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TOXICOLOGICAL APPLICATIONS OF CELL AND ANIMAL MODLES FOR IN
VIVO NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

by

Jeffrey M. Macdonald

ABSTRACT

The goal of this study was to develop NMR-compatible cell and animal models

for toxicology using novel biotechnology and NMR hardware. Three NMR-compatible

cell models and one animal hepatic model are described. The cell models are based on

suspension, encapsulation, and membrane-type bioreactor technology and are

demonstrated with isolated rat intestinal mucosal cells, a human prostatic adenocarcinoma

cultured cell-line (DU 145), and isolated rat hepatocytes, respectively. The animal model

permits determination of kinetic, biochemical, and physiological processes in intact rat

liver. Together the cell and animal models permit the toxicological investigation of dose

response, cell composition, and endocrine, immune, inter-organ and physico-chemical

interactions.

We conclude that for toxicological NMR study of cells, one should use the airlift

bioreactor for prokaryotes, unicellular plants, parasites, and non-anchorage dependent

mammalian cells, but this design creates sufficient mortality to anchorage-dependent

mammalian cells and renders non-interpretable data. The tricentric" membrane-type

bioreactor should be used with anchorage-dependent mammalian cells; the diffusion

distance, the global density versus spectroscopic signal-to-noise, and extracellular matrix

will need to be optimized for each cell-type.

The animal hepatic model permitted the non-invasive monitoring of pH, 31P, and

1°C metabolites in rat liver by a novel implantable triple-tuned NMR surface coil during

intravenous administration of 2-13C-glycine. Major 13C-labeled metabolites were serine,

glutathione and Y-glugly. Glutathione and Y-glugly coresonated in vivo, but Y-glugly

was determined to be more rapidly synthesized. Serine was doubly-labeled which was
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dose dependent. 13C NMR spectroscopic analysis of the urine time course revealed that

by 3 hrs, the major 13C-labeled metabolites are glycine, creatinine, with possible labeling

of glycine conjugates and oxalate; significant amounts of urea were excreted. Plasma

samples revealed that 2-13C-glycine was the predominant 13C-labeled metabolite. The

effect of an intraperitoneal bolus injection of dibromoethane (80 mg/kg) revealed that Y

glugly/glutathione decreased by 80% at 1.5 hrs after the bolus injection The glycine

signal also decreased and was due to increased utilization caused by de novo purine,

protein, and other still unknown biosyntheses. The 31P NMR spectra revealed that at 1.5

hrs there was a decrease of pH, but no discernable change in ATP levels.

The combination of the novel cell and animal models and NMR analysis of tissue

extract and body fluids provides a powerful range of techniques for investigation of

mechanism(s) of toxic action.
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OVERVIEW

CHAPTER 1

Overview of NMR Applicability to Problems in Toxicology

HISTORICAL PERSPECTIVE AND DEFINITIONS

Toxicology: Toxicology is the branch of science studying poisons. A poison is any

agent capable of producing injury to biological systems, and can be chemical

[endogenous or xenobiotic (e.g., any foreign chemical)] or physical (irritation,

temperature, sound, and humidity). By this definition, anything can be a poison

depending on the dose, so toxicology studies have focused on poisons that are toxic at

relatively low doses and are easily dosed, such as chemicals. The biological system can

be parasitic, viral, bacterial (i.e., antibiotics), invertebrate (i.e., insecticides), and

vertebrate (i.e., anti-cancer drugs, antivermine). Therefore, toxicology is a broad

multidisciplinary science that includes all kingdoms of the phylogenetic tree, and

environmental, biological, chemical and physical sciences. Specifically, biochemical

toxicology is the study of the effects of poisons and their mechanism(s) of toxic action on

biological systems.

The earliest Homo Sapiens were well aware of the toxic effects of animal venoms

and poisonous plants, as written in the Egyptian Ebers Papyrus, our earliest medical

record dated ca 1500 BC. This document contains over 800 pharmaceutic recipes, some

of which include the following poisons: hemlock, lead, copper, and antimony; aconita, an

arrow poison of ancient China; opium, used as a poison and antidote; and plants

containing the alkaloids, digitalis and belladonna.



The Greeks and Romans quite commonly used plant, animal and mineral poisons.

Ancient Greek capital punishment included suicidal death by ingesting hemlock.

Socrates (470 to 399 BC) was sentenced to death by eating hemlock and described the

sensations of numbness and tunnel-vision to his student prior to his death. The Roman

empire was plagued by poison-related political assassinations. For example, Agrippina

killed Claudius using arsenic in order to make Nero emperor of Rome (Amdur et al.,

1991).

Ergotomine, a toxic alkaloid produced by a fungus that grows on poorly stored

rye, is hallucinogenic at low doses and was attributed to witchcraft in the Dark and

Middle Ages (Barger, 1931). During the Middle Ages, poisoning was practiced by

families, such as the Borgias, and some clergy for monitory gain and promotion. The

practice of poisoning was actually commercialized by Catherine Deshayes in France,

where she was eventually executed for her many poisonings, including over 2,000

infants.

However, it was not until the Sixteenth Century that the scientific study of

toxicology was begun by Paracelsus (1493-1541) who developed the concepts of the

toxic agent, dose-response to a toxicant, the distinction between therapeutic and toxic

dose, and the necessity for experimentation. The father of modern toxicology was

Mattieu Joseph Bonaventura Orfila (1787-1853) who, at the University of Paris,

identified toxicology as a separate science and introduced forensic toxicology as a means

to identify poisons for legal evidence in murder cases.

Modern biochemical toxicology has evolved with society and technology. For

example, the advent of pesticides, industrial and municipal wastes, food additives, and

other modern-day pollutants required the determination of their health risks to society.

Radiotracer and chromatography technology has permitted picomolar detection of

toxicants and elucidation of mechanisms of toxic action by determining kinetics,

biodistribution, and biotransformation of toxicants. Enzyme assay and biotechnology



have helped elucidate the effects of toxicants on protein and mRNA levels, function, and

composition. In conjunction, these technologies have helped form theories of toxic

injury, but these theories have never been tested non-invasively within the living tissue,

because technology to monitor metabolism non-invasively in living tissue has not been

available. In vivo nuclear magnetic resonance (NMR) is a relatively recent technology

that permits the non-invasive monitoring of metabolism in any tissue of interest but it is

not yet an accepted technology in toxicology research.

IN VIVO NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY AND

MAGNETIC RESONANCE IMAGING

In vivo NMR spectroscopy is used to study the biochemistry of living systems.

The NMR phenomenom was first demonstrated by Bloch and Purcell in 1945. They

found that the nucleus of any isotopic element with a quantum number not equal to zero

when placed in a magnetic field will have a precessional frequency (Q)0) that is

proportional to the static magnetic field (Bo). This relationship is given by the Larmor

equation:

(00 = YB0

where Y is the gyromagnetic ratio, a constant dependent on the nucleus of interest. This

nuclear precessional frequency is in the range of millions of precessions per second, or

megahertz (MHz), which is the radiofrequency range. The best example of precessional

frequency that we can visualize is a spinning top. As a top winds down we can see it

wobble about its center axis with a (00, in Hz (sec-1), that is proportional to its spinning

velocity (vs). The earth is another example: viewing the earth from the sun as our frame

of reference, we note that the earth's axis lists 23.45° due to the torque caused by the

moon, and its vs is one day. In addition, from earth we would watch the north star,

polaris, move from within 1° of the north axis to 47° in 12,960 years and back to its



original position in another 12,960 years. Therefore, the earth rotates about its axis every

25,920 years, or a 00 of 1.2 x 10−18 MHz (Eisenberg and Lerner, 1981).

Bloch and Purcell found that the NMR phenomenon occurs when the exact

frequency as the precessional frequency (Q)0) is administered perpendicular to the Bo

field, creating a second field (B1). The B1 field is generated by a radiofrequency (rf)

transmitter. NMR-observable nuclei of atoms absorb this r■ energy and resonate. When

B1 is turned off, the nuclei emit their magnetic energy, which is picked up by the same r■

transmitter, now acting as a receiver, and this energy induces an electromotive force in

the receiver as described by Faraday's law. The resulting voltage is manipulated to obtain

the COO of the nuclei.

In 1974, in vivo NMR spectroscopy was born after it was demonstrated that high

resolution 31P NMR spectra of frog sartorius muscle were maintained in good

physiological condition in the spectrometer (Hoult et al., 1974). Since the mid-1970's,

NMR has evolved into one of the most powerful tools for non-invasive monitoring of

biochemical concentration and flux, pH, enzyme kinetics, oxidation state, metal ion

binding, compartmentation and molecular mobility (Gadian, 1989; James, 1975). In the

late 1970's, the conventional NMR spectrometer was modified by the addition of gradient

coils to become the first magnetic resonance imager (MRI). MRI is essentially an "H

NMR spectroscopic map with image intensity equal to the peak height of H2O. MRI has

revolutionized diagnostic radiology in the last 15 years, permitting high resolution images

of soft tissue that were never thought possible. In vivo NMR spectroscopic and MRI

research have primarily been used by the biomedical field, where methods for diagnosis

and determination of the mechanism of disease have revolutionized this field.

Several groups have conducted MRI and NMR spectroscopic studies of the liver

(Cohen, 1991). These studies have ranged from the investigation of normal biochemistry

to biochemical consequences of toxicants. To date, few studies have used in vivo NMR

spectroscopy to investigate toxicological mechanisms and theories for irreversible cell



death due to xenobiotic exposure. The reason for this is partially because in vivo NMR is

a relatively new method that has just recently been introduced to the field of toxicology

(Hazle et al., 1989). In addition, the primary goal of most research areas in toxicology,

such as forensic, analytical and environmental, is to obtain the smallest detection limit

possible for detecting potent toxicants, and in vivo NMR has a relatively poor detection

limit, in the mM range, as compared with other analytical techniques.

Biochemical toxicology is composed of toxicokinetics (study of the kinetics of

toxicants in biological systems) and toxicodynamics (study of the effects of toxicants in

biological systems). Toxicodynamics has become increasingly important in biochemical

toxicology (Amdur et al., 1991) because public safety relies on and industry is regulated

by accurate xenobiotic toxicity thresholds. In the last decade, especially, the public,

industry, and scientists have demanded better biomarkers of toxicity for toxicodynamic

determine the mechanism(s) of toxic action permitting more accurate risk assessment.

In vivo NMR spectroscopy and MRI have not yet been widely accepted in

biochemical toxicology, but are powerful tools for determining toxicodynamics.

Although present toxicodynamic studies are designed to non-invasively monitor

biomarkers of toxicity directly within organs of interest, they have relied on analysis of

proteins or radiotracer metabolites in body fluids to indirectly study the organ of interest.

To obtain information directly from the tissue using methods presently available in

toxicodynamics, biopsies or complete destruction of the tissue is necessary. The non

invasive modality of in vivo NMR spectroscopy and MRI, and their inherent ability to

monitor all compounds containing NMR-observable nuclei better capabilities to observe

and determe novel toxic phenomena by serendipity than present toxicology techniques.



BIOCHEMICAL TOXICOLOGY: STATE OF THE ART

Depending on the toxicant, there are several pathways for acute and chronic cell

toxicity. Figure 1 illustrates pathways for alkylating agents, redox cyclers, uncouplers of

oxidative phosphorylation, or receptor-specific acute toxicity. Cellular necrosis follows

from severe environmental trauma and is biochemically and morphologically

distinguished from apoptosis, or normal gene-directed cell death, by loss of energy [or

adenosine 5' triphosphate (ATP)] generation and cell swelling (Alison and Sarraf, 1994).

Alkylating agents, such as 1,2 dibromoethane, deplete antioxidant stores and then cause

the loss of ATP production by alkylation of important enzymes in the mitochondria or

ACUTE TOXOCITY

Uncouplers of
oxidative phosphylation

Receptor-specific

Alkylating agents
&

Redox cyclers

Antioxidants ATP
-

Destruction of
-

GSH Loss of Na' cytoskeleton IrreversiblepH homeostasis Cell

-
Death

Vit. E cytosolic Loss of cell
Ca12 membrane

- -
Activation of integrity

Vit. C & A Alkylation proteases and
of endonucleases

Biomolecules Cell swelling
Glycolysis

Figure 1: Pathways to irreversible cell death in acute toxicity. Alkylating agents and
redox cyclers directly decrease antioxidants whereas receptor-specific toxicants and
uncouplers of oxidative phosphorylation have other targets (see text).



cytosol, thus destroying their function, and displace Cat” from intracellular thiol storage

sites (Reed, 1990a). As oxidative metabolism decreases, anaerobic glycolysis increases

to keep pace with ATP demand, and lactate accumulates causing pH to decrease. As

intracellular Cat” concentration increases, proteases and endonucleases are activated

causing cell digestion. In addition, continued loss of ATP stops the ion pumps which

causes the loss of maintaining cellular osmolarity leading to loss of cell membrane

integrity, destruction of cytoskeleton, and cell swelling or blebbing. Even with very large

blebs or bubbles in the cell membrane, cells can be revived. However, at some critical

point the cell membrane integrity is lost and macromolecules leak out. The result is cell

death. Redox cyclers, such as acetaminophen, cause oxidative stress which depletes

antioxidants and causes lipid peroxidation, eventually causing loss of energy generation,

whereas, uncouplers of oxidative phosphorylation work directly by inhibiting

mitochondrial energy generation (Fig. 1). For alkylating agents, redox cyclers, and

uncouplers of oxidative phosphorylation, the decrease in ATP could be distinguished

from the decrease in pH if one had the temporal resolution and the methodology to

simultaneously monitor these biochemical biomarkers of xenobiotic stress.

Toxicants with specific targets, such as receptors or even mitochondrial oxidative

phosphorylation, are generally more toxic than toxicants with non-specific targets, such

as alkylating agents or redox cyclers. Receptor-specific toxicants have varied initial

actions, but all eventually inhibit ATP generation, and the same irreversible cell death

sequence shown in Figure 1 is followed. For example, cyanide binds to hemoglobin

causing anoxia, while pertussis toxin binds to a G-coupled protein causing an increase in

intracellular Cat” and activation of proteases and endonucleases. Both toxicants at this

stage then inhibit ATP generation and follow the sequence in Figure 1 to irreversible cell

death. This response is similar to an ischemic response which interferes with the

generation of energy by loss of blood flow. Antioxidants are the first line of defense with



glutathione (GSH) being the most abundant and important in quenching reactive

intermediates, such as hydroperoxides (Reed, 1990b).

GSH is a tripeptide (Y-L-glutamyl-L-cysteinyl-glycine), and the most abundant

antioxidant found in virtually all cells. It functions in metabolism, transport, immune

response, and cellular protection (Dolphin et al., 1989; Tateishi and Sakamoto, 1983).

Intracellular steady-state GSH concentrations depend on rate of synthesis, cell efflux,

redox cycling of GSH, and conjugation of electrophilic compounds via GSH-S-tranferase

(Dolphin et al., 1989; Reed, 1990b). Presently, the primary means of non-invasive

monitoring of GSH changes is by enzymatic or chemical analysis of blood plasma or

radiotracer studies (Andersen, 1985; Chasseaud, 1988; Hayes et al., 1987). These studies

Suffer from the inability to (1) directly monitor and correlate proximal and temporal GSH

changes within the same individual, and (2) correlate in vivo enzyme function with in

vitro activity. Although there have been many in vivo NMR spectroscopy studies

performed on the liver (Cohen, 1991), none have attempted to measure GSH levels in

vivo. All studies performed to date that have successfully monitored GSH have used

erythrocytes, or cells immersed in D2O for 1 H NMR (Rabenstein and Keire, 1989) or

perfused in culture medium for 13C NMR (Gamcsik and Colvin, 1991).

As mentioned above, biochemical toxicology has evolved from the need to

determine the in vivo target or receptor of toxicants and identification of toxic

metabolites, to understanding of their mechanism(s) of toxic action. Toxicants often have

multiple paths to irreversible cell death that is dose and organ specific (Amdur et al.,

1991). Presently, there are few non-invasive techniques available that can adequately

ascertain toxic injury at the cellular or tissue level. Although body fluid analysis has

been successful for toxicokinetics and can monitor biomarkers of toxic injury, it does not

generate organ-specific information. Needle biopsy or dissection of tissues with

Subsequent extract analysis gives conclusive information regarding biochemical

metabolite and toxicant levels. However, these studies require a large number of animals,

º



which often generate large standard deviations at the various time points obtained during

the time course of dosing experiments. Differences between replicate samples can be due

to environmental and genetic differences between individuals, sample preparation

inaccuracies, and/or differences in biochemical metabolite homeostasis at the time of

animal sacrifice (Higashi et al., 1989; Hodgson and Guthrie, 1984). In fact, biochemical

homeostatic information within a single individual is unattainable by conventional

toxicologic techniques (Higashi et al., 1989). In particular, oxidatively labile metabolites,

such as GSH, and acid/base-labile high energy phosphate metabolites are extremely prone

to analytical degradation during the time required for tissue excision and sample

preparation.

There are few methods available for the non-invasive measurement of

intracellular pH in whole animals and in vivo NMR spectroscopy is the only method that

is entirely non-invasive (Gillies et al., 1982). Since in vivo NMR spectra contain

information on all relatively small metabolites containing NMR-observable nuclei, such

as *P, H, and 13C, serendipitous discovery of unknown mechanisms of toxic injury can

be revealed.

There is a great need for development of non-invasive methodologies for

toxicological study of intact animals (Monk and Lau, 1988; Reed, 1990b). Multinuclear

in vivo NMR spectroscopy permits the monitoring of every biomarker, except

antioxidants, listed in Figure 1: ATP, pH and indicators of cell death by 31P NMR;

sodium homeostasis by *Na NMR; calcium homeostasis by 19F NMR; and glycolysis by

°C NMR. Interestingly, GSH has not yet been monitored by in vivo NMR spectroscopy

in spite of its large tissue concentration, which can be as high as 8 mM in liver (Meister,

1989).



IN VIVO NMR SPECTROSCOPY: CURRENT STATE OF THE ART

Since the liver is the primary organ for detoxification in the body and thus of

major concern for toxicologists, a review of the literature of in vivo NMR spectroscopy of

liver is presented here. NMR spectroscopy is an alternative technique to analysis of

tissue extracts and body fluid, and can non-invasively monitor metabolic fluxes in

response to xenobiotic or environmental stress. The dynamics of many endogenous

metabolites can be followed in real time simultaneously since all compounds with NMR

observable nuclei (i.e., "H, 31P, 13C) appear as peaks in the spectrum as long as their

concentrations are greater than 1 mM. The axis of a NMR spectrum, known as the

chemical shift (8), is in parts per million (ppm). The chemical shift dispersion is defined

as the range of the chemical shift attained by a particular NMR-observable nuclei. The

spectrum is typically referenced to an arbitrary peak within the spectrum. For example,

an in vivo 1H spectrum is commonly referenced to the water peak which is known to have

a signal 4.7 ppm from the primary standard tetramethylsilane (TMS), and has a chemical

dispersion of 10 ppm, while 13C is generally referenced to an external standard, or to the

methylene of lipids, at 30 ppm (relative to TMS) and has a chemical shift dispersion of

210 ppm.

1H NMR spectroscopy has the second highest sensitivity among the NMR

observable nuclei; 3H is the most sensitive. There are few in vivo H NMR spectroscopy

studies of liver metabolism because of the poor resolution caused by its small chemical

shift dispersion, respiratory and involuntary movement, and short T2 caused by

paramagnetic compounds, leading to broad signals. Relative to other NMR-observable

nuclei, spin-lattice (T1) and spin-spin (T2) relaxation measurements of in vivo water

protons have been more common (Hazle et al., 1989). Figure 2A is an in vivo H NMR

spectrum of the liver which has a linewidth of 80 Hz at one half the peak height of water.

The additional peak labeled glycogen in Figure 2A does not appear in the perchloric acid

10



A Water

B

Gluc
+

Lac

– 1--- ~~
T i T- | I | I I | I I I iº s 7 6 5 4 3 2 1

ppm

Figure 2: A one-pulse H in vivo NMR spectrum of rat liver obtained at 4.7 T (A) and
PCA rat liver extract obtained at 300 MHz (B). The parameters for A and B, respectively,
are: acquisitions=10 and 40; TR=5.5 s and 1.5 s; SW=3024 and 3024 Hz; and CB=4K and
16K. Abbreviations are as follows: Gly, glycogen; Chol, trimethyl of choline; ETH,
ethanolamine; Carn, trimethyl of carnitine; Gluck, glucose and other metabolites; Lac,
lactate.
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(PCA) liver extract (Fig. 2B). This peak was incorrectly identified as GSH (Soher et al.,

1993) and has been proposed to be glycogen (R. G. Shulman, 1993; verbal

communication after presentation of Soher et al., 1993).

Many endogenous signals of high concentration, especially from the methyl,

methylene and methine protons, appear between 0.5 and 4.5 ppm. The PCA liver extract

in Figure 2B reveals that mostly choline and some ethanolamine dominate the signal

between 2.0 and 4.0 ppm, while lipid signals dominate the region near 1.0 ppm (Fig. 2A).

Choline and carnitine have trimethyl groups and therefore contribute 3-fold greater signal

per mole to this region than monomethyl compounds with molar equivalence. Therefore,

due to the lack of adequate in vivo resolution and the dominant trimethyl and water signal

between 2.0 and 5.0 ppm, !H NMR spectroscopy of the liver is presently not feasible for

compounds resonating at concentrations of less than 10 mM in this region. Spectroscopic

editing, lipid suppresion, and localization permit "H metabolites to be monitored in

perfused liver between 0 and 2.0 ppm (Jue et al., 1985). Recent 1 H chemical shift

imaging (CSI) studies of human liver have resulted in linewidths of 15 Hz at 1.5 Tesla

permitting spectral resolution of relatively concentrated liver metabolites resonating

between water and choline (Soher et al., 1993). CSI is a mixture of MRI and NMR

Spectroscopy, using an external coil and magnetic gradients to obtain NMR spectra from

various regions of interest.

We conclude that "H NMR spectroscopy of the liver will not be feasible in vivo

for compounds with concentrations less than 10 mM. This is due to poor natural

linewidths, which are generally 60-100 Hz at half height on the 1H2O resonance at a

magnetic field strength of 4.7 Tesla, and an enormous signal due to trimethyl protons of

choline and carnitine. For organs other than liver, one can routinely obtain 20-30 Hz

linewidth on the water resonance at 4.7 Tesla, and toxicological study of lower

concentration metabolites are feasible, particularly when using more advanced pulse

editing techniques.
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In vivo 3"P NMR spectroscopy of the liver has been performed in mice, rats,

rabbits, and humans since 1980. These liver studies monitor pH and phosphate

metabolites and have focused on the normal biochemistry, such as *P metabolite

visibility, effect of hormones and excess nutrients (Ackerman et al., 1980; Eriksson et al.,

1994; Iles et al., 1980; Jue et al., 1987; Koretsky et al., 1983; Malloy et al., 1986; Masson

and Quistoff, 1992; Okuda et al., 1987; Radda, 1986; Thiaudiere et al., 1993; Walsh et

al., 1993), the effect of hypoxia (Desmoulin et al., 1987; Schmidt et al., 1986), neoplasia

(Morikawa et al., 1992; Murphy et al., 1992) and ethanol use (Brauer and Ling, 1991;

Cunningham et al., 1986; Helzberg et al., 1987; Masson et al., 1992). The 31P NMR

determination of intracellular pH is possible because the chemical shift of phosphates are

pH-sensitive, and with the appropriate chemical shift reference, one can obtain the correct

intracellular pH (Seo et al., 1983).

The in vivo 3"P NMR spectrum of rat liver is composed of three peaks for

nucleotide triphosphate (NTP) and one peak for nicotinamide diphosphate

(NAD/NADH), phosphodiesters (PDE), phosphomonoesters (PME), and inorganic

phosphate (Pi) (Fig. 3A). These 31P metabolites are indicators of bioenergetics (ATP),

phospholipid metabolism (PDE and PME), and cell death (high Pi). Individual

metabolites cannot be resolved in the PME and PDE regions of the in vivo spectrum due

to spectroscopic imperfections and presence of paramagnetics, such as iron. However,

tissue obtained at the end of NMR experiments can be extracted for subsequent

metabolite identification and quantification by NMR, chromatographic or other analytical

methods. The 31P NMR high resolution spectrum (300 MHz) of a PCA extract of the rat

liver allows identification of the individual peaks contained under the PME and PDE

regions (Fig. 3B).

In vivo 3"P CSI of liver is sensitive enough to be performed with an external coil

(Menon et al., 1995). However, in vivo 13C CSI is too insensitive; in fact, 13C is 64-fold

and 4-fold less sensitive than "H and 31P NMR spectroscopy, respectively, for the same
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Figure 3: A 31P NMR spectrum of rat liver using one-pulse in vivo NMR at 4.7 T (A)
and PCA rat liver extract obtained at 300 MHz (B). The abbreviations are as follows:
PME, phosphomomoesters; Pi, phosphate; PDE, phosphodiester; NTP, nucleoside
triphosphate; NDP, nucleoside diphosphate; NADH, nicotinamide adenenine diphosphate;
GPC glycerophosphocholine; GPE, glycerophosphoethanolamine; UDP, uridine
diphospho.
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number of nuclei (James, 1975). Additionally, the large chemical shift dispersion causes

Gibbs artifact where part of the spectrum emanates from a different region of interest,

such as a thoracic muscle, thereby interfering with the liver 13C NMR spectrum. To

resolve any sensitivity problems, in vivo 13C NMR studies generally use implanted

surface coils (Pahl-Wostl and Seelig, 1987) and, if a particular metabolite is to be

monitored, 13C-labels are infused. The natural-abundance of 13C is 1.1% (James, 1975).

But 1°C abundance can theoretically be enhanced to 100%, thus selectively increasing the

1°C signal emanating from tissue to attain a sensitivity as high as "H and *P as stated
above.

Nuclear manipulations such as decoupling, nuclear Overhauser enhancement

(n0e), and polarization transfer can enhance 13C sensitivity. Decoupling and noe will

enhance the 13C signal two- and three-fold, respectively (James, 1975), however, energy

deposition during a nOe experiment will heat the liver, particularly if an implanted

surface coil is used. Polarization transfer will enhance signal nearly four-fold with a

power deposition similar to decoupling. A recent sequence, B1 insensitive nuclear

enhancement by polarization transfer (BINEPT), has permitted use of 13C NMR

spectroscopy with a surface coil (Merlke et al., 1992), although, it has not been

demonstrated on internal organs. Although BINEPT shows future promise and was

unsuccessfully attempted in our study, we have employed in vivo 13C NMR with an

implanted surface coil, decoupling during acquisition, and infusion of 13C-labeled

compounds.

In vivo 13C NMR spectroscopy of the liver has been the most successful for

determining metabolism and biochemical mechanisms of pathology. For example, use of

1°C-labeled compounds has permitted monitoring of metabolic pathways such as

gluconeogenesis, the tricarboxcylic acid cycle and related anaplerotic reactions, fatty acid

metabolism and ketogenesis, glycogen synthesis and degradation, and triglyceride and

phospholipid metabolism (Cohen, 1991; London, 1988a; Seelig and Burlina, 1992),
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Figure 4: A 13C in MR spectrum of rat liver using one-pulse with decoupling during
acquisition in vivo at 4.7 T (A) and PCA rat liver extract obtained at 300 MHz (B).
Coupled 1-13C-formate resonates at 174 ppm. The -CH=CH- id from unsaturated lipids
and the peaks centered at 30 ppm are primarily due to lipids. For A and B, respectively,
SW=6666 Hz and 10,000 Hz; TR=2 s and 15 s, CB=4K and 16K. The in vivo spectrum
took 10 min to acquire.
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as well as the effect on primary metabolism of xenobiotics such as ethanol and

streptozotocin (Cohen, 1987a). Figure 4A is an in vivo 13C NMR spectrum of rat liver
illustrating the large chemical shift dispersion of 210 ppm and the high resolution of

individual peaks. Figure 4B shows the spectrum of the PCA extract of the liver

illustrating that glucose which is present at a concentration of about 5 mM is the primary

water soluble metabolite and that fats and proteins comprise the majority of the in vivo

signal

Figure 5 is an MRI of a rat illustrating the anatomy and the distance between the

external surface coil and the liver. The abdominal muscle and skin of the rat creates

separation between the liver and the surface coil, affecting its sensitivity. The signal

observed by a surface coil with radius, r, decreases as a function of r3 and, at a distance of

2r between the coil and the liver, there is no signal (Fukushima and Roeder, 1981; Hoult

and Richards, 1976). Therefore, coil implantation, as opposed to external placement, will

always increase signal sensitivity, and for in vivo 13C NMR spectroscopy this enhanced

Sensitivity can provide the difference between feasibility and lack of feasibility. The

motion of the liver due to respiration also decreases signal sensitivity. Therefore, a rigid

surface coil implanted directly on the liver and a respiratory ventilator for the animal

permits the optimum sensitivity for in vivo 13C NMR spectroscopy.
In vivo 3"P and 13C NMR spectroscopy, in conjunction, can monitor all the critical

biomarkers of xenobiotic stress shown in Figure 1, although GSH has not yet been
monitored as mentioned previously. However, in vivo NMR has complexities associated
with a living system such as uncontrolled endocrine, immune, inter-organ transport of
metabolites, inter-cellular interactions, and physico-chemical parameters. The influence
of these parameters is significant when stress is applied. NMR-compatible cell models
have evolved to control for these factors. In general, in vivo NMR-compatible animal and
*" models have not been successfully integrated to complement each other. The reason
*this is that the development of NMR-compatible cell models has required a major
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Figure 5: Transaxial MRI of rat abdominal region. The phantom is a piece of 5mm
NMR tube filled with water and is lying next to the edge of the surface coil. TE = 58;
TE=3s; Na = 1.
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time commitment, and generally NMR groups are not large or comprehensive enough to

achieve collaborations between physiologists, cell biologists and NMR spectroscopists.

NECESSITY OF CELL MODELS FOR INTERPRETATION OF DATA FROM

ANIMAL MODELS

Multinuclear in vivo NMR spectroscopy is a powerful tool for studying

mechanisms of toxic injury but needs the integration of cell, animal, and metabolite

identification via tissue extraction for application to biochemical toxicology. This section

discusses problems associated with the use of in vivo NMR animal models and

interpretation of the data caused by insufficient control of immune, endocrine, inter-organ

cycling of metabolites, intercellular interactions, and physico-chemical parameters.

One problem associated with interpretation of NMR data from animal systems is

the occurence of edema, or tissue swelling following xenobiotic stress. When injury

begins to affect cell membrane integrity and arachidonic acid, or other cytokines, are

released into the extracellular space (Fig. 1), white blood cells are attracted to the region,

and edema ensues. The tissue swells and causes most of it to move away from the

sensitive volume of the surface coil. A surface coil continues to monitor the same region,

but now that region may contain only half of the original cells from the tissue of interest,

the other half is composed of infiltrated lymphocytes and extracellular fluid.

Lymphocytes and extracellular fluid may have different biochemical compositions and

functions from the tissue of interest. Therefore, the biochemical changes that occur

during xenobiotic stress, the purpose of the in vivo experiment, are typically obscured by

the immune response. No existing in vivo NMR technique controls for the immune

response. For example, CSI has set voxel sizes similar to the sensitive volume of a

surface coil. Presently, the only way to control for the immune response is to perform in
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vivo NMR studies of excised tissue or cells contained within a volume coil and introduces

artefacts of its own.

