-glucose and [13C-2]-lactate.
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Figure Al.16. [13C-2]-glucose substrate. GSSG stressed cell free preparation 2. 13C
NMR peak integrals for o_-[13C-2]- and 13-[13C-2]-glucose and [13C-2]-lactate.






