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Abstract. Proton NMR spectra of perchloric acid extracts of methyl cholantherene induced

tumors grown in rats have been analyzed and compared with the normal and the treated

. tumor tissue samples. Well-resolved resonances from numerous low-molecular weight com-

liiller T pounds including various amino acids, nucleotides, choline, creatine, phosphocreatine etc.

1990 ' were observed and assigned using pH titration, 2D NMR and by comparison with the spectra
> of model compounds. Significant differences were noticed in the spectra of the tumor and the
i normal tissue samples. Ratios of metabolite levels were calculated for the normal, tumor and
f : treated tumor tissues which are shown as good markers to assess the state of the tumor and
l their response to treatment.

oto 1.,

1. Introduction
9, 75

The noninvasive, nondestructive nature of NMR phenomena has made this
technique to be used as a unique means to probe the biochemistry of living
systems. Magnetic Resonance Imaging (MRI) reveals information on the de-
tection and diagnosis of malignancies and the asscssment of the metabolic
and vascular states of tumors [1]. Variety of tumors in animals and humans
have been studied by in-vivo NMR spectroscopy in the recent past and are
found to be useful in the clinical management of fumors and also reveal
tissue biochemical information [2—5]. The NMR spectrum is specific to the
type of tissue investigated, even though generally the same biochemicals are
found in different tissues.

> Me-

er for

In-vivo studies can be performed on a number of nuclei which includes 'H,
7Li, ¥C, °F, *N and *'P. *'P nucleus has been extensively used clinically
because the relative paucity of observable phosphorus containing com-
pounds simplifies the assignments, but limits its value for detailed metabolic -
studies. However, many important metabolites do not contain phosphorus
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trifugecj
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and hence cannot be characterized by *'P NMR. On the other hand, proton
("H) nucleus is found virtually in all metabolites and is the most sensitive

nucleus as well. It provides access to water and a number of biochemicals superng
such as lipids, amino acids, lactate, nucleotides etc. Disadvantages of 'H either }
NMR include the need to suppress the large water signal to enhance reson- —T70°C j

ances from weaker metabolite signals and the narrow chemical shift range of
the 'H isotope. However, one of the major ditficulties of in-vivo spectros-
copy has been the assignment of the observed resonances to specific meta-
bolites and moreover the resonances are broad because of the heteroge-
neous nature of the tissues studied. This is especially true for the proton nu-
cleus. An alternative is to obtain information about the metabolites bio-
chemically or from NMR studies of extracts of tissues. Recently, several
groups have employed the latter approach to assign resonances in the NMR
spectra of extracts of tissues from animals and humans [6—9] by employing
various NMR techniques such as pH titration, 2D methods etc.

In order to investigate the metabolic activity in tumors and their response to
treatment, we have carried out high-resolution proton NMR analysis on a

number of normal, tumor and treated tumor tissues from rats. In this article, - Figure §
the in-vivo proton NMR studies on the perchloric acid extracts of rat tissues o extract§
are reported using pH titration and two-dimensional NMR methods. In ad- pooled
dition, the qualitative variation of certain metabolite levels in the normal, resolve
tumor and treated tumor tissues are also discussed. ites wed

studic

+shown

2. Experimental the lar|

that mi

ments

Materials: Primarily, fibrosarcoma was induced in Wistar rats by 20-methyl

cholantherene and propagated by serial transplantation [10]. Fibrosarcoma is %‘t}::ug;
a localized tumor. After surgical removal under ether anaesthesia the area compot
was allowed to heal under normal conditions without any specific drug ther- the lite
apy and this was described as “treated” tumor. After a week, a part of this ACCUTA
turnor site was again removed from the rat under ether anaesthesia and was from tg
subjected to NMR analysis to monitor the healing process. Histological signme
examination of “treated” tumor tissue did not show any atypical cells except '
regenerative changes. From §
. . : o ppm a
Methods: To obtain information on the concentration and localization of The mi
metabolites, it is essential to prepare the tissues in a form suitable for the leucir: g
measurement but without altering the structure or the relative amounts of very Wi
the metabolites to be analyzed. To achieve this, the tissues were extracted m a
with perchloric acid as described by Munch Peterson et al. [11]. After ident- pl% tém
ification of solid tumor growth in rats, the tumor was isolated and frozen in & ‘
liquid nitrogen. Each tissue was weighed and transferred to a pre-cooled The %ﬁ
mortar and pestle and was ground to a fine powder under liquid nitrogen, were W

extracted for 20 min with 6% perchloric acid (3 ml/g tissue), and cen- spectig;
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trifuged at 11000 g for 10 minutes. The supernatant was neutralized with
6N KOH and again centrifuged at 5000 g for 10 min and the resultant
supernatant was filtered and adjusted to pH in the range 7—9 by adding
either KOH and PCA. The sample was then lyophilized and stored at
—70°C until spectroscopy was performed.