Problems associated with the endocrine response are best illustrated by loss of

glycogen during surgery and vasoconstriction caused by the hormones glucagon and

adrenaline, respectively. For example, the first natural-abundance in vivo 13C NMR

studies of liver glycogen found that upon surgery glycogen disappears because glucagon

is secreted by the pancreas due to the trauma of surgery (Alger et al., 1984). Glycogen

degradation is stopped by introducing B-adrenergic blockers, such as propranolol.

Adrenaline, which is a vasoconstrictor, increases blood pressure but decreases blood flow

to the liver. Adrenaline may be released from the adrenal glands during xenobiotic stress

diminishing oxygen delivery, leading to an increase in glycolysis and subsequently

decreasing pH. One could incorrectly attribute these effects to the xenobiotic mechanism

of toxic action as shown in Figure 1.

Inter-organ cycling of metabolites can affect the interpretation of the kinetics of

*C-labeled metabolites. The kidney/liver salvage/storage cycle and Cori cycle can

generate substrates which do not originate in the liver but are stored there. For example,

amino acids are recycled between the liver and kidney forming Y-glutamyl diamino acids

that may resonate in vivo at the same chemical shift as the labeled amino acid or

endogenous compound (i.e., GSH) of interest. The Cori cycle represents the interaction

between liver and muscle. The liver secretes glucose and the muscle forms lactate from

glucose, which returns to the liver and is metabolized back to glucose or ATP.

Additionally, GSH-S-conjugates are formed in the liver and are generally non-toxic until

they are further metabolized in the kidney (Koob and Dekant, 1991).

Cell composition and intercellular communication also effects metabolite

composition and normal cellular function (Mehendale et al., 1994). The liver by volume

is composed of 80% hepatocytes, or parenchymal cells, bile duct cells, endothelial cells,

and other non-hepatocytes (Arias et al., 1988). Gap junctions link the cytoplasm of one
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cell with that of its adjacent neighbors, permitting molecules of less than 1,000 Dalton to

flow between cells. Toxic agents may interfere with normal gap junctional intercellular

communication affecting normal cell function (Mehendale et al., 1994). Therefore, cell

composition and the effect of gap junctional intercellular communication can be

investigated with cell models. Physico-chemical parameters, such as dose, temperature,

and osmolarity can also change during the course of xenobiotic stress effecting xenobiotic

metabolism and toxicity.

One problem of in vivo NMR animal studies of stress are the changes in T1 and

T2. One of the first studies mentioning this problem was in the quantitation of lactate

after ischemic insult (Chang et al., 1987b). Changes in T1 and T2 during the course of a

NMR experiment results in differential saturation of peaks, causing apparent changes in

metabolite levels. Comparison of metabolite peak areas from tissue extracts and in vivo

spectra from control and stress experiment can distinguish the NMR relaxation effects

from real toxicological effects, such as a decrease in GSH. Changes in saturation factors

and metabolite levels can be determined, but changes in NMR-visibility caused by

binding to macromolecules or compartation are still very difficult to determine.

Although these parameters inherent in the animal system may affect data

interpretation, they are part of the xenobiotic stress in animals and thus very important in

the complete scheme of the xenobiotic. Few in vivo NMR studies, particularly those

using *P, account for these changes. Cell models can control for or at least account for

these parameters, except NMR-visibility changes. Multinuclear in vivo NMR

Spectroscopy of animals, cells, and tissue extracts is the most powerful non-invasive

technique available for monitoring xenobiotic stress, and if performed in conjunction the

data is more useful for the determination of mechanism(s) of toxic action than if

performed alone.
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CHAPTER 2

Review of Available NMR-Compatible Cell Models

NMR studies of cell preparations permit the control of cell composition, and

control contributions from immune and endocrine response, inter-organ transport,

intercellular communication, and physico-chemical parameters not afforded in intact

animals or perfused organ systems (for reviews see Egan, 1987; Gillies et al., 1986;

Kaplan, 1992; Ruiz-Cabello and Cohen, 1993; Szwergold, 1992). However, the first

NMR studies of cells did not control for physico-chemical parameters. Four categories of

NMR-compatible mammalian cell perfusion systems have evolved since its inception in

1978: (1) suspension, (2) entrapment, (3) microcarrier and (4) membrane (Szwergold,

1992). The first spectroscopy of whole cells was a 31P spectrum of erythrocytes, which

were simply pelleted and placed in an NMR tube, and the spectrum consisted primarily of

2,3 diphosphoglycerate signals (Moon and Richards, 1973). Spectra from energized cells

were first obtained from yeast suspensions (Salhany et al., 1975), and later from

suspensions of E. coli (Ugurbil et al., 1978) and Ehrlich ascites tumour cells (Navon,

1977) These early suspension techniques relied on endogenous energy sources, wastes

were not washed away, and oxygen was supplied by sparging or agitation, which is

problematic for mammalian cells because it induces cell lysis and aggregation (Gillies et

al., 1986).

The most widely applied technique developed thus far is the encapsulation

technique (Szwergold, 1992) whereby cells are immobilized in threads of agarose (Foxall

and Cohen, 1983) or alginate (Narayan et al., 1990). This method entails mixing a cell

preparation with a material such as melted agarose and then allowing the polymer to
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solidify into threads or beads. Its wide use is due to its simplicity and the great cell

density attainable. The drawbacks are that 1) cells are placed in a non-physiological

environment and consequently do not grow within the bedding matrix, and 2) diffusion of

nutrients and metabolic wastes are inhibited in the matrix (Gillies et al., 1986).

Additionally, cells must undergo a hypoxic preparation period when they are isolated and

then mixed with the viscous agarose matrix, a period of time that can last several hours.

Microcarrier beads were first introduced by Ugurbil et al. in 1981 (Ugurbil et al.,

1981). In this system, which is applicable only to anchorage-dependent cells, cells are

grown on the surface of small polymeric beads and placed in a NMR-compatible

perfusion chamber for study. This system is considered to mimic normal metabolism of

cultured cells because there is no cell preparation and cells are actively growing in a

monolayer unlike the encapsulation technique (Szwergold, 1992). The problem is the

high bead to cell volume. Additionally, cells grow in monolayer, a situation which does

not commonly occur in vivo. However, for cultured cells, this may be a good comparison

for monolayer cultures.

Membrane-type perfusion systems are considered to be the best for maintaining in

situ metabolism since cultured cells can be monitored over a long period (up to months

(Hrovat et al., 1985), they can be grown in three dimensions, and reach densities

comparable to those found in tissues. In addition, these systems deliver nutrients similar

to capillary beds found in vivo (Gillies et al., 1986). These systems separate the cells

from the flowing perfusion solution by permeable membranes, allowing diffusion of

nutrients and waste, but restraining the cells in the NMR probe (Ruiz-Cabello and Cohen,

1993).

A hollow-fiber bioreactor is also a membrane system that consists of a bundle of

fibers running axially through a plastic housing capped at each end with epoxy. The cells

grow on the outside of the fibers and nutrient media flows from a reservoir, through the

fiber lumina, and back to the reservoir, perfusing the cells by diffusion. The hollow-fiber
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bioreactor was first adapted for NMR spectroscopy in 1984 (Gonzalez-Mendez et al.,

1982) and has subsequently been refined to enable cells cultured for many months to

reach tissue densities (Gillies et al., 1994) Because the cells are separated from the

media, nutrients reach the cells via diffusion or perfusion as opposed to the typical

convection of nutrients. Therefore, this system has the lowest mass fluxes of all NMR

compatible methods (Gillies et al., 1986). Oxygen is always the limiting nutrient in these

NMR-compatible cell models. Oxygen distribution was modeled in the hollow-fiber

bioreactor. It was determined that cells become hypoxic if they are located more than

200 pum radially from the fibers and more than 2.5 cm distance from the inlet port (Gillies

et al., 1986). Therefore, cells must be kept within 200 pum of the nutrient source in order

to maintain a sufficient oxygen supply.

Relatively few NMR experiments using isolated cell preparations have been

performed in comparison to those using cultured cells. The membrane-type of NMR

compatible bioreactor is ideal for isolated cell preparations because there is no

preparation step that causes hypoxia, as with encapsulation, and tissue preparation would

not be feasible with microcarrier beads which require attachment. This is probably why

the first tissue preparations, kidney proximal tubules (Boulanger et al., 1985), used

membrane-type NMR-compatible bioreactors. However, this bioreactor is made of

dialysis membranes which are awkward, and the geometry of the apparatus does not

allow the optimum distance between cells and the nutrient source (i.e., 200 pum).

Therefore, there has been need for a better bioreactor design for cell preparations.

24



CHAPTER 3

Novel Application of Previously Developed NMR-Compatible Cell Models

INTRODUCTION

Recent 31P studies of human prostatic cancer have revealed metabolite markers

that may be useful to differentiate between benign and malignant tissues (Narayan et al.,

1991) Interpretation of clinical 31P NMR data of human prostatic cancer is complicated

by a large number of variables encountered in vivo. These variables include tumor

heterogeneity, immune and inter-organ responses, contamination from surrounding

tissues and the inability to resolve and quantify resonance peaks (Narayan et al., 1991).

NMR spectroscopy of PCA extracts of tumors can aid in the identification and

quantification of metabolites observed in vivo (Corbett et al., 1987). Disadvantages of

extraction studies especially applicable to human prostate cancer include rapid

degradation of high energy phosphorus metabolites during freeze clamping at surgery and

extraction, inability to kinetically monitor individuals, and the possibility of sample

contamination from surrounding normal tissue during excision. Cell perfusion studies

can eliminate many of the problems associated with in situ tumor and extraction studies.

For example, viable cancer cells can be studied with superior spectral resolution and rapid

kinetic timepoints, better tissue homogeneity, and more physiological control than can be

obtained for in situ tumors. However, interpretation of perfusion studies requires strict

control of experimental parameters, such as substrate availability and phase of growth,

because these can have dramatic effects on metabolism, leading to aberrant conclusions.

The objective of this study was to determine the effect of phase of growth and

varying glucose concentrations on 31P metabolites of perfused DU145 cells, a hormone
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resistant human prostate cancer cell line (Stone et al., 1978). The results of these studies

were compared to the *P metabolite profiles observed using a surface coil and the same

cell line grown in nude mice (xenografts), now defined as in vivo. These studies reveal

that significant changes in 31P metabolites of perfused cells occur with varying phase of

growth and substrate glucose concentration. Determining experimental parameters for

cell perfusion studies that best reflect the in vivo situation may be important for future

comparisons between these two model systems.

MATERIALS AND METHODS

DU145 Cell Perfusion Studies: The DU145 cell line at passage 48 was obtained from

the American Type Culture Collection (Rockville, MD). Cells were grown in Falcon T

150 flasks at 37°C in an environment of 93% air and 7% CO2. The cells were grown

with Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine

calf serum, 25 mM glucose, 4 mM glutamine, 5 pig■ ml transferrin and 100 unit/ml of

penicillin and streptomycin. Depending on treatment, cells were grown to 100% or 50

75% confluency, harvested with PET solution (0.25% trypsin, 0.8% NaCl and 0.02%

EDTA) and washed twice with phosphate buffered saline (PBS). Cells for low glucose

treatment were passed 1:2 and grown in 5.5 mM glucose during the last passage and

harvested at 50-75% confluency.

Alginate beads (ca 3 mm) were made according to Narayan et al. (Narayan et al.,

1990). All perfusion studies were conducted using 3x108-109 cells encapsulated in a total

volume of 7 ml of beads, and perfused with phosphate-free medium. Fully-relaxed 31P

spectra were obtained at 16 minute intervals for up to 12 hours in three groups of DU145

cells; (1) grown in 25 mM glucose and harvested at 100% confluency (N=5), (2) grown

in 25 mM glucose and harvested in log phase of growth (N=3), and (3) grown in 5 mM

glucose and harvested in log phase of growth (N=3). The beads were placed into a
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custom-built perfusion apparatus consisting of a 50 ml polycarbonate centrifuge tube

fitted with teflon shims (mesh opening: 1 mm) used to position the cells reproducibly

between experiments. A resealable septum with inserted inlet and outlet ports sealed the

centrifuge tube. The perfusion apparatus was autoclaved before each experiment. The

cells were perfused with oxygen-saturated phosphate free DMEM supplemented with 25

mM HEPES containing the glucose at the same concentration provided during growth.

The cells were perfused at a rate of 8 ml/min using a variable speed drive Masterflex

pump (Cole Parmer, Chicago, ILL.) and teflon tubing (0.042" x 0.006") which connected

the sealed cells with the perfusate reservoir. The temperature was maintained at 35°C+

0.5°C. The tube containing perfused cells was placed inside a custom-built NMR probe

consisting of a 2.9 [o.d.] x 2.5 cm 3-turn solenoid connected to a balance-matched,

double-tuned ('H, 31P) circuit (Chang et al., 1987a).

All spectroscopic experiments were performed using a Nalorac Cryogenic

Corporation (NCC) Quest 4300 NMR imaging spectrometer connected to a horizontal,

22.5 cm usable bore, 4.7 Tesla Oxford magnet operating at the phosphorus resonance

frequency of 81 MHz. The magnetic field homogeneity was optimized by shimming the

water proton signal until a line width of 6 - 8 Hz was obtained. Fully relaxed 31P spectra

were obtained using a 1-pulse sequence from 80 transients with a 35 pis in-plane 45° flip

angle, #3125 Hz spectral width, 8192 data points and a pulse repetition time (TR) of 12

seconds yielding, a total acquisition time of 16 minutes. Spectra were processed with 4-8

Hz Gaussian apodization prior to Fourier transformation to improve signal-to-noise.

Nude Mouse Xenograft Studies: Cells were harvested, centrifuged, and the pellet

containing cells (5x10° cells) were resuspended in a minimal volume of cell culture

medium (1 ml). The cells were injected subcutaneously (5x10% cells) in the flanks of

athymic male BALB/C "Nu/Nu" mice (age=3 weeks) obtained from Simonson

Laboratories Inc. (Gilroy, CA). Tumor volume, assuming an ellipsoid shape, was

:
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calculated as V=(axbxc)T/6 where a, b and c are the three largest perpendicular

diameters. In vivo 31P NMR spectra were obtained from 0.9 + 0.4 cc tumors (2-5 weeks

after injection), using a 1 cm inner-diameter 2-turn surface coil connected to a balance

matched double-tuned ("H, 31P) circuit (Chang et al., 1987a) The coil was positioned on

top of the tumor and a copper Faraday shield was placed around the tumor. The tumor

was positioned at the isocenter of the magnet and shimmed until a water line width of

<20 Hz was obtained. Partially saturated 31P spectra were obtained with a 1-pulse

sequence using 900 to 1,200 transients with a 6 - 10 pisec in-plane 90° flip angle, #3125

Hz sweep width, 8192 data points, and a pulse TR of 3 seconds, yielding a total

acquisition time of 45 - 60 min. Fully relaxed spectra (TR = 12 s) were used to estimate

saturation factors (fully relaxed to saturated peak area) of the xenograft 31P metabolites.

Relative metabolite areas obtained in vivo were corrected using saturation factors in

comparison with perfused cell results.

Data Analysis: The *P chemical shifts were recorded relative to PCr at -2.89 ppm (at pH

7.2) (Barany and Glonek, 1984) using o-NTP (-10.4 ppm) as an internal reference,

because PCr levels were consistantly low and o-NTP has been previously shown to be

insensitive to changes in pH (Shine et al., 1987). Identification was performed in our

laboratory (Kurhanewicz et al., 1992) on a 300 MHz high-resolution NMR spectrometer

by the addition of known compounds at various pH values to DU 145 xenograft

perchloric acid extracts. Spectra were fit using a curve analysis-deconvolution program

obtained from Nalorac Cryogenic Corp. This program permits analysis of a spectrum

containing overlapping peaks and provides chemical shifts, widths, peak heights and

areas of individual peaks. Parameters of computer-generated signals of Gaussian shape

were adjusted until coincident with the experimental spectra. Relative metabolite

concentrations are reported as ratios of metabolite areas relative to B-NTP or as

percentage of total NMR visible phosphorus and are expressed as mean + standard error
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of the mean (S.E.M.). Intracellular pH was determined using the chemical shift of

inorganic phosphate (Pi) relative to PCr as previously described by Seo et al. (Seo et al.,
1983):

pH = pK + log■ (6–8+)/(6–80)]

where 6 is the actual chemical shift of phosphate, 6* is the concentration-weighted

chemical shift of H2PO4-, and 80 is the concentration-weighted chemical shift of HPO42-.

RESULTS AND DISCUSSION

Figure 1 shows a comparison between representative in vivo 31P NMR spectra of

a DU 145 xenograft (Fig. 1A) and perfused DU145 cells (grown in a low glucose

medium) in log phase(Fig. 1B). A comparison of Figure 1A and 1B demonstrates that the

spectral resolution obtained in perfused cell studies is superior to that obtained in vivo.

This resolution allowed the identification of the individual metabolites constituting the

PME and PDE regions in the 31P NMR spectrum of perfused DU145 cells. A graphic

comparison of the relative metabolite concentrations for DU 145 cells grown in nude

mice (N=12) and perfused cells (5.5 mM glucose, log phase, N=3) is shown in Figure 2.

Since time requirements necessitated the collection of partially saturated in vivo spectra,

in vivo peak areas were corrected for differential metabolite saturation as described in the

methods section. 31P spectra of perfused DU 145 cells and in vivo nude mouse

xenografts were similar with respect to their relative levels of PME, NTP and DPDE.

Similar to the 31P spectra of other human tumors (Daly and Cohen, 1989),

relatively high levels of PME and PDE were manifest in DU 145 perfused cell and

xenograft spectra (Fig. 2). The phosphomonoester (PME) region was seen to be

composed of approximately equal amounts of two resonances having chemical shifts
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Figure 1: Representative 81 MHz 31P spectra of nude mouse xenograft of DU145 (A)
and perfused DU145 cells grown in 5.5 mM glucose and harvested at log phase of growth
(B). Large spectral peaks are attributed to PME (3.5–4.5 ppm), inorganic phosphate, Pi
(2.29 ppm), diphosphodiesters DPDE1 (-11.17 ppm) and DPDE2 (-13.14 ppm), and
smaller peaks are due to phosphodiesters PDE1 (-0.6 to 1.5 ppm) and PCr (-2.89 ppm)
relative to Y—, o- and 3-ATP (-5.37, -10.47 and -19.14 ppm, respectively). Spectra were
referenced to o-NTP at -10.4 ppm. See the Methods section for details on perfusion and
spectroscopic procedures and Results and Discussion section for abbreviations.
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similar to phosphorylethanolamine (PE; 3.90 ppm) and phosphorylcholine (PC; 3.44

ppm). One of the major drawbacks of perfused cell studies is the inability to extract

phosphate metabolites from alginate beads, probably due to their precipitation with Cat”

or adsorption to the polysaccharide matrix. This made it impossible to directly identify

perfused cell 31P metabolites by analysis of the corresponding extract. However, studies

performed in our laboratory on DU 145 xenograft extracts revealed that the PME

resonance was also composed of equal amounts PE and PC (Kurhanewicz et al., 1992).

PC and PE are intermediates in phospholipid metabolism (Daly and Cohen, 1989)and

may have additional biochemical importance as neuromodulators (Bradler et al., 1991).

A relatively smaller resonance was observed for sugar phosphates (SP, 4.49 ppm) in both

DU145 perfused cells and xenografts.

The phosphodiester (PDE) region of the spectrum consisted primarily of the

phospholipid intermediates, glycerophosphocholine (GPC) at 0.05 ppm, with minor

contributions from glycerophosphoethanolamine (GPE) at 0.69 ppm. The GPC

resonance was consistently higher in perfused cell spectra compared to xenograft spectra,

although the total PDE peak area was not found to be significantly different between the

two systems. There was also a broad component (PDE2) in perfused cell spectra having

noticeable fine structure resonating at -0.60 ppm. The PDE2 resonance needs further

study for identification, but a similar resonance in cell and tissue extracts has been

suggested to be due to phospholipids (Guidoni et al., 1987), RNA fragments (Askenasy et

al., 1990; Guidoni et al., 1987), and saccharide phosphodiester (Barany and Glonek,

1984).

DU 145 perfused cells and xenografts consistently displayed high levels of

diphosphodiesters (DPDE's). This is in contrast to that reported in 31P NMR spectra of

another human metastatic prostate tumor cell line, PC3 (Narayan et al., 1990). It has

been recently shown that accumulation of DPDE phospholipid intermediates, CDP

choline and CDP-ethanolamine, do not occur in MDA-MB-231 human breast cancer
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cells, yet these cells display high levels of PC and PE precursors (Daly et al., 1990). It is

believed that formation of CDP-choline and CDP-ethanolamine via cytidylyltransferase

enzymes is the rate-limiting step in phospholipid metabolism, and once formed, they are

rapidly metabolized by phosphotransferases (Daly et al., 1990). CDP-choline is at

concentrations of 0.006-0.3 mM in the cell (Pelech and Vance, 1984), well below

detection limits of NMR, and therefore probably does not contribute to the DPDE signal

in perfused DU145 cells or in vivo DU145 xenografts.

Several significant differences between the relative metabolite levels of perfused

cells and xenografts were also observed (Fig. 2). Inorganic phosphate and PCr levels

were found to be significantly (p<0.05) higher in DU145 cells grown in nude mice, while

the pH was lower (7.20 + 0.06 versus 7.43 + 0.07). Previous studies have shown that the

absence of Pi in the perfusion medium did not affect the concentration of intracellular

phosphates (Neeman et al., 1987), or cell viability (Narayan et al., 1990). Alternatively,

Evanochko et al. (Evanochko et al., 1984) have suggested that the higher Pi and lower pH

in nude mice xenografts relative to perfused cells reflects the tendency for xenografts to

out-strip their blood supply and begin deriving their energy from anaerobic glycolysis.

Increased Pi may also be due to areas of secretory cysts which appear in nude mice

xenografts of DU145 cells (Kurhanewicz et al., 1992). Higher PCr levels in xenografts

are most likely due to contamination from surrounding muscle. This explanation is

supported by the heterogeneous appearance of the PCr resonance in in vivo DU 145

xenograft spectra indicating contributions from PCr in slightly different environments.

There was no significant change in metabolite ratios, pH, and signal-to-noise ratio

noted in the 12-hour period that the cells were monitored. Similar metabolic stability was

previously observed for three other mammalian cell lines encapsulated in alginate gels

(Narayan et al., 1990). There were, however, a number of temporal changes in the steady

state *P metabolite concentrations of perfused DU145 cells. We found that the levels of

PC and PE fluctuated, with one increasing as the other decreased, and these fluctuations
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cycled every hour. Similarly, there were fluctuations in GPE and GPC levels, but these

fluctuations were not as predictable. Fluctuations in these phospholipid intermediates

could be due to phospholipid membrane turnover (Daly and Cohen, 1989); however,

further studies are needed to confirm this hypothesis. PCr levels were quite variable from

day to day and also showed small fluctuations during the 12-hour observation period. As

previously reported, small differences in environmental factors such as alginate bead

preparation, perfusion rate and temperature could account for the observed differences in

PCr (Neeman and Degani, 1989). All other 31P metabolites remained relatively constant

during 12 hours of observation.

Figure 3 exhibits 31P spectra that illustrate the effects of different phases of

growth and glucose concentrations in the culture medium on the 31P metabolite profile of

DU 145 perfused cells. DPDE's are significantly higher with increased glucose

concentration and confluency (Table 1). This could be due to differences in glucose

availability and/or differences in glycolysis rate between experimental conditions.

Increased DPDE levels have been observed in murine neuroblastoma clonal lines (N-18

and C-46) (Pettegrew et al., 1979) and human colon adenocarcinoma cells (HT-29)

(Fantini et al., 1987) grown in high glucose medium at confluency. The DPDE

resonances observed DU145 nude mouse xenografts have been shown by HPLC and

high resolution NMR in prior studies in our laboratory (Kurhanewicz et al., 1992) to

consist mainly of uridine-5'-diphospho-N-acetylgalactosamine (UDP-NAcGal) and

uridine-5'-diphospho-N-acetylglucosamine (UDP-NAcGlc). Similar results have been

reported by Fantini et al. in HT-29 cells (Fantini et al., 1987). The accumulation of UDP

NAcGal and UDP-NAcGlc in HT-29 cells has been associated with the inability of these

cells to differentiate (Galons et al., 1989; Wice et al., 1985). Furthermore, growth of HT

29 cells in sugar-free medium was found to induce enterocytic differentiation (Zweibaum

et al., 1985). The mechanism by which the accumulation of UDP-NAcGlc and UDP

NAcGal is involved in the inability of cancer cells to differentiate is still obscure. Ogier
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Figure 3: Representative 81 MHz 31P NMR spectra of DU145 cells grown in 25 mM
glucose and harvested at confluency (A); 25 mM glucose and harvested at log phase (B);
5.5 mM glucose and harvested at log phase (C).
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et al. (Ogier-Denis, 1988) have suggested that N-linked glycosylation is correlated with

the state of enterocytic differentiation in HT-29 cells. Further studies are necessary to

determine the relationship between DPDEs and differentiation in DU145 cells.

This study has demonstrated that high resolution spectra of perfused human

adenocarcinoma cells can be obtained in kinetically short periods of time (16 minutes).

The 31P metabolites of perfused DU 145 cells grown in low glucose medium and

harvested at log phase growth were very similar to those growing in athymic nude mice.

Additionally, we demonstrated that the stage of growth and glucose concentration affects

DPDE levels in DU145 perfused cells. Lower DPDE levels have been correlated with

multi-drug resistant cells (Kaplan, 1990a; Kaplan, 1990b), and increased DPDE levels

have been correlated with the degree of differentiation of tumor cells (Galons et al., 1989;

Wice et al., 1985). Therefore, the determination of metabolic changes associated with

experimental parameters, such as, substrate availability and growth phase, is important

for interpretation of future therapeutic studies on these cells.

NMR spectroscopy studies of perfused cells can be a powerful tool for elucidating

the biochemical mechanisms of differentiation and cancer chemotherapy because one can

control immune, endocrine, inter-organ responses, and contamination from surrounding

tissues associated with in vivo studies. However, cells do not grow in this encapsulation

model and we do not know how the isolation and encapsulation process effects tumor cell

biochemistry. Even though cultured tumor cells are extremely resilient, some of the more

sensitive cells in the population, such as those in the midst of cell division, may have

died, and oxygen has been shown to be limiting in encapsulation methods. Therefore, it

is difficult to conclude that the cell population is representative and that physico-chemical

parameters are controlled. However, the spectra are similar to those generated from in

vivo xenograft under hypoxic conditions, and therefore, could mimic tumor biochemistry.

Since normal tissues do not encounter hypoxic environments as tumor generally do, this

model is certainly not optimum for normal tissue metabolism.

º
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APPLICATION OF A NOVEL AIRLIFT BIOREACTOR

Introduction: An airlift bioreactor, illustrated in Figure 4, was used to test the feasibility

of using a NMR-compatible cell suspension method for the study of anchorage-dependent

cells, isolated intestinal cells. This design is a modification of a previously published

NMR-compatible airlift bioreactor design used for high resolution NMR spectrometers

(Santos and Turner, 1986). It circulates and aerates cells by bubbling a gas of desired

composition through a small tube centered inside a larger tube. A convective current is

formed inside the bioreactor that circulates cells. As the bubbles rise they expand,

creating a suction at the bottom of the inner and bringing cells from the bottom of the

outer tube to the top. The gas serves two functions: one to recirculate cells and the other

is to aerate the medium.

Air

-
Figure 4: Airlift bioreactor used for the

Coolant Coolant in vivo 13C NMR studies of isolated rat
In Out intestinal cells. The dashed arrows shows

the direction of convective flow within
the bioreactor chamber.

Intestinal cells are highly differentiated epithelial cells that line the

gastrointestinal tract. They function to transport nutrients from the gastrointestinal lumen

to the blood stream, and secrete mucous to aid in digestion. Studies of the small intestine

have shown that glutamine primarily utilized in the fed state and ketone bodies in the
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starved state (Fleming et al., 1990). We used a homebuilt NMR-compatible airlift

bioreactor to monitor primary metabolism of 2-13C-glucose by 13C NMR spectroscopy.

Intestinal cells are very difficult to maintain after isolation and are viable for only 3

hours, as determined by lactate dehydrogenase (LDH) activity in the surrounding media

(Fleming et al., 1990).

Methods: Male Sprague-Dawley rats (Bantin and Kingman, Fremont, CA) weighing

235–280 g were maintained on nonpurified commercial rat diet (Ralston Purina, St. Louis,

MO) and water on an ad libitum basis. On the day of experimentation, fed rats were

anesthetized using pentobarbital, and killed by heart puncture. Jejunal cells were taken

from a 20-cm length of intestine commencing 10 cm from the pylorus. Cecal cells were

taken from the cecum, which was excised 1 cm proximal to the ileocecal valve and the

cecocolonic junction. Colonic cells were taken from the large intestine, which was

excised at the cecocolonic junction and at the distal end of the anal canal. All aspects of

animal handling were approved by the Animal Care and Use Committee, University of

California, Berkeley and San Francisco.

Generally, methodologies previously applied to the large intestine and described

by others (Roediger and Truelove, 1979) were followed. All solutions were made with

double-distilled and deionized water. All glassware that directly contacted cells was

siliconized. Saline solutions were modified from Krebs-Henseleit physiological saline

for most procedures. A bicarbonate-free buffer system was used for the final rinse of

cells when preparing the incubation media for experiments in which oxygen utilization

was quantified to avoid pH changes during incubation. Cells were removed using a

combination of chemical (EDTA) and mechanical (stirring with plastic pipettes)

techniques; care was taken to minimize cellular damage.

Viability of cells was tested using trypan blue, to which nonviable cells are

permeable. Viability was calculated as the percentage of the total cell population that

i
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excluded the trypan blue stain, using an American Optical hemocytometer (VWR

Scientific, San Francisco, CA). No significant change in viability was noted during 60

min of incubation.

The airlift bioreactor is illustrated in Figure 4. After isolation intestinal cells were

placed in the chamber of the bioreactor, silicone antifroth gel (Sigma Chem Co.) was

rubbed around the mouth of the bioreactor to inhibit frothing caused by the albumin, and

the bubble rate was set such that the bubble size nearly covered the mouth of the inner

tube when it reached the top. Cells were placed in 20 mL of media monitored for 5 hours

after introduction. The temperature of the medium was checked after the experiment.

Results and Discussion: The bioreactor shown in Figure 4 is modified from that used in

the experiment by including a coolant chamber to maintain temperature changes caused

by decoupling. Cells circulate in a convective fashion as shown in Figure 4. Figure 5A

shows a 13C spectrum 20 min after the addition of 2-13C-glucose, illustrating the

anapluerotic product, glutamine, formed from the TCA cycle. This product is thought to

be the intestinal cells' energy source in the fed state represented in this experiment since

glucose is present. Cells remained viable in this bioreactor for 2 hr as determined by

LDH activity in the media. However, 13C NMR spectra revealed that cell metabolism

was relying on anaerobic glycolysis by 60 min as evidenced by the increase in lactate and

alanine (Fig. 5B). Figure 5C is the 13C spectrum after 2 hr post-glucose administration.

A graph of the various metabolites found in the spectra of Figure 5 are shown in Figure 6.

