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SUMMARY: Nuclear magnetic resonance spectroscopy (NMRS) 15 a powerful technique that enables
continuous monitoring of biochemical processes in tissues and organs in a non-invasive manner. A model of
isolated perfused rat pancreas, suitable for NMRS studies, was developed. Acute pancreatitis was induced by
injections of either 0.5 ml 5% sodium taurocholate (TC) into the bile ducts, or 1.0 ml 10% TC injections into
the pancreatic parenchyma. Phosphorous (*'P) NMRS of experimental pancreatitis were characterized by a transicnt
signal at -0.18£0.04 ppm which was assigned as solubilized lecithin, and can be used as an indicator of the
carly phases of the disease. Depletion of the high energy phosphorous compounds, phosphocreatine and ATP,
were also found during acute pancreatitis, and paralleled the extension of the pathological damage. The role
of NMRS in pancreatic cancer diagnosis and its treatment were assessed 1n three models of pancreatic neoplasms.
Perfused MIA PaCa-2 human pancreatic cancer cells, subcutaneously implanted pancreatic umors in hamsters,
and pancreatic tumors induced in-situ in rats by dircct application of the carcinogen 7,12-dimethy] benzanthracene,
were studied by phosphorous (*'P), sodium (¥Na) and proton ("H) NMRS. P spectra of pancreatic cancer were
qualitatively similar to those of intact organs. IHowever, P NMRS was found to be useful for monitoring the
effects of treatment. Total (intra- and extracellular) sodium concentrations, measured in the solid wumors, were
similar in both the normal pancreas and the pancreatic tumors (39-40 mmol/g wet weight). Proton spectra of
perchloric acid extracts revealed several differences berween wmors and control pancreases. The principal findings
were elevated levels of the amino acid taurine, from 1.17+0.39 mmol’g wet weight in healthy pancreases, to
2.79+0.71 mmol/g wet weight in pancreatic carcinoma in rats, and lactate levels which increased from 0.92+0.2
o 6.19£1.93 mmol/g wet weight, respectively, On the other hand, creatine and glutamate were higher in the
normal pancreascs. These studies demonstrated that NMRS is a useful technique for studying fundamental
biochemical and metabolic events of acute pancreautis and pancreatic cancer, ‘and for the development of

therapeutical modalities

SUBJECT HEADINGS: Nuclear Magnetic Resonance. Spectroscopy. Pancreas.

INTRODUCTION

The treatment of surgical disorders of the pancreas
is a major challenge. The diagnosis is often delayed
due to the anatomucal location of the pancreas, the
non-specific clinical presentation, and the inadequate
diagnostic techniques. Inaccurate preoperative
assessment and staging may lead to errors in
determining the indications for surgery. Morcover,
operations of the pancreas arc associated with
remarkable morbidity and mortality due to the severity
of the disease, the extent of the surgery and the
general condition of the patients. Reliable diagnostic
and prognostic means, especially non-invasive
methods, are therefore essential in order to improve
the treatment and outcome of these diseases. Nuclear
magnetic resonance spectroscopy ('NMRS) presents

such a means. NMRS is a' powerful technique that
provides information on biochemical status and
physiological processes both in-vitro and in-vivo (1-
3). In this paper we describe NMRS studies on two
of the most important pancreatic disorders, acute
pancreatitis and pancreatic cancer.

Nuclear magnetic resonance spectroscopy is based
on the phenomenon that nuclei of several elements
behave like tiny bar magnets when in magnetic fields,
and orient in the field directions. Radio frequency
mradiation causes re-orientation of the nuclei by the
resonance process, which can be detected and presented
as a signal. The frequency of this irradiation is
proportional to the strength of the magnetic field. and
is specific for each nucleus. The different nuclei of
each element resonate at slightly different frequencies
due to the different distribution of electrons
surrounding them (chemical shift). A spectrum of

1. Article from the Dept. of Surgery A, Tel-Aviv Medical Center and Sackler School of Medicine, Tel-Aviv University.
2. M.D. Ichilov Hospital, 6 Weizmann st., Tel-Aviv 64239 - Isracl.
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signals for a specific element can bhe obtained. and
assignments of these signals enable chemical analysis
ol the sample. The relative arcas of the signals is
proportional to the compounds concentrations:
therefore NMRS is a qualitative as well as a
quantitative method. Information on intracellular
processes can be obtamed in a continuous manner,
and thus, NMRS is a unique non-invasive rescarch
tool cnabling detection of physiological and
pathological changes as they occur (for comprehensive
description of NMR see reviews™ ).

METHOD

Animals, cells and materials: The animals
which were used in these swudies were kept as

outlined in the “Guides for the carc and use of

laboratory animals™ (NIH publication #85-23, 1985).
and were given food and water ad fibitum. Prior 1o
surgical procedures they tasted for 8 hours. but had
frec access to water. All the surgical procedures were
performed under general anesthesia induced by
ketamine hydrochloride (70 mg/kg, i), Human
pancreatic carcinoma cells, MIA PaCa-2. were obtained
from the American Type Culture Collection (Rockville
MD), and were grown in DMEM, supplemented with
penicillin-streptomycin-nystatine, L-glutamine and
10% fetal calf serum, under 3% CO. environment,
The pancreatic cancer cell line of hamsters was
cstablished from mitrosamine treated CB strain Syrian
hamsters at the National Institutes of Health (Bethesda
MD). All materials were purchased from  Sigma
Chemicals (St. Louis, USA) unless otherwise indicated.