NMR: The proton NMR spectra were acquired for all the samples at am-
bient temperature at 300.13 MHz using a Bruker MSI. 300 MHz NMR
spectrometer. Proton chemical shifts were referenced to an external TMS
and D,O was used as the solvent. The residual HOD peak was attenuated
by the application of a presaturation pulse at 4.84 ppm before data acquisi-
tion. Two-dimensional NMR experiments were performed at 300.13 MHz
using the standard software package.

3. Results and Discussion

Figure 1 shows the representative proton NMR spectra of perchloric acid
extracts of the normal, tumor and treated tumor tissues and represent
pooled samples from three normal, six tumor and six treated tumors. Well-
resolved resonances of various amino acids, nucleotides, and other metabol-
ites were clearly distinguishable in all the three types of the tissue samples
studied. Only the spectral regions from O to 4.6 ppm and 6 to 10 ppm are
shown in Fig. 1. The region 4.5 to 6.0 ppm was rendered useless because of
the large residual HOD signal at about 4.84 ppm. It is interesting to note
that most peaks appear in the up-field aliphatic region. Resonance assign-
ments were based on the analysis of chemical shifts, spin multiplicities, pH
titration behaviour, molecular connectivities, and relative peak intensities.
The signals were also assigned by comparison to the spectra of the pure
compounds and tissue extracts carried out in our laboratory and also from
the literature data [6—8, 12, 13]. The number of scalar coupled protons and
accurate chemical shifts in poorly resolved spectral regions were determined
from the two-dimensional J-resolved spectra. Table 1 gives the detailed as-
signments for the tissue samples studied.

From the spectra of the normal tissue, it is clear that the doublet near 1.34
ppm and the quartet near 4.14 ppm are methyl and CH protons of lactate.
The methyl resonance of acetate is at 1.93 ppm. The methyl groups of iso-
leucine, leucine and valine appear in the region of 0.8 to 1.25 ppm, with
very weak intensities. The various resonances in the region between 2 to 2.5
ppm are due to the overlap of methylene protons of glutamine, proline, and
glutamic acid.

The shift-correlated (COSY) and the J-resolved 2D spectroscopic techniques
were used to enhance the effective resolution of the complex regions of the
spectra from which the different spin connectivities and multiplicities were
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obtained. Fig. 2 shows the aliphatic region of the homonuclear COSY spec-
trum of a normal tissue sample from which many of the overlapping reson-
ances were resolved as a result of the J-coupling between adjacent protons.
The couplings manifest as cross-peaks in the contour plot. The J-resolved
2D contour plot of the aliphatic region of the normal tissue shown in Fig. 3
reveals the accurate chemical shifts and spin-spin couplings for many weakly
coupled systems. These plots were useful to identify the overlapping methyl,
methylene and methine (CH) resonances of different amino acids and other
metabolites in the 2 to 2.5 and 3 to 3.6 ppm regions. The creatine and
phosphocreatine methyl singlets appear near 3.05 ppm. The CH, groups of
these resonate near 3.9 ppm and were easily identified from 2D-J plot. The
peak due to taurine protons appear at 3.25 and 3.43 ppm, respectively, as
triplets (Fig. 3).

The low-field region of the proton spectrum of the normal tissue sample is
less complex than the high-field counterpart. Resonances from adenine deri-
vatives, uracil, cytosine, histidine and tyrosine appear in this region. The
C4-H and C2-H proton resonances of histidine at 6.93 and 7.69 ppm were
identified by pH titration. The ortho- and meta-protons of tyrosine appear at

Fig. 1.
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Fig. 1. Proton NMR spectra of perchloric acid extracts of rat tissues at 300.13 MHz. a — Ali-
phatic region and b — Aromatic region.

6.78 and 7.56 ppm, respectively. The other resonances are due to uracil,
adenine and cytosine compounds and the assignments are as shown in Table
1. Most of the aromatic resonances were identified from their chemical shift
variation with respect to pH. The relative amplitude of these aromatic reson-
ances was amplified fourfold relative to the aliphatic region of the spectra,
indicating thereby that the Jow-field resonances present are at significantly
lower concentrations. In Table 1, all resonances for a particular compound
may not be listed because some are weak and were not visible in the spec-
trum. Also, there were few peaks which could not be assigned.