This graph illustrates that aerobic metabolism decreases 20 min after administration of

glucose, and the anaerobic glycolytic products, lactate and alanine increase. This

demonstrates that in vivo 13C NMR provides a more sensitive technique to measure stress

that conventional enzyme assay methods, which manifest only after cell death.

It is clear from these studies that the intestinal cells cannot be maintained in a

viable condition. One explanation may be that the suspension technique for maintaining
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Figure 5: In vivo 13C NMR spectra of suspended rat intestinal cells at 20 (A), 60 (B), and
120 (C) min after administration of 2-13C-glucose. One-pulse with decoupling during
acquisition was used for A and B. SW=6666 Hz; TR=1 s; CB=4K; and acquisition=150
yielding a spectrum every 10 min. Abbreviations: Gluc, glucose; Gln, glutamine; Ala,
alanine; Lac, lactate; Keto, O-ketoglutamate.
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anchorage-dependent mammalian cells causes aggregation and lysis (Gillies et al., 1986).

Intestinal cells are particularly sensitive mammalian cells and secrete enormous amounts

of mucous which increases cell aggregation and viscosity, and further decreases oxygen

diffusion to cells.

-DH- C-2 lactate

3- -A- C-2 alanine
- H C-3 lactate

-à- C-2 glutamine
—O— C-3 ketoglut

;
Minutes

Figure 6: A graph of the in vivo 13C NMR spectra shown in Figure 5. Metabolites are
*Pressed as percent of total glucose peak area. The 3C-labeled compounds are define in
the graph legend

Additionally, the temperature steadily increased during the course of this experiment

(25°C to 38°C) due to the heat generated by proton decoupling (TR = 1.5 s), thus the Ti
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increased for glucose which was used as an internal quantitative reference, biasing the

slopes negatively for glucose and positively for metabolites. Our new water-jacketed

design shown in Figure 4 will control the temperature cause by decoupling.

Conclusion: The airlift bioreactor equipped with a cooling system may work well for

non-anchorage-dependent cells and parasites as others have found (Santos and Turner,

1986), but effects viability for anchorage-dependent cells as demonstrated for intestinal

cells. The decrease in viability associated with suspension NMR-compatible bioreactors

was found with kidney proximal tubule cells (Boulanger and Vinay, 1989) and is

attributed to mechanical lysis of the cell membrane (Gillies et al., 1986). The

encapsulation method is sufficient for short-term studies of cultured cells but, due to the

non-physiological matrix and incomplete nutrient perfusion into the matrix, cannot

maintain long-term cultures. Freshly isolated cells are more sensitive to the preparation

conditions. The first membrane-type NMR-compatible cell perfusion system of isolated

cell preparation was with renal proximal tubules and viability was maintained for at least

16 hr but not cellular function (Boulanger et al., 1985). A suspension/membrane hybid

bioreactor was constructed that maintained cellular function, but there was significant

mortality caused by cell lysis (Boulanger et al., 1988). Although we tested this bioreactor

with one of the most sensitive anchorage-dependent cell types, we found viability and

function was not maintained. We conclude that air lift bioreactors would be a very good

tool for toxicological studies of non-anchorage-dependent cells (i.e., bacteria, unicellular

plants) or parasites where mechanical agitation does not effect the viability of cells, and

in fact is necessary. The hollow-fiber bioreactor has heterogeneous perfusion between

the fiber bundle and housing making this bioreactor unfit for use with isolated cells

preparations. Therefore, a better membrane-type NMR-compatible cell perfusion system

is needed to permit sufficient perfusion of all cells axially and radially within the

bioreactor.
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CHAPTER 4

Comparison of Two Novel NMR-Compatible Bioreactor Prototypes for
Multinuclear NMR Spectroscopy and MRI of Perfused Isolated Rat

Hepatocytes

INTRODUCTION

An NMR investigation of cells permits the control of cell composition, immune

and endocrine effects, inter-organ nutrient transport, and physico-chemical parameters

not afforded in intact animal or perfused organ systems (for reviews see Egan, 1987;

Gillies et al., 1986; Kaplan, 1992; Ruiz-Cabello and Cohen, 1993; Szwergold, 1992).

Consequently, it is surprising that the fields of pharmacology and toxicology have not yet

accepted this non-invasive technique (Kaplan, 1992). The present NMR techniques

available for cell perfusion utilize suspension, entrapment, microcarriers, spheroids, and

membranes (Szwergold, 1992). Cell suspension techniques have enjoyed the most

diverse modifications, from bubbling the cell suspension (Navon, 1977) to an air-driven

stirrer in combination with hyperbaric oxygenation (Balaban et al., 1981), to air-lift

bioreactors (Lyngstad and Grasdalen, 1993; Santos and Turner, 1986). Studies have

focused predominantly on cultured cells using entrapment and suspension techniques for

short-term studies, and microcarriers such as beads or spheroids, and membrane

techniques for long-term growth studies. Of these five cell perfusion techniques, the

membrane-type NMR-compatible hollow-fiber bioreactors has permitted the longest

duration of three-dimensional cell culture of many anchorage-dependent mammalian

tissue-types (Hrovat et al., 1985;Gillies et al., 1991). Cultured cells attach and multiply

within the fiber bundle of hollow-fiber bioreactors, but the majority of inoculated cells

fall between the fiber bundle and the reactor housing. For long-term cultures this is not a
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problem, but for short-term analysis of primary cells this results in a heterogeneously

perfused cell mass, causing insufficient oxygenation - the primary limiting nutrient in cell

perfusion systems (Gillies et al., 1991). Compared to cultured cells, few studies of

isolated cell preparations have been reported.

Except for erythrocytes and lymphocytes, mammalian cells are anchorage

dependent, or need a suitable substrate in order to grow and exhibit normal biochemistry.

Suspension and entrapment techniques have both been used for cell preparations, but

cause cell lysis (Gillies et al., 1986) and selectively inhibit diffusion of nutrients or

xenobiotics into the entrapment matrix (Farghali et al., 1992; Szwergold, 1992),

respectively. The first NMR studies of tissue preparations using a membrane-type NMR

compatible bioreactor were in dialysis bags (Canioni et al., 1984) and in dialysis fibers of

kidney proximal tubules (Bottomley, 1985). The bioreactor made of dialysis membranes

was awkward, and does not achieve the optimum distance between cells and the nutrient

source (i.e., 200 pum). The bioreactor made of dialysis fibers, where kidney proximal

tubules reside inside the lumen of the fiber, did not maintain sufficient perfusion to

maintain physiological function. The authors eventually developed a suspension-type

bioreactor which maintained cell function but caused significant cell lysis after several

hours (Ammann et al., 1989). A novel NMR-compatible membrane-type perfusion

apparatus is needed to better control physico-chemical parameters while still maintaining

a normal physiological environment which is essential when modeling in situ tissue for

study of normal and stress biochemistry or development of artificial organs. The

bioreactor needs a cell density that mimics in vivo conditions to maintain cell

differentiation, sufficient perfusion to maintain cell function, and global cell density (the

fraction of the NMR excitable volume filled with cells) to maximize NMR spectroscopic

signal-to-noise. The goal of this study was to develop a cell model that can complement

our animal model described in Part II, for use in xenobiotic studies. A membrane-type

design for ultimate use with cell culture would permit reduction of animal use in
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toxicological research while simultaneously developing useful clinical artificial-liver

technology.

Cell lines are usually dedifferentiated cells which are often derived from tumors.

Primary cultures soon dedifferentiate; in particular, primary cultures of hepatocytes lose

many of their metabolizing capabilities as soon as 12 hrs after isolation (Dunn et al.,

1992; Lansford et al., 1989), due primarily to the still unknown aspects of extracellular

matrix and cell-cell interactions (Dunn et al., 1992; Jauregui et al., 1986). There is strong

political and ethical support to use cultured cells to replace animals and freshly isolated

primary cells in order to reduce the massive number of animals used particularly in

toxicological studies. Human cell lines are used as a model for studying hepatic effects

of toxicants, such as Chang liver cells and HepG2. The Chang and HepG2 liver cells are

derived from normal and hepatoma liver tissue, respectively, and depending on bioreactor

design and serum composition, these cell lines are good models of normal hepatic

metabolism (Hornhardt et al., 1994; Melkonian et al., 1994).

Normal hepatic function is generally defined in terms of enzyme activity, (i.e., P

450 or superoxide dismutase), protein synthetic activity (i.e., albumin secretion rate),

primary metabolism (i.e., aerobic glycolysis or aerobic metabolism) and cell morphology

(Shatford, 1992). In vivo NMR can non-invasively monitor primary metabolism as

investigated by 31P NMR, and can monitor enzyme kinetics by 13C NMR permitting a

comparison of normal function between cultured cells at various stages of growth and

isolated primary cell preparations. Cultured cells generally depend more on anaerobic

glycolysis, so 31P NMR could be used to monitor phospholipid metabolism,

diphosphodiester levels (an indicator of differentiation (Macdonald et al., 1993)

bioenergetics, and pH. Using 13C-labeled substrates, 13C NMR can monitor in vivo

enzyme activity, protein synthesis, anaerobic glycolysis activity, and other biochemical

processes. This can be performed without disrupting the cell culture. Studies of isolated

cells can be compared to in vivo animal studies in order to determine bioreactor efficacy
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in maintaining normal cell function. The primary flaw in present bioreactor designs is

insufficient oxygen perfusion. Therefore, in this study we compared the in vivo”.PNMR

spectra of isolated rat hepatocytes to that of liver from intact rat as a determinant of the

ability of a bioreactor to maintain normal function.

Isolated hepatocytes were the first isolated cell preparations to be monitored by

NMR using the cell suspension technique (Cohen et al., 1978; Cohen et al., 1979). These

studies were the first to demonstrate the pH difference between the mitochondria and

cytosol using 31P NMR (Cohen et al., 1978), and gluconeogenesis in hepatocytes using

13C NMR (Cohen et al., 1979). Hepatocytes become hypoxic soon after entering

suspension, and studies of hepatic 2-13C-ethanol metabolism may have generated non

physiologically relevant data (Irving et al., 1985). Hepatocytes are very sensitive to

environmental conditions, so a cell model has been difficult to develop, and thus many

studies have used perfused liver (Cohen, 1991). Unlike the ideal cell model, perfused rat

liver does not control for cell composition, intercellular communication, nor for physico

chemical parameters since perfusion rates are sometimes an order of magnitude greater

than in vivo in order to deliver adequate oxygen. Elevated liver perfusion rates can

increase extracellular pressure, generating regions of hypoxia, swelling, and affect normal

cellular function. Encapsulation of hepatocytes in agarose threads (Farghali et al., 1992;

Gasbarrini et al., 1992) was the first new technique used for isolated hepatocytes since

Cohen et al., (1978) developed the cell-suspension method. Faraghala et al. (1992)

monitored the effect of three toxicants on the in vivo 31P NMR spectra over a period of 5

hrs. This technique was first developed by Foxall et al. (Foxall and Cohen, 1983) using

cultured cells. It requires significant temperature changes and preparation prior to in vivo

*P NMR analysis. PCA cell extraction is not possible, probably due to binding of

endogenous phosphate metabolites to the encapsulation matrix (Macdonald et al., 1993).

Additionally, ethanol diffusion into the agarose matrix may be inhibited, thus effecting

dose-response curves (Farghali et al., 1992), and perhaps other xenobiotics will have a
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similar diffusion problem. Therefore, a better cell model is needed that eliminates the

requirement for entrapment of cells in an artificial matrix which may effect physico

chemical parameters such as dose, and extended sample preparation prior to the in vivo

31P NMR analysis. furthermore, a system that permits PCA cell extraction would be

considerably advantageous.

Membrane-type NMR-compatible systems for isolated cells permits minimal

preparation time prior to NMR analysis in conjunction with cell perfusion. One group

(Boulanger et al., 1985) developed a membrane-type perfusion system for kidney

proximal tubules. Proximal tubules from dog kidney were contained inside dialysis fibers

while the extracapillary space was perfused at rates of 200 mL/min, permitting stable *P

NMR spectra to be obtained for a period of 13 hrs. However, functional aspects of

kidney proximal tubules were not observed due to lack of sufficient perfusion or stirring

within the cell mass (Boulanger and Vinay, 1989). Eventually, this group developed a

suspension-type bioreactor that was a combination of the technique of Balaban (1984)

and dialysis fiber oxygenation to maintain kidney proximal tubule function, but it caused

significant mortality due to mechanical lysis (Ammann et al., 1989).

There is presently no commercially available NMR-compatible bioreactor for

cultured or isolated cells, which is surprising considering the extensive research

performed in this area (Kaplan, 1992; Szwergold, 1992; Ruiz-Cabello and Cohen, 1993).

Generally, researchers use encapsulation techniques because it is ex situ (i.e., trypsinize

cells for short-term study) and thus quicker to perform experiments than in situ cell

cultures (i.e., long-term cultures), materials are low-cost and commercially available, and

it is an accepted method for short-term monitoring of cell metabolism (Szwergold, 1992).

There is significant demand for a commercially available, NMR-compatible bioreactor

which, if accepted, would standardize this field and permit direct comparison between

various NMR studies of cells (Gillies et al., 1986). However, such a bioreactor would

need to supply the cell mass by perfusion (e.g., movement of solutes from high to low
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pressure regions) rather than diffusion (e.g., movement of solutes by Brownian motion) if

physiological function of cell isolates is to be maintained (Boulanger and Vinay, 1989).

Recently, a hollow-fiber bioreactor was adapted to serve as an artificial liver

(Nyberg et al., 1992), but it has not been used for NMR studies. Central to the success of

this bioartificial liver was development of a "functionally" three-compartment bioreactor

made from a physically two-compartment hollow-fiber bioreactor (Shatford, 1992). This

is accomplished by inoculating hepatocytes mixed with collagen inside a dialysis fiber.

The collagen shrinks, permitting perfusion inside and outside of the dialysis fiber.

A commercially available bioreactor was also recently developed (Setec Inc,

Livermore, CA). The design of this apparatus provides many advantages for potential

application to NMR studies. It is called "tricentric" because it is composed of coaxial

fibers (a smaller fiber within a larger fiber) comprising the fiber pair, and contains three

physically distinct compartments: (1) extra capillary compartment (ECC) - the space

around the outside of the fiber pairs, (2) annular - the space between fibers, and (3) inter

capillary compartment (ICC) - the space on the inside fibers. This design was first

proposed by Robertson and Kim (Robertson and Kim, 1985) for growth of tetracycline

producing bacteria and used an inner silicone fiber coaxial to a macroporous

polypropylene fiber. The tricentric" bioreactor has been used only with anchorage

dependent cell cultures but not isolated primary cell (Jim Robinson, President, Setec Inc.,

personal communication). Custer (1988) has compared the hollow-fiber bioreactor and

the tricentric" bioreactor of a hybridoma cell-line, AB2-143.2, that produces an IgG2a

antibody against benzene arsenate, and found superior antibody production per unit

glucose with the tricentric" bioreactor (a 4-fold increase). This can be attributed to the

more efficient nutrient mass transfer to the entire cell culture by the tricentric"

bioreactor due to a better diffusion distance (e.g., the maximal distance of cells from the

perfusion source), and perhaps perfusion of cell mass due to radial flow. For example, in

hollow-fiber bioreactors used by Gillies (1993) but initially developed by Hrovat et al.
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(1985), fiber spacing is often not optimal and cells on the edge of the fiber bundle divert

the majority of their resources to growth, whereas cells grown in the tricentric"

bioreactor use their resources for function, such as antibody synthesis in the case of

hybridomas (Custer, 1988).

The tricentric"M bioreactor design is ideal for isolated rat hepatocytes because of

its small volume and architecture which parallels the liver unit, ascinus. For example, the

ascinus is composed of a triad with the portal vein, hepatic artery, and bile duct running

perpendicular to the hepatic vein (Fig. 1A). The hepatic artery accounts for 20% of the

blood flow and supplies nutrients, in particular oxygen; the portal vein accounts for 80%

of blood flow and facilitates exposure to absorbed nutrients and toxins; and, the bile duct

is the sewer link to the intestine (Campra and Reynolds, 1988). By volume the liver is

composed of 80% hepatocytes (ca 25 plm diameter), or parenchymal cells, which perform

metabolic functions specific to the liver, in particular - (1) the urea cycle (regulation of

amino acids and excess ammonia), (2) lipid metabolism related to the massive intestinal

absorption of lipids, (3) formation of bilirubin and bile acids for bile secretion (Arias et

al., 1988). The triad is divided into three zones with the total distance of 500 mm across

the three zones (Arias et al., 1988). Figure 1B illustrates the cross-section of a

tricentric"M fiber pair used in this study. It is simply a smaller fiber inside a larger fiber.

The maximum distance a cell is from oxygenated perfusate in the fiber pairs of prototype

#1 and #2 is 500 or 200 pum, respectively, which is comparable to the dimensions of the

liver ascinus. The success of the present non-NMR-compatible artificial-liver depends on

a three-compartment design, attempting to mimic the in situ arterial/portal liver blood

flow using a conventional two-compartment hollow fiber bioreactor. The tricentric TM

design inherently resembles the in situ liver better than commercially-available hollow

fiber bioreactors.

Additionally, from an NMR standpoint, the tricentric"M is better as a cell model

of the liver than the hollow-fiber bioreactor because of enhanced perfusion due to radial
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flow from ICC to ECC (Custer, 1988). It also provides for easier extrication of cell mass,

and is extremely resilience. The tricentric" is made of polypropylene while the cellulose

acetate fibers in hollow-fiber bioreactors are extremely fragile and even break at culture

confluency with normal flow rates due to the increased resistance caused by the cell mass

(Callies et al., 1993). This is a problem during recovery of cells, since attached cells

cannot be readily forced out for PCA extraction, without bioreactor destruction. The

tricentric"bioreactor can be autoclaved many times, whereas the hollow-fiber bioreactor

needs to be sterilized with ethylene oxide. One can destroy several hollow-fiber

bioreactors before one acquires the art of inoculation. This fragility is common even

during normal functioning (Callies et al., 1993) and precludes its use as an artificial-liver

(Nyberg et al., 1992; Shatford, 1992). The hydrophobic nature of the tricentric"

membrane does not preclude use as an artificial liver since extracellular matrix

components are coated on the fiber or within the fiber of present artificial-livers, and

similar techniques can be used with the polypropylene tricentric" bioreactor.

Therefore, we propose that the tricentric" bioreactor would be ideal for perfusion

of isolated rat hepatocytes because of (1) its small volume and similarity in dimension to

the liver ascinus (Fig. 1), (2) uniform perfusion of cells, (3) rapid and easy extrication of

Cell mass without destruction of the bioreactor, (4) rapidity of preparation, (5) ability to

se high resolution MRIs to check fiber integrity, cell distribution, and quality control.

owever, some serious hurdles need to be overcome and questions needed to be

swered in order to establish the suitability of this bioreactor for NMR studies. First, the

reactor needs to be made NMR-compatible. Then tdetermine if there is outgassing in

perfusate at high flow rates caused by the hydrophobic membrane/water interface.

assing can destroy NMR spectral resolution, and thus the Tricentric" would not be

ble for NMR studies. I used various flow rates to determine the effect of flow on

& Spectroscopic resolution. Finally, I needed to determine the feasibility of in vivo

& Spectroscopy of perfused isolated rat hepatocytes, since isolated cells are more
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sensitive to hypoxia that cell cultures, and would constitute the best comparison to an in

vivo animal model - besides, we did not have convenient cell culture facilities. In short,

the factors determining spectroscopic feasibility were cell viability, spectral resolution,

and signal-to-noise (S/N) ratio. Cell viability is best ascertained by monitoring ATP and

intracellular pH by in vivo 31P NMR spectroscopy and is a function of the diffusion

distance. Trypan blue exclusion by the cells is another indicator of cell membrane

integrity and is commonly used in cell culture studies. The diffusion distance is the

primary variable in controlling the physico-chemical parameters, and 200 pum, or 10 cell

diameters, is the distance beyond which cells become hypoxic (Gillies et al., 1986).

Isolated hepatocytes are better indicators of the effect of diffusion distance than cultured

cells, since their biochemistry is not as dependent on anaerobic glycolysis. The S/N ratio

is determined by the global density of the bioreactor, or the percent of bioreactor

available for cells. This is smaller in the tricentric" than the hollow-fiber bioreactor,

since there are three compartments and the compartment containing cells is between two

fibers rather than on the outside the entire bundle of fibers. Finally, in order to assure

maximal global density, and more importantly mimic in vivo tissue, we needed to

maintain cells at tissue densities, i.e., about 2 x 108 cells/mL (Gillies et al., 1991). This

involved trying various inoculation procedures to fill the bioreactor maximally.

We compared the viability of hepatocytes in two prototype NMR-compatible

tricentric" bioreactors using an annular space filling factor (percent of total annular

pace filled with cells [Fal) of 1, and determining the temporal resolution for a

>mparable S/N. High resolution MRIs were taken to determine distribution of

patocytes within fiber pairs, fiber pair integrity, flow dynamics, and quality control of

reactor cleaning between experiments. Bioreactor prototype #1 is composed of a

dle of 18 polypropylene coaxial fiber pairs - simply a smaller fiber (0.8 mm old.)

de a larger fiber (1.8 mm i.d.), all housed in a larger tube (15 mm i.d.). Bioreactor

totype #2 is similar to prototype #1 except it has 40 fiber pairs, the outer fiber has an
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id. Of 12mm with half the wall thickness, and thus the diffusion distance is 2.5-fold less,

but the globaldensities are similar (ca 10%). We used minimal nutrient containing buffer

solutions which are commonly used in short-term toxicology studies and isolated

hepatocyte toxicology studies (Kassahun et al., 1994). High resolution MRIs were

obtained to ascertain bioreactor integrity between experiments, cell distribution, fiber pair

integrity, flow dynamics, and coil quality. The MRI would require sufficient pixel

resolution, perhaps 50 pum (two hepatocyte diameters), and differences in the T2-weighted

MRIs between live and dead hepatocytes to obtain changes in cell viability within the cell

IIláSS.

METHODS

Materials: Perchloric acid [PCA (HClO4)] KOH, MgSO4, CaCl2, Na2HPO4, KH2PO4,

NaHCO3, NaCl, KCL, HEPES, EDTA, albumin, mannitol, reduced and oxidized

glutathione were obtained from Sigma Chem. Co. (St. Louis. Mo). Deuterium oxide

(99.96%), dimethyl methylphosphonate (DMMP), and 3-(trimethylsilyl)propionic

2,2,3,3-da acid (TSP) were purchased from Aldrich Chemical Co. (Milwaukee, WI).

Collagenase B was purchased from Boerhinger Mannheim (Indianapolis, IN);

Mentobarbital was purchased from Anthony Products, and 20% dextrose solution and

line solution were purchased from Abbott Labs (Chicago, IL).

reactor: Prototype versions of the tricentric" bioreactor were provided by Setec Inc.

'ermore, CA) and composed of polypropylene. Prototype #1 is the commercially

lable 4 mL tricentric" bioreactor and is 9 cm long (port to port), has 4 mL of cell

me, is housed in a 15 mm i.d. and 25 mm old. polypropylene tube, and consists of 18

pairs. The inner fibers have a 0.8 mm o.d. (wall thickness, 100 pum), and the outer

s have a 1.8 mm i.d. (wall thickness, 350 pum). This results in a diffusion distance of
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1000 and 500 pum assuming the inner fiber is skewed or perfectly centered, respectively.

Prototype #2 is similar to prototype #1 except it has 40 fiber pairs. The inner fibers have

a 0.8 mm o.d. (wall thickness, 100 pum), and the outer fibers have a 1.2 mm i.d. (wall

thickness 200 pum). This results in a diffusion distance of 200 pum and 100 plm assuming

the inner fiber is skewed or perfectly centered, respectively. The global densities are

similar (ca 10%). Both prototypes were placed in the stand shown in Figure 2, and then

inserted into the bioreactor loop illustrated in Figure 3.

NMR rí Probe and Bioreactor Loop: The NMR probe design illustrated in Figure 2 is

composed of two Helmholtz coils (16 mm x 20 mm dia. or 16mm x 75 mm dia.) photo

etched by Dynaflex Inc. (San Jose, CA) onto flexible copper-coated composite

(Pyralux", Dupont, Towanda, PA), both wrapped around the bioreactor (16 mm dia.)

orthogonally-oriented to each other, and insulated with polyethylene or polyester. The

inner coil was double-tuned to 81 MHz (31P) and 50 MHz (13C) for solution studies

(Chang et al., 1987a) or single-tuned to 31P for cell studies (Murphy-Boesch and

Koretsky, 1983), and the outer coil was single-tuned to 200 MHz (1H). A plastic cradle

was made to place the bioreactor reproducibly in the same position in the magnet, so

comparisons of images and spectra could be made.

The bioreactor loop shown schematically in Figure 3 consists of a reservoir in-line

to a peristaltic pump that moves media through a custom-built silicone tubing aeration

device (STAD). The STAD is made of approximately 10 meters of silicone tubing (Dow

[Midland, MI], Medical grade silicone tubing, 0.125 in o.d., 0.078 in i.d., or equivalent)

wrapped around a rigid non-corrosive cage and supported in a container of water which

permits gas exchange. The water is aerated with 100% O2 and a common bicarbonate

based pH control device (shown schematically in Figure 3) is used to control the opening

and closing of a solenoid sparging 100% CO2. The pH control is based on formation of
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carbonic acid from CO2 and H2O, and then diffusion across the silastic tubing into the

perfusate. The acid/base equilibrium follows: H2CO3 ----> HCO3 + + H+

The pH controller was not necessary for the short-term studies performed and but is

useful for long-term cell culture. Both the reservoir and STAD are temperature

controlled via water bath to 42°C, maintaining the bioreactor at 37°C. The media then

flows from the STAD to the bioreactor and back to the reservoir.

Hepatocyte Protocol: Hepatocytes were prepared from female Sprague-Dawley rats

(280–320 g) by the method of Moldéus et al. (Moldeus et al., 1978). In initial studies

where only one rat liver was used, hepatocytes were split, one portion used for in vivo

NMR studies and the other used for cell viability studies and PCA extraction. Four

hepatocyte inoculation procedures were investigated for hepatocyte loading efficiency

and viability (please refer to Fig. 2 for reference). In all four procedures a 20 ml plastic

"inoculation" syringe contained the isolated hepatoctyes in K-H buffer at a concentration

of ca 107 cells/ml. The luer tips of the "inoculation" syringe and a second 20 ml luer tip

syringe containing 5 ml of K-H buffer were connected to separate lengths of #14 silastic

tubing which in turn were connected to their own inoculation port (See Figure 2 for

schematic). The length of tubing remained filled with K-H buffer by keeping the end of

the tube above the inoculum head at all times. There are plastic clamps on short lengths

of tubing attached to both ports permitting isolation of the annular compartment. In each

inoculation procedure the hepatocytes flowed down the clear tubing into the annular

compartment and the quantity of inoculum was visible through the tubing and syringe

during the procedure.

The outlet and inlet ports are defined as the points where both the ICC and ECC

connect via a plastic T connector. Therefore, perfusate enters both the ICC and ECC the

inlet and exits through the outlet (see Fig. 3 for clarification). In all of the procedures the

outlet was closed leaving only one path for flow: from annular space to the inlet. The
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following procedures were tested and will be represented in the text by their respective

numbers: (#1) Inoculum was introduced via the inoculation port by reversing the pump

and closing the outlet (see Figure 3). This causes the inoculum to be pulled by vacuum

from the "inoculation" syringe to the annular compartment where the cells remain and the

K-H buffer continues on to the ICC and ECC and out the inlet port, (2) Inoculum was

pushed into the annular space with with "inoculation" syringes attached to both

inoculation ports, flushed through one inoculation port and out through the other

inoculation port into the syringe and then visa versa. The K-H buffer was then pushed

through to the ICC or ECC leaving the cells in the annular space, (3) the same flushing of

inoculum through the annular space as in inoculation #2, and then the pumps were

reversed as in inoculation #1, but the ICC inlet was closed causing the inoculate to flow

from the annular space to inlet ECC. The ICC was opened when inoculum flow slowed

or stopped, (4) the annular space was voided to insure equal resistance across the total

fiber pairs to evenly distribute cell radially from inoculation ports, and then inoculation

#3 was followed.

For cell viability studies, hepatocytes (6x106 cells/mL) were incubated in Krebs

Heinseleit (K-H) buffer, in the presence and absence of Pi (1.2 mM) in order to assess the

importance of Pi in maintaining viability. Aliquots (1 mL) were taken every hour and

frozen (0°C) for subsequent assay of LDH (Worthington, 1993). Known amounts of the

supernatent sample were mixed with pyruvate and NADH. LDH activity was

determined by monitoring the rate of NADH disappearance at 340 nm using a Cary UV

vis spectrophotometer. LDH is expressed as a percent of the total LDH activity.

Animal Protocol: This is discussed in detail in the Methods section in Chapter 6. Briefly,

female Sprague-Dawley rats (240-260 g) were anesthetized with pentobarbitaland

maintained anesthetized throughout the experiment. An abdominal L-shaped incision

was made, and a surface coil was inserted in the peritoneal cavity above the liver and held
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in place with sutures to the abdominal wall. The rats were placed in a home-built NMR

probe and 31P NMR spectra were obtained from the liver of living rat.

Solution Studies: The effect of media flow on the resolution of 'H, *P, and **C spectra,

and the quality of the images obtained by MRI was determined. Dulbecco's modified

essential medium (DMEM) containing 25 mM glucose and 100 mM Pi was perfused

through prototype #1 at flow rates of 0, 10, 20, 30, 40, 50, and 88 ml/min and "H, *P,

and 13C spectra and MRIs were obtained for each flow rate. To determine feasibility of

13C metabolic studies, a series of experiments were performed with 150 mM glutathione

in the annular space, which simulates 1.5 mM of 100% 13C-labeled glutathione. This is a

conservative concentration for the assessment of feasibility since normal hepatic

glutathione concentrations are between 5-8 mM (Taniguchi et al., 1989). The

hydrophobic fibers were air dried to prevent diffusion of glutathione into the ICC and

ECC which contained DMEM. To test if the broad spectral component from the

polypropylene and the signal from the medium could be eliminated, a spin echo sequence

with decoupling (WALTZ16) during acquisition and delay period was performed at a

flow rate of 20 ml/min. A 13C NMR spectrum was obtained using a Hahn spin-echo

sequence (interpulse spacing TE = 3.5 ms; optimized for G5 and G6 resonances). The

spectrum was obtained from 1000 transients with a 40 ps (90°) flip angle, 4K data points,

a sweep width of 10,000 Hz, and a pulse repetition time of 1 s, yielding a total acquisition

time of 33 min. Prior to Fourier transformation, data were subjected to baseline

correction and a Gaussian (12 or 7 Hz) apodization.

In Vivo NMR: In vivo 3"P NMR experiments of perfused hepatocytes and liver from

intact rat were performed on a Nalorac Cryogenics Corp. 4400 Quest NMR imaging

spectrometer with a 16 cm usable horizontal bore, 4.7 T Oxford magnet. 31P NMR

spectra were obtained using a 1-pulse sequence with decoupling (WALTZ16) on during
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acquisition, pulse repetition time of 1.5 s, 4K data points, and a sweep width of 3,800 Hz.

