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NMR STUDIES OF THE PHYSIOLOGICAL STATES
IN CANCER CELLS AND TISSUES

BY

Rudolf LENK*

ABSTRACT

NMR studies of the physiological states in cancer cells and tissues. - The physiological states
are defined in terms of Statistical Thermodynamics and Brownian Motion theory. It is shown that the
physiological transitions can be indicated by the nuclear spin-relaxation times and the NMR spectral-
line widths. This yields the corresponding correlation times, microscopic thermodynamic functions and
metastatic potentials.
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INTRODUCTION

In spite of a great number of studies on Nuclear Magnetic Resonance (NMR) in
Cancer Biology, relatively little emphasis has been placed to the physico-chemical
aspects of this domain. This paper will attempt to contribute to this problem.

Living systems are characterized by a great number of molecular configurations,
high entropy and significant Brownian (random) motion. Because of absence of sym-
metry and regularity of these systems, molecular motion yields the most important
information of their physiological state (LENK, 1979, 1984, 1993).

The fast Brownian dynamics contributes to internal energy and entropy of the
sample. Biodynamics investigates the microscopic states in Biology by the studies of
random movements (LENK, 1984, 1993).

Microscopic entropy, given by the von Neumann relation, S = - k X p; In p;, can be
interpreted as a mesure of the lack of knowledge of the system (LENK et al., 1987).

Spectroscopically, this can be studied by NMR and by Spin Relaxation method
(LeNnk, 1979). In some cases, the physiological and morphological transformations give
rise to the changes of the state. A number of these transitions i1s known in Plant
Physiology (GRANGE et al., 1980; LENK ef al., 1981) and Tumour Biology (DAMADIAN,
1971; DAMADIAN et al., 1974; BEALL et al., 1981a).

* Laboratoire de Biochimie et Physiologie Végétales, Pavillon des Isotopes, 20, bv. d'Yvoy,
CH-1211 Geneve 4.
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Over the last 25 years, Nuclear Magnetic Resonance (NMR) has been used
extensively for the measurements of spectra, spin-lattice (T)) and spin-spin (T») relaxa-
tion times and diffusion coefficients (D) of water molecules in healthy and tumoural
tissues. The relaxation times of hydrogen protons of water molecules are reflecting the
interactions of water with protoplastic macromolecules. In pure liquid water, the T
value for protons is ~ 3 sec, indicating rapid motion, with a correlation time 7, ~ 10-11
sec. In the majority of biological systems, the T; values are in the range of 200 to 1000
msec, suggesting a slower average motion for water molecules in protoplasm. It has
been postulated that this slower average motion of water in cells is due to long or short
range interactions between water molecules and macromolecular surfaces (PACKER,
1977).

In his pioneer work, DAMADIAN (1971) reported that in tumoural tissues of rats, the
NMR relaxation times are /longer than in the corresponding normal tissues. This obser-
vation has been confirmed by other authors. It acquired the name the “systematic effect”
(BEALL et al., 1981a).

THEORETICAL BACKGROUNDS

The most significant statistical variable of the Brownian dynamics is the corre-

lation time T.. It can be described by an integral over the related time-correlation
function

1. = [ < f(0)-f(t) > dt (1)

In NMR the spin-lattice relaxation rate, 1/T, is proportional, in the case of
Brownian rotation, to the sum of the Debye-Bloembergen spectral densities

1/T; = k{T/(1 + 027:2) + 41/l + 4027.2) ) (2)

This gives one the possibility to determine the correlation time from the T relaxa-
tion experiment. At the room temperatures, for w27.2 << 1, eq. (2) simplifies to

T = const/1 (3)

Relation (3) can by modified in terms of the “generalized spectral densities™ as
follows

Ty =k @mr, (m-1) 4)

The exponent “m” has the values 0 < m < 0.5. For m = 0, one has Brownian
isotropic rotation. In this case the spin-lattice relaxation is frequency-independent. For

m = (.5 one has the cases of either isotropic translation or “elastic fluctuations” of the
local anisotropy in the nematic phase (CABANE, 1972).
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In water and physiological fluids one has isotropic rotation with m = 0. In cells and
tissues the bound water is organized, due to the presence of proteins and lipids, into the
“molecular aggregates™ with the similar physico-chemical properties as the nematic
mesophase. The similar properties have the lipids. Practically, in the ordered molecular
systems one has: 0.4 <m < 0.5.