Acute pancreatitiss The model of isolated
perfused rat pancreas was used. Forty four male
Spraguc-Dawley rats, weighing 300-350 gr. were
used as pancreas donors.

Surgical technique for isolation and removal of

the pancreas with intact vasculture. Through median
laparatomy the small intestines were divided just
distal to the take-off of the inferior pancreaticoduodenal
artery, and the superior mesenteric artery and
mesentery were double ligated and separated. The
sigmoid colon was transacted, the transverse colon
was carcfully dissected from its attachments 1o the
pancreas. and the entire small and large intestines
were removed. The splenic vessels were ligated near
the hilum of the spleen and it was removed. The
eastric branches of the right and left gastroepiploic
arteries and veins. the left gasinic vessels, the
esophagus, and the hepatic artery were ligated and
transacted in that order. The next step was dissection
of the duodenum from the pancreas with meticulous
ligation of the many common vessels near the
duodenum. This critical part of the operation was

performed with caution to avoid severing the blood
supply of the head of the pancreas. The common bile
duct was ligated and divided and the duodenum was
removed. The posterior peritoneum was opened, the
testicular vessels were ligated and transacted bilaterally
and both kidneys were removed after ligation of their
vasculture. The lower aorta, just above its bifurcation,
was cannulated with a plastic catheter (Venflon, Vigo
21G). and 500 units of heparin were flushed into the
circulation. The aorta below the entrance of the
catheter was double ligated, and by blunt dissection
was freed from the inferior vena cava, This vessel
was double ligated just under the liver and divided
between the ligatures. The aorta below the diaphragm
was ligated and proximally transacted, and the arterial
catheter was  flushed with heparinized perfusion
solution. A preformed suture was tied around the
portal vein and a hole was made in it for venous
drainage, and the liver was removed. The aorta and
the pancreas attached 1o 1t by the celiac trunk were
immediately removed by sharp dissection, connected
to the perfusion apparatus and placed in a 20 mm
tube. Ischemic time was less than one min.. and
operative time was approximately 75 min. Successiul
isolation and perfusion of the pancreas was achieved
in 89% (39 out of 44 rats) of the operations.

Perfusion apparatus and solution. A long tubing
surrounded by a heated water jacket connected the
bottle containing the perfusion solution with the
pancreas inside the tube which was placed within the
magnet. Perfusion was maintained by peristaltic pump
(Cole Parmer), and the venous outflow was suctioned
from the tube to a reservoir, The perfusion solution
consisted of phosphate-free modified Krebs-Henseleit
solution gassed with mixture of 95% O, and 5% CO,.
The solution and magnet were warmed to 37°C.

Induction of pancreatitis (10P). The bile salt,
sodium taurocholate (TC, Sigma, 98% purity) was
used to induce pancreatius in two experimental
models: a) intraparenchymal filtration'’ using 25G
needle, b) injection into the common bile duct'® using
a 25G plastic cannula that was inserted into it prior
1o removal of the pancreas. After recording control
spectrum of the perfused pancreas, it was removed
from the magnet and the TC was injected. This
procedure took approximately two min., and NMRS
recording immediately continued under the same
conditions. Experiments were performed with various
concentrations and volumes of the taurocholate
solutions (3% - 0.5 ml, 10% - 1 ml). and at two
temperatures (37°C and 22°C). For control studies
0.9% NaCL solution injections, mn the appropriate
volumes, were used in the two experimental methods.

Panereatic cancer: Three models of experimental
pancreatic cancer were used: 1) perfused human
pancreatic carcinoma cells, MIA PaCa-2: 2)
subcutancous implanted pancreatic tumors in hamsters;
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3) in-situ induction of pancreatic cancer in rats by
direct application of the carcinogen 7.12-dimethyl
benzanthracene (DMBA).

Perfused human pancreatic cancer cells - The
essentials of cellular perfusion are that metabolic
events are unhampered; thus, substrates and nutrients
can be continuously furnished, and waste products
removed, while stable pH levels and a temperature
of 37°C are maintained. Perfusion cannot be performed
in cells freely suspended in the NMR tube, since the
flow would wash them away, or the cells would block
filters if used; therefore the cells should be restrained.
In the present studies we used the method of cellular
embedding in sodium alginate micro capsules®. 1.5-
2 x 10" cells were used in each experiment, and the
cellular pellet (1.0-1.2 ml) was mixed with an equal
volume of 2.5% (w/w in PBS) sodium alginate. The
mixture was manually extruded, under minimal
pressure, through a 25-gauge needle, on the surface
of a 0.1 M CaCl, solution. The small drops (app. 1
mm diameter) gelled and were immediately washed
three times in the growth medium. The capsules were
isolated by decantation, transferred to a 10 mm screw
cap NMR tube, and perfusion was promptly initiated.
The perfusion was performed through an insert with
inlet and outlet tubes, and the volume of the perfusion
chamber was 2 ml. A constant flow of 0.9 ml/min.
in a single pass mode was mamtained by a peristaltic
pump (Cole Parmer), and the temperature was
maintained at 37°C. In each experithent control
perfusion with *'P NMRS recording was carried out
for about 60 min., 0 ensure metabolic stability of
the cells, before adding the metabolic inhibitor to the
perfusion solution