This required 30 min and 8.8 min for spectral acquisition using a 45° and 70° flip angle

for hepatocytes and intact liver, respectively. Hepatocytes were perfused at 20 mL/min

with K-H buffer with or without 1.2 mM Pi depending on treatment, and monitored by

31P NMR until 4.5 hr post-inoculation. 31P spectra were subject to deconvolution

difference to eliminate the broad component. The K-H buffer had 0.8 mM DMMP as an

internal reference. The extracellular DMMP chemical shift was set to 41 ppm. DMMP

was not added to the buffer in prototype #2 for fear of unknown toxicity (LD50=2000

mg/kg gavage) even though DMMP has been found not to be significantly metabolized

by the liver, and is commonly used in 31P NMR spectroscopy studies of cell culture

(Barry et al., 1993). For comparison of viability between experiments, the 3-ATP peak

area was compared to the total *P metabolite peak areas minus the DMMP peak area(s).

The B-ATP/total 31P peak area ratio from the first spectrum was set to 100%, for

comparison with subsequent 3-ATP peak areas. The intracellular pH was measured as the

chemical shift difference between the Pi and o-ATP peaks. Peak areas were determined

by curve-fitting with the program MacFID.

*H MRI: Transaxial T1- and T2-weighted MRIs of the bioreactor were obtained using an

Oxford actively-shielded gradient coil with a 7.5 G/cm maximum gradient, TE = 24 and

80 ms, TR = 1 and 4 sec, respectively, and 1 acquisition, 16 mm field of view, 3 mm slice

thickness, 256 x 256 data points and zero-filled in the y dimension. Each voxel was 62 x

62 pum x 3 mm. MRIs were taken with and without flow or hepatocytes. MRIs from the

same slice were compared at the beginning and end of the experiment to monitor any

visible changes. Hepatocytes were flushed from the bioreactor, and a 31P spectrum and

an MRI was obtained to measure the percent of 31P metabolites and hepatocytes

remaining, respectively. At the end of the experiment, the cells were recovered by

forcing hepatocytes out via syringe. A sample for trypan blue analysis was obtained, and

--
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then the majority of hepatocytes were submerged in liquid N2 for lyophilization and

subsequent PCA extraction. Quality control for complete removal of cell debris from the

annular space was performed by obtaining an MRI after each rinse with 1N or 2N NaOH.

In Vitro NMR: **P and "H spectra of isolated rat hepatocyte extracts dissolved in

deuterium oxide were obtained using a GE QE-300 spectrometer operating at a "H

frequency of 300 MHz. "H spectra were obtained using a one-pulse sequence with a 10

sec interpulse delay, 16K complex points, and a spectral width of 3012 Hz. *P spectra

were obtained using a one-pulse sequence with decoupling during acquisition and a 10

sec interpulse delay, 16K complex points and a spectral width of +4000 Hz. 31P

compounds were identified by comparison of extract chemical shifts with those of known

standards and literature values. "H spectra were referenced to TSP at 0 ppm, while 31P

spectra were referenced to the B-NTP peak at -7.5 ppm. All peak areas were fit using the

program MacFID (Tecmag, Houston, TX).

RESULTS

Figure 2 illustrates the bioreactor/coil unit and the plastic stand containing

balance-matched single-tuned (Murphy-Boesch and Koretsky, 1983) and double-tuned

(Chang et al., 1987a) NMR circuits. The entire assembly was placed in the magnet. The

coils were photo-etched on Pyralux" wrapped around the bioreactor and placed

Orthogonal to each other. They were autoclaved for four cycles while attached to the

bioreactor without significant change in quality factor. The plastic stand served to

position the bioreactor in the magnet so that shimming or determining a specific MRI

region would be reproducible between and within experiments. The inside coil was

initially double-tuned to 13C/31P, but later it was single-tuned to enhance the S/N of the

higher frequency *P (Chang et al., 1987a). A schematic of the bioreactor loop used for
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NMR studies is illustrated in Figure 3. It shows that the peristaltic pump pushes

perfusate through the STAD where the perfusate is oxygenated before reaching the

bioreactor. The perfusate is returned to the reservoir; both the reservoir and GEM were

kept in a water bath at 42°C maintaining a bioreactor temperature of 37°C.

The primary peaks observed in 1H and 31P spectra of DMEM and 100 mM

phosphate buffer were "H2O and Pi, respectively, and these peaks were used to

determine resolution and flow effects. At all flow rates two peaks were present for both

"H2O and Pi. One peak is attributed to the intercapillary and/or annular volume, and the

other to the extracapillary space. The linewidth did not change with flow for "H or *P.

For the 1H spectra, the "H2O linewidth was 8 Hz for the downfield and 14 Hz for the

upfield peak, and the two peaks were 100 Hz apart. The Pi signals exhibited 1.9 Hz for

the downfield and 2 Hz for the up field peak, and peaks were 4.5 Hz apart.

Figure 4 exhibits the 13C spectrum of 150 mM glutathione using a one pulse

sequence with proton decoupling in the vertical bore spectrometer at 75 MHz, and in the

annular space of the bioreactor in the horizontal bore spectrometer at 50 MHz with

DMEM flowing through the ICC and ECC at a rate of 40 mL/min (B). Figure 4C is a

spectrum of the same glutathione (GSH) sample and flow rate as in figure 4B but using a

spin echo sequence, illustrating the disappearance of the three broad polypropylene peaks

centered at 35, 30 and 22 ppm emanating from the bioreactor, and little signal from

media. For example, glucose concentration in DMEM is 25 mM, a sixth of the

concentration of GSH, but resides in nearly five-fold the area [which is the ratio of ECC

+ ICC area to the annular area (where GSH resides)]. Therefore, glucose at this

concentration should be represented by a peak comparable in height to that of GSH, but it

is not visible.

Figure 5A and B are T1 and T2-weighted transaxial MRIs of the prototype #1 and

#2, respectively, with 20 ml/min flow rate. illustrating that T2-weighted images give

better resolution and less flow artifacts. The hypointense regions in the ECC are due to
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Figure 4: 13C NMR spectra of 150 mM glutathione in the annular space of the bioreactor
obtained with a one-pulse sequence on a QE300 NMR spectrometer (SW=10,000 Hz;
CB=16K; TR=10 s) (A), and on the NCC 4.7T NMR spectrometer (B). Spectrum C was
obtained with a spin echo sequence using an inter-pulse delay of 1.6 ms and demonstrating
the reduction of the broad component emanating from the polypropylene material of the
bioreactor. The specroscopic parameters for B and C are SW=8,000 Hz; CB=4K; TR=8 s.
Note: inset shows the structure of glutathione and labeled carbons.
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Figure 5: A transaxial T1 and T2-weighted MRI of prototype #1. For both MRIs the
flow rate was 20 mL/min and obtained the same day. Wetting the bioreactor with ethanol
was incomplete, and these dry fibers appear hypointense. For A and B, respectively
TE=24 ms and 80 ms; Tri-1 and 4 s; and FOV=16 mm, and one acquisition.
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flow (i.e., bulk flow of "H2O into and out of the pulsed region) and are not bubbles.

There was an increase in fiber pair 'ghosts' associated with flow, and this was especially

evident in the T1-weighted MRIs. In fact, at a flow rate of 88 mL/min all of the fiber

pairs in the T1-weighted MRIs had highly shifted and smeared 'ghosts' that appeared as

hyperintense rings on a background of hypointense ECC and ICC. One can distinguish

the 18 fiber pairs in both MRIs, but the water signal emanating from the perfusate in the

ICC and ECC is significantly more hypointense in the T1-weighted MRI (Fig. 5A) than

the T2-weighted MRI, due to the severe flow effects. For example, the MRI in Figure 5A

shows hypointensity in the ICC similar to the T2-weighted MRI, but there is relatively

more hypointensity in the middle of the ECC than at the perimeter. This indicates that

perfusate flow rate is more rapid in the middle of the ECC.

Figure 6 demonstrates the various types of information obtained from a T2

-weighted MRI. One can distinguish media flow, cell mass distribution, magnetic

susceptibility, insufficient membrane wetting, bubbles, and coil inhomogeneity. Media

flow appears hypointense in areas of high flow rate, such as the ICC. Cell mass appears

as hypointense regions in the annular space and is more clearly demonstrated in Figure

7D and E. Magnetic susceptibility effects are demonstrated as dark rings around each

fiber, clearly demonstrated in Figure 7D and E, and may be caused by the difference in

magnetic susceptibility of the perfusate compared to the fiber material. Insufficient

membrane wetting by ethanol is apparent in several of the fibers in the upper left of the

MRI. To make the membrane permeable to water, it must first be completely rinsed with

ethanol. During the ethanol wetting process the bioreactor was on its side, so the fibers

on the top were never voided of air and not all fiber pairs were thoroughly rinsed with

ethanol, and thus remained impermeable to water. Bubbles appear as dark areas with

defined margins; an example is evident in the middle of the bioreactor in the ECC.

Bubbles form in the ECC during inoculation procedure #1 probably due to cavitation or

º
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Figure 6: T2 -weighted transaxial MRI of prototype #1 illustrating much information
regarding flow dynamics, membrane wetting, cell mass distribution, coil homogeneity,
and the 18 fiber pairs. The TE = 80 ms, TR = 4 s, NA=1.

outgassing from oxygen-saturated perfusate near the end of inoculation when fibers

become clogged. After inoculation and the inoculation ports are closed and the ECC is

reopened, one observes the bubbles exiting the ECC outlet when the flow rate is

increased above 50 mL/min. Some coil inhomogeneity is barely observed as hypointense .
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areas at the four corners of the MRI caused by magnetic flux or coil coupling near the

four corner rungs of the Helmholtz coil.

Figure 7A through F are T2-weighted transaxial MRIs that illustrate the cell

distribution in prototype #1 within the 18 fiber pairs using inoculation procedure #1,

which is simply to reverse the pumps and close off the outlet and open the inoculation

ports, so media flows from the annular space to the ICC and ECC. The fibers that were

not sufficiently wetted with ethanol have no cells in them because no water can flow

through the membranes during inoculation and thus cells do not enter the annular space.

Comparison of Figure 7A to 7B demonstrates that increased flow is associated with

hypointensity and thus the ICC has a higher flow rate or velocity greater than the ECC.

Additionally, there appeared to be greater loading of hepatocytes in the fiber pairs near

the inoculation ports in Figure 7A and B on the lower and upper right of the MRIs than

other fiber pairs. This was also observed in a subsequent MRI obtained from the same

bioreactor with membranes that were completely wetted (Fig. 8A). Cells will follow the

path of least resistance, during inoculation. The fiber pairs closest to the inoculation port

are a shorter distance for the inoculated cells, and thus are a path of less resistance The

distribution of cells within the fiber pairs is evident by close examination of data

presented in Figure 7. Figure 7C was purged of cells from the annular space, and

comparison of the enlargements of the white boxed regions in Figure 7A and C

demonstrate that the majority of cells are concentrated around the inner fiber. This effect

is similar to a clogged drain. Only 2 x 108 cells (or 5 107 cells/ml) were inoculated

because perfusate did not continue to flow out of the inlet port while reversing the pumps

even though there were still many hepatocytes left to inoculate. This is because the flow

velocity of the inner fiber is greater than the outer fiber, so cells aggregate around the

inner fiber and stop the flow by clogging the inner fiber pores. The cross-sectional area

of the ICC is less than that of the ECC, so the interlumen vacuum is greater from the ICC

due to the increased velocity of perfusate flowing through the ICC fibers.
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Figure 8A and B are MRIs of prototype #1 (18 fiber-pairs) and #2 (40 fiber-pairs),

respectively. This illustrates the larger outer fiber wall thickness and i.d. of prototype #1

resulting in an increased diffusion distance. The old. of the housing is 16 mm. Figure 8B

was taken after one day of soaking the bioreactor in 1N NaOH to dissolve the cellular

material and demonstrates that the annular space still was not clean in 5 fiber pairs. It

required 1 hr perfusion at 2 mL/min and 24 hr of soaking in 2N NaOH to finally clean all

the cellular debris from the annular space. This set of experiments demonstrates the

utility of MRI for bioreactor quality control between experiments.

Figure 8: T2-weighted transaxial images of prototype #1 (A) and #2 (B). The image of
prototype #1 after inoculation procedure #2 and cells were flushed from the annular
space, with little success. The hypointense regions in the annular space represent dead
hepatocytes that required rinsing with 1N NaOH in order to dislodge. The image in B
was taken after inoculation #4 and the hypointense regions in the annular space in 11 of
the 40 fiber pairs were still evident even after rinsing with 1N NaOH and soaking for 24
hr (see text). TE = 80 ms; TR = 4s; FOV = 16 mm; NA = 1. The inner housing diameter
of both bioreactors is 15 mm.
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Figure 9 is a graph of hepatocyte viability monitored via LDH activity and

changes in ATP levels as determined by 31P NMR, with and without 1.2 mM Pi in the K

H buffer. See Hepatocyte Protocol section for details of the experiment. The hepatocytes

without P; in the K-H began to lose viability, as determined by loss of membrane

integrity and leakage of LDH, by the first timepoint (1 hr), whereas hepatocytes with Pi in

120- —O— ATP + (Pi)
ATP (- Pi)

LDH -(Pi)
LDH +(Pi)

Q)
O)
■ º
Cº

.C.
C)

SS

5

Time (Hr)

Figure 9: The effect of Pi on hepatocyte viability. 1 mL of sample was taken every hour
and frozen for LDH analysis by determining the disappearance of NADH using 340 nm
UV-vis spectroscopy. 100% is referenced to the total LDH in a 1 mL sample if all the
cells had died and released their LDH.

the K-H buffer appear to maintain membrane integrity over the entire period of sampling.

However, as determined by the 31P NMR of the 3-ATP levels, a significant decrease was
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Darent by 2 hrs of perfusion whereas no decrease was observed with Pi -containing K

buffer. The 3-ATP levels in cells incubated with Pi -containing K-H buffer appear to

rease initially. This is probably due to recovery from the hypoxic insult incurred

ring isolation, as demonstrated in the spectrum which shows very little 3-ATP in the

DA extract of hepatocytes just after isolation (Fig. 10B).

Figure 10A through D are *P spectra of a PCA extract of hepatocytes taken at the

ind of the experiment (A), perfused in prototype #1 and inoculation procedure #1 (C),

from a liver of intact rat (D), and a PCA extract from hepatocytes taken right after

isolation but prior to inoculation (B). The extract represented in spectrum A reveals an

ATP/ADP ratio of 3.1 which is within normal range (Schwenke et al., 1981) and

identifies some of the resonances composing the PME, PDE and DPDE regions. The

spectrum from the perfused hepatocytes arises from approximately 5 x 107 cells and took

38.5 min to acquire. The linewidth in the H spectrum of water at half-height was 30 Hz.

This spectrum in Figure 10C was taken from the same experiment as the MRIs shown in

Figure 7 using inoculation procedure #1, and only 10% of the annular space was filled as

determined by the difference in hypointensity in the annular space between Figure 7A

and C. The viability before inoculation and after 5 hr of perfusion in the bioreactor was

80% as determined by trypan blue exclusion.

Using inoculation procedure #2 where hepatocytes were pushed into the annular

Space using a syringe and opening both the outlet and inlet, all cells died, probably due to

implosion, although, -90% of the annular space was filled with hepatocytes. We

returned to a modification of inoculation procedure #1, and developed inoculation

procedure #3 by voiding the annular space and reversing the pump and restricting flow

from the ICC inlet port, we observed a differential loading of fiber pairs that was greater

closer to the inoculation ports. With inoculation procedure #3, we found that >90% of

the annular space was filled as achieved by inoculation procedure #2. However, ATP
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Figure 10: 3|P NMR spectra of PCA extracts of hepatocytes perfused in prototype #1 for
4.5 hr (A), following the isolation procedure (B), the same hepatocytes used in A but
during 2 to 2.5 hrs of perfusion in prototype #1 requiring 38.8 min to acquire (C), and liver
in vivo (D). See Methods section for spectroscopic parameters.
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was not observed and only NAD(H), PMEs and Pi (primarily from the media) were

evident in the spectra. In both inoculation procedures #2 and #3, there was 100%

mortality as determined by trypan blue exclusion at the end of the experiment. The

hepatocytes never recovered from inoculation procedures 1 through 3 when tissue

densities of 2 x 108 cells/mL were attained. Figure 10 demonstrates that the perfused

hepatocytes inoculated by procedure #1 (spectrum C) have a similar *P composition to

that observed in rat liver in situ (spectrum D). The additional peaks in the in vivo 3"P

spectrum of rat liver (spectrum D) is due to two peaks of phosphocreatine emanating

from surrounding muscle tissue and are centered at 0 ppm. The large Pi peak in the *P

spectrum of perfused hepatocyte is due 1.2 mM phosphate in the K-H perfusion buffer.

Figure 10B demonstrates that after the two hour period required for isolation of

hepatocytes, their metabolism is primarily anaerobic, resulting in no ATP and primarily

Sugar phosphates, NAD(H), and phosphomonoesters (PMEs).

Figure 11A and B are 31P spectra of a PCA extract of hepatocytes that were taken

at the end of the experiment (A) and perfused in prototype #2 which contains 40 fiber

pairs (B). The annular space was >90% filled with hepatocytes at tissue densities of 2 x

108 cells/mL. Inoculation procedure #4 was used to obtain this density. The PCA

extract had an ATP/ADP ratio of 1.5, lower than that determined in the 31P spectrum of

the PCA extract shown in Figure 11A. Although the viability as assessed by trypan blue

exclusion was not significantly different before inoculation (78%) and after recovery

(76%), the ATP/ADP ratio indicates that the hepatocytes were stressed. It is probable

that at tissue densities, which were not attainable in prototype #1 (Fig. 9), hepatocytes

become hypoxic or need an organic nutrient to maintain viability. The spectrum shown

in Figure 11B took 8.8 min to acquire and using the modified Helmholtz coil was

obtained from approximately 6 x 108 cells, or 2 x 108 cells/mL. Comparison of 31P

spectra in Figure 11B to in situ rat liver shown in Figure 10D demonstrates a strong
º

º
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Figure 11: 31P NMR spectra of hepatocytes perfused in prototype #2 requiring 8.8 min to
acquire (A), and the PCA extract taken after 5 hr of perfusion (B).
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Figure 12: 3-ATP/P; timecourse from isolated rat hepatocytes perfused in Pi -containing
K-H buffer in prototypes #1 and #2 with a flow rate of 20 mL/min. The NMR parameters
are the same for both experiments (TR=1.5 sec).

of phosphocreatine caused by muscle contamination in spectrum 10D, and of 1.2 mM Pi

emanating from the K-H perfusion buffer in spectrum 11B.

Figure 12 is a comparison of 3-ATP changes by hepatocytes in prototypes #1 and

#2, demonstrating that both bioreactors maintained hepatocytes in a metabolically active

state for up to 4.5 hours. However, prototype #2 was able to maintain hepatocyte

viability at tissue densities (2 x 108 cells/mL) which were four-fold higher than prototype

#1 (5 x 107 cells/mL). Therefore, prototype #1 appears to lack NMR-feasibility for

monitoring isolated rat hepatocytes. In both bioreactors there appears to be an initial

sº
-
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recovery phase from isolation; however, in prototype #2 this recovery is followed by a

decrease in 3-ATP 2 hr after post-inoculation.

DISCUSSION

We have built a NMR-compatible triple-tuned probe for a novel bioreactor design

(Fig. 2) and a bioreactor loop (Fig. 3) capable of gas and pH control for dense cultures in

horizontal or even vertical-bore NMR spectrometers. This NMR probe can be used for

any bioreactor, even an artificial-bioreactor liver, to monitor normalcy. The multiple

tuned, flexible, radiofrequency (rf) dual-volume coil NMR probe permits simultaneous

observation of many nuclei from in vivo or in vitro samples by NMR spectroscopy or

imaging.

A combination of a flexible copper-coated composite sheet, such as Pyralux", a

double-tuned rf circuit, the photo-etch process, a non-magnetic holder, and coil insulation

permitted the development of this autoclaveable NMR probe. The Helmholtz coils can

be made using a computer-aided design (CAD) program, where the resulting Helmholtz

template is used to photoetch the design onto the flexible copper-coated composite. If

desired, multiple reproducible copies can be constructed. Once the two Helmholtz coils

are in place, they are insulated by placing heat-shrink tubing around them, and coating

with polyethylene or polyester making it autoclaveable. The dual-volume NMR probe

can be tuned to detect up to four nuclei. One coil is tuned to the two higher frequencies

while the other coil is tuned to the lower frequencies. This is the first time a quadruple

tuned NMR probe has been made from flexible printed-circuit sheet.

The advantages of the multiple-tuned flexible r■ NMR probe are its diversity of

applications to objects of any diameter or shape, with an increase in filling factor by

attaching coils directly to the sample (such as a bioreactor, reaction vessel, limb, etc.)

resulting in an increase in coil sensitivity, optimization of usable magnet bore volume
º

:
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(often limited in vertical-bore high-resolution magnets), and monitoring of up to four

nuclei (e.g., "H, 19F 31P, 13C) simultaneously. The combination of CAD and photo

etching has several advantages over presently-used copper foil. These Helmholtz coils

can be made with higher precision and better reproducibility, they are easily mass

produced, they have no variable distributed capacitance caused by solder joints, and the

tighter binding reduces microphonics (Fukushima and Roeder, 1981).

Although double-sided flexible printed-circuit board, copper foil, solenoid and

Helmholtz coil designs have previously been used to make NMR probes (Barker and

Freeman, 1985), this is the first report of a dual-Helmholtz coil design enabling relatively

inexpensive mass production via the photo-etch process and the flexible copper

composite sheet, with an insulation process enabling autoclaveable coils without change

in quality factor. Due to the relatively high melting point and insulation of the polyamide

copper composite, Pyralux", the present coils can resist high temperatures; however, any

copper-composite would suffice. Thus, this coil design is superior for use with cell

cultures where sterilization is essential.

The non-magnetic plastic holder, or stand, is shaped by a mill and lathe and could

be designed for either a vertical- or horizontal-bore magnet. The stand enables

reproducible placement of the bioreactor in the magnet permitting the comparison of

MRIs and spectra. The bioreactor enables controlled temperature (+1°C), gas, and pH

using recirculated media. Most cell culture media are formulated with a bicarbonate

based buffering system. Therefore, we controlled pH by CO2 sparging in the STAD (Fig.

3); however, this stringent pH control was not necessary for our short-term isolated rat

hepatocyte experiments.

Flow studies of DMEM in the bioreactor revealed two spectral peaks for H2O and

Pi in "H and *P spectra, respectively, which may be attributed to bulk magnetic

susceptibility (BMS) effects between the various compartments of the bioreactor. The

linewidths and separation between the two peaks did not change with flow and appear to
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be field sensitive because the peak separation is smaller for the 31P spectrum. BMS

effects on MRI have been misunderstood and underrepresented and depend, in part, on

the orientation of bulk compartments with respect to the static magnetic field (BO),

paramagnetics in the solution of the compartments, and flow of solution through the

compartments (Chu et al., 1990).

We demonstrate the feasibility of performing 13C NMR spectroscopy using

simple pulse sequences to eliminate the signal emanating from the bioreactor (Fig. 4A

through C), however, the signal-to-noise ratio and the temporal resolution are not

optimum. To monitor the kinetics of a 13C-labeled compound will require either a 1°C

pulse sequence to eliminate the broad component emanating from the bioreactor material

(Fig. 4A) such as a spin-echo (Fig. 4B) or presaturation pulse since this signal dominates

the 13C spectrum, or a reverse detection pulse sequence, such as 'H-observe 1°C-edit

(POCE). Alternatively, direct detection of endogenous "H signal from the cell mass may

be possible with gradient-enhanced (Mason et al., 1993) or diffusion-weighted

spectroscopy (Van Zijl et al., 1991). However, work still remains to investigate these

other pulse sequences.

Figure 5A and B demonstrate that T2-weighted MRIs are superior to T1-weighted

MRIs in obtaining the best contrast between perfusate, bioreactor material and cell mass.

The T1-weighted MRIs revealed that the ECC and ICC become hypointense, and fiber

pair 'ghosts' become more shifted and smeared in response to increased flow rate. Flow

appears to be more rapid in the center than in the perimeter, especially in the area free

from fiber pairs in prototype #1 (upper center right, Fig. 5A). The only published coronal

MRI of a tricentric" bioreactor is of prototype #2 (Custer, 1988). This study revealed

that laminar flow increases in the ECC outlet and inlet in response to increased flow rate,

and this laminar flow creates a greater perfusate velocity in the center of the ECC (Custer,

1988). Unfortunately, the flow rate through the bioreactor and MRI parameters were not

given. The laminar flow appeared in the coronal MRI as a V-shaped hypointense region
*
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occurring at the inlet and outlet of the bioreactor. The hypointensity was attributed to fast

moving nuclei that enter the image region without receiving an excitation pulse (Custer,

1988). There was no mention of fiber pair 'ghosts' in Custer's (1988) transaxial MRIs.

We observed increased fiber pair 'ghosts' that shifted and smeared in response to

increased flow rate. This could be due to magnetic susceptibility effects caused by the

difference in magnetic environment between the fiber pairs and the flowing perfusate -

the latter containing a BMS component. Why T2-weighted MRIs are not as sensitive to

flow as T1-weighted MRIs is still unclear.

Various aspects of the tricentric"M bioreactor were characterized: (1) flow

dynamics (2) cell inoculate distribution, (3) fiber integrity and wetting, (4) coil

homogeneity, (5) inter-experimental quality control, and (6) percent recovery of cell mass

for subsequent PCA extraction. These are demonstrated in the MRIs shown in Figures 6

and 7. The ability of our NCC 4.7T spectrometer to obtain 64 pum pixel resolution in the

MRI was the reason MRI illustrates cell distribution. This pixel resolution is the

maximum that our imaging gradient coil can obtain. A vertical-bore high-resolution

NMR imaging spectrometer could achieve a pixel resolution as high as 0.1 pm (Johnson

et al., 1993), permitting visualization of individual living cells. However, flow effects

would be greatly accentuated and the present bioreactor would need to be miniaturized.

This is the first study to use MRIs to characterize various aspects of NMR-compatible

bioreactors. This is probably due to the fact that nearly all NMR studies of cells have

Seen performed on high resolution NMR spectrometers.

31P NMR spectroscopy revealed similar spectra between isolated hepatocytes

yerfused in the bioreactors and the in vivo liver (compare Figures 10C and 11A to 10D).

*rototype #2 was able to maintain cell viability at tissue concentrations, but prototype #1

ould not. This is probably due to the diffusion distance difference between the two

ioreactors. For example, when prototype #1 maintained viability for over 4 hr in Pi

ontaining K-H buffer (Figs. 12 and 9) the cells were aggregated around the inner fiber
---

s
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where tissue densities were probably reached (Fig. 7D) yet, when completely packed with

cells, prototype #1 was unable to maintain viability (Fig. 8A). The effective diffusion

distance is 1,000 and 400 pum for bioreactors #1 and #2, respectively, when fully loaded

with cells. It is the superior diffusion distance that Custer (1988) accounts for the

superior antibody yield in the tricentric" bioreactor compared to the hollow-fiber

bioreactor. Custer (1988) used the prototype #2 design (i.e., inner fibers: 600 pum i.d.,

800 pum o.d.; outer fibers: 1,200 pum i.d., 1,600 pum od.) for her studies, not prototype #1.

Mass transfer models for both tricentric'■ M and hollow-fiber bioreactors have

demonstrated Starling flow, or diffusion. The tricentric"M bioreactor has been proposed

to have radial mass transfer, but this is difficult to directly show (Custer, 1988).

Diffusion-weighted MRIs would be ideal to demonstrate that this exists in the

tricentric"M bioreactor. The most generalized equation for modeling mass transfer in

compartments of the bioreactor containing cells is (Gillies et al., 1986):

Ded2C2/dr? + De/d X dC2/dr
-

R2 = 0

where De is the effective diffusion coefficient for substrate within the cell compartment;

C2 is the concentration of substrate in the annular space; R2 is the reaction rate for

substrate in the cell; d is diffusion distance of the annular space; and r is half the

diffusion distance of the annular space. From this equation it is apparent that decreasing

the diffusion distance d will increase the mass transfer of nutrients to the cells. The MRI

in Figure 7D shows that the cells were aggregated around the inner fiber, so the effective

diffusion distance was less than, or at least similar to that of prototype #2. The complete

mortality of hepatocytes in prototype #1 when completely filled with cells is probably

due to its greater diffusion distance.

As evident in all of the MRIs obtained in this study, the inner fiber is not centered,

but rather skewed to the side. Others have shown that cultured cells will center hollow
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fibers because the cells closest to the nutrient source will grow faster than the cells in

more hypoxic regions. Custer (1988) observed from transaxial MRIs of prototype #2 that

the majority of inner fibers were centered. This bioreactor contained an active cell

culture occupying at least 25% of the annular space in prototype #2. It was not possible

to clearly identify most of the inner fibers in Custer's two transaxial MRIs due to poor

contrast and pixel resolution,. However, the majority of the inner fibers that are

discernible do appear centered with respect to the outer fiber. In our study, the transaxial

MRIs of tricentric" bioreactors either fully packed with isolated rat hepatocytes or

containing only perfusate revealed that the inner fiber is usually completely off-center,

touching the inner wall of the outer fiber. Comparison of transaxial MRIs of prototype

#2 obtained by Custer (1988) and in the present study, reveals that the inner fibers are

off-center after cell inoculation and cell culture growth centers the inner fibers. At

confluency, the inner fiber should be perfectly centered resulting in a two-fold decrease in

the diffusion distance as compared to short-term NMR study of primary cells. Therefore,

although prototype #1 was not successful in maintaining viability of isolated rat

hepatocytes it may be successful with cell cultures.

Comparison of the 31P spectra of isolated rat hepatocytes perfused in prototypes

#1 (Figures 10C) and #2 (Figure 11A) demonstrate the ability to monitor bioenergetics

with a temporal resolution of 38.5 and 8.8 min, respectively. Therefore, prototype #2 is

feasible for 31P NMR studies, but prototype #1 is not. In conjunction with trypan blue,

LDH assay, and the 3–NTP:total Pi ratio obtained by in vivo 31P NMR, we maintained

hepatocyte viability for up to 4 hrs perfusing with Pi K-H buffer. Pi-containing K-H

5uffer was necessary to maintain viability (Fig. 9). However, with the greater cell density

»btained with prototype #2 (Fig. 11A), intracellular pH may be attainable if there is

ufficient pH difference between cell buffer and Pi—. The apparent increase in 3-ATP in

oth bioreactors is probably real due to recovery from the hypoxic stress imposed during

solation of rat hepatocytes. This increase is observed by comparing the 3'P spectra from
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hepatocytes perfused in prototype #1 (Fig. 10C) and prototype #2 (Fig. 11A) to the

spectrum of the PCA extract of hepatocytes taken just after isolation (Fig. 10B), which is

composed of mainly sugar phosphates used in anaerobic glycolysis.

The graph of 3-ATP levels in prototypes #1 and #2 shown in Figure 12 shows that

hepatocytes became stressed by 2.5 hours of perfusion in prototype #2 as indicated by the

decrease in 3-ATP. This could be due to hypoxia. However, this is unlikely since the

hepatocytes initially recovered from the hypoxic insult caused by isolation, and the

diffusion distance of 200 pum is similar to that in liver in situ (Arias et al., 1988). Instead

it is probably due to a lack of organic substrate such as glucose. The artificial liver

developed in the hollow-fiber bioreactor (Shatford, 1992) is perfused with William's E

perfusion media, which has a full complement of amino acids, glucose and proteins.