The physiological state is given particularly by the fast Brownian motion. A phase
transition can be defined by the ratio of the related correlation times

r="Tea/Teg = { T1a/T g V(m-1) = R1/(m-1) (5)
Entropy can be related with the correlation time, 7., as follows (LENK, 1984)

S a /. (6)
Consequently, one has

Sx/8p = Tepftea = Lt (7)
Combining eqgs . (5) and (7) yields

Sa/Sg =RI/(1-m) (8)
For m ~ 0.45, one has

SA/Sg ~RI18 (8b)

The entropy ratio can also be obtained from the related spectral line-widths, A,
(LENK, 1979, 1984)
Sa/Sp = Ap/Aa 9)

Equation (9) shows that by the increased entropy the related NMR spectral lines
are narrowed.

SELECTED APPLICATIONS

A) Spin-lattice relaxation. — The Damadian's results (DAMADIAN et al., 1974), at
24 MHz, yield the following ratios of the related relaxation times (R = T|5/Tp):
R(breast) = 2.9; R(bone) = 1.85; R(skin) = 1.69 and R(spleen) = 1.60, etc. In all cases, R
> 1. The similar results were obtained by the studies of cancer in-vivo by spin-lattice
relaxation of normal mouse tail tissue and malignant transplanted tissue, located on the
tail (WEISSMAN et al., 1972). The spin-lattice relaxation results at 18 MHz are
T, (tumour) = 0.7 sec, Tj(normal) = 0.3 sec and R ~ 2.33. ZANER & DAMADIAN (1975)
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found by the NMR studies of phosphorus -31 that T is was much longer for malignant
than for normal tissues. It was also found that the NMR relaxation times of the
phosphorus were longer than those of the protons, both in malignant and normal tissues.

In some cases the measurement of T relaxation time can be helpful in diagnosing
benign thyroid tumours, as it was reported by SINADINOVIC et al. (1977). Following BEALL
et al. (1981b), the difference in T| and T, between normal, preneoplastic and neoplastic
cells remain even though there is no difference in hydration among these cell groups.

The changes in T; relaxation reflect the differences in mobility of all molecular
components of tissue (water, macromolecules and lipids).

B) High-Resolution (HR) NMR spectra. — The recent progress of the NMR
techniques, particularly the water-signal suppression facility and the two-dimension
(2D) spectroscopy, gives one the possibility to study the non-water proton signals by the
HR-NMR (BLOCK et al., 1977; VAN HAFTEN-DAY et al., 1988; SMITH et al., 1990; LEAN
et al., 1993; MOUNTFORD et al., 1993). The NMR studies of non-water protons confirms,
at least qualitatively, the results obtained with water protons.

Surprisingly enough, the H-1 NMR spectrum of an excised distinct solid tumour is
remarkably similar to that obtained from a suspension of the same type of cells, grown
in culture (MOUNTFORD et al., 1984). The origin of these spectra is given by rapidly
tumbling lipid molecules.

The neoplastic process in tissues involves the narrowing of the NMR spectral lines.
For example, the H-1 NMR spectra at 400 MHz of normal post-menopausal ovarian
tissue, suspended in PBS/D20, are narrowed by the action of the potent tumour promoter,
TPA, (12-0-tetra-decanoylphorbol-13-acetate), as reported by VAN HAFTEN-DAY er al..
(1988). In the similar way, the 360 MHz, H-1 NMR spectra of human colorectal
carcinoma exibit a neat NMR line-narrowing in comparison with normal colorectal
mucosa (LEAN er al., 1993). Following these results, the spectral-line width of the CH>
resonance at 1.3 ppm is 78 £ 22 Hz for the normal mucosa, while this line-width is 46 + 9
Hz in the case of carcinoma. In this case the proton resonance identifies abnormal
colorectal mucosa, which is not morphologically manifested. Further, one-dimensional
NMR spectra of axillary lymph nodes from tumour-bearing rats display resonances with
considerably narrower line display resonances than those in the spectra of lymph nodes
from healthy control or immunostimulated animals (MOUNTFORD ef al., 1993).