Implanted pancreatic tumors - Twenty four male
inbred golden Syrian hamsters (8 to 12 weeks old,
10020 gr.) were used. 0.5x106 cells of the established
line of the hamsters’ pancreatic cancer cells’ were
subcutaneously implanted in the interscapular area of
24 hamsters. Two amimals died during the follow-
up period. At predetermined time intervals a group
of animals were operated upon, the tumors were
excised without the skin and fat. Half of the tumors
were used for preparation of extracts for proton (1H)
NMRS, and the remaining tumors were placed in a
chilled (1-2°C) isotonic (310 mM), sodium free,
mannitol solution in a 10mm NMR tube, for sodium
(*'Na) NMRS measurements. Controls were pancreases
of three animal in each group which were excised
and treated in an identical manner.

In-situ induction of pancreatic tumors - Sixty
male Sprague-Dawley rats (150+30 gr.) were operated
under general anesthesia, the pancreases were exposed,
and 1-2 mg (crystalline) of DMBA were directly
applied to the pancreases parenchyma through a
superficial cut in the anterior surface®. The small
incision was covered by the pancreatic capsule and

6 — Acta Cirurgica Brasileira — Vol. 12 (1) (997

omentum. Since we used a solid carcinogen the
operations were performed in a biological hood using
strict no-touch techniques. The controls were &
animals in which physiological solutions instead of
DMBA were used. The animals were kept for a period
from four to fifteen months. At predetermined time
intervals laparatomies and thoracotomies were
performed. The pancreases, and all other tissues
which appeared neoplastic, were excised, and prepared
for NMRS measurements as outlined in “Implanted
pancreatic tumors section. The pancreases of control
animals were excised and examined by NMRS in an
identical manner.

Preparations of tissue extracts: Since almost
all intracellular compounds contain several hydrogen
molecules, the NMRS of the protons ('H) in biological
systems is very crowded, with overlapping signals.
Extraction of cellular metabolites are often essential
for the interpretation of results of NMRS studies of
intact cells. The excellent resolution of extracts
spectra enables assignments of proximate signals with
the aid of pH ttration curves, and addition of known
compounds to the extract solution. In contrast to
living cells, there are no time constrains, and with
prolonged data accumulation, compounds present at
low concentrations may be observed and quantitated.
In these studies we used perchloric acid extraction'"
for studying proton (1H) spectra of the solid tumors.
Excised pancreases were divided, and one part was
kept for histological examination. The other was
weighed and promptly frecze-clamped and minced
under liquid nitrogen using a precooled mortar and
pestle. 4 ml of precooled (-10°C) 0.5 M perchloric
acid were added to every gr. of tissue, and the mixture
was stirred mechanically for five min. at -4°C.
Samples were centrifuged at 2000 x g and -4°C for
10 min. and the pH of the supernatant was adjusted
to 6.5 with KOH in an ice water bath. Potassium
perchlorate was removed by a second centrifugation
at 3500 x g and -4°C for 15 min. The supcrnatant
was lyophilized to dryness, dissolved in D0, adjusted
to pH 7.0, and kept at -20°C for less than 24 hours
before the NMRS measurements were taken.

Histopathological assessment: Upon completion
of each experiment the pancreas was macroscopically
examined for the presence of edema, hemorrhages
and necrosis (in acule pancreatitis studies) or tumors
(in pancreatic cancer studies). Then, the tissues were
weighed and fixed in 10% formaldehyde, embedded
in paraffin, cut to 5p thick slices and stained with
hematoxylin-cosin.. Seven-micron-thick longitudinal
sections of the whole pancreas were stained with
hematoxylin and cosin. The intensity of the pancreatic
Injury in acute pancreatitis was evaluated and graded,
by a pathologist who was unaware of the experimental
conditions and the NMRS spectrum of each pancreas.



The microscopical evaluation of the pancreatic tumors
was similarly performed.

Magnetic Resonance Spectroscopy: Acule
pancreatitis was studied by phosphorous (*'P) and
sodium (¥Na) NMRS. Pancrecatic tumors studies
included ''P NMRS of perfused cells and their
extracts, *'P and ¥Na NMRS of solid tumors, and
proton ('H) measurements of extracts of solid tumors.
For each nucleus the acquisition and processing
parameters were identical throughout all the
experiments. Spectra were recorded on a Bruker AM-
360 WB spectrometer equipped with a variable
frequency 10 mm probe, and were analyzed on a SGI
Data Station. ¥'P and *Na spectra ol solid tumors
were sequentially recorded, after which the tissues
were weighed and processed for histological
assessment. *'P spectra were measured at 145.78 MHz
by applying 45° radio frequency pulses; cach spectrum
of the whole organ was a collection of 400 scans and
a relaxation delay of 2 sec, while in the extracts the
parameters were 700 scans and 10 sec. Sodium
spectra were recorded at 95.26 MHz using 90° radio-
frequency pulses and 200 scans with no relaxation
delay. In experiments where tuning for *'P and *Na
was alternately performed, a standard sample
containing 30 mM NaCl was used as a reference. The
level of sodium in the pancreas or tumor was
calculated by comparing the integrated arca of the
HNa peak to the integral of the reference signal. For
'H NMRS 1.0 ml of D,O dissolved extracts of normal
pancreascs or tumors were placed in a 5 mm tube.
A five sec repetition time and a 90° flip angle were
used, and 1600 transients were accumulated for cach
spectrum.