Short-term toxicological studies of isolated rat hepatocytes are designed not for long-term

culture of normal liver cells, but rather short-term (5 hr maximum) study of xenobiotic

binding and metabolism studies. As evidenced from the 31P spectrum of hepatocytes

taken just after isolation, these cells are highly stressed, relying on anaerobic glycolysis to

survive. We chose this minimal buffer, Pi-containing K-H to have direct significance to

present toxicological studies. In other NMR studies of suspended hepatocytes (Cohen et

al., 1978) and perfused hepatocytes (Farghali et al., 1992; Gasbarrini et al., 1992), 5.5

mM glucose was added to the K-H buffer. It is interesting that in the hepatocyte

suspension study, the overall decrease in ATP levels was blamed on uncoupling of

oxidative phosphorylation and not to hypoxia (Cohen et al., 1978). Therefore, future

studies with prototype #2 should contain glucose in the K-H buffer in order to correlate

results to our in vivo model.

In short, prototype #2 could be used with labeled 13C compounds to monitor 13C

metabolites in the cells (Hrovat et al., 1985) and media (O'Leary et al., 1987) in dose

response studies, obtaining kinetics of endogenous compounds or xenobiotics in

conjunction with indices of stress, (i.e., bioenergetics) using inter-leaved (Chang et al.,
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1987b) or sequential 13C and 31P NMR. Additionally, the bioreactor serves as a control

of endocrine, immune, inter-organ cycling of nutrients, and physico-chemical parameters

as compared to in vivo whole animal results. Magnetic resonance images with pixel

resolution of 62 pum permits assessment of flow dynamics, fiber integrity, cell inoculum

distribution, and quality control of the bioreactor. We found that insufficient fiber

wetting appears hypointense in the T2-weighted image, and it does not allow cells to enter

the annular space because cell inoculate media needs to flow through the fibers leaving

cells behind. Faster flow was associated with hypointensity in the MRIs, and the flow

was faster in the ICC space than the ECC and annular spaces, and faster in the center of

the ECC than the perimeter. This is predicted considering the cross section area is

smaller in the ICC space, and the evidence of laminar flow in the ECC (Custer, 1988).

Media flow or perfusion artifacts appeared above 20 and 50 mL/min for T1-weighted

images (TR=1s; TE=20ms) and T2-weighted images (TR=4s; TE=80ms), respectively.

Cell culture will need to be performed and high resolution MRIs obtained in order to

determine if the inner fiber becomes centered due to differential cell growth. The

hydrophobicity of the membrane is not a problem for spectral resolution and should not

be a problem in culturing normal differentiated or dedifferentiated cells, since a biomatrix

is necessary in any present bioreactor system, and the evolution of biomatrix coating of

polystyrene petri dishes could serve as a guideline.

Future studies should be performed on normal acute metabolism using 13C POCE

and 31P NMR to monitor metabolism of hepatocytes cultured in prototype #2. The

culture medium should be adjusted, and biomatrices tested to maintain differentiated

cells. In conjunction with the animal hepatic model described in Part II of this

dissertation, this would serve to obtain the most complete database on xenobiotic

toxicodynamics of any present combination of methods, and probably should have been

carried out before this dissertation was submitted.

.
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PART II: ANIMAL MODEL FOR XENOBIOTIC STRESS IN LIVER

CHAPTER 5

Review of Toxicological and In Vivo NMR Studies of Liver

OVERVIEW

Since the mid-1970's, NMR spectroscopy has evolved into one of the most

powerful techniques for non-invasive monitoring of biochemical concentration and flux,

pH, enzyme kinetics, oxidation state, metal ion binding, compartmentation and molecular

mobility (Gadian, 1989; James, 1975). In vivo NMR spectroscopy and MRI have been

primarily used by the biomedical community. NMR studies of the liver have appeared in

the literature from several groups (Cohen, 1991; Saini and Ferrucci, 1991). These studies

have ranged from the investigation of normal biochemistry to biochemical consequences

of toxicants. In vivo MRI and NMR spectroscopy are relatively new methods to the field

of toxicology. Some recent toxicological studies have used 31P NMR spectroscopy to

follow the biochemical effects of CC14 (Hazle et al., 1991) and ethanol (Brauer and Ling,

1991), and attempts to determine the mechanism of toxic action of pentochlorophenol

have been reported (Tjeerdema et al., 1991). However, it is difficult to make a clear

determination of the biochemical mechanisms of toxicity based on in vivo 31P NMR

Spectroscopy studies alone. Therefore, protocols using tissue extracts taken at the end of

the experiment with subsequent in vitro analysis, and perfused cell studies have evolved.

High resolution NMR analysis of tissue extracts permits quantification and identification

of compounds containing NMR-observable nuclei and thus a significant amount of
biochemical information.

.
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Antioxidants may be the closest reality to Ponce De Leon's fountain of youth.

Many prominent scientist believe the same, such as two-time Nobel Laureate Linus

Pauling who consumed 10,000 g of Vitamin C daily. The antioxidant found nearly 4-fold

in greater abundance than any other in the liver and the predominant in most other tissues

is glutathione (GSH). GSH is a tripeptide (Y-L-glutamyl-L-cysteinyl-glycine) found in

virtually all cells, and functions in metabolism, transport, immune response, and cellular

protection (Dolphin et al., 1989; Tateishi and Sakamoto, 1983). It is the main

endogenous antioxidant providing cellular protection either directly by transferring

reducing power (H+) to electrophilic agents, or indirectly by transferring to NADH or

FADH to replenish reducing power to Vitamin E in the cell membrane or other

antioxidants. Intracellular steady-state GSH concentrations depend on rate of synthesis,

cell efflux, redox cycling of GSH, and conjugation of electrophilic compounds via

glutathione S-tranferase (Dolphin et al., 1989; Reed, 1990b). Presently the primary

means of non-invasive monitoring of GSH levels is by enzymatic or chemical analysis of

blood plasma or radiotracer studies (Andersen, 1985; Chasseaud, 1988; Hayes et al.,

1987). These studies suffer from the inability to directly monitor GSH in real time,

correlate proximal and temporal GSH changes within the same individual, and correlate

in vivo enzyme function with in vitro activity. All NMR studies performed to date that

monitored GSH have used erythrocytes or cells immersed in D2O for "H NMR

(Rabenstein and Keire, 1989) or 13C NMR spectroscopy (Gamcsik and Colvin, 1991).

We have observed a large contribution from water and poor linewidths in 1H MRS of rat

liver in vivo. Therefore, we decided to pursue efforts in using 13C NMR spectroscopy to
monitor GSH in vivo.

The goal of this project was to develop an in vivo NMR animal model for non

invasive monitoring of early toxicological biomarkers of stress, such as GSH,

bioenergetics, and intracellular pH in conjunction with NMR analysis of tissue extracts

.
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and body fluids containing excreted xenobiotics. This approach provides an extensive

data base and novel application of NMR technology to the area of toxicology.

In order to test our animal model, we have proposed to examine the mechanism of

toxic action of dibromoethane (DBE), an alkylating agent and carcinogen. It has been

proposed that intracellular GSH protects against DBE toxicity (Warren et al., 1991).

DBE is used extensively for fumigants, gasoline additives, solvents, and precursors of

haloalkanes (Petersen and Guengerich, 1988), and is a common contaminant in

groundwater (Barbash and Reinhard, 1989). The LD50 (gravage) of DBE is 117 mg/kg in

female rats (NTP, 1982). DBE is a carcinogen and an acute toxin for the rat and other

species (Macdonald, 1983). It is metabolized by direct conjugation with GSH and

subsequent hydrolysis, or oxidized via cytochrome P-450 and subsequent conjugation

with GSH. This bioactivation leads to toxic intermediates (Fig. 1) that bind DNA,

glutathione, and protein thiols (Petersen and Guengerich, 1988). DBE was chosen for

this study not only because of its environmental significance, but also because: (1) its

metabolism and excretion have been extensively studied (Botti et al., 1989; Kitchin and

Brown, 1986; van Bladeren et al., 1981; Warren et al., 1991); (2) metabolism of DBE is

not extensive, it is bioactivated via GSH conjugation or P450 oxidation (Macdonald,

1983) (Fig. 1);

* — — — — — — 4 – GSSG + CH2-CH2

GSH Br CH2 _*
Trans h: CH2-B + | SHBr-CH2-CH2-Br --> GS-CH2-CH2-Br -º-Lº- + G

| GS | Y
| cº GS-CH2-CH2-SG

P-450 — — — — — — — —\ –

| - Br W H2O

— — — — as
Br-C(OH)H-CH2-Br —- O-CH-CH2-Br Trans B-GS-CH2-CH2-OH -- ***Plu■ "

acid

- Br

Figure 1: Major metabolic pathways for 1,2 dibromoethane (x=Br). Proposed reactive
metabolites are framed except II (Ia, GSH conjugate; Ib, episulfonium ion, and II,
bromoacetaldehyde).
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(3) treatment of rats with DBE is not expected to cause substantial lipid peroxidation in

vivo (Warren et al., 1991), which greatly simplifies data interpretation for accomplishing

the objectives of this proposal. In vivo studies have shown that shortly after treatment

with DBE there is a substantial reduction in GSH (Botti et al., 1989; van Bladeren et al.,

1981; Warren et al., 1991)

In Vivo NMR Spectroscopy of Liver. Few toxicology studies have been performed using

NMR spectroscopy. This technique is the only one presently available that could

potentially monitor GSH, bioenergetics, and pH simultaneously using interleaved 13C and

31P NMR. In vivo 31P NMR spectroscopy of the liver has been performed in mice, rat,

rabbit, and humans since 1980. A review of this literature is given in Chapter 1. For the

in vivo 3"P NMR spectrum of rat liver, individual metabolites cannot be resolved in the

phosphomonoesters (PME), and phosphodiesters (PDE) regions of the in vivo spectrum

due to spectroscopic imperfections and biochemical contaminants, such as iron. A high

resolution 31P NMR analysis of perchloric acid extracts of the rat liver permits one to

identify the individual peaks contributing to the PME and PDE signals. Tissue can be

obtained at the end of a 31PMRS experiment and extracted for subsequent metabolite

identification and quantification by NMR, chromatographic or other analytical method.

In vivo 13C NMR studies of perfused liver and liver from intact animals have

monitored natural abundance 19C and 13C-labeled compounds to determine metabolite

composition, and metabolic processes, flux, regulation, and disease states (Cohen, 1991;

Seelig and Burlina, 1992). Few in vivo 13C NMR studies have been performed with the

goal to determine toxicodynamics. Natural abundance 19C studies have monitored

metabolite composition, such as glycogen (Jue et al., 1989; Knuttel et al., 1991) and

lipids (Canioni et al., 1983). Several biochemical processes have been investigated with

1°C-labeled compounds, such as: gluconeogenesis using 13C-labeled glucose (Alger et al.,

1981; Jehenson et al., 1992; Kunnecke and Seelig, 1991; Reo et al., 1984; Sillerud and
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Shulman, 1983; Stevens et al., 1982), alanine, and pyruvate (Stromski et al., 1986); B

oxidation and ketogenesis (Cerdan et al., 1988; Cross et al., 1984; Pahl-Wostl and Seelig,

1986; Pahl-Wostl and Seelig, 1987); the homonal effect on lipogenesis and flux through

the TCA cycle (Cerdan et al., 1988; Cohen, 1983; Cross et al., 1984; Pahl-Wostl and

Seelig, 1986; Pahl-Wostl and Seelig, 1987); and disease states such as diabetes (Cohen,

1987b; Cohen, 1987c) and cancer (Liu et al., 1991). One study administered 3-13C

alanine and successfully labeled GSH in perfused rat liver, but it coresonated with a much

larger peak from 4-13C-glutamate. This is also the first in vivo 13C NMR study to

investigate the toxicodynamics of a toxicant, ethanol (Cohen, 1987a).

Recently, the first successful in vivo 13C NMR toxicokinetic study to determine

hepatic dose curves of intraperitoneally injected 13C-labeled 2,2-dichloro-1-(2-

chlorophenyl)-1-(4-chlorophenyl)-[3-13C]-propane (DDP). DDP is an ideal xenobiotic

for toxicokinetic study by in vivo NMR because the inherent problem of poor NMR

sensitivity is overcompensated for by the its toxicological characteristics. DDP is slowly

metabolized, it is a relatively nontoxicant, and it concentrates in the liver. This results in

slow toxicokinetics, optimal signal in the organ of interest, and large doses can be

administered due to its low toxicity. For example, maximal hepatic 13C-DDP

concentrations were reached until two days post-administration, and relatively high

doses, 200 - 500 mg/kg, were administered. However, a high field NMR spectrometer

(9.4 T) with a long acquisition time (1,024 transients) was still necessary to obtain

suffient signal. Therefore, in vivo 13C NMR is has proven very successful in monitoring

the kinetics of 13C-labeled endogenous compounds and 13C-DDP, however, potent

toxicants with rapid kinetics may be below the detection limit of 1°C. More sensitive

NMR-observable nuclei, such as 3H, are better.

The most powerful advance in 13C NMR has been isotopomeric analysis which

permits the determination of metabolic regulation and flux through various biochemical

pathways such as TCA and the hexose monophosphate shunt (London, 1988a).
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Isotopomeric analysis is the only technique available to biochemist for the investigation

of metabolic flux and very effective in determining metabolic regulation. The

combination of isotopomeric analysis and the low natural abundance of 1°C (1.1%)

makes this the best NMR-observable nuclei for in vivo NMR investigation of toxic

mechanism(s) of action. 13C-labeled compounds can be enriched and selectively

monitored similar to 14C radiotracer studies. However, unlike 14C radiotracer studies, in

vivo 13C NMR permits the non-invasive monitoring of 13C-labeled compounds within the

tissue of interest, while isotopomeric analysis of 13C spectra permits identification and

13C enrichment of the various carbon positions in labeled metabolites. Together, in vivo

13C and 31P NMR and isotopomeric analysis permit the non-invasive determination of

toxicokinetics, mechanism(s) of xenobiotic biotransformation, and toxicodynamics.

Stategies for Monitoring Glutathione in Rat Liver by In Vivo NMR Spectroscopy: All

studies performed to date that monitored GSH have used erythrocytes or cells immersed

in D2O applying "H NMR (Rabenstein and Keire, 1989) and labeled glycine with *H or

1°C (York et al., 1987) or perfused with culture medium containing 13C-labeled

compounds for 13C NMR spectroscopy (Gamcsik and Colvin, 1991). We have observed

a large contribution of water and poor linewidth in 1H NMR of rat liver in vivo, and

substantial overlap of resonances in the region from 1-5 ppm. However, the amide

resonances are between 8 and 10 ppm and could serve as a possible means to monitor

GSH (Fig. 2A). These peaks are broad because of exchange with bulk water and

relaxation due to the attached quadrupolar nucleus 14N. Therefore, we explored the

possibility of monitoring GSH in liver by decoupling the quadrupolar relaxation effect,

relaxation of the second kind (James, 1975). Since 1H has 64-fold greater sensitivity than

1°C for comparable nuclei, this would not require infusion of labeled compounds and

could possibly be clinically useful. Figure 3 shows "H NMR spectra of pure formamide

(structure given in above figure) with 14N coupling and decoupling, demonstrating the
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Figure 2: ■ H NMR spectra of GSH using 50 mM and 300 MHz high resolution QE300
spectrometer (A), and 300 mM and 200 MHz NCC 4400 Quest 4.7T spectrometer (B).
Spectrum B is 1*N decoupled and was the same as the coupled spectrum obtaine on the
NCC 4.7T spectrometer (not shown). The stucture of GSH is inset.
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resolution enhancement of '4N decoupling. Unfortunately, the broadening of the amide

protons in vivo are apparently due primarily to exchange with water protons and,

according to equations given for both of these relaxation effects (James, 1975) and known

exchange rates for these amides of 100 ms (York et al., 1987), the spin-lattice (T1)

relaxation of the 14N must be less than 100 ms since no effect was noticed with '4N

decoupling on physiologically relevant solutions of GSH.

Therefore, we decided to pursue 13C NMR spectroscopy to monitor GSH in vivo.

Chapter 6 describes our attempts to use 2-13C-glycine infusion to monitor GSH in rat

liver by in vivo NMR spectroscopy, and Chapter 7 describes our attempts to increase the

in vivo GSH signal and an application of the animal model for studying the effects of

DBE.
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9.5 9.0 8.5 8.0 7.5 7.0 6.5
PPM

Figure 3: "H NMR spectra of 1*N coupled (A) and 14N decoupled pure formamide (B).
Performed at 23°C, 200 MHz on a 23 cm usable horizontal bore magnet, using an 8-turn
solenoid to decouple 14N and a Helmholtz coil to observe H.
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CHAPTER 6

In Vivo Monitoring of Hepatic Glycine and High Energy Phosphorus

Metabolism in Anesthetized Rat by 13C and 31P NMR

INTRODUCTION

Toxicology research has recently been under political and ethical pressure to

reduce the number of animals used in acute and chronic studies. Presently the most

accepted approach to this is to use quantitative structure analysis (QSAR) and

toxicokinetics to predict the disposition, biotransformation, and distribution of toxicants

and thus their potential risk (Krewski et al., 1994). This approach still needs at least one

set of animal experiments to significantly assess the success of the QSAR prediction.

This is a savings in animals usage by x = nr - n, where x is the number of animals

conserved per study, r is the number of time points taken per study and n is the number

of animals used per time point. Using this method, some xenobiotic risk predictions can

be as high as 75% or below 40% correct (Krewski et al., 1994). In vivo NMR also has the

same equation for animal reduction, permits non-invasive monitoring of actual

biochemical effects of xenobiotics, and even xenobiotic biotransformation directly in the

tissue of interest. In conjunction with tissue extraction and body fluid analysis, one can

determine NMR-observable nuclei and xenobiotic tissue distribution, disposition,

biotransformation, and pharmacodynamics. We describe an in vivo NMR animal model

that enables the non-invasive monitoring of glycine, high energy phosphate compounds,

phosphomono and diesters kinetics and metabolism, intracellular pH, and with tissue

extract and body fluid NMR analysis, we can determine effects on many biochemical

processes and physiological function.
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As discussed in Chapter 4, we decided to employ in vivo 13C NMR to monitor

hepatic GSH in the rat. At the start of this study, I focused only on that biochemical

reaction which would accomplish our goal of labeling GSH, i.e., that catalyzed by GSH

synthetase, which combines glycine with Y-glucys. The in vivo and extract 13C NMR

spectra were not this simple; GSH did not appear as a peak isolated from any other

glycine metabolite. It became apparent that I needed to understand all of the glycine

metabolic pathways in order to interpret the data and hopefully manipulate the

biochemistry to attain our objective of monitoring hepatic GSH in vivo. To quote

Neuberger (1981) who was the first to study 1%N-glycine metabolism in humans, and

which was later quoted in the glycine review by Jackson (1991) understanding the

biological reactions of glycine is "a large slice of the biochemistry of metabolism." The

present work determines the most complete disposition, biotransformation, and organ

cycling of glycine of any one single study by use of in vivo NMR and high resolution

NMR spectroscopic analysis of tissue extracts and body fluids.

Glycine was the first amino acid to be isolated from a protein (Neuberger, 1981)

It is a glucogenic, non-essential, and sole non-chiral amino acid which participates in a

variety of biochemical reactions, particularly in liver. Figure 1 depicts the fate of glycine

absorbed from the blood by the liver (Devlin, 1986; Snell, 1983; Stryer, 1981). Glycine

is transported into the hepatocyte by a Nat-dependent transporter, gly (Moseley et al.,

1988), and a glutathione-dependent transporter, Y-glutamyltranspeptidase, the latter

forming Y-glugly (Meister, 1989) and, once inside the hepatocyte, glycine follows many

biochemical pathways (Fig. 1). For example, it provides the C2 and C3 of serine (Snell,

1983) eight carbons and the four nitrogens of heme, the C4,5 and N-7 of purines (Stryer,

1981), C4 and N-5 of creatine (Devlin, 1986), and directly forms the glycine residue in

GSH, xenobiotics conjugation, Y-glugly, and proteins. It can be metabolized to lactate

and alanine via anaerobic glycolysis, to glucose or glycogen via gluconeogenesis, to fatty

acids and phospholipids via lipogenesis, and to anaplerotic products of the tricarboxylic

ºº º
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Blood Na"

Hepatocyte
Gluconeogensis

Bile Salts <!— Glycine -> Serine ->Glycolysis
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\
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+ NH3 +CO2
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Purines Protein
Creatine FA

GSH TCA
Cycle

Figure 1: A diagram depicting the many metabolic pathways in which glycine is
involved. Abbreviations: GSH, glutathione; GT, Y-glutamyl transpeptidase; FA, fattyacids; FH, tetrahydrofolate.

96



acid cycle (Jackson, 1991; Kornberg, 1966; Neuberger, 1981). Glycine is catabolized to

CO2 and ammonia with formation of methylene tetrahydrofolate by the mitochondrial

glycine cleavage system or glycine dehydrogenase (Hampson et al., 1984; Jois et al.,

1992). It forms bile salts and osmolytes (i.e., oxalate, betaine, choline), which are

excreted (Devlin, 1986), and products from anaplerosis and the ureolysis (Harper, 1983;

Stryer, 1981). The 'glycine cycle' occurs in the mitochondria and has been proposed to be

a coupling of glycine dehydrogenase to serine methoxytransferase with the net reaction:

2 Glycine + NAD+ --> Serine + CO2 + NH4+ + NADH + H+.

thus creating reducing equivalence for oxidative phosphorylation, and permitting serine

to enter gluconeogenesis (Snell, 1983). This is supported by radiotracer studies that

found equal labeling at C2/C3 with 2% glycine in the diet, but with 0.5% glycine in the

diet, the radioactivity of the C3 was only 20% of the C2 of serine. The percent utilization

of glycine by this reaction is greater in carnivores than in herbivores (Neuberger, 1981).

We present results of hepatic glycine metabolism as it occurs in rat liver using in vivo 19C

NMR spectroscopy.

We have developed a triple-tuned NMR surface coil to determine the fate of

glycine in rat liver. In vivo 13C NMR spectroscopy of 2-13C-glycine is ideal to non

invasively monitor antioxidant status (GSH) and metabolic processes because of its

biochemical fate (Fig. 1) and its spectroscopic isolation from other major liver

metabolites in the in vivo 13C NMR spectrum. In particular, we were interested in GSH,

a tripeptide (Y-L-glutamyl-L-cysteinyl-glycine), found in virtually all cells, exhibiting a

key function in cellular metabolism, transport, immune response, and protection from

chemical injury (Dolphin et al., 1989). GSH is maintained at high concentrations in rat

liver, as high as 8 mM (Taniguchi et al., 1989), and therefore should become 13C-labeled

to a higher degree than other glycine metabolites. Y-glutamyl transpeptidase is expressed

i
3

97



Glucose
1QD

I
Protei

- -

rotein Diet GSH sº. --> Dihydroxyacetate

Thr
\ i 2.

BLOOD N Glycerol
Heme *~ Glycine —- Ser —- 2-Phosphoglycerate

Albumin _T N/
-

CORI BLOOD

KIDNEY Cys !
CYCLECreatinine >

Oxalate MUSCLE –- Ala --> Pyr --> Lac

Urea, ALANINE (2) / W (3) Ketone
Betaine CYCLE / CoA Bodies

Conjugates / O
S-5–9–- FattyINTESTINE YS Acids

Eile salts
-

Phe Tyr Leu
Choline Lys Ile Trp

Bilirubin BRAIN

-

cºnted -º-Fumarate y

Citulline

N-1 ethionine
CH cline
Eetaine
F's a rine
TH>mine
Histidine

Suc SUC-GLY
CYCLEGly

Ornithine

l Creatine NH4
Putrescine

y 2 Met Thr Propionate

Spermine | \
Fatty

|le Acids
Met
Val

*# =ure 2: The many biochemical pathways, inter-organ cycles, and relation to other
rho acids in which glycine participates. The following numbers represent the various

b
li

arrai
**>< hemical processes: 1, gluconeogenesis; 2, anaerobic glycolysis; 3, ketogenesis; 4,
Fºsenesis; 5, lipolysis; 6, anapleurosis; 7, glycine cleavage involved in the glycine

Sºº's le; 8, methylation.

98



at high concentrations in rat liver canalicula (Inoue et al., 1983), and the intracellular

concentration of Y-glugly would depend on glycine and GSH blood concentrations and Y

glutamylcyclotranspeptidase activity (Meister, 1989) In addition, biochemical and

physiological processes can be monitored with 2-13C-glycine. Figure 2 illustrates the

relation of glycine to eleven biochemical processes, liver-organ metabolite cycles, and

Cther amino acids.

Observation of NMR signals in intact liver, however, suffers from additional

clifficulties due to respiratory motion, magnetic susceptibility effects and shorter spin-spin

relaxation (T2) times from high concentrations of paramagnetic species, leading to low

spectral resolution. There has been no report of in vivo NMR monitoring of in situ

Hepatic GSH or Y-glugly in any species. We describe here an animal model which

ermploys a novel, surgically-implanted, triple-tuned, surface coil to monitor in situ glycine

rrnetabolism and kinetics using in vivo 13C NMR following intravenous infusion of 2-13C

#1 yeine. Concomitantly, we monitor bioenergetics and intracellular pH by 31P NMR.

A nalysis of tissue extracts by high resolution NMR permits determination of kinetics,

INIMR visibility, 13C enrichment of metabolite pools, identification of metabolites

<=<>ntaining 1°C or *P, and isotopomeric analysis for investigation of various biochemical

E*rocesses (London, 1988a). Body fluid analysis permits investigation of kidney function

a raci elimination kinetics of glycine conjugates.

N-124ATERIALS AND METHODS

*E* semicals: Glycine (99% '3C2-labeled) was purchased from Isotec Inc. (Miamisburg,

G'Haie) pentobarbital from Anthony Products (Arcadia, California), 20% dextrose solution

***** saline solution from Abbott Labs (Chicago, Illinois). Mannitol, perchloric acid,
*S*C. H. choline, N-dimethylglycine, betaine, sarcosine, Y-glugly, cysgly, L-serine, 3

º
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phosphoglycerate, oxalate, L-cysteine, cystathionine, and 99.96% deuterium oxide were
«»btained from Sigma Chemical Co (St. Louis, Missouri).

ISINMR Probe Design: We constructed a coaxial, dual-slotted surface coil with a single

and double-tuned circuit. The coil was photo-etched onto UV-sensitive pc board [(Fan,

1989) and made rigid with epoxy and fiberglass. The outside coil (diameter 24 mm) was

single-tuned to the 1H frequency (200.11 MHz), the inside coil (diameter 13 mm) was

connected to a balance-matched, double-tuned 13C/31P circuit (Chang et al., 1987a).

After implantation in the abdominal cavity, the coil was bolted to a plastic stand via

screw and wing nuts to insure reproducible placement in the isocenter of the magnet's

field and to avoid coil movement (Fig. 3A). A glass sphere containing 40% dioxane was

placed in the center of the surface coil as a reference.

Animal Protocol: All animal studies were approved by the UCSF Committee on Animal

Research. Female Sprague-Dawley rats (240-260 g) were anesthetized with pentobarbital

(5O ring/kg via intraperitoneal injection), and the femoral artery and vein were cannulated

with PE-50 tubing for blood pressure and blood gas monitoring, as well as fluid and drug

infusion. The rats were mechanically ventilated through a tracheal tube. An abdominal

L-shaped incision was made, and the surface coil was inserted in the peritoneal cavity

above the liver and held in place with sutures to the abdominal wall (Fig. 3B). The rats

Were placed on the cradle in a supine position. After obtaining baseline spectra, the rats

received an intravenous infusion containing 4.4 mM/kg/hr 2-13C-glycine, 10% glucose,

4% mannitol, and 7 mg/kg/hr pentobarbital at an infusion rate of 3 mL/hr for 4 hr. Blood

**mples were obtained every hr or as necessary, and plasma and blood were separated,
°ºntrifuged, and frozen in liquid N2. Urine was collected through a transuretral catheter
*Very 1-1.5 hours.
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After the experiment, the animals were quickly disconnected from the circuit, the

coil extricated, and the liver excised and immediately submerged in liquid N2 for

subsequent extraction by perchloric acid (PCA). Less than 5 min passed between the

time the last 1°C spectrum was completed to the time the liver was frozen in liquid N2

vvith the actual dissection lasting less than 10 sec. PCA tissue extracts were prepared as

«iescribed previously (Higashi et al., 1989), and titrated with KOH. The liver was

Powderized by morter and pestle under constant liquid N2 conditions, weighed, and 0.6N
C6%) PCA was added at a volume-to-weight ratio of 2:1. The mixture was then placed on

ice in a centrifuge tube until thawed. The cell mass was pelleted by centrifugation at

15,000 rpm for 10 min. The supernatent was titrated to pH 7.40 and centrifuged (15,000

rpm for 10 min) to pellet the perchlorate salts. The supernatent was then frozen in liquid

N2 for lyophilization. The lyophilate was stored at 0°C. Tissue extracts, urine, blood,

and plasma were lyophilized immediately after each experiment. Some plasma samples

were deproteinized by titration to pH 4.0 and centrifugation. Samples were analyzed by

high resolution NMR.

To evaluate the Y-glugly and GSH kinetics, a pulse-chase study was performed.

Rats were given intraperitoneal injections of 4.4 mM/kg of 2-13C-glycine and rats were

placed in cages with water but no food. Rat livers were dissected at various times after

the bolus injections, frozen and subjected to PCA extraction (see Animal Protocol
Section).

{ri Vivo Spectroscopic Studies. In vivo spectroscopic experiments were performed using a
Nalorac Cryogenics Corporation Quest 4400 NMR imaging spectrometer (NCC,

NMartinez, CA) connected to a 4.7 Tesla horizontal bore (16 cm usable bore) Oxford

***agnet. The "H coil was used to optimize the static magnetic field homogeneity by

shimming On the "H2O proton resonance, using a 90° flip angle, until water linewidths in

** range of 50-80 Hz were obtained. The in-plane 180° pulses for H, 13C, and 31P were
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calibrated using a microsphere containing 2 M 2-13C-glycine. The in-plane 90° pulse

vvas determined for 13C using 40% dioxane at the beginning of each experiment. **C

spectra were obtained at 50.3 MHz with decoupling of protons during acquisition and

«Huadrature phase detection. Partially relaxed spectra were obtained from 144 single-pulse
transients with a 70° flip angle, 2K data points, a sweep width of +4500 Hz and a

repetition time of 1 sec, yielding a total acquisition time of 9.6 min. The 90 pulse for

3 1 P was calculated from the 13C pulse determined at the beginning of each experiment

and using the difference 90° pulse length of standards. 31P spectra were obtained at 81

NAHz using a one-pulse sequence, with the same parameters as described above except the

repetition time was 1.2 sec, yielding a total acquisition time of 8.8 min. Prior to Fourier

transformation, time domain data were processed with a Lorentzian (-20 Hz) to Gaussian

C2O Hz) or just Gaussian (18 Hz) transformation. 13C and 31P spectra were plotted and

referenced to dioxane and o-NTP at 68.0 and -7.5 ppm, respectively. GSH and glycine

were identified in vivo by determination of the CH coupling constant in a coupled

spectrum. The elimination rate and half-life of glycine was determined by a first-order

fit, using the program Cricket Graph, from the three individual experiments where the

slope is equal to the elimination rate (k) and half-life is; t■ /2=0.693/k (Rowland and

Tozer, 1989). The average k and tip values were determined from the three experiments.