C) Decrease of the molecular order by the tumour promoter action. — The effect
of the phorbol ester, TPA, on the mouse melanoma cells was studied by the deuterium
NMR (SuGimoto et al., 1986). Using an H-2 probe, the reduced splitting of the
deuterium line shows that the TPA treatment implies the decrease of the molecular
order in the investigated cells.

D) The metastatic potential. — Another task of the NMR studies of cancer is to
indicate the metastatic potential of various cancer lines. Metastasis is a shifting of
disease from one part of body to another. This process, progressing by a sequence of
inter-related steps, allows cells to escape from a primary site and move around the body
and then lodge and multiply in another site.
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“How the physico-chemical properties of metastasis can be studied by NMR?" As
shown by MOUNTFORD et al. (1986), the metastatic cells from the human colon exhibit
the elevated spin-spin (T») relaxation times of 400 msec or above, for the peak at 1.3
ppm, in the cell line having a metastatic potential. These long spin-spin relaxation times
indicate the presence of fast Brownian dynamics with high entropy and short correlation
time, T.

The relaxing proton NMR signals from cancer cells correlate with their metastatic
ability and drug sensitivity. We wonder if this effect is reversible. Following the results
reported by HOLMES er al. (1986), the long T> relaxation times (> 350 msec), observed
in the plasma membranes of metastatic cells are decreased after an enzyme
(trypsin/EDTA) treatment. Further, the 2D scalar-correlated (COSY) NMR spectra of
these trypsin treated cells show that a cross peak, normally associated with malignancy
and metastatic disease, is markedly reduced. The correlation between the absence of a
long T> relaxation value and the diminished number of metastases in animals suggests
that the plasma membrane particles are involved in the metastatic process.

Furthermore, the long T, relaxation times (500-800 msec) observed in the plasma
membranes of metastatic rat mammary adenocarcinoma cells can be reduced by
treatment with fucosidase (WRIGHT et al., 1988). The fact that a cell surface metastasis-
marker has an NMR signal with a long relaxation value has important consequences for
the future use on NMR spectroscopy and imaging in the cancer clinic.

DISCUSSION

Following egs. (8) and (9), the increase of the spin relaxation times and the nar-
rowing of the H-1 NMR spectral lines in tumoural tissues and cells indicate the increase
of molecular dynamics and entropy in the tumours. This is in general agreement with the
assertion of SZENT-GYORGYI (1957) that a tumoural tissue has a lower degree of
organization and less water structure than a normal tissue and also with the Ling's
“association-induction hypothesis” (LING, 1965; LING & TUCKER, 1980) that the bulk of
cell water is in a physical state of polarized multilayers, adsorbed onto cell proteins. The
neoplastic cells and tissues are provided with a selective growth advantage over adjacent
normal cells and the molecular order of the polarized multilayers is partially removed.
This accelerates the molecular movements. The sudden increase of disorder and of
molecular mobility of the water aggregates destabilizes the physiological regulation and
inhibits the function of the living system.

The fact that the malignant cells show surface properties differing from those of
normal cells is well established. Changes of properties of the plasma membrane surface
can have cytopathological incidences, such as a loss of “contact inhibition” and a decrease
of the potential barrier, limiting the space of cells transformed to malignancy (TURIAN,
1994). This superimposes to the malignant cells the necessary mobility to escape from
their sites.
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The spin relaxation properties of the methylene resonances in plasma membranes,
at 1.3 ppm, can be used as an indicator of the metastatic potential of various cell lines.
The long T, relaxation indicates the existence of the short correlation times, tc, and
consequently the increased kinetic energy, €, and entropy, S, in the plasma membranes.

Consequently, we can write the following inegalities: T.(N) > 7.(T) > 1.(M); €(N)
< €(T) <e(M) and S(N) < S(T) < S(M) (e is molecular energy, S is entropy and (N), (T),
(M) specify the normal state, the tumoral state and the metastatic state, respectively).

It seems that the metastatic activity has the origin in the Brownian dynamics of the
“hot” plasma membranes and that this phenomenon is reversible, as the enzyme
treatments affect the dynamic but not the tumorigenic properties of metastatic cells.
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