Quantitative results are expressed as means£SD.
Statistical analyses were performed with the paired,
double-tailed, Student’s t test (p<0.05).

RESULTS

Acute pancreatitis: The *'P NMR spectrum of the
normal perfused rat pancreas is shown in Fig. la. The
spectrum is dominated by the signals of the high
energy phosphorous compounds, phosphocreatine
(PCr), and ATP. PCr is the major e¢nergy reserve
compound, and is usually very high in striated and
cardiac muscles. Since the ATP molecule contains
three phosphorous atoms, there are three signals of
ATP. ADP levels are usually very low in physiological
conditions, and cannot be observed in NMR spectrum
of cells and tissues, but only in spectra of extracts
where the signals are better resolved. The two peaks
in the phsophomonoester (PME) region at 4.2 and 3.7
ppm were assigned as phosphocthanolamine (PEA),
and phosphocholine (PCh), respectively. These
compounds are the precursors of the phospholipds i

the cells membranes, and are usually clevated in
highly proliferating tissues (i. e. tumors), and changes
in their levels may be used for monitoring cell
proliferation as well as the effects of nutrients and
drugs on the cells. Glycerophosphocholine (GPC) is
the degradative product of the phosphatidylcholine
(see below). The chemical shift (location in the
spectrum) of the inorganic phosphate provides the
exact intracellular pH.

LWMM““JV%H
o M@

\F GPC
b
PCr

PME Pi YATP oATP v
DPDE ,GATP
¢ »,M/ |
i Mt
[ | | L | | I |
5 10 5 0 -5 -0 -5 -20 -25
PPM
Fig. 1 - *'P nuclear magnetic resonance spectra of perfused

rat pancreas. For acquisition parameters sec “Method™; che-
mical shifts were determined by standardizing GPC 10 049
ppm. Line broadening of 15 Hz was used. a, perfusion rate
of 51 ml/ min.; b, perfusion rate of 3+1 ml/min.; ¢, no
perfusion (complete ischemia for 15 min.); d, reperfusion at
5+1 ml/min. PME, phosphomonoesters; Pi. inorganic phos-
phate; GPC. glycerophosphocholine; PCr. phosphocreatine;
DPDE, diphosphodiesters.

Perfusion rate had a profound influence on the
spectra; in order to maintain cellular homeostasis and
the initial levels of PCr and ATP, perfusion rate of
5=1 ml/min. was required. At these high flow rates
the metabolic status of the perfused pancreas was very
stable at 37°C. and no spectral changes were noted
for three hours. GPC levels under these conditions
were negligible. In control studies we found that the
average pancreatic weight of these rats was 1.2+0.2
gr. (in these studies we could not obtain the net
weight of the pancreases before connecting to the
perfusion cannula). Therefore it can be calculated that
the optimal perfusion rate is 4.2+1 ml/min./gr.
pancreatic weight. Very high perfusion rates, 1. ¢. 8-
12 ml/min., were characterized by unstable preparation;
though the mitial PCr and ATP were high, they
rapidly declined. Perfusion rates of 3+1 ml/min.
yielded a depletion of high energy phosphorous

Acta Cirurgica Brasileira — Vol 12 (1) 1997 — 7



compounds (Fig. 1b), concomitant with increased
signals of GPC and inorganic phosphate (Pi). Following
complete ischemia high energy compounds completely
depleted, GPC signal declined, and Pi signal markedly
increased (Fig. lc¢). Thus, under no circumstances
both PCr and GPC levels were high.

Pancreatic reperfusion (5=1
complete ischemia for 15 min. was followed by
recovery of PCr and ATP, concomitant with decrease
of GPC and Pi signals to pre-ischemic levels (Fig.
I1d). The preparation remained stable and at the end
of the experiment there was no histopathological
damage.

In control experiments injections of physiological
solutions, either into the parenchyma or into the bile
duct, were followed by no NMRS changes during
three hours of perfusion; the *'P NMR. spectra were
identical 1o those of intact perfused pancreases (Fig.
la), and there were no macroscopically or histological
damage (Fig. 2a).

P NMR. spectral changes of taurocholate
induced acute pancreatitis were characterized by a
new signal at -0.18+0.04 ppm (arrow at Fig. 3a),
which appeared following TC injections to both
pancreatic parenchyma and into the bile duct. The

Fig. 2a - Ilistological appearance of the pancreas in control
experiment under optimal perfusion conditions (Hematoxylin
cosin x 40), The pancreatic glands and islands of Langerhans
are preserved. The *'P NMRS of this pancrcas is shown in
Fig. la.
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#

Fig 2b - IHistopathology of the pancreas aficr completion of
NMRS measurements following intraparenchymal TC admin-
istration (Hematoxylin eosin x 40). Acute moderate pancreatitis
is noted, consisting mainly on interstitial edema, leucocytes
infiltrations and minimal hemohhrages, The 'P NMRS of this
pancreas is shown in Fig. 3b.

new signal was noted 10-20 min. after induction of
pancreatitis, and disappeared 30-40 min. afterwards.
This signal was identified as solubilized lecithin'?,
and was a characteristic NMRS marker of carly acute
pancreatitis,