In Vitro Spectroscopic Studies: NMR spectra of liver extracts dissolved in deuterium
oxide, were obtained using GE QE-300 (13C, 31P), and GN-500 (1H) spectrometers

Operating at 1 H frequencies of 300 and 500 MHz, respectively. IH spectra were obtained

to determine the fractional 13C enrichment by difference spectroscopy using a modified

Sequence previously reported (Bendall and Dodrell, 1981), and as described in the Figure

* legend. We used a second method to determine the fractional 13C enrichment of

sycine (Behar, 1986), which compares the coupled and uncoupled peak areas in the IH
Spectrum obtained with a one-pulse sequence. To account for NMR inaccuracies
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associated with difference spectroscopy, we multiplied the fractional **C enrichment

values by a correction coefficient - which was the ratio of the fractional **C enrichment

value obtained from a one-pulse H spectrum (Behar, 1986) to that obtained by difference

spectroscopy (Bendall and dodrell, 1981). 13C and 31P spectra were obtained using a

one-pulse sequence with decoupling during acquisition and a 10 sec interpulse delay, 16K

complex points and a spectral width of +10000 Hz (13C) or +4000 Hz (31P). Natural

linewidths are shown in Figures 4A, 7, 8, and 9. 13C and 31P compounds were identified

by comparison of extract chemical shifts and CH coupling constants to those of known

standards, literature values, and known glycine biochemical pathways. **C and "H

spectra were referenced to 3-(trimethylsilyl)propionic-2,2,3,3-da acid at -2 and 0 ppm,

respectively, while 31P spectra were referenced to the o-NTP peak at -7.5 ppm. All peak

areas were fitted using the program MacFID (Tecmag Inc. Houston, Texas).

RESULTS

To monitor glycine metabolism by in vivo 13C NMR in rat liver we employed an

implanted coaxial dual-slotted photo-etched triple-tuned NMR surface coil (Fig. 3B)

bolted to a plastic stand (Fig. 3A), which greatly reduces coil motion and decreases

Shimming time by insuring reproducible placement of the coil. We used a one-pulse

sequence with proton decoupling during acquisition only. Even though the "H coil was

well-insulated with epoxy, sensitivity gain via the nuclear Overhauser effect with

Continuous proton irradiation was not attempted to avoid local heating of the liver

(BOttomley and Roemer, 1992). The dioxane standard and glycine served to monitor

decoupling throughout the experiment.

Figure 4A through C shows a portion of representative in vivo and in vitro

(extract) 13C NMR spectra of a rat liver. The in vivo 13C spectra were obtained before
(t=O) and 230 min after start of 1°C-glycine infusion (Figs. 4B and C, respectively). Both

103





To SR-52
Spectrometer

photoetched
surface coils

surface coil

incision tube

–\
abdominal endotracheal

IFisure 3: Schematic representation of (A) the coaxial dual-slotted photo-etched surface
Sºil and plastic stand, and (B) the surface coil implant in a rat. After the surface coil is
****planted in the rat (B), it is connected to the matching and tuning circuit on the stand, and

e assembly is placed in a cradle which is then inserted into the magnet.
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were 9.6 min acquisitions with the external dioxane standard referenced at 68 ppm.

Figure 4B shows the dioxane peak but no other peaks of interest. Besides dioxane, the

largest peak after 230 min of infusion (Fig. 4C) is from glycine (42.4 ppm, Joh-144.0

Hz), followed

t=4 Hr 4.4 mm/Kg/hr Glycine
40% dioxane

t=0 Hr

Gly

Lº■

Extract C-3 C-2 GSH +

Ser Ser Y-glugly
Ala A-

1–1 L M

. . . . . . . . . . . . . . . . . . . . . . . . . . . .
ppm

Wigure 4: The central portion of a 13C NMR spectra of rat liver extract (A), and in vivo
$Pectra taken at baseline (B) and at 4 hr (230 min) (C), all from the same animal. The
liver extract spectrum (A) is composed of 5,000 acquisitions with a repetition time of 11
Sec, while the in vivo spectra (B and C) are composed of 144 acquisitions taking 9.6 min
tº acquire. Abbreviations for resonance assignments are as follows: C2 Ser, C2 serine;
C3 Ser, C3 serine; GSH, glutathione; Gly, glycine.
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GSSG
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\----~~~~

i i I T i i i I i i i i I I i i I i I ■ i I i i - T-T—T T T-I i I'7 As s º s º 41
ppm

Fisure 5: A portion of the '*C spectrum of a liver extract taken at pH 3.00 (A) and 7.40
(FD. GSSG is apparent as the broad unresolved peak in between the GSH and Y-glugly.
The same parameters as in Figure 4 were used.
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by GSH (44.2 ppm; JCH=139.2 Hz), Y-glugly (44.2 ppm; Joh=139.2 Hz) and C2 and C3

of serine (centered at 57.2 ppm, and 61.1 ppm, respectively). These as well as other

peaks (vide infra) were identified by comparison to the 19C spectrum of the PCA extract

shown in Figure 4A and comparison to authentic standards. Figure 5 shows 19C spectra

obtained from a liver extract at pH 3.00 (5A) and 7.40 (5B), respectively, illustrating the

O Glycine

100- O GSH * §

so: *: * t
so:

Q)

£ 40
CJ§ 2.j +
Sº 20 - O

0O- i T i T i T i T n T i T l

0 3 O 6 0 9 0 1 20 150 18.0 2 1 0

Time (min)

Fisure 6: Kinetics of 2-13C-glycine and 13C-GSH in rat liver (n=3) over 210 min of 2.
1 S-glycine intravenous infusion. Dioxane was referenced to 68.4 ppm. Glycine and

SH are expressed as a ratio of peak areas with respect to dioxane, and 100% was set to
the average peak area from the last four glycine time-points within each experiment.

:

107



{

- * *



change in chemical shift of GSH and Y-glugly with pH. At physiological pH, GSH and Y

glugly coresonate at 44.2 ppm. GSSG formed during prolonged exposure to air at 25°C

for NMR analyses at both pHs, as demonstrated by 1H-observe 13C-edit spectra.

Figure 6 shows the change of in vivo hepatic levels of GSH/Y-glugly and glycine

after 13C-glycine infusion. We believe that the GSH/Y-glugly signal emanates from liver

tissue because no GSH/Y-glugly was detected in the 13C spectrum of a 0.3 mL plasma

sample with and without deproteinization obtained 2 hr after start of glycine infusion.

Based on signal-to-noise in the 13C spectra, this was 9.3-fold less than in liver extracts.

Within each spectrum, the GSH and glycine peak areas were referenced to the dioxane

peak area. The average from the last four glycine/dioxane ratios from three animals was

set to 100% in Figure 6, and the GSH/dioxane and glycine/dioxane ratios were calibrated

to these values. The glycine increases logarithmically (r=0.91), reaching a plateau after

100 min as shown in Figure 6, with a half-life of 24 + 7 min and an elimination rate of

1.95 + 0.72 hr'. The kinetic data were calculated from individual experiments, which

consisted of three 9.8 min timepoints per hr for the duration of the study. Not all of the

timepoints were the same between the three studies; therefore, the graph in Figure 6 is not

resentative of the actual number of timepoints obtained. Concomitantly, GSH/Y-glugly

levels appear to increase linearly, and do not reach a plateau within the observation time,

indicating that GSH formation is relatively slow compared to the cellular uptake of

glycine. Depending on nutritional status and age, the turnover rate of GSH is in the range

*>etween 75-300 min-1 in rat liver (Taniguchi et al., 1989). The rate of Y-glugly formation

"Sº Sulting from glycine transport via Y-glutamyl transpeptidase has never been determined

irº vivo, but will depend on the blood GSH and glycine concentration (Meister, 1989).
^*z vitro studies of Y-glutamyl transpeptidase show very rapid kinetics for uptake relative

to GSH turnover. Figure 7 shows 13C spectra of liver extracts from rats given a bolus of

4-1 mM/kg of 2-3C-glycine taken 1, 2, 4 and 6 hours after injection. These spectra

i
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I. P. Injection of 4.4 mM/kg 13C Glycine
Iudl

2'
6 Hr

4 Hr

2 Hr

1 Hr

Figure 7: Liver extracts of rat given a 4.4 mM/kg i.p. injection of 13C glycine dissected
at 1, 2, 4 and 6 hours. A pH of 5.0 was obtained with a one-pulse sequence with
decoupling during acquisition, TR = 11 s; SW = 10,000 Hz.

demonstrate that Y-glugly increases rapidly compared to GSH. The peak intensity is

referenced to the 3 C3 of glucose which has been shown to remain unlabeled in liver

extracts from glycine infusion studies. Therefore, the linear increase in the GSH/Y-glugly

peak in Figure 6 is probably due to a rapid component created by Y-glugly formation,

which shadows the glycine increase, and a slower GSH formation (Fig. 7).
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II/2 II acquire

1H Tl t *— U\al

13C + II

GSH

Gly
Y-glugly - C-2Gln C-3Lac

C-2 Glu C-3Al

C-3Ser— / N
-Lº-Lº-Lº-Lº-Lº-VI-VI24.o ... tº .O. .e. .o ... tº ... O

Figure 8: The {1°C}-1H NMR pulse sequence (above) was used to obtain the difference
spectrum (C). TI represents a 180° pulse. The + for the TI [13C) pulse signifies that the
pulse is applied for alternate scans. The period, t, was set equal to 2J" for the coupling
constant of the C2 glycine of GSH. A portion of 1 H spectra from 4.2-3.9 ppm of rat liver
extract with (A) and without (B) the II (13C) pulse, and the difference spectrum. The
Spectra are composed of 1000 acquisitions with a repetition time of 4 sec, sweep width of
3012 Hz, and 8K data points. The fractional 13C enrichment was calculatedby dividing
half the sum of the intensity of the [13CH] stellite resonances in the coupled difference
spectrum (C) by the sum of the intensities of the [12CH] (A) and half the sum of the
[**CH] satellite resonances (C). The 2-[12CH]glycine of GSH (3.77 ppm) is
contaminated by other resonances (A), therefore, the 2-[12CH]cysteine of GSH (2.97
ppm) was used in the fractional enrichment calculation of GSH.
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1H NMR spectroscopy of PCA liver extracts (Fig. 8A through C) permitted us to

estimate the 13C fractional enrichment in glycine and GSH to be 81 + 3% and 76 + 8%

after 4 hr of 13C-glycine infusion. Figure 8A and B are the 13C-decoupled homo- and

heteronuclear spin-echo "H spectra of liver extract, respectively, used to obtain the

difference spectrum shown in Figure 8C. In Figure 8C, the C2 of glycine, GSH and Y

glugly are singlets centered at 3.578 ppm, 3.785 ppm, 3.814 ppm, respectively. Small

amounts of GSSG were detected as an AB pattern due to the non-equivalence of the

methylene protons (Rabenstein and Keire, 1989) centered at 3.778 and 3.747 ppm

(JCH=139.0 Hz), and this was formed due to sample oxidation caused by multiple NMR

analyses. The C2 and C3 of serine appear as a doublet of doublets (JCH = 144.0 and

146.5, respectively; JCC= 36.6 Hz) of an ABX pattern for C2 (JHX-Hb = 4.2 Hz; JHx-Hb =

5.17 Hz) and C3 (JHa-Hb = 4.2 Hz; JHa-Hb = 4.2 Hz) and centered at 3.846 and 3.970 ppm,

respectively. They do not appear sharply in Figure 8C due to long-range "H-1°C coupling

from the 13C dual-labeling of serine in conjunction with the 1H-1H couplings. We were

unable to obtain fractional enrichment values for serine and Y-glugly because all the

resonances in the one-pulse spectrum exhibit significant spectral peak overlap. Minor

resonances are the multiplets of C3 of glu and gln, centered at 2.09 and 2.14,

respectively, and two doublet of doublets: choline/betaine centered at 3.228 ppm (JCH=

144.86 Hz, JH-H= 3.35 Hz), and choline/betaine centered at 3.383 (JCH= 143.4 Hz, JH-H=

5.1 Hz). The C2 peaks of glutamate, glutamine, aspartate, alanine, and lactate were

below detection levels or were contaminated with other peaks. Two unknown doublets of

multiplets are centered at 2.42 ppm (ca JCH= 103 Hz) and 2.38 ppm (ca JCH= 143 Hz).

Saturation factors for in vivo GSH/Y-glugly and glycine 13C signals observed three

hours after initiation of 2-13C-glycine infusion were 1.71 and 1.52, respectively (n=1).

The peak area ratio of GSH+Y-glugly/glycine, after correction for saturation effects, was

0.3 in vivo (Fig. 4C) and 0.07 in vitro (Fig. 4A). Concentrations of metabolites other
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Figure 9: 13C spectra of deproteinized plasma (A) and 0.3 ml of normal (B) taken 2 hrs
after the start of 2-13C-glycine from rat infusion. TR=11 s; SW=10,000. The broad
components in both spectra are due to albumin. The top spectrum was not decoupled
showing the glycine triplet. Each spectra is the result of 10,000 acquisitions. Spectra were
referenced to TSP at -2 ppm.
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than GSH and Y-glugly rapidly increased in vivo after administration of 2-4°C-glycine

(Fig. 4A). Figure 9A and B are spectra of deproteinized and normal plasma samples,

respectively. No GSH, Y-glugly, or serine was detected in either spectrum suggesting at

least a 4-fold lower level of glycine/GSH-Y-glugly in plasma than in the tissue.

Deproteinization evidently was not very effective at decreasing the broad component, as

demonstrated by comparison of Figure 9A and B. In Figure 4A and C, the peaks centered

at 57.2 and 61.1 ppm represent C2 and C3 of serine, respectively, at a ratio of 1:0.85 +

0.05. This ratio was calculated using the total C2 and C3 peak area (i.e., single- and

double-labeled) in the 1H-decoupled 13C spectrum shown in Figure 4. The H-coupled

13C spectra of liver extracts revealed for the dual-labeled C2/C3 serine, a doublet of

doublets for C2 (JCC=36.6 Hz; Joh=144.0 Hz), a triplet of doublets of doublets for C3

(JCC=36.6 Hz; Joha=146.5 Hz; JCHe= 4.9 Hz), and a doublet (JCH=144.0 Hz) and triplet of

doublets for C2 and C3 serine (JCH=146.5 Hz; Johe- 4.9 Hz), respectively. The CC

coupled peak areas (Fig. 4A) gave the relative labeling at the C2 and C3 positions

(C2/C3-serine). Of the C2 and C3-labeled serine, 69 + 3% and 67 + 12% were doubly

labeled, respectively. Interestingly, the extract also revealed similar 13C-labeling patterns

at both the C2 and C3 position in alanine (JCC=34.2 Hz) and lactate (JCC=36.6 Hz).

Minor labeling occurred throughout the 13C spectrum. Figures 10, 11 and 12 are

various portions of 13C spectra taken from a control liver extract using the same infusion

and animal protocol but without 2-1°C-glycine infusion. By comparing Figures 10

through 12, one can determine relative 1°C-labeling at various positions. Figure 10A

illustrates C3-labeling of alanine, lactate, glutamate (27.9 ppm; JCC=34.2 Hz), glutamine

(27.1 ppm; Joc=36.6 Hz), and four coupled unknown peaks with equal peak areas

comprise two pairs of overlapping peaks: one pair is centered at 31.9 ppm and composed

of two doubly-labeled 13C resonances at 32.2 ppm (JCC=39.1 Hz), and 31.7 ppm

(JCC=39.1 Hz); the other pair is centered at 12.7 ppm and composed of two doubly

labeled 13C resonances at 13.0 ppm (JCC=36.6 Hz), and 12.5 ppm (JCC=36.6 Hz). Two
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Figure 10: A portion (10–33 ppm) of the 13C spectrum from the liver extract spectrum
in Figure 4A is shown in (A), and a control rat liver extract obtained from a rat using the
same protocol as in (A), but without 2-13C-glycine infusion (B). This is enlarged
approximately 4-fold from the spectrum in Figure 4A. Abbreviations: Ala, alanine; Lac,
lactate; Gln, glutamine; Glu, glutamate.
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Figure 11: (A) A portion (68-98 ppm) of the 19C spectrum from the liver extract of the
animal whose in vivo spectrum is given in Figure 4A. (B) A control rat liver extract
obtained from a rat using the same protocol as in (A), but without 2-13C-glycine infusion.
This is enlarged approximately 4-fold from the spectrum in Figure 4A. o. and 3 refer to the
C1 anomers of glucose.
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methylene-methyl double labeled compounds would correspond to these chemical shifts,

such as C2/C3 propionate (Sherry et al., 1985), however, the coupling constants are not

similar. Better spectral resolution and signal is necessary to obtain more accurate

coupling constants. A homonuclear COSY will be obtained to identify these connectivity

of these unknown resonances. The fractional 13C enrichments of the C3 of alanine and

lactate as determined by 1H difference spectroscopy were 9.4 + 2.2% and 9.2 + 2.2%,

respectively. The 13C spectrum from 32-65 ppm reveals 13C-labeling at C2 of glutamate

(55.13 ppm; Joc=34.2 Hz), glutamine (54.87 ppm, Joc=36.6 Hz), aspartate (53.32 ppm,

JCC=36.7 Hz) and C3 of aspartate (34.3 ppm; JCC=36.5 Hz), and an unknown doublet

centered at 39.4 ppm (JCC=36.6 Hz). Choline and betaine appeared to be only slightly

labeled at the C3 methyl position (54.6 and 54.9 ppm, respectively) and C2 methylene

(67.2 and 56.9 ppm, respectively). A portion of the 13C spectrum from 68-100 ppm of

the 13C-labeled and control study are shown in Figure 11A and B, respectively. Since

Serine is doubly-labeled, and if the triose isomerase reaction is at steady-state at the time

of tissue dissection, then glucose should be equally labeled at the o- and B-C1,2,5 and 6

positions. The o- and B-C6 signals (61.4 ppm) are not shown, but C6 was labeled and

was also contaminated by the serine C3 signal (61.1 ppm). In Figure 11B, the o- and B

C1 (96.7 and 92.8 ppm, respectively) both have satellite peaks due to the C2 of glucose

with Joc=46.4 Hz, respectively. Similarly, the o- and B-C2 (72.2 ppm, Joc=47.6 Hz; 74.9

ppm, Joc=47.4 Hz, respectively) and o- and 3-C5 (72.2 ppm, Joc=46.4 Hz; 76.6 ppm,

Joc=46.4 Hz, respectively). The o- and B-C3 at 73.5 and 76.4 ppm, respectively, and the

o- and B-C4 centered at 70.4 ppm demonstrate that these positions are not 13C-labeled,

because they are singlets without any satellite peaks caused by 13C-13C coupling. The

triplet at 69.9 ppm is from the C2 of lactate. Figure 12B is the final portion of the 13C

spectrum of **C-glycine infused liver extract. There is slight labeling in the purines at

adenine C5 (119.3 ppm), bilirubin and/or protoporphyrin (161.1 and 163.5 ppm), and the

C2 and C8 of adenine (142.0 and 142.7 ppm, respectively) and C2 of guanine (153.6

:
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Figure 12: A portion (68-98 ppm) of the 13C spectrum from the liver extract spectrum
in Figure 4A is shown in (A), and a control rat liver extract obtained from a rat using the
same protocol as in (A), but without 2-13C-glycine infusion (B). This is enlarged
approximately 4-fold from the spectrum in Figure 4A. Abbreviations: ade, adenine; Bili,
bilirubin; glu, glutamate.
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ppm). There are three 13C signals in the vicinity of 175 ppm: one at 175.4 ppm due to C1

of glutamate (JC1-C2=53.7 Hz), another unknown at 173.3 ppm (JCC=52.5 Hz), and a very

large singlet at 186.3 ppm that is probably a direct metabolite of 2-4°C-glycine such as

oxalate, glyoxalate, or formate. EDTA added to the PCA to chelate Fet”, has a

carboxylate resonance at 172.0 ppm but does not appear in these spectra.

Figure 13 shows 13C spectra of urine taken at 0, 1, 2, and 4 hr, respectively, after

the start of 2-13C-glycine infusion from the same rat whose liver spectra are shown in

Figures 4 and 8. The urine spectra reveals that glycine (42.3 ppm) is the major 13C

labeled metabolite after 2 hours of glycine infusion. The anesthetic contains 40%

polyethyleneglycol (PEG) which produces a doublet centered at 68.4ppm (JCH=118.8

Hz). The control raturine (t=0) shows that the three largest peaks after 3 hr are due to the

infusion medium and not 13C-label metabolites. These peaks could be due to PEG, or

perhaps glyoxalate, which would be predominantly in the enol form at pH 7.0. Creatinine

and glycine conjugates appear at 2 hr of infusion as well as an increase in urea. Normal

and deproteinized plasma samples revealed that glycine was the primary 13C-labeled

compound detected. Albumin and smaller molecules were either below detection limit or

did not appear significantly labeled. No Y-glugly or GSH was detected.

Figure 14 shows an in vivo 31P NMR spectrum of the same liver as used for the

experiments of Figure 3. In three experiments, the percent of B-NTP peak area to total

phosphate signal was 19 + 5% at baseline, and 17 £ 3% after 2.5 hours of 13C-glycine

infusion (p<0.05), indicating that glycine did not significantly affect bioenergetics.

Intracellular pH was measured at baseline, as well as 65 and 150 min after the start of

glycine infusion; the intracellular pH (pHi) was determined using the chemical shift of

inorganic phosphate relative to o-NTP. The average pHi was 7.34 + 0.09 (n=9), with no

significant change during the observation period. Two peaks of phosphocreatine appear

in the *P spectrum in Figure 7, probably emanating from intestinal muscle and slightly

ischemic incised peritoneal muscle. The contribution of signal from muscle tissue is

:
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Figure 13: 31C NMR spectra of urine taken from the control after 1 (A), 2 (B), 3 (C),
and 4 (D) hours of 3 C-glycine infusion. TR=11 s; SW=10,000. Note that different
Scaling factors are utilized in the spectra.
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Figure 14: An in vivo 3"P NMR spectrum of rat liver 65-100 min after start of
intravenous 2-13C-glycine infusion. Abbreviations are as follows: PME,
phosphomonoester; PDE phosphodiester; Pi, inorganic phosphate; NTP, nucleoside
triphosphate; PCr, phosphocreatine; DPDE, iphosphodiesters; NAD(H), nicotinamide
adenine diphosphate.
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small, since the PCr/B-NTP ratio of 0.6 is much less than the normal muscle tissue of 6.2

(Gadian, 1989). If the PCr/B-NTP ratio was greater than 0.8, the pulse width would be

reduced. If a reduced pulse width did not decrease the PCr/B-NTP ratio, it was concluded

that the probe placement was incorrect and the 13C data rendered non-interpretable.

DISCUSSION

1°N-glycine has been given to humans since 1940 (Ratner et al., 1940) to monitor

the movement of ammonia and measure protein turnover. Disposition (elimination and

tissue distribution), biotransformation, and toxicodynamics, (the biochemical effect of

toxicants) has never been accomplished simultaneously and non-invasively for study of in

vivo toxicology. Glycine is a good choice for the study of xenobiotic pharmacodynamics

because it is involved in many primary metabolic processes and thus monitors a large

number of biochemical processes, resulting in a broad database on which to prove

toxicological or pharmacological hypotheses (Fig. 2). We developed an animal model for

in vivo NMR that permits the concomitant monitoring of glycine, high energy

phosphagens, phosphomono and diesters, intracellular pH, and some biochemical

processes in rat liver and physiological function via body fluid collection. A critical

factor in the success of this model was the development of a novel triple-tuned NMR

surface probe. The probe provided well-resolved and decoupled 13C and 31P spectra of

the liver. Due to the proximity of some of the resonances, in particular stemming from

glycine and GSH/Y-glugly, it was imperative to obtain complete decoupling, good coil

sensitivity, and narrow line width (usually 80 Hz at 4.7 T). The photo-etched coil in

conjunction with the rigid assembly enabled the accomplishment of these criteria. Figure

3C exhibits a representative spectrum illustrating the decoupling, signal-to-noise ratio,

and baseline resolution of glycine (42.3 ppm) and GSH/Y-glugly (44.2 ppm). Figure 15

shows all of the labeled glycine metabolites detected in tissue extracts and urine.
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Glycine Kinetics: The metabolic pathways of glycine observed by in vivo "C NMR

during enrichment with 13C-glycine are in accordance with those found in the literature

(Devlin, 1986; Harper, 1983; Neuberger, 1981; Snell, 1983; Stryer, 1981). Hepatic

glycine levels reached steady-state by ca 100 min after start of intravenous infusion of

1°C glycine and, with a half-life of 24+ 7 min. The glycine turnover rate from the decay

curve of an intravenous bolus of 1°N-glycine in rabbit showed diurnal, fasting and

nutritional dependence and ranged from 1.79-6.03 hr' (Nissim and Lapidot, 1979). We

found the elimination rate (k) of 13C-glycine in the rat (Fig. 6) to be 1.95 + 0.72 hr' by

first-order fit of the increase in glycine peak area. This difference in k of rabbit and rat

could be due to interspecies variation or to differences in pharmacokinetic data and in

experimental conditions. Nissim and Lapidot (1979) determined k from the decay curve

of glycine plasma concentration obtained from chronically implanted catheters in awake

rabbits. We obtained k from the slope of the increase of tissue glycine concentration

obtained from anesthetized rats with surgically implanted NMR coils. Glucagon

secretion increases glycine turnover (K) (Nissim and Lapidot, 1984) in part by induction

of serine dehydratase and serine-pyruvate aminotransferase (Snell, 1983). Surgery and

handling of awake animals cause pancreatic secretion of glucagon in response to low

blood glucose and adrenaline (Snell, 1983). We infused a 10% solution of glucose to

inhibit glucagon secretion. However, in vivo 13C NMR studies of glycogen metabolism

have successfully used o-blockers to inhibit glucagon secretion (Alger et al., 1984) and

this may be necessary to combat the effects of adrenaline in future studies. General

anesthetics cause decreased blood pressure and blood flow to organs, such as liver, which

would decrease K. A better calculation of K would be obtained in the present study if

there were more data points which could be obtained during the decay curve, after the end

of infusion. More importantly, as Nissim and Lapidot (1984) have shown, the

biochemical status of the animal can effect glycine turnover four-fold.

:

.
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Glutathione and x-Glugly. During the course of "C-glycine infusion, major **C

resonances arose at 44.2, 57.2, and 61.1 ppm. The peak at 44.2 ppm was of particular

interest, since it represents GSH as reported in the literature (Rabenstein and Keire, 1989)

and as compared to authentic standards. According to literature values, GSH can be

maintained as high as 8 mM in rat liver, and thus is the primary pool for glycine (Meister,

1989). GSH has been monitored in red blood cells (Mason et al., 1993) and in perfused

liver as an unresolved shoulder coresonating with it 13C2-4 glutamate precursors (Cohen,

1987). The only reported attempt to monitor GSH in intact tissue was in the brain, and it

was unsuccessful (Hanstock et al., 1991). The task to monitor GSH in the liver of whole

animals is difficult compared to other tissues because of the short spin-spin relaxation

times (T2), respiratory motion, magnetic susceptibility effects and possibly

macromolecular binding (Hanstock et al., 1991), which has precluded us and others

(Hanstock et al., 1991; Mason et al., 1993; Rabenstein and Keire, 1989) from

successfully monitoring this most abundant antioxidant using either in vivo 1H NMR or

natural-abundance 13C NMR. Our PCA liver extract pulse-chase study revealed that the

resonance at 44.2 ppm, which increased linearly during the observation period (Fig. 6), is

a composite of GSH as well as Y-glugly, a metabolite of the membrane bound transporter

Y-glutamyltranspeptidase. This is the first time Y-glugly has been monitored non

invasively in an animal model (Meister, 1989). The pulse-chase study (Fig. 7) revealed

that the apparent linear increase in this peak in vivo results from two overlapping

logarithmic curves. The Y-glugly production and elimination kinetics were rapid and

essentially shadow the glycine, but GSH kinetics were slower. The levels of 13C-labeled

Y-glugly and GSH appear to be controlled by blood 2-13C-glycine concentrations and the

GSH turnover rate, respectively.

We found nearly a four-fold smaller peak area ratio of GSH-y-glugly/glycine after

correction for saturation effects in vivo compared to tissue extracts. An ischemia-induced

b.
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decrease in GSH concentration during excision of the liver is unlikely, since dissection

required less than 10 sec and no oxidative product (GSSG) was detected in freshly

prepared extracts. The difference could be due to difficulty in detection of glycine caused

by binding to macromolecules, to blood flow effects, or to Y-glugly having a longer in

vivo T1 than GSH and thus increasing the measured saturation factor. Figure 7

demonstrates the more rapid kinetics of Y-glugly. Figure 7A -D illustrates the difference

in Y-glugly/GSH peak area ratio at two different times after glycine administration,

supporting the notion that a saturation factor will depend on the individual contribution of

these two glycine metabolites. If their in vivo T1 values are significantly different, then

so will the saturation factor vary for the resonance at 44.2 ppm throughout the study.

Investigation of in vivo and extract GSH and Y-glugly/gly ratios from rats infused with

various doses of glycine would help elucidate NMR visibility since blood flow effects of

glycine would vary, but macromolecular binding should remain relatively constant.

Further studies are necessary to assess absolute quantities of glycine, GSH and other

metabolites of interest in extracts and to determine the exact extent of NMR signal

visibility in vivo.

The coresonance of GSH and Y-glugly may preclude the assessment of in vivo

GSH kinetics unless one administers inhibitors of Y-glutamyltranspeptidase (Y-GT) or

inducers of Y-glutamylcyclotransferase. Figure 16 illustrates points of control for

eliminating Y-glugly accumulation either by inhibiting cell membrane-bound Y-GT or

byinducing Y-glutamylcyclotransferase in the cytosol. Several naturally-occurring

competitive inhibitors exist for Y-GT such as amino acids and dipeptides, as well as

synthetic amino acid analogues such as acivicin (Meister, 1989). The most potent is

acivicin which is commonly used in in vivo toxicology studies (Madhu et al., 1992) but is

very non-selective in irreversibly inhibiting many other enzymes such as glutaminase.

The administration of Y-glutamyl dipeptides provides a specific and nontoxic procedure

for in vivo competitive inhibition of Y-GT (Anderson and Meiste, 1986), but they would

.
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be metabolized by dipeptidases in the blood, need to be infused at higher concentrations

than glycine, and are expensive. Cystine was a better substrate than any other amino acid

for Y-GT (Thompson, 1975) and could be used as an competitive inhibitor of Y-GT while

directly producing GSH and increasing intracellular cysteine levels, the biolimiting amino

acid in GSH synthesis (Fig. 16). Inducers of Y-glutamylcyclotransferase would aid in

BLOOD

CYTOSOL

Y-Glucyscys Y-Glugly

+2 GSH Y-glutamylcyclotransferase
Glycine

Y-Glucys +Cysteine Oxoproline

Figure 16: Points of control for decreasing Y-glugly accumulation. Y-glucys will be
directly synthesized to GSH without any negative feedback control normally caused by
GSH on Y-glutamylcysteinyl synthase.

decreasing Y-glugly accumulation, but little in vivo information is available for this

enzyme (Meister, 1989).

Even with Y-glugly contamination, 2-13C-glycine is the best candidate to

isotopically enrich GSH at the dose employed, since (a) it is not toxic; (b) it is not

biolimiting as is cysteine (Meister, 1989); (c) it is readily taken up by liver cells
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(Christensen and Handlogten, 1981); (d) it is not too expensive in quantities necessary to

perform extended in vivo studies; and (e) unlike glutamate C2-C4 (Cohen, 1987c) and

cysteine C2 and C3 resonances, there is a relatively large chemical shift difference

between C2 glycine of the amino acid and the C2 glycine residue in GSH.

We are confident that the GSH, Y-glugly, and serine signals emanate from the liver

and not from surrounding tissues, because the coil was placed on the liver, and the

peritoneal muscle was kept away from the coil by a microsphere containing the external

standard, dioxane. Although the liver is a well perfused organ containing 25-30 mL

blood/100 g of liver (Campra and Reynolds, 1988), and significant amounts of 2,3

diphosphoglycerate, a biomarker of erythrocytes (Cohen, 1983), were detected in the 31P

NMR spectrum of the liver extract (data not shown), the average plasma/erythrocyte GSH

concentration is a factor of thirty less than in liver (Taniguchi et al., 1989). Furthermore,

neither GSH nor Y-glugly were detected in the 13C spectrum of plasma (Fig. 9B). This

small concentration of GSH and Y-glugly in the blood is below the detection limit of our

NMR spectrometer. Low blood levels of GSH and Y-glugly are maintained by tight

regulation via the kidney (Meister, 1989).

Serine: Figure 2 shows the major pathways that glycine takes in rats. In microorganisms,

glycine is a major source of energy via the 'glyoxalate cycle', but mammals lack some

enzymes making this a catabolic pathway with the formation of oxalate (Neuberger,

1981). In mammals, glycine is glucogenic by the 'glycine cycle': the net reaction is

shown in the introduction. It is also directly linked to the TCA cycle and anaplerosis via

the 'succinate-glycine cycle', where glycine binds arginine from the urea cycle to form 6

aminolevulinic acid (6-ALA) which can reenter the TCA cycle at o-ketoglutarate or

succinate, or continue to form porphyrin. Glycine regulates the urea cycle more than

other amino acids because, as a byproduct of the 'glycine cycle', NH4+ is formed in the
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mitochondria (Neuberger, 1981). This NH4+ enters the urea cycle as carbamoylphosphate

and is excreted as urea in the urine (Fig. 2).

As predicted by the 'glycine cycle', we observed C2/C3 doubly-labeled serine.

This reaction occurs in the mitochondria where glycine dehydrogenase and serine

methoxytransferase are coupled, and where the cofactor (° N, 19N

methylenetetrahydrofolate) is regenerated by the C2 carbon of glycine and forms the C3

of serine reforming tetrahydrofolate (THF). The near 1:1 ratio of C2/C3 -labeling

indicates a tight coupling of serine methoxytransferase and glycine dehydrogenase, and

that glycine at this concentration is significantly metabolized by this pathway in vivo.

Serine labeled at C2 and C3 was also found in kidney proximal tubules [(Cowin et al.,

1993) and yeast after 2-13C-glycine was administered (Pasternack et al., 1992). The fact

that we did not observe much methylated choline supports the theory that there are two

THF pools, one mitochondrial and the other cytosolic. Glycine dehydrogenase is found

only in the mitochondria, and therefore, 13C-labeling of methylene-THF occurs in the

mitochondria (Pasternack et al., 1994a). Methylene-THF cannot cross the mitochondrial

membrane, and two pathways have been proposed by which this one-carbon unit could

exit the mitochondria and enter the cytosolic THF pool and be incorporated into purines

and choline: (1) as the C3 of serine from the 'glycine cycle', and (2) as formate

(Pasternack et al., 1994a).

Choline is synthesized in a third compartment, the endoplasmic reticulum, by

methylation of phosphatidylethanolamine derived from phosphatidylserine (Pasternacket

al., 1994b) with the methyl group coming from S-adenosyl methionine (SAM). With

excess methionine, choline and methylated products of glycine (sarcosine,

dimethylglycine, betane, and carnitine) will form immediately after infusion via glycine

N-methyl transferase (London, 1987). London and Gabel (London, 1988b) found that the

predominant metabolic fate of excess methionine S-methyl is sarcosine. The sarcosine

N-methyl then forms formate in the mitrochondria and, ultimately, the deuterons are
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transferred to water. Based on localization of glycine methyltransferase (cytosolic) and

sarcosine dehydrogenase (mitochondrial), they concluded that the glycine/sarcosine

shuttle was responsible for transport of one-carbon units to the mitochondria. We found

negligible choline labeling either at the N-methyl (transmethylation) or N-methylene

(from glycine) indicating that very little choline synthesis occurred during the course of

our experiment, which is unusual considering that liver is the primary source of choline

for the entire body. We also found negligible N-methylated glycine products. However,

significant transmethylation occurred when we infused 2-oxothiazolidine-4-carboxylate, a

precursor to sulfur amino acids (data not shown; n=1). The purine C5 of adenine, which

comes directly from the C2 of glycine, was not significantly labeled. In addition, C2 and

C8 adenine positions derived from cytosolic methylene-THF were not significantly

labeled. This suggests that at this physiologically high dose of glycine there is little flow

of mitochondrial derived one-carbon units because of the tight coupling of mitochondrial

glycine dehydrogenase and serine methoxytransferase forming the 'glycine cycle'. In

cytosolic methylation requiring THF, such as in purine synthesis, there occurs as

supported by 13C-labeling; however, transmethylation requiring S-adenosyl methionine is

inhibited due to the limited sulfur amino acid pool.

Minor Labeled Products: The C2/C3 double-labeling of serine creates a metabolic

channel providing a unique and easy mode of identifying the contribution of serine to

gluconeogenesis, anaerobic glycolysis, and anaplerosis. For example, glucose was

1,2,5,6 13C-labeled which would be expected if triose isomerase were at steady-state at

the time of tissue extraction (Figs. 2 and 15). However, if there was an influx of glycerol

(Fig. 1) derived from lipolysis, one would disturb the triose isomerase steady-state and

expect a disproportional labeling of glucose, favoring the 1 and 2 carbons. Alanine and

lactate were also doubly-labeled with similar fractional enrichment. One can use

isotopomeric analysis (London, 1988a) in conjunction with the fractional enrichment to
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investigate these biochemical processes under various conditions using the C2/C3 labeled

serine as the reference. In vivo monitoring of gluconeogensis or anaerobic glycolysis

using 13C glycine infusion could be successful if glucagon secretion were inhibited or

stress was imposed, respectively.

Isotopomeric analysis of anaplerotic products revealed labeling at C2 and C3 of

aspartate, C2 and C3 of glutamine, and C1, C2, and C3 of glutamate. Cohen et al. (1987)

found that the amount of pyruvate entering the TCA cycle from acetylcoA via pyruvate

dehydrogenase (PD) compared to oxaloacetate via pyruvate carboxylase (PC) in normal

fed perfused rat liver was 1:1.2, and in 24-hr fasted rats was 1:7.7. The C2/C3 double

labeling of aspartate, glutamine, and glutamate would occur from PC, and a C1/C2 or

C4/C5 double labeling of equal proportions would occur for glutamine and glutamate if

pyruvate entered via PD. Going from O-ketoglutarate to aspartate, there is loss of CO2,

which creates a pool of labeled C1 fumarate, from which C1 or C4 aspartate are equally

labeled. Our results indicate that the majority of pyruvate enters via PC due primarily to

C2 and C3 labeling of aspartate. If there were more signal, one could better observe

some C1 and C4 labeling of aspartate. This is consistant with Cohen's (1987) findings

that fasted rats derive much of the acetate entering the TCA cycle via lipolysis and,

therefore, pyuruvate is shunted through PC to enter to the TCA cycle. Additionally, there

is a demand for aspartate due to its use in the urea cycle caused by the increased NH4+

generated from the glycine cleavage system (Fig. 17). There is disproportional C1

labeling of glutamate, and much more total 13C labeling of glutamine as demonstrated by

comparison of C3 of glutamate and glutamine (Fig. 10). This could be explained by two

pools of glutamine and the 'succinate-glycine cycle'. This hypothesis is supported by the

marked increase in glutamine labeling as compared to glutamate, when in fact the

increased NH4* created by the glycine cleavage system (glycine dehydrogenase)

increases the glutaminase activity and thus there should be less mitochondrial glutamine
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Glyoxalate C2/C3-OA C2/C3

Gly Malate

C2-Fumarate
CO2
+

NH4
Citrulline

Carbamoyl
Phosphate

Ornithine
Urea Creatine

Figure 17: Aspartates role in the urea cycle and effect of glycine infusion.

(Neuberger, 1981). Figure 2 shows that glutamine is returned to the liver from the brain

(Harper, 1983). Glycine is a neurotransmitter, and the 'glycine cycle' is active in the brain

(Nyhan, 1981), but the urea cycle only occurs in the liver.

Figure 18 shows the two pools of glutamine, but the larger is cytosolic due to

inter-organ transport to the liver from the brain and the increased glutaminase activity in

the mitochondria caused by the glycine cleavage system. The increased glutaminase

activity decreases glutamine levels in the mitochondria favoring formation of glutamate.

The C1 of glutamate would be preferentially labeled from the C2 of glycine via 6-ALA

and would accumulate because it would not form glutamine due to the increased

glutaminase activity and the increased amino acid pool caused by glycine infusion. The
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Figure 18: Schematic illustrating the two pools of glutamine.

increased amino acid pool would then increase transamination of o-ketoglutarate with the

amine transferred from alanine or aspartate. In vivo 15N NMR studies of 15N-glycine in

rat liver showed that glutamate was labeled within the first 20 min via transamination

following alanine labeling (Grunder et al., 1992). Therefore, C1,2,3 glutamate could

accumulate from anaplerosis with 2,3-13C-labeled pyruvate entering primarily via PC and

the 'succinate-glycine cycle', whereas the 2,3 glutamine originates from inter-organ

transport, probably from the brain, and accumulates in the cytosol. I should mention that

glutamate is linked to the urea cycle via ornithine 6-transaminase, but this enzyme has

been demonstrated only in intestinal mucosa, not in liver (Devlin, 1986).

The urine and liver showed a resonance at 186 ppm which is probably oxalate a

catabolic product of glycine (Fig. 2). The urine from the control rat had 13C signals from

three primary metabolites which are due to the infusion media: one from PEG (68.4

ppm), another possibly due to the enol form of glycoxate, and an unknown methylene

carbon (Fig. 13). Glycine was the most abundant metabolite. Urea was unlabeled, but
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was higher in glycine-infused rats, and is formed from excess ammonia formed via

glycine dehydrogenase. Creatinine, glycine conjugates, and oxalate are other metabolites

that appear labeled. Urea increases as well.

Conclusions and Future Studies: Our findings are in agreement with well established

metabolic pathways of glycine (Fig. 2) (Pasternack et al., 1992; Snell, 1983), but they are

unique in the non-invasive observation of the in vivo enzyme stoichiometry of the serine

methoxytransferase/glycine dehydrogenase complex in rat liver. Additionally, this is the

first report of in vivo monitoring of Y-glugly and GSH in the liver of intact rat, and should

prove to be a powerful model to study Y-GT activity and GSH levels. Future studies need

to be performed to inhibit the accumulation of Y-glugly in order to monitor GSH kinetics

in vivo. Y-GT is a high capacity nonspecific transporter (Meister, 1989), and one could

reduce the glycine infusion concentration hoping to target the Nat-dependent gly

transporter (Fig. 1) which is more specific and/or inhibit Y-GT Unfortunately, as is

common with very effective inhibitors, acivicin is very non-selective in its irreversible

inhibition of Y-GT, and targets glutaminase as well as other enzymes. Y-glugly dipeptides

are expensive and would be metabolized by dipeptidases in the blood, but may be the best

in vivo choice, while not causing significant toxic side effects. However, cystine would

provide an nice means of inhibiting Y-GT while increasing GSH levels (Fig. 16), because

it forms cysteine and Y-glucys. GSH has a negative feedback on its biosynthesis by

allosterically inhibiting Y-glutamycysteine synthase, the first enzyme in its synthesis, and

therefore the intracellular formation of Y-glucys would bypass the inhibition and continue

to increase GSH. Other studies to induce Y-glutamylcyclotransferase would also reduce

the amount of Y-glugly, and in conjunction with the Y-GT inhibition studies may permit

monitoring of GSH in vivo without contamination from Y-glugly.

The discovery of the doubly-labeled serine provides a unique means of separating

direct glycine labeling pathways, and isotopomeric analysis of biochemical processes fed
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by serine. The satellite peaks due to 13C-13C coupling permits the easy identification of

serine-derived metabolites. Comparison of percent double-labeling of serine and

subsequent metabolites permits a unique method to investigate biochemical processes

(Cohen, 1987c) and compartmentation (Pasternack et al., 1994a). Choline and betaine

labeling was found to be decreased as a result of the decreased sulfur amino acid pool. It

would be interesting to test if inhibiting glucagon secretion via o-blockers would decrease

the 1:1 stoichiometric C2:C3 serine labeling and enhance cytosolic methylation reactions

in purines and choline. Glucagon induces serine entry into the TCA cycle by inducing

serine dehydratase (Snell, 1983). Inhibition of this enzyme may result in less coupling of

serine methoxytransferase and glycine dehydrogenase resulting in greater flow of 1

carbon-labeled units to the cytosol and thus increase purine and choline methylation and

labeling. To test the hypothesis that the two pools of glutamine exists and the 'succinate

glycine cycle' are responsible for the 1,2,3 13C-labeled glutamate and 2,313C-labeled

glutamine, we could infuse 1,21°C-labeled glucose with cold glycine in order to increase

the fractional enrichment of 2,31°C-labeled pyruvate entering the TCA and thus increase
our detection level.

The combined use of in vivo 13C- and 31P-NMR spectroscopy will be an ideal way

for studying the effects of xenobiotics. With the addition of xenobiotic, the urine could

then be used as a predictor of kidney function in this animal model. In this study we

show the control urine and suggest it could be used, as has been shown before (Nicholson

et al., 1988), to monitor kidney status and xenobiotic elimination. The development

described here will permit the direct observation in intact animals of intracellular

metabolic indicators highly susceptible to cell injury (GSH, ATP and pH) by a minimally

invasive technique. However, more study is necessary to investigate if the GSH isolation

from Y-glugly is possible, and if the urine sampling proves useful in determination of

glycine conjugation and kidney function.
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CHAPTER 7

The Effect Of Glycine Dose, 2-Oxothiazolidine-4-carboxylate, Cystine
Dimethyl Ester, and Dibromoethane On Glycine Metabolism, Bioenergetics,

and Intracellular pH By In Vivo 13C and 31P NMR

INTRODUCTION

In this chapter we examine the effect of glycine dose, 2-oxothiazolidine-4-

carboxylate, cystine dimethyl ester, and dibromoethane on glycine metabolism,

bioenergetics, and intracellular pH by in vivo 13C and 31P NMR. The goal of these studies

was to monitor GSH in vivo, and then apply our animal model to toxicological theory.

Specifically, our aim was to elucidate a generally accepted hypothesis for the mechanism of

toxic action of bioactivated haloalkanes using dibromoethane (DBE) as a model toxicant

(mechanism is shown in Chapter 5).

We first needed to decrease the Y-glugly contribution to the in vivo 13C peak area

composed of GSH and Y-glugly. We attempted to do this by decreasing the dose of glycine

in anticipation that the 2-13C-glycine would be transported by the more specific gly

transporter. This should decrease intracellular Y-glugly levels since Y

glutamylcyclotransferase will not be saturated causing Y-glugly accumulation.

Additionally, we infused cystine dimethylester (CDME) in order to generate cystine in the

plasma (Ben-Nun et al., 1993). Cystine has 60% greater affinity for Y

glutamyltranspeptidase (Y-GT) than glycine (Thompson, 1975), and thus is a competitive

inhibitor. It also increases GSH levels by increasing intracellular cysteine, the limiting

amino acid in GSH synthesis, and by forming Y-glucys via Y-GT as shown in Figure 1.

GSH has a negative feedback on its synthesis by allosteric inhibition of Y-glutamylcysteine

synthase; therefore, Y-glucys, the product of this first enzymatic step in GSH synthesis,

bypasses the inhibition. As a result, GSH should be artificially elevated. A prodrug of
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cysteine, 2-oxothiazolidine-4-carboxylate (OTC), is metabolized by oxoprolinase, a

cytosolic enzyme with the endogenous function to form glutamate from its cyclic form

oxoproline (Meister, 1989). The OTC product is cysteine. OTC increases intracellular

cysteine levels and, thus, increases intracellular GSH levels (Meister, 1989). The OTC

transporter has not yet been identified. Figure 1, demonstrates that, although OTC should

increase GSH by increasing intracellular cysteine bioavailability it is also a

Cystine Glycine

CYTOSOL

Y-Glucyscys Y-Glugly OTC

2 Y-Glutamylcyclotransferase 2,+

GSH
I l "Glycine Oxoprolinase Cysteine

—-- ++Glucys Oxoproline Glutamate+Cysteine

Figure 1: The mechanism of OTC, CDME, and glycine intracellular transport and
formation of cysteine, Y-glucys, glutamate, and glycine.

competitive inhibitor of oxoprolinase and could exacerbate our problem of Y-glugly

accumulation by causing oxoproline accumulation. If there was Y-glugly accumulation, we

would have a direct in vivo method to identify this compound and monitory-GT kinetics.

In performing the glycine dose and CDME/OTC studies, we propose to

simultaneously answer the two basic biochemistry questions posed from the studies

performed in Chapter 6: (1) what is the effect of glycine dose on serine double-labeling,

and (2) what is the effect of intracellular sulfur amino acid concentration on
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transmethylation reactions. Radiotracer studies performed by Neuberger (1981) found that

when 2% or 0.5% of the diet was glycine the double-label C3/C2 ratio for serine was 1 or

0.2, respectively. We will investigate this finding by comparing C3/C2 double-labeling of

serine via in vivo 13C NMR and with tissue extracts by comparing three intravenously

infused 2-13C-glycine doses: 4.4 mM (shown in Chapter 6), 1.6 mM, and 400 pm (per

kg/hr).

In Chapter 6 we discovered that there was little evidence of transmethylation even

after 4 hours of 4.4 mM/kg/hr of 2-13C-glycine intravenous infusion; however,

administration of OTC caused a significant increase in transmethylation products.

Transmethylation reactions occur primarily in the cytosol via cofactors methylene

tetrahydofolate (MTHF) and S-adenosylmethionine (SAM) (Pasternack et al., 1994a). The

'one-carbon' units generated by the glycine cleavage system are formed in the mitochondria

and diffuse to the cytosol in the form of (1) the third carbon on serine and (2) in formate

(Pasternack et al., 1994a). Once in the cytosol, serine can also form formate by serine

methoxytransferase reacting in reverse. Formate will react with tetrahydrofolate (THF)

forming methyleneTHF (MTHF) which can be transferred to ATP and onto homocysteine

forming S-adenosylmethionine (SAM). Thus, there are two methylating compartments

(mitochondrial and cytosolic) with transport mechanisms shuttling between the two

compartments. Increased intracellular cysteine caused by OTC administration will increase

methionine levels (Stryer, 1981), which should enhance capture of formate before it is

catabolized to CO2 (assuming sufficient THF levels), increasing SAM levels and thus 13C

labeled methylated products. London and Gabel (London, 1988b) found that when

methionine is in excess, the S-methyl of methionine forms catabolites of methylated

glycine, such as betaine, sarcosine, and dimethylglycine via cytosolic glycine N

methyltransferase. They studied the sarcosine/glycine shuttle system which shuttles SAM

'one carbon' units from the cytosol to the mitochondria. The glycine cycle, which was very

active with 4.4 mM/kg/hr of i.v. glycine infusion, is hypothesized to generate flow of 'one
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carbon' units from the mitochondria to the cytosol, a reverse of London's study (Pasternack

et al., 1994a). Choline is formed in a third compartment, the endoplasmic reticulum, by

methylation of phosphatidylethanolamine (PE) by SAM (Alberts et al., 1989), with PE

coming from decarboxylated phosphatidylserine (Devlin, 1986). PCA-extractable

glycerophosphocholine and phosphorylcholine are formed by phospholipase C and D,

respectively (Gillies et al., 1994). Therefore, the effect of increased sulfur amino acids in

conjunction with glycine infusion on 13C-labeled metabolite composition will generate

direct information on methylation compartmentation and whether sulfur amino acid

bioavailability is a cause for the lack of transmethylation products found in the study

described in Chapter 6.

The hypothesis of the mechanism of toxic action of DBE has been described in

Chapter 5. The animal model, using 2-4°C-glycine infusion, can non-invasively test this

hypothesis for the first time by determining the sequence of many biochemical events

during the in vivo exposure. Tissue extract and body fluid analysis will give quantitative

13C-label changes in metabolites. For example, by 13C NMR we could potentially monitor

changes in GSH, glycine, serine, anaerobic glycolysis, gluconeogenesis, lipogenesis,

anapluerosis, phospholipid turnover, DNA/RNA synthesis, and protein synthesis. By in

vivo 3"PNMR we can measure bioenergetics, intracellular pH, phospholipid and urea cycle

[(carbamoyl phosphate (Cohen, 1987c)] intermediates. Therefore, the specific aims of this

study were to optimize the animal model by decreasing the contribution of Y-glugly to the

peak representing GSH in vivo, while simultaneously investigating some basic

biochemistry questions posed in Chapter 6. Then, the effectiveness of the animal model for

application to toxicodynamics will be tested using DBE, a model alkylating agent and

carcinogen. Even if Y-glugly contamination of the GSH resonance is not successfully

decreased, Chapter 6 revealed the broad range of biochemical participation of glycine,

which could permit senedipitous discovery of glycine-derived biomarkers of DBE toxicity

and lead to perhaps novel mechanism(s) of toxicity.
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MATERIALS AND METHODS

Chemicals: The same chemicals as described in Chapter 6 were used, except EDTA was

purchased from Sigma Chem Co., and Chelex-100 was purchased from (Sigma Chem.

Co.).

NMR Probe Design: The same probe design described in Chapter 6 was used to obtain in

vivo 13C and 31P NMR spectra.

Animal Protocol: The same surgical and physiological monitoring described in

Chapter 6 was used these studies. Protocol #1 is described in Chapter 6 and consisted of an

intravenous infusion containing 4.4 mM/kg 2-13C-glycine, 10% glucose, 4% mannitol, and

7 mg/kg/hr pentobarbital at an infusion rate of 3 mL/hr for 4.5 hr. The other four protocols

were the same as protocol #1 except: (2) 15 mM/kg were infused over 30 min at the

beginning of the experiment, (3) 400 puM/kg/hr of 2-13C -glycine and 100 puM/kg/hr of

CDME were infused as a mixture, (4) 1.6 mM/kg/hr of glycine and 100 pum/kg/hr of

CDME were infused as mixture. Protocol #5 was the same as protocol #4, except the rat

was taken out of the magnet after 2.2 hr of glycine infusion and given an intraperiteoneal

injection of DBE dissolved in sesame oil which corresponded to the i.p. LD50 (80 mM/kg)

for DBE (NTP, 1982). The rat was placed back in the same spot in the magnet, and the in

vivo 13C and 31P NMR spectra were followed for 1.5 hr. Blood samples were obtained

every hr or as necessary, and plasma and red blood cells were separated and frozen in liquid

N2. Urine was collected through a transuretral catheter every 1-1.5 hours.

After the experiment, liver and the PCA extraction procedures described in Chapter

6 were followed. Some plasma samples were deproteinized by titration to pH 4.0 and

centrifugation. Samples were dissolved in deuterium oxide with TSP and analyzed by high

resolution NMR.
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Two sets of pulse-chase studies were performed to determine the effect of the

aforementioned protocols #1 and #3 on the GSH/Y-glugly 13C peak area ratio. Rats were

injected intraperitoneally with either (1) 4.4 mM/kg glycine or (2) 0.4 mM/kg glycine plus

100 puM/kg of CDME dissolved in saline. They were placed in a cage without food, but

with access to water and sacrificed at 1, 2, 4 and 6 hours. The livers were excised and

frozen in liquid nitrogen and subjected to PCA extraction, lyophilization, and subsequent

high-resolution analysis.

In Vivo Spectroscopic Studies: The in vivo spectroscopic conditions are described in

Chapter 6.

In Vitro Spectroscopic Studies: The high resolution NMR analysis of tissue extracts and

body fluids are described in Chapter 6. The only difference was that Chelex-100 was

added to the sample dissolved in deuterium oxide to remove paramagnetic metal ions from

the sample, and centrifuged prior to addition to the NMR tube.

RESULTS

We present the results from protocols #1-5, designed to elucidate the effects in rat

liver metabolism of (1) 2-13C-glycine dose, (2) intracellular cysteine bioavailability, and (3)

DBE. For most protocols, we attained a statistically significant number of viable studies

where the rat survived the experimental procedure (nv=3). However, due to incorrect NMR

probe placement (as determined by in vivo 31P NMR), research and development

modifications, and miscellaneous experimental flaws, we did not obtain the full

compliment of interpretable in vivo data sets (nd). In terms of presenting these data, tissue

extract and body fluid data may be statistically significant, but the in vivo data are
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preliminary. The experimental success of protocols 1 through 5 used to describe the three

effects outlined above is as follows:

DOSE PROTOCOL ny Ind
NO.

4.4 mM/kg/hr glycine 1 6 3

4.4 mM/kg/hr glycine + 15 mM/kg OTC 2 3 1

0.4 + 0.1 mM/kg/h glycine + CDME 3 1 1

1.6 + 0.1 mM/kg/hr glycine + CDME 4 3 1

1.6 + 0.1 mM/kg/hr glycine + CDME + 80 mg/kg DBE 5 1 1

Note: nv=number of viable studies; na-number of interpretable data sets.

The Effect of Dose: Figure 2 illustrates portions of the in vivo 13C NMR spectra of rat liver

at three intravenous infusion doses of glycine - protocol #1 (spectrum A), #4 (spectrum C),

and #3 (spectrum D). The rats in Figure 2C and D also received 100 pum/kg/hr CDME in

the infusion elixir, adding an additional factor of increased intracellular cysteine levels.

The effects of increased intracellular cysteine levels could be obtained by comparison to

OTC, which are presented in the subsequent section, but CDME may have different effects

from those exhibited by OTC and needs further elucidation. Each spectrum was composed

of 140 acquisitions and required 9.8 min to obtain. The dose of 0.4 mM/kg/hr of 2-4°C

glycine was not sufficient to obtain acceptable signal-to-noise ratio in 9.8 min (Figure 2D).

Figure 3 shows 13C NMR spectra (acquired at 75 MHz) of PCA liver extracts obtained

from the same rat livers (protocols 1 through 4) shown in Figure 2. EDTA was added to the

PCA solution and appears as three peaks in the 13C spectrum (171.70, 59.18, 52.61 ppm at

pH 5.00). Comparison of these in vivo and extract spectra from protocols #1, #3, and #4, in

addition to liver extracts from i.p. pulse-chase studies comparing protocol #1 and #3,

demonstrate four effects caused by decreasing the glycine dose: (1) increase in the GSH+Y-

glugly/glycine peak area ratio, (2) no correlation in GSH/Y-glugly peak area ratio, (3) a
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Figure 2: In vivo 13C NMR spectra of the last spectrum obtained of rat liver using
protocol #1 (A), #2 (B), #3 (D), and #4 (C). Spectra were obtained with a 70° in-plane
flip angle, SW=4400 Hz; TR=1.2 s; and are the accumulation of 140 transients, except
spectrum D which is a total of 420 transients.
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Figure 3: PCA extracts of the livers shown in Figure 2 with protocol #1 (A), #2 (B), #3
(D), and #4 (C). All spectra were obtained on a GE QE300 at 75 MHz with an
interpulse delay of 10s, SW=10,000 Hz, data point=16K. The spectra are referenced to
TSP at -2 ppm and the difference in signal-to-noise is primarily due to the amount of
13C-label.
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decrease in serine C3/C2 double labeling, (4) decreased utilization of glycine by

gluconeogenesis, glycolysis and anapluerosis.

The increase in GSH+Y-glugly/glycine peak area ratio with decreased glycine dose

is shown in Figure 4. Figure 4 is the timecourse of glycine and GSH+Y-glugly peak areas

for protocol #1 and #4 obtained from in vivo 13C NMR spectra. We arbitrarily set 100%

equal to the last and the average of the last four glycine/dioxane peak area ratio(s) obtained

for protocol #4, and #1, respectively (see Methods section, Chapter 6 for details.

–O– Glycine (4.4 mM)
—O— GSH (4.4 mM)
– H Glycine (1.6 mM+CDME)
–[H GSH (1.6 mm CDME)

120

100

; 6 0

O 1 00 200

Time (min)

Figure 4: Kinetics of the two doses of 2-13C-glycine on glycine, and GSH+Y-glugly
kinetics in rat liver.
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fTherefore, comparisons between protocols #1 and #4 cannot be made regarding absolute

increases in the GSH+Y-glugly peak area. However, comparison of the signal-to-noise ratio

of the GSH+Y-glugly peak obtained from protocol #1 and #4 (Fig. 3A and C, respectively)

indicates the GSH+Y-glugly signal slightly increased with protocol #4, probably due to

CDME. The GSH-Y-glugly/glycine peak ratios for the spectra in Figure 3 A, C, and D are

0.07, 1.95, and 3.97, respectively, supporting the notion that the GSH+Y-glugly/glycine

ratio increases with decreased glycine dose. The GSH/Y-glugly peak area ratios obtained

from the 13C spectra of liver extracts shown in Figure 3 or protocols #1, #3, and #4 were

0.86+ 0.2, 1.14, and 0.91, respectively, and did not correlate with increased glycine dose as

they did in the rat liver extracts obtained from pulse-chase studies. For example, the

GSH/Y-glugly peak area ratios from the pulse-chase studies with an i.p. bolus injection of

4.4 mM/kg 2-13C-glycine were 0.87, 0.65, 1.30, and 1.56 at 1, 2, 4, and 6 hours,

respectively. For 0.4 mM/kg + 0.1 mM/kg CDME, the ratios were 2.20, 1.34, and 3.00 at

1, 2, and 4 hours, respectively. This demonstrates that Y-glugly is more rapidly synthesized

than GSH. These pulse-chase studies do not represent steady-state conditions as do the in

vivo studies. The higher bolus dose of 2-13C-glycine indicates that there is greater

accumulation of Y-glugly and 13C-labeling of the GSH pool as compared to the lower bolus

dose, since at all timepoints the total 13C label was greater. This is demonstrated by the

significantly lower signal in the lower dose 13C spectra (spectra not shown). Therefore,

whether the increased GSH/Y-glugly ratio with decreased dose is due to the addition of

CDME or faster clearance of Y-glugly by Y-glutamylcyclotransferase is unclear. It is clear,

however, that Y-glugly has much more rapid kinetics causing the increased GSH/Y-glugly.