*'P NMRS also demonstrated depletion of the
high energy phosphorous compounds following TC
induced acute pancreatitis. The effects of 1 ml 10%
sodium taurocholate into pancreatic parenchyma. and
0.5 ml 3% sodium taurocholate into the common bile
duct (evaluated on six preparations in cach model),
on PCr and ATP were similar. However, the (wo
compounds depleted at different rates at 37°C. PCr
declined very quickly, and 20-25 min. after 10P its
signal was invisible (Fig. 3a, compare to Fig. la).
ATP decrease was much more gradual and complete
depletion was observed only 150-160 min. after IOP
(Fig. 3b). The time course of the depletion of PCr
and ATP is shown in Fig. 4. Another feature of acute
pancreatitis which was detected by P NMRS was
a moderate increase (4314 % of initial level) of GPC
in the early phases of the discase in both models (Fig.
3a). At the end of these experiments the TC injected
pancreascs were macroscopically edematous, and on
histopathological examination acule pancreatitis was
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Fig. 3 - "P nuclear magncetic resonance spectra of perfused
ral pancreas roliowing induction of acuie pancreatitis. Acqui-
sition and processing parameters were dentical 10 those
described in Fig 1. a, 23 min. after inumparenchymal
injections of 1.0ml 10% sodium taurocholate; b, 156 mun.
after intraparenchymal injections of 1.0ml 10% sodium
taurocholate (similar spectrum was recorded 9 min. after
adding olcic acid [2% f(inal concentration] to the perfusion
solution), PME, phosphomonoesters: Pi, inorganic phosphate;
GPC, plycerophosphocholine: PCr. phosphocreatine: DPDE,
diphosphodiesters. Arrow points o the charactenistic signal
of acute pancreatitis which was assigned as solubilized
lecithin.

found (Fig. 2b). The gradual PCr and ATP depletion
paralleled the extension of the pathological damage.

Induction  of acute  pancreatitis by
intraparenchymal injections of 0.5 ml 3% TC (four
pancreases) was associated with a much slower rate
of high energy compounds depletion. PCr decreased
to 5046% of its initial levels 30 nun. after [OP, and
after three h of perfusion ATP was depleted to 40=8%
of its mitial value. When 1.0 ml 10% TC was used

in the intraductal injections model the depletion of

both PCr and ATP was very quick, and within 38
min. their signals became invisible.

One of the most frequently used models of
experimental pancreatitis is intravascular infusion of

fatty acids'’. This model was used for studying the
perfused canine pancreass, and in order 1o evaluate
whether 1t is also applicable to the perfuscd rat
pancreas we tried o0 add oleic acid (2% final
concentration) to the perfusion solution. However,
five to ten min. after the beginning of the experiment
the perfusion stopped. followed by a very quick and
complete depletion of PCr and ATP (spectra identical
to Fig 3b). It 1s assumed that the high viscosity
perfusion solution clogged the small- diameter tubing,
or that scvere endothelial damage was caused by this
perfusion. Therefore,

the hyperlipidemic model of
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Fig. 4 - High cnergy phosphorous compounds depletion
following inductuon of acute pancreatitis. Relative concentra-
tions of the metabolites were assessed by standardizing ''P
NMRS signal integrals of the control perfusion to 100%. After
recording the control spectra, the preparations were removed
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acute pancreatitis can not be applied to experiments
using perfused rat pancreas.

Pancreatic cancer:

NMRS of pancreatic cancer: *'P NMR spectra
of perfused MIA PaCua-2 human pancreatic cancer
cells are shown in Fig. 5a, and were qualitatively
similar to those ol intact Imn‘mtub pancreases, which
were used for comparison since there is no immortal
normal human pancreatic cell line, In both models
of solid tumors the spectra were generally similar to
those of the normal pancreas with high levels of the
precursors of phospholipids. There were changes in
the phospholipid metabolism compounds; however,
these changes were inconsistent, and were also
associated  with cellular  proliferation rate. This
imconsistency is demonstrated by the lack of PDE
signals in “'P NMRS of pancreatic tumor implanted
subcutancously in hamsters compared to the normal
hamster pancrczw (Fig. 6a and 6b), and by the
abundance of these signals in the speetra of pancreatic
tumors which were mduccd in-situ by DMBA. The
spectra of the subcutancous twmors did not change
significantly while the tumors grew from 19 to 108
days after implanation.

Most of the sodium in tissues is extracellular and
the “Na spectra are characterized by a dominant
extracellular peak (since sodium 1s an ion all the
nucler in the extracellular space resonate in the same
chemical shift) and a very small intracellular signal,
both of which were integrated to determine sodium
concentrations (Table 1). Contrary to a previous
hypothesis which assumed that neoplastic changes are
associated with increased sodium content™'*, ¥*Na
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Fig. 5a - """ NMRS of perfused MIA PaCa-2 human pancreatic
cancer cells at 37'C. Acquisition and processing parmmcters
were adentical to those described in Fig. ). PME.
phosphomonocster: Pi. inorganic phosphate: GPE. glycerophos-
phocthanolamine. GPC. glyeerophosphocholine: PCr, phas-
phocreatine: NAD, nicatincamid dinucleotide; DPDIE,
diphosphodiester. b - "' NMRS of the same cells 175 min.
atter the addition of § mM 2-deoxyelucose (2-DG) 1o the
perfusion solution. The dominant signal is the phosphorylation
product ol 2-DG.