Figure 5 and 6 compare portions of the 13C spectra of PCA liver extracts from

protocols #1, #3, #4, (shown in Figure 3A, C, and D, respectively) and control. In

spectrum 5B and C (protocol # 1 and #4, respectively), the largest natural-abundance peaks

are due to excess EDTA (59.18 and 52.61 ppm) from the PCA solution. The most obvious

difference is the decrease of C3/C2 (61.21 and 57.17 ppm, respectively), double-labeling of
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Figure 5: A portion of the of the 13C NMR spectra (45-125 pmm) obtained from PCA
extracts of the liver shown in Figure 3 with protocol #4 (A), #2 (B), and #1 (C). In
spectrum A the two largest peaks are due to EDTA (59.2 and 52.6 ppm) from the PCA
Solution.
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Figure 6: A portion of the of the 13C NMR spectra (45-125 pmm) obtained from PCA
extracts of the liver shown in Figure 3 with protocol #4 (A), #2 (B), and #1 (C).
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serine with a ratio of 0.85 + 0.05, and less than 0.1 for protocol #1 and #4, respectively.

Comparison of the peak intensities for o-C2 and O-C5 glucose (72.2 ppm) to o, 3-C4

glucose (70.4 ppm) reveals little difference in intensity, demonstrating that there is

negligible 13C labeling of glucose from 2-13C-serine with the lower doses (protocols #3 and

#4). The two methylene carbons from taurine (48.24 and 36.20 ppm at pH 5.00) appear in

the 13C spectrum from protocols #3 and #4, but not #1, and are probably due to the

catabolism of CDME. The C2 of adenine [119.3 ppm at pH 5.00 (Fig. 5A)] is also

significantly labeled by the addition of CDME to the infusion media.

The Effect of Increased Intracellular Cysteine: Figure 2 demonstrates the effect of

intracellular cysteine bioavailability on the GSH-Y-glugly/glycine peak area ratio by

comparison of the last in vivo 13C NMR spectrum obtained using protocols #1 (spectrum

A) and #2 (spectrum B). Comparison of the glycine and GSH levels for protocols #1 and

#2 are shown in Figure 7 (protocol #2 was reference the same as protocol #4 in Figure 4).

Figure 3 shows 13C NMR spectra (acquired at 75 MHz) of PCA liver extracts obtained

from protocol #1 (spectrum A) and #2 (spectrum B). The GSH-Y-glugly/glycine peak area

ratios for spectrum 3A and 3B are 0.07 and 0.53, respectively. The addition of 15 mg/kg

OTC (protocol #2) resulted in a 7.6-fold increase in the GSH-Y-glugly/glycine ratio. The

GSH/Y-glugly ratio composing the peak centered at 44.2 ppm in Figures 3A and 3B is 0.56

and 0.25, respectively. Therefore, 15 mM/kg OTC caused an apparent accumulation of Y

glugly, but increased GSH levels nearly 3.3-fold since the GSH+Y-glugly/glycine and the

GSH/Y-glugly peak area ratios are 7.6-fold greater and 2-fold less, respectively.

Figure 8 compares portions of the 13C spectra of PCA liver extracts from protocols

#1 and #2, and intravenously infused OTC (20 mM/kg/hr for 2 hr.). There is a decrease of

C3/C2 (at 61.21 and 57.17 ppm, respectively) double-labeling of serine with a ratio of 0.85

+0.05 and 0.14 for protocols #1 and #2, respectively. Comparison of the peak intensities
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Figure 7: The effect of OTC on glycine and GSH+Y-glugly peak areas in the in vivo 13C
Spectra.

for o-C2 and o-C5 glucose (72.2 ppm) to o 3-C4 glucose (70.4 ppm) reveals a significant

difference in intensity demonstrating that there is significant 13C labeling of glucose from

2-13C-serine. The two methylene carbon signals from taurine (48.2 and 36.2 ppm at

pH5.00) appear in the 13C spectrum from protocol #4 but not #1 and are probably due to

the catabolism of OTC. With OTC infusion (spectrum C), taurine is the second largest

peak (48 and 36 ppm) with OTC (59 and 34 ppm) being the largest. GSH was also

increased with OTC infusion (spectrum 8C) as compared to control spectra (spectra not

shown). Methylation products exhibited slightly increased 13C-labeling with protocol #2 at
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Figure 8: A portion of the of the 13C NMR spectra (45-125 pmm) obtained from PCA
extracts of the liver shown in Figure 3 with protocol #1 (A), #2 (B), and control rat given
i.v. infusion of 20 mM/kg/hr OTC for 2 hr and without 2-13C-glycine (C).
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betaine (54.9 ppm) and choline (54.4 ppm) as compared to protocol #1 and OTC infusion.

More 13C-label appears in lactate and alanine in protocol #2 than #1. Double-labeling

appears in C2 and C3 of lactate (69.3 and 21.0 ppm), alanine (51.4 and 17.0 ppm),

glutamine (55.0 and 27.0 ppm), glutamate (55.5 and 27.9 ppm), and aspartate (53.1 and

37.5 ppm) and reflects similar relative labeling as C2 and C3 serine (scale is 4 times greater

in Figure 6). The C5 of adenine [119.3 ppm at pH 5.00 (Fig. 5A)] was not significantly

labeled by the OTC addtition.

The Effect of Dibromoethane: Figure 9 shows portions of the in vivo and liver extract "C

spectra during the course of an experiment using protocol #5 and demonstrates the effect of

80 mg/kg DBE on glycine and the GSH+Y-glugly levels. As compared to the 13C spectrum

obtained just before DBE administration (spectrum B) and the dioxane external standard

(not included in the spectra shown in Figure 9), the glycine and GSH peaks decrease, C2 of

serine increases, and a broad component appears centered at 44 and 55 ppm (spectrum C).

The timecourse of glycine and GSH levels for protocol #5 is shown in Figure 10. Both

glycine and GSH decrease by the second timepoint obtained 60 min following i.p. injection

of DBE (i.e., t=190 min). GSH steadily decreases, but glycine appears to have a

homeostatic increase followed by a steady decrease. The GSH+Y-glugly/gly and GSH/Y-

glugly ratios in the liver extracts are 1.95 and 0.91 for protocol #4 (Figure 2C),

respectively, and 1.0 and 0.85 for protocol #5 (Fig. 9D), respectively. The liver extract

revealed dramatic de novo protein, purine synthesis, and a yet unidentified resonance.

Figure 11 shows the complete 13C spectra from the last in vivo spectrum obtained

(spectrum A) and the corresponding extract (spectrum B). When the extract was prepared

for high-resolution NMR analysis and titrated from pH 7.4 to 5.0, there was a brownish

precipitate which dissolved when the pH was increased again to 7.0. The 13C spectrum of

the precipitate is shown in Figure 11C. The three broad components ranging from 39-47

ppm, 51-64 ppm, and 68-79 ppm may emanate from protein fragments that
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A. T = 45 min

B. T = 1.65 min
(DBE = 0 min)

C.

T = 250
(DBE = 90 min)

Figure 9: The in vivo 13C timecourse (A through C) showing the effect of DBE on the
spectra with the extract (D). 80 mg/kg of DBE was injected intraperitoneally in sesame
seed oil at time 130 min after start of 2-13C-glycine infusion. The 13C spectra were
obtained with a with a 70° in-plane flip angle, SW=4400 Hz TR = 1.2 s; and are the
accumulation of 140 transients, requiring 9.8 min each to acquire.
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Figure 10: The effect of DBE on glycine and GSH+GSH+)-glugly peak areas in the in
vivo 13C spectra. 80 mg/kg of DBE was injected intraperitoneally at t = 130.

bhave incorporated C2-labeled amino acids because large proteins are extracted with PCA.

For example, collagen is composed of 33% glycine, and perhaps collagen fragments that

were in the process of being synthesized may be partially responsible for the broad

component ranging from 39-47 ppm. A peak resonating at 119.3 ppm significantly

increased, indicating de novo purine synthesis. Based on literature values, this peak is
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Figure 11: The in vivo 13C spectra taken of the liver prior to dissection (A), of the liver
extract (B), and of the precipitate that formed when the PCE extract was titrated from pH
7.4 to 5.0 (C). The effect of DBE on the 13C spectrum revealed three broad components
centered at 42,58, and 72 ppm. All spectra were obtained on a GE QE300 at 75 MHz
with an interpulse delay of 10 s; SW=10,000 Hz; data point = 16K, and the spectra are
referenced to TSP at -2 ppm.
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tentatively identified as C5 of adenine. The precipitate (spectrum C) revealed glycine (42.3

ppm), GSH + Y-glugly (44.2), methyl of betaine and choline (56.9 and 56.4 ppm,

respectively), C2 of glutamine (55.0 ppm), C2 of glutamate (55.5 ppm), an unknown

resonating at 56.2 ppm tentatively identified as C2 of cysteine, C2 of serine (57.3 ppm),

and an unknown at 61.2 ppm, 61.8 ppm, 180.2 ppm, and 186.5 ppm. No anaerobic

products, such as lactate or alanine, were observed.

Figure 12 shows 19C spectra of the kidney PCA extract dissected after dissecting the

liver from the rat subjected to protocol #4 (spectrum C), urine from 3-4 hr after the start of

2-13C-glycine infusion with protocol #4 (spectrum B), and urine from 0-1.5 hr DBE

injection from protocol #5 (spectrum A). The primary difference between the kidney

(spectrum C) and urine from protocol #4 (spectrum B), besides the peak emanating from

EDTA (52.6 ppm), is a peak at 45.1 ppm. The only differences between the urine from

protocols #4 and #5 are multiplet peaks at 12.7 ppm and 31.9 ppm, possibly from the same

unknown coupound discovered in the liver extracts with protocol #1 described in Chapter

6.

Figure 13 and 14 are the in vivo 31P NMR spectra from rat liver subjected to

protocol #4 and #5, respectively. For protocol #4 the intracellular pH and 3-NTP/Total Pi

ratio is 7.41 and 16.58, 7.41 and 16.49, and 7.41 and 11.69 at 40, 160, and 220 min,

respectively, after start of infusion and obtained from the in vivo 31P spectra shown in

Figure 12. For protocol #5 the intracellular pH and B-NTP/total Pi ratio is 7.40 and 20.6,

7.42 and 20.3, 7.38 and 18.2, 7.40 and 6.90 and 17.41 at 45, 165 (DBE; t = 0), 225 (DBE;

=60 min), 250 (DBE; t = 90 min), respectively, after start of infusion and obtained from

the in vivo 3"|P spectra shown in Figure 13. There are two Pi peaks after 90 min from

injection with DBE, but more control studies with protocol #4 need to be performed for a

better comparison of bioenergetics which appear to deteriorate at 220 min of infusion.
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Figure 12: The urine obtained from 3-4.5 hr of glycine infusion for protocol #5 (A) and
#4 (B), and the PCA extract of the kidney from the in vivo experiment shown in Figure
2 with protocol #4 (C). The peak at 52.6 in spectrum C is due to EDTA from the PCA
solution. All spectra were obtained on a GE QE300 at 75 MHz with an interpulse delay
of 10 s; SW=10,000 Hz; data point=16K, and the spectra are referenced to TSP at -2
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Figure 13: The in vivo 31P spectra of rat liver administered protocol #4. The spectra
were obtained with a one-pulse sequence, and interpulse delay of 1.4 s; SW= +4400 Hz,
data points=2048, and a total of 360 transients or 26.4 min.
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Figure 14: The in vivo 3"P spectra of rat liver administered protocol #5. Spectra A
through C were obtained with a one-pulse sequence, and interpulse delay of 1.4 s; SW=
+4400 Hz; data points=2048, and a total of 360 transients or 26.4 min. Spectrum D
was obtained from 120 transients and required 8.8 min.
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DISCUSSION

We investigated the effect of three parameters on in vivo 13C and *P spectroscopy

using our animal model: the effect of glycine dose, the effect of increased intracellular

cysteine, and the effect of DBE.

The Effect of Glycine Dose: The effect of glycine dose on glycine, serine, and GSH/Y-

glugly metabolites (ratios) were significant. It was our hope that decreasing the glycine

dose would decrease the GSH/Y-glugly ratio; however, there was no strong correlation.

Pulse-chase studies found that GSH/Y-glugly ratio increased with time after the bolus

injection supporting earlier findings that Y-glugly has much more rapid kinetics than GSH.

However, under the steady-state conditions of constant infusion we did not find similar

GSH/Y-glugly ratios. There was a strong correlation between the GSH+Y-glugly/glycine

ratio and dose, with 1.6 mM/kg/hr resulting in the best signal-to-noise ratio while not

swamping the liver with glycine signal. The effect of CDME as determined by comparing

protocols #1, #3, and #4 is unclear. However, based on the OTC experiments which used

similar glycine doses as protocol #1, increased intracellular cysteine levels do increase

intracellular GSH levels. Therefore, CDME may have increased the GSH+Y-glugly/glycine

ratio, the extent of which remains to be determined, but it should not be significant in

comparison with the glycine signal.

Nueberger (1981) found using radiolabels that when the percent of glycine in the

diet is 0.5% as compared to 2%, the C2/C3 serine double labeling only occurs at 20% as

compared to 100%. We found a similar result with glycine dose, with 85+ 5% versus 10%

for protocol #4. There was also negligible 13C-labeling in glucose, as well as the C2 of

amino acids and glycolytic end products, lactate and alanine. This may be due to the fact

that we supplement our infusion media with 10% glucose, so the rats do not need to use
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glycine as a supplemental energy source at the low doses. Alternatively, it could be due to

the added effect of CDME, which was included in protocols #3 and #4 but not #1.

We added CDME because we wanted to elevate GSH levels artificially (Fig. 1),

while inhibiting Y-GT. Thompson and Meister (1975) found that cystine competes for Y-GT

60% better than does glycine, but it is nearly insoluble in water, and we used the

methylester of cystine (CDME). CDME diffuses across the cell membrane and is stored in

lysosomes in the kidney, but a significant amount forms cystine in the plasma via esterases

and cystine concentrations were nearly 9-fold greater than controls (Ben-Nun et al., 1993)

CDME causes cystinosis and decreases oxygen consumption of renal tubules probably by

inhibiting Na+K+ ATPase which is tightly coupled to oxidative phosphorylation in the

kidney (Foreman and Benson, 1990). For liver it is unclear whether CDME will have the

same effect as in the kidney, but we used a CDME dose that was a fourth of the dose

causing cystinosis (Ben-Nun et al., 1993) In addition, glycine is cytoprotectant and

reverses the effects of CDME-induced cystinosis (Sakarcan et al., 1992). For in vivo 13C

NMR, it is necessary to use a glycine dose 16-fold greater than the CDME dose (i.e.,

protocol #4). The glycine/CDME dose difference in conjunction with the fact that only a

portion of CDME forms cystine in plasma, makes it ineffective as a competitive inhibitor

of Y-GT. However, CDME may be effective at increasing GSH levels

The Effect of Intracellular Sulfur Amino Acids: We gave a bolus of 15 mM/kg of OTC one

hour prior to the surgery to observe the effect of increasing intracellular cysteine levels on

the GSH/Y-glugly ratio. We found that OTC decreased the GSH/Y-glugly ratio by half, but

increased the GSH+Y-glugly/glycine ratio by 7.6-fold, thus increasing 13C-labeled GSH

levels nearly 3.3-fold as compared to no OTC. As mentioned in the introduction, OTC

could cause the accumulation of Y-glugly if oxoproline accumulates which can inhibit Y

glutamylcyclotransferase which metabolizes Y-glugly to glycine and oxoproline (Meister et

al., 1985). The overall increase in GSH is in agreement with other researchers (Goyal et
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al., 1988) who also investigated DBE toxicity, and is due to the increased bioavailability of

cysteine. However, OTC also appears to cause Y-glugly accumulation, and thus was not

helpful to our goal of decreasing the Y-glugly contamination of the GSH peak in vivo.

OTC decreased the double labeling of serine to 14% as compared to 85 + 5% with

no OTC. It is possible that OTC directly or indirectly inhibits mitochondrial metabolism of

glycine and/or enhances glycine formation of 2-13C-serine in the cytosol where serine

methoxytransferase also occurs but glycine dehydrogenase does not. There was an increase

in betaine and choline methyls (54.8 and 54.6 ppm, respectively) with protocol #2 in rats

infused with 20 mM/kg/hr, and these compounds had the largest peak in the spectrum

(spectrum 8C). There was also an increase in -CH2-N of betaine and choline (67.4 and 67.8

ppm, respectively) in the control OTC experiment with a methylene to methyl peak area

ratio of ca 1:3, reflecting the number of carbons in betaine and choline. A similar ratio was

also obtained in protocol #2. Therefore, there was little 13C-labeling of methylated glycine

products but perhaps this was different earlier in the infusion. There was a significant

natural-abundance taurine level in the liver from the degradation of OTC. The exact

mechanism by which OTC inhibited serine double-labeling is still unclear.

The OTC did not affect the amount of glycine entering gluconeogensis, just the 13C

labeling pattern, and seemed to increase anaerobic glycolytic endproduct, C2 lactate (69.3

ppm) and C2 alanine (51.3 ppm). OTC requires ATP to form cysteine via oxoprolinase,

and to be catabolized to taurine, and perhaps this caused a greater energy demand on the

liver, thus increasing anaerobic glycolysis. There was an increase in labeling of an

unknown compound resonating at 64.1 ppm.

The Effect of Dibromoethane: DBE had a dramatic effect on the in vivo 13C spectra. Both

glycine and GSH peak areas decreased with similar magnitude creating little change in the

GSH+Y-glugly/glycine ratio which was 1.0 prior to and 0.85 after 90 min of intraperitoneal

injection of DBE. Therefore, the GSH-Y-glugly/glycine ratio was not an effective
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biomarker of DBE. It is hypothesized that once GSH levels reach 30% of normal,

alkylating agents will attack important electrophilic sites on proteins and hinder normal

functioning of the cell (Amdur et al., 1991). The cell will begin to swell as it loses its

ability to control osmolarity, pH will decrease due to anaerobic glycolyis since

mitochondria become damaged, and the cell loses homeostatic control of Cat?. Ultimately,

the cell's bioenergetics reach a critical low, phospholipids break down and the cell lysis

(Amdur et al., 1991). It has been hypothesized that DBE causes cell death by directly

depleting mitochondrial GSH, alkylation of proteins leading to loss of Cat? homeostatic

control (Botti et al., 1989; Warren et al., 1991). The exact sequence of these events has

never been monitored in vivo directly in the tissue and non-invasively. In our experiment,

GSH levels had just decreased below 30% on the last timepoint obtained, and we just

started to observe a decrease in pH. There was no change in bioenergetics as compared

with controls and as monitored by in vivo 31P NMR. It was surprising that the decrease in

glycine was as abrupt as the GSH.

There are three possiblities for the decrease of glycine in vivo: (1) the glycine peak

broadened due to release of iron from intracellular storage sites, which is necessary to

induce lipid peroxidation (Halliwell and Gitteridge, 1986) (2) it was conjugated with some

unknown metabolite of DBE and perhaps excreted in the urine; and (3) it was used in

metabolism or production of glycine products, such as proteins and phopholipids. The

PCA liver extract effectively answered these questions since there was extensive de novo

synthesis of purines (adenine, 119.3 ppm), broad resonances centered at 42, 57, and 72 ppm

possibly emanating from partially synthesized proteins, C2 serine (57.3 ppm), an unknown

tentatively assigned to C2 cysteine (56.2 ppm), C2 glutamate (55.5 ppm) and C2 glutamine

(55.0), methyls of betaine and choline (54.8 and 54.4 ppm, respectively), and unknowns at

61.2 ppm (perhaps glycerophosphocholine), 61.8 ppm (possibly C1, C3 glycerol), 180.2

ppm, and 186.5 ppm.
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DBE follows two paths to form toxic intermediate (see Fig. 1, Chapter 5), by

oxidation via cytochrome P450 and GSH conjugation via GSH-S-transferase (Anders et al.,

1988; Koob and Dekant, 1991). It is interesting that over 20% of extractable protein in the

liver is GSH-S-transferase (Hayes et al., 1987). In vivo studies using tetradeutero-1,2-

dibromoethane demonstrated that approximately 20% was excreted as 5-(2-hydroxyethyl

N-acetyl-L-cysteine in urine (van Bladeren et al., 1981), therefore the ratio of oxidative

versus conjugative biotransformation in DBE metabolism has been calculated as 4:1 (Koob

and Dekant, 1991). It is hypothesized, although it has never directly demonstrated, that the

reactive species are episulfonium ion and bromoacetaldehyde, which are formed after GSH

conjugation and by P450 oxidation, respectively (see Fig. 1, Chapter 5) (Koob and Dekant,

1991). The sulfur mustard (i.e., episulfonium ion) binds preferentially to DNA, whereas

bromoacetaldehyde binds preferentially to proteins (Anders et al., 1988). Support for the in

vivo episulfonium ions from DBE is provided by animal studies where S-[2-(N7

guanyl)ethyl-glutathione is the major DNA-adduct comprising over 90% of all DNA

adducts (Kim et al., 1990). Additionally, DBE was not mutagenic to GSH-deficient

bacteria (Anders et al., 1988). DBE also forms adducts with RNA. An in vivo study with

rats determined dose-response of DBE and monitored DNA damage, biochemical changes

(GSH, cytochrome P450, ornithine decarboxylase), and liver damage (Kitchin and Brown,

1986). They found that with an oral dose of 56 mg/kg (we administered 80 mg/kg, i.p. –

the LD50) there was nearly a three-fold increase in ornithine decarboxylase activity and

marked DNA damage with a dose as low as 5.6 mg/kg, measured at 4 and 21 hrs.

However, two hours after the 56 mg/kg dose there was no significant decrease in hepatic

GSH. They concluded that DBE is a much more potent carcinogen than previously

thought. Therefore, at the i.p. dose used in this study and for the period monitored, we

should observe extensive GSH depletion, protein alkylation, and DNA-adduct formation

Induction of protein synthesis has been shown to occur with DBE toxicity (Anders

et al., 1988). Few studies have monitored the initiation events of DBE toxicity. There is
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still a void in the literature regarding the biochemical changes in these initial stages of

hepatocarcinogenesis, because there has been no comprehensive study that can monitor

GSH, bioenergetics, intracellular pH, lipid and protein metabolism, and redox state of the

cell. Most of these studies monitored kinetic biomarkers of toxicity with timepoints

covering the stages of hepatocarcinogenesis from the end of initiation to the beginning of

promotion. Initiation and promotion have opposite effects on biomarkers of

carcinogenicity, such as GSH and GSH-S-transferases, causing some conflicting reports in

the literature. For example, for most carcinogens during initiation GSH is decreased

permitting DNA damage and during promotion GSH and GSH-S-transferases increase.

Therefore, it is possible that we have observed an induction of many proteins, one of which

is probably GSH-S-transferase, and the time scale for this induction is much more rapid

than in vitro studies have shown presently in the literature (Hayes et al., 1987; Koob and

Dekant, 1991). In conjunction with de novo protein synthesis, there was also purine

synthesis, which could be used for translation and transcription or to renew adenine

supplies. De novo purine synthesis is supported by the fact that only the C5 is significantly

13C-labeled. If this resonance represented ATP catabolism, for example, other resonances

would have equal peak intensities. Additionally, this resonance does not appear in control

liver extracts.

Our results indicate that the first sequence of toxic events for DBE toxicity is a

decrease in GSH as the literature would predict (Reed, 1990b, Warren et al., 1991)].

However, there is a marked increase in amino acid utilization for de novo synthesis of

proteins, purines, and some unknown metabolites. We also found that two pools of pH:

one perhaps in the centrilobular section or zone 1 of the liver where the dose of DBE would

be higher, and one in zone 3. Bioenergetics did not change within 90 min of DBE

injection. Aditionally, there were no anaerobic endproducts accumulated. These results

indicate that our animal model would be ideal for monitoring early phases of initiation and

mechanisms of carcinogenesis.
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CHAPTER 8

Conclusions

Novel NMR-compatible cell and animal models were developed that, in

conjunction with tissue extract and body fluid analysis, can be used to determine

mechanism(s) of toxic action. The animal model permits the non-invasive monitoring of

potentially twelve biochemical processes, generating an enormous database composed of

the many complex organismal interactions. The cell model was created to deconvolute

the complex interactions of the animal data by controlling cell composition, endocrine

and immune responses, intercellular communication, and physico-chemical and inter

organ parameters. For example, our animal studies discovered that during the initiation

phase of DBE-induced hepatocarcinogenesis there is an enormous induction of protein

synthesis. The cell model could maintain a relatively differentiated hepatocyte culture

and could collect large quantities of excreted 13C-labeled products during the entire

course of DBE-induced hepatocarcinogenesis, unlike the animal models. This could be a

novel method of determining the structure-function of unknown molecules induced by a

stress. The 13C label can be used to detect, identify, and purify the excreted products, and

bioassays could be developed to determine their function. Using both models in

conjunction ,rather than separately, is a stronger, more effective analytical tool to

evaluate mechanism(s) of toxic action and pathologies.

Glycine metabolism in rat liver was determined. Intravenous infusion of 4.4

mM/kg/hr 2-13C-glycine generated in vivo 13C NMR spectra with a temporal resolution

of 9.8 min. The three 13C-labeled resonances detected were: (1) glycine, which

increased logarithmically then plateaued in 100 min with a half-life of 24 + 7 min (2)

GSH, which corresonated with Y-glugly; and (3) doubly-labeled C2/C3 serine. The

double labeling of serine is glycine dose dependent. Since glycine must pass through
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serine to enter glycolysis, the double-labeling of serine creates a reference point from

which one can elucidate aspects of cell biology, such as compartmentation. In the tissue

extracts we obtained information regarding gluconeogenesis, anapluerosis, methylation,

purine and protein synthesis, bioenergetics, intracellular pH, and phospholipid and urea

metabolism.

31P NMR of the novel NMR-compatible tricentric" bioreactor prototypes

revealed that diffusion distance is a critical factor for cell viability. Cells did not remain

viable at tissue densities in prototype #1 but did in prototype #2. This is because the

diffusion distance for prototype #1 and #2 are 100 and 40 pum, respectively. At tissue

densities the global density of both bioreactors (ca 10%) were NMR feasible with a

sufficient signal-to-noise ratio in the 31P spectra with an 8 min temporal resolution. For

isolated rat hepatocytes, prototype #2 should be used with an organic substrate for

energy, such as 5.5 mM glucose, in order to maintain viability for a longer period of time.

For cell culture, prototype #2 would be ideal, but prototype #1 may also work, since the

culture should center the inner fiber, and therefore decrease diffusion distances by half.

The tricentric" design should be developed as an artificial liver because the architecture

and dimensions match that of liver.

The best NMR-compatible bioreactor for toxicology studies of anchorage

dependent cells is the tricentric". The suspension bioreactor should be best for non

anchorage-dependent cells. Cell encapsulation techniques have unknown effects on the

perfusion of xenobiotics through the encapsulation matrix, and thus may give erroneous

results for dose-response studies.

FUTURE STUDIES

1. At least our more successful animal studies need to be performed with intravenous

infusion of 1.6 mM/kg/hr glycine + 0.1 mM/kg/hr CDME with and without 80 mg/kg
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DBE injected after 130 min of glycine + CDME infusion, to obtain a significant

number of datasets for comparison. The broad components probably emanate from

protein fragments, such as collagen and GSH-S-transferase, but they need to be

identified. The experiment needs to be extended by two hours in order to obtain

significant *"P changes in bioenergetics and phospholipid and urea metabolism.

. At least two more animal studies need to be performed with 4.4 mM/kg/hr glycine

infusion and bolus injection of 15 mg/kg OTC, to obtain a significant number of

datasets for comparison with controls (4.4 mM/kg/hr). OTC increases GSH 3.3-fold

but decrease the GSH/Y-glugly ratio in vivo, so it exacerbates the contamination of the

in vivo GSH peak by Y-glugly. This apparent accumulation of Y-glugly may be due to

the competitive inhibition of oxoprolinase by OTC, thus,causing an accumulation of

oxoproline - the product of Y-glugly degradation. OTC decreased serine double

labeling perhaps by causing cytosolic synthesis of serine from 2-13C-glycine via

serine methoxytransferase.

. The effect of 0.1 mM/kg/hr CDME infusion needs to be determined. At least three

control studies using 1.6 mM/kg/hr 2-13C-glycine as the control need to be performed.

This glycine dose was determined to be optimum because it had sufficient NMR

signal-to-noise obtained in 9.8 min yet had a minimal impact on liver biochemistry, as

indicated by single-labeled serine. The signal-to-noise ratio of the GSH+)-glugly

peak was between 1.6 mM/kg/hr 2-13C-glycine + 0.1 mM/kg/hr CDME and 4.4

mM/kg/hr 2-4°C-glycine. Therefore, increasing dose did not significantly increase

GSH + Y-glugly signal-to-noise ratio which was our goal.

. A NMR pulse sequence, such as proton-observe-carbon-edit, needs to be optimized

with the bioreactor in order to obtain 13C NMR data for comparing to the animal
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model. Once accomplished, the DBE study needs to be performed with isolated rat

hepatocytes. It may be better to use fairly well-differentiated cell cultures to obtain

enough 13C-labeled products of DBE-induced toxicity from the perfusate to identify

them. Additionally, the control 2-13C-glycine studies need to be performed to

determine if the disproportional C3 glutamine label is being produced in inter-organ

or intracellular compartments.

5. Cinical applications of the cell model need to be pursued with the goal of developing

an artificial liver for clinical use as well as research. One could optimize the

tricentric" design for an artificial liver using cell culture techniques and various

compounds, or other NMR-observable nuclei, to determine degree of differentiation.

Comparison of 13C-labeled (or other NMR-observable nuclei) metabolites between

the cell and animal model can serve as a means to determine the degree of cell

differentiation.

CONCLUDING REMARKS

The animal and cell models, when used in conjunction, are far more powerful than

used separately. Although this has been the goal since the beginning of in vivo NMR

spectroscopy, there has been no NMR-compatible cell model to adequately successfully

mimic the in vivo system to study "normal" biochemistry. The animal model contains

data on many complex interactions (e.g., immune, endocrine, cell-cell, physico-chemical,

and inter-organ), and present in vivo NMR studies rely only on animal data. NMR

compatible cell models have been fraught with problems of mimicking the in vivo system

mainly due to the inability to control physico-chemical parameters. This has created a

preception that in vivo NMR data from animal models are too complex to interpret, while

cell models do not represent the in vivo system. We hope to change this perception by

168



developing our multinuclear NMR cell and animal models, with the ability to monitor

any biochemical process or substrate of interest in vivo and in a controlled environment.

This could be major contribution to the methodology of in vivo NMR spectroscopy.

In vivo NMR has not been accepted into the mainstream of toxicology. Presently,

toxicology studies monitor (1) substrate by radiotracer methods, employing enzymatic,

chromatographic, spectroscopic, or electrophoretic analysis of tissue extracts or body

fluids, (2) biochemical changes by molecular biology techniques, and (3) tissue damage

by histology. These radiotracer and biochemical procedures are optimized to monitor

only those metabolites or enzymes of interest. In vivo NMR permits non-invasive

analysis of a multitude of in vivo events. For the determination of the mechanism(s) of

toxic action of xenobiotics, toxicologist presently seem to monitor only specific events of

interest, whereas in vivo NMR permits a non-invasive "complete view" of the toxic event.

Serendipitous discovery, such as the rapid massive increase in glycine consumption that

we discovered with DBE toxicity, can be further investigated with the cell model to

determine in vivo factors controlling production and composition of glycine products.

The cell model can be used to produce the DBE-induced glycine products for structure

function analysis. In conjunction, the cell and animal model could be a useful

contribution to toxicology, greatly increasing the rate and accuracy of determining toxic

mechanism(s) of action, and discovery of stress-related proteins and growth factors.
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