NMRS of both modcls of solid tumors showed that
it was similar to normal pancreases. and total sodium
content did not change during tumor growth until
necrosis occurred.

| 1
5 O

1 |
-15 -20

1 1
ppm
Fig 6 - ""P NMRS of: a) a normal hamster pancreas; b) a
pancreatic  tumor implanted subcutancously in hamsters.
Acquisiion and processing parameters were identical 1o those
descnibed in Fig. 1. For peak assignments sce legend to Fig.
5. Note the absence of PDE signal in the tumor spectrum.
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Table 1. ¥*Na NMRS of experimental panereatic cancer -

Sodium content”,

A- implanted wmors v hamsters

time number sodium -
(days) of animals umol £ gr. wet weieht
Y 5 IRE=36
38 5 1433
108 3 S0.546.1
IMAct pancreas u 39.123.]
B - wmors induced in situ in m@is by DMBA
ume number sodium-
{months ) of animals wmal [ er wet weight
12 3
15 [0
cantrols 4

a reference NaCl solution, and are expressed relative to the pancreatic
wel weight,

Results are expressed as means=SD. Satistical analyses were pertormed
with the pared. double-tailed. Swdent™s U test (p<0.05). and the

difterences between the results were not significant.

Proton spectra of perchloric acid extracts of an
intact pancreas and of a pancreatic tumor are shown
in Fig. 7. These spectra demonstrated  consistent
NMRS differences between intact pancreases and
pancreatic cancer, which appeared in both models of
solid tumors. The principal features were elevated
signals of the amino acid taurine and of the lactate
in the wmors, and the high creatine, and also
glutamine/glutamate, signals in the healthy pancreases.
The concentrations of the metabolites are shown in
Table 2. Taurine, lactate and creatine/PCr levels in
the two models of tumors were all significantly
different from those of normal pancreases (p=0.05)
These differences were noted as carly as 19 days after
twmor implantation in hamsters, and were persistent,
Ioe. the proton spectra after 19 and 108 days were
similar, There were intermediates of the glycolytic
pathway, in which lactate is the end product, but at
low concentrations. They were represented by pyruvic
acid at 2.48 ppm. The most abundant amino acids
m the spectra, except for taurine, were alanine,
glutamic acid and glycine. Valine, leucine, proline
and aspartic acid appeared at low concentrations. The
dominant peaks centered at 3.20 ppm represented
choline, PC and PE. and the differences between
healthy pancreases and tumors were not significant.
The spectra of the necrotic mner parts of the
overgrowing tumors revealed only very high signals
of lactate (data not shown).

Histopathalogy: All the wmors which developed
in the hamsters after subcutaneous cancer cell
implantation were papillary ductal adenocarcinoma.
After 2 weeks the size of the nodules was app. 0.3
cm, and after a month their diameter was app. 1.3
cm. The tumoral mass seemed to be encapsulated by
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Fig. 7 - ITH NMRS of extracts of a normal hamster pancreas
(a), and of a pancreatic tumor implanted subcutancously m
hamsters (b). Preparation of tissues extracts, and NMRS
acquisition parameters are  described in “Methods™ (line
broadening = I Hz). Note the prominent taurine, and elevated
lactate, signals in the spectrum of the tumor. GPC and GPE
are present i the normal pancreas, but are not detected m
the spectrum of the tumor, as was also found by P MRS
(Fig. 6). Proton chemical shifts of the signals were determinged
by  standardizing  to  the  reference  compound
trimethylsilylpropionate (TSP) at 0 ppm. and concentrations
of the metabolites were caleulated by comparing their signals’
intensities with those of TSP methy! residues

Table 2. '"H NMRS of perchlorie extracts of experimental
pancreatic cancer - metabolites concentrations® (mmol / gr
wet weight)

choline

creating | contaiming

laurine lactate | and PCr | compoundy

normal pancreases 1 1740.39 [0.9240.28 [4.15:0.63] 6.5241.88

implanted  pancreatic

tumors in hamsters | 2.5640.63 | 5.71:1.67 [ 1.3820.36] S.80+1.63
m=siu induction of
pancrealic cancer 2792071 | 6.19:1.93]1.5420.36| 5.97+1.39

in rats by DMBA

* The concentrations of the metabolites were calculated by comparing
their NMRS signals® imensities with those of the reference compound
trimethylsilvipropionate (TSP) methyl residues.

Results are expressed as means=SD. Statistieal analyses were performed
with the paired, double-tailed. Student’s t test. Taurine, lactate and
creatinePCr levels in the two models of wmors were all sign
different from those of nonmal pancreases (p<0.03). The differences
between the two models. and between the levels of the choline
containing compounds, were not stenificanl.

connective tissues, and most of the blood supply was
from vessels which originated from the thoracic wall.
In super mature tumors with no macroscopic dimension

increase, skin and thoracic wall invasion. together
with central degencration, were observed, and the
amount of necrosis correlated with the size of the
tumors.

Two of the rats in the DMBA modcl died in
the immediate post-operative period. and 3 rats dicd
during the ensuing 15 months. In all pancreases there
were marked adhesions to neighboring organs, fibrosis
and foreign body granuloma. However, malignant
changes were observed only after 10 months, and
after 15 months 70% of the animals had tumors.
Macroscopically most tumors were hard gray-white
nodules of 2-4 ¢m in diameter, and in some animals
there was hemorrhagic ascites. The pancreatic tumors
were papillary adenocarcinoma, some of them with
cyst formation. Most tumors were of acinar rather
than of ductal origin, and in almost all pancreascs
arcas of ductal hyperplasia were found after 12
months. Two of the tumors which were detected after
12 months, and 6 of the wmors found afier 13
months, reached large sizes of 5 to 8 cm and invaded
surrounding organs, the diaphragm and the abdominal
wall, and had inner necrotic arcas. In five of the
adenocarcinoma detected after 15 months there were
distant metastases; 2 in the liver, 2 in the lungs and
one in the right thigh. Four of the tumors were of
mesenchymal origing two of them were in the
laparatomy incision. one was between the pancreas
and the spleen, and one was in the lung. In the control
group neither tumors, nor inflammatory or reactive
changes, were noted after 12 months.

Lffects of metabolic inhibitors: *'"P NMRS was
used for monitoring the effects of two metabolic
inhibitors on perfused MIA PaCa-2 human pancreatic
cancer cells, 2-deoxy-glucose is a glycolysis inhibitor
which causes cell starvation and death'. Following
the addition of 5 mM 2-DG to the perfusion solution
there was a gradual accumulation of its phosphorylation
product 2-DG-6P, concomitant with a decrease in the
levels of the high energy compounds, PCr and ATP
(Fig. 5b). When lonidamine, another metabolic
inhibitor”, was added to the perfusion solution, pH
decreased 1o 6.760.12. This finding was in accordance
with our previous data that the mechanism of action
of LND is through intracellular acidification duc to
inhibition of extracellular lactate transport'®.

DISCUSSION

Nuclear magnetic resonance has been discovered
some fifty years ago, and NMRS has become one
of the most important analytical methods, which is
extensively used in chemical and pharmaceutical
industry, as well as in academic research. In the last
two decades magnetic resonance techniques has
evolved as an important method in bio-medicine (1-
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3). The revolutionary contribution of magnetic
resonance imaging (MRI) to clinical diagnosis is well
recognized. Perhaps less well appreciated is the
potential of NMRS as a rescarch tool to study
physiology, metabolism and discases. The main
advantage of NMRS in this respect is that it can
provide biochemical information on intracellular
processes In a non-invasive manner, and these
processes can be continuously monitored as they
oceur.

Several nuclei can be studied and. thus, the data
that can be obtained from a single experiment is
enormously increased. The choice of an clement
depends on its NMRS propertics, and the required
data. The most widely used nucleus in NMRS studies
of metabolism has been P, 7' NMRS furnishes data
on cellular energetics, precise intracellular pll,
phospholipid pathways, and membrane permeability
and ion and water distribution. The spectrum is easy
to interpret, but the number of compounds which are
detectable is limited. Proton has the highest NMRS
sensitivity., and 1s the most abundant nucleus in
biological molecules. However, this may cause
difficulties in interpretation and assignment of the 'H
NMRS spectrum. Since metabolic studies are usually
performed in aqueous solutions the huge signal from
the water protons should be suppressed. Similarly, the
wide signals arising from proteins and membrane
components should be suppressed. These problems
can be addressed now by several NMRS innovative
methods. Carbon NMRS is also useful since 1t is
found in most biological compounds; however, “C
has a natural abundance of only 1.1% (the most
abundant “C isotope has no magnetic resonance
properties), and "C enrichment is mandatory. Other
nuclei which are used less often in NMRS studies
of biological systems are **Na, ""F, and rarely "*N and

UK.

Bio-medicine NMRS studies can be performed
with cells, intact and perfused tissues and organs, and
also in-vivo NMRS, a technique which is termed
localized spectroscopy, and is use now also in the
clinical setting'. NMRS studies of cells include
cellular extracts, cell suspensions, and perfused intact
cells. Perfused cells represent perhaps the best approach
to the non-invasive study ol metabolism. In contrast
to the in-vivo situation, these cells are homogenous.
and there are no “artifact” data from conncctive
tissues and blood vessels. The ccells are metabolically
stable for prolonged periods during perfusion under
physiological conditions. Thus, the effects on
metabolism following manipulation with nutrients,
drugs, hormones and growth factors can be
monitored®*.

In this presentation the applications of NMRS
for studies of two of the most important “surgical”
disorders of the pancreas, acute pancreatitis and
pancreatic cancer, were demonstrated. Experiments
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with perfused pancreas offer the advantage of
continuous monitoring of the endocrine, as well as
exocrine, functions of the pancreas®. In order to avoid
artifact NMRS signals from neighboring tissues and
organs only the pancreas should be perfused. Ensuring
adequate pancreatic perfusion is essential, and it may
be difficult considering the complex anatomy and
blood supply of the pancreas and accompanying
duodenum. We found that the metabolic status of the
isolated rat pancreas can be continuously monitored
by P NMRS. Determining the optimal pefrusion
rates 1s essential for sound physiological studies. We
found that the optimal metabolic status of the pancreas
was maintained with perfusion rate of 4.2=1 ml/min.’
gr. pancreatic weight at 37°C. Several reports described
models of perfused pancreas for endocrinological
studies employing lower perfusion rates™, but the
metabolie status of the pancreas was not evaluated.

Acute pancreatitis is characterized by a broad
pathological spectrum, and the correlation between
the clinical presentation and the pathological damage
is ill-define™<". There are no unambiguous quantitative
paramelers to assess the severity and prognosis. Such
an assessment is essential for choosing the optimal
therapeutic management and for studying the efficacy
of the treatment, NMRS revealed a characteristic *'P
NMRS signal in the phosphodiester region at -
0.18:0.04 ppm, which was diagnosed as solubilized
lecithin. This signal could be detected shortly after
induction of acute pancreatitis and later on it
disappeared. Lecithin 1s most abundant in membranes.
but can not be detected there by *'P NMRS. After
solubilization of the membranes phospholipid moiety
by a detergent (for example TC) lecithin becomes
NMRS visible. Our findings support the theory that
the initial step of bile salts pancreatitis is detergent
induced membranous damage®. Lysolecithin, which
has a direct toxic effect on pancreatic cells, is then
formed. and the disease progresses. Solubilized lecithin
signal can therefore be used as an indicator of the
carly phases of the discase. and with the advent and
improvement of localized NMRS perhaps it could be
applicable in humans,

The incidence of adenocarcinoma of the pancreas
has steadily increased over the last several decades.
and it is now the fourth most common cause of cancer
deaths™". Accurate and reliable diagnostic means are
essential 10 improve the outcome of the patients.
Imaging diagnostic modalities are based on spatial
resolution of ncoplastic tissues from their normal
counterparts, and since a certain size of tumor 1s
required for its detection, their usefulness for carly
cancer diagnosis 1s somehow limited. The genetic
cvents which are associated with carcinogenesis are
often accompanied by metabolic alterations. A
technique which may discover biochemical features
associated with the malignant changes may be an
important tool for cancer research.



During the last two decades there has been
ongoing NMRS research in malignant diseases. These
studies provided valuable data on the biochemistry
and metabolism of tumors, and on the effects of
nutrients, hormones and growth factors®*, The
mechanisms of action of anti-cancer drugs and the
acquired resistance to these agents were delineated™.
NMRS was used also for monitoring the response to
therapy***. Numerous studies have focused on the
value of NMRS in cancer detection®™, but its
efficacy as a diagnostic tool is still controversial,
Size. location and especially heterogeneity of tumors
are major obstacles for clinical interpretations of
experimental findings. Also, previous attempls to
define characteristic and diagnostic NMRS features
in the plasma of cancer patients were found to be
futile?+!,

In order to assess the potential role of NMRS
in the diagnosis and treatment of pancreatic cancer,
and to address the problem of diversity and
heterogencity of tumors, we performed multinuclear
NMRS in three different models of pancreatic cancer.
P NMRS studies showed that there were no consistent
spectral features of pancreatic neoplasms, and there
were no characteristic signals of the malignant
processes. Only in the model of subcutaneous
implantation of human pancreatic cancer cells in
hamsters was there a qualitative difference between
normal pancreases and tumors, namely the absence
of PDE signals in spectra of the latter. It seems that
the main role of P NMRS in pancreatic cancer
rescarch will be in monitoring the effects of anti-
cancer agents, and in the development of new
therapeutical modalities, as was also shown in our
studies with 2-DG.

Increased sodium concentrations are associated
with several pathological processes, especially when
there is remarkable tissue edema. Previously it was
hypothesized that lowered transmembrane potential,
leading to reduced activity of the sodium pump and
elevation of intracellular sodium, would initiate and
sustain the mitogenic process™!'*. Our data do not
support this theory. It is noteworthy though that most
sodium in tissues is in the extracellular compartment,
and major ion shifts are required for the above
mentioned extreme changes., Also, there are often
arcas of edema in and around tumors that may be
responsible for some of the reported- elevations in
sodium levels.

Proton has the highest magnetic resonance
sensitivity, and is the most abundant nucleus in
biological molecules. Therefore 'TH NMRS bears the
greatest potential for the detection of biochemical
properties of cancer, and oncological proton NMRS
has attracted a lot of interest in recent years***, High
resolution NMRS of extracts, with unambiguously
assigned signals, provides the means for pursuing
such biochemical markers. Indeed, our 'H NMRS

studies demonstrated that pancreatic malignant
transformation 1s characterized by high levels of the
amino acid taurine. Taurine is the end product of
methionine and cystine, and is unique among other
amino acids in that it is a free amino acid in the
eytosol, and is not a constituent of a protein. Tt plays
a role Iin the absorption of fats, in membranes
protection, possibly through detoxification,
antioxidation and osmotic regulation mechanisms,
and also as a neurotransmitter in the central nervous
system*¥. An  association between taurine and
neoplastic discases has been described in the past™.
Learning the mechanisms of these changes may
provide important data for basic cancer research. In
case these high resolution features will be likewise
detected by localized 'H NMRS, taurine may as well
serve as a clinical diagnostic marker.

CONCLUSION

This paper presents the basic concepts of NMRS,
and demonstrates its potential for studying acute
pancreatic and pancreatic cancer. In acute pancreatitis
a characteristic signal in the phosphorous (*'P) spectra
was found that may be used as a marker of the early
phases of the disease. Gradual depletion of the high
energy compounds paralleled the extension of the
pathological lesions. Proton ("H) NMRS of pancreatic
cancer revealed that the amino acid taurine was
clevated compared to the normal pancreas. *'P spectra
provided data on the mechanism of action of treatment
with anti-metabolism agent.
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