The NMR spectrum of the tumor tissue shown in Fig. 1 shows several res-
onance peaks with increased levels compared to the normal tissue. For
example, the methyl and methylene peaks of leucine at 0.97 and 1.7 ppm,
respectively, and the methyl resonance of valine near 1.03 ppm. In addition,
some new resonances were also observed in the tumor sample correspond-
ing to the methyl protons of aniline at 1.46 ppm and the methylene protons
of glutamine and glutamic acid near 2.1 ppm. The region around 3.0 ppm is
complex in the tumor tissue sample compared to the normal tissue.
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Table 1. Proton NMR assignments of rat tissues.

Peak Position (ppm form TMS)!

No. Assignment(s) Tumor Normal Treated  Multiplicity?
1. CH;; Leucine (Lucl) 0.97 (W) 0.95 (W) 0.96 (VW)
2. CHj;; Valine (Val) 1L.OS(VW)  1LO05(VW) 107 (VW) t
3. CH;;: Isoleucine (Iso) 1.23 1.23 VVW t
4.  CHj; Lactate (Lacl) 1.34 (VS) 1.34 (VS) 1.35(VS) d
5. CH,; Alanine (Ala) 1.46 N.O. N.O. d
6. CH.,; Leucine (Luc2) 1.71 1.65 1.70
7. CHj;; Acetate (Ace) 1.4 (S) 1.93 1.93(S) s
8. CH,; Glutamine (Gln) 2.0to N.O. VVw c,b
Glutamic Acid (Glu) 2.2
9.  CH,; Proline (Pro) 2.31to 2.35to 23410 ,
Glutamic Acid 2.48 2.46 2.46 (VW)
10. CH,; Aspartate (Asp) N.O. 2.75to 2.76 s
Aspargine (Asg) 2.90
11.  CHj; Creatine (Crl) 3.05(S) 3.05(VS) 3.06 (S) ]
Phosphocreatine (PCr1)
12.  CH,;; Choline 314 to N.C. 3.12(8)

Phosphorylcholine (Pc) 3.22(8)
Glycerophosphorylcho-

line (GPC)
13.  SCH,; Taurine (Taul) 3.26(S) 3.25(S) 3.24 t
14.  NCH,; Taurine (Tau2) 3.44 (W) 343 (W) 3.44 (VW) t ;
15.  CH,; Creatine (Cr2) 3.96 3.96 3.94 (S) ] E
Phosphocreatine (PCr2) Fig. 2. ¢
16.  CH; Lactate (Lac2) 414 (S) 4.14(S) 413 (S) a . shift cof
17.  CH; Uracil, 6.04 to 6.08 to N.O. [ :
Cytosine Guanine 6.18 (W) 6.11 =
18.  H{ortho) Tyrosine (Tyrl) 6.82 (W) 6.78 N.O. s
19.  C4H; Histidine (His1) 6.96 (W) 6.93 N.O. $
20.  H(meta) Tyrosine (Tyr2}) 7.59 (W) 7.56 N.O. s
21.  CZH,; Histidine (His2) 7.69 (W) 7.67 N.O. s
22. CH; Adenine VVW 8.16 N.O. S
23, CH; Adenine 8.28 8.26 8.28 (W) s
24, CH; Adenosine VW 8.44 N.O. S
25. CH; Adenosine 8.48 8.47 8.46 ]
26. CH; Adenosine 8.55 8.54 N.O. 5
27. ? 8.64 N.O. N.O.

{'W denotes weak signal, VW — very weak signal, VVW — very very weak signal, S — strong
signal, VS — very strong signal, N.O. — not observed clearly.

2 s denotes singlet, d — doublet, t — triplet, g — quartet, ¢ — complex, b — broad.
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Fig. 2. Contour plot showing the high-field aliphatic region of a 300.13 MHz homonuclear
shift correlated (COSY) two-dimensional proton NMR spectrum of a perchloric acid extract
of the normal (rat) tissue sample.

Figure 1 also shows the proton spectrum of the treated tumor. Comparison
of all three spectra obtained for the normal, tumor and treated tumor sam-
ples, leads to the following conclusions. The spectra of the normal tissue and
the treated tumor have many resonances that are common in the high-field
(aliphatic) region in contrast to the tumor tissue. In the low-field aromatic
region of the normal tissue the resonances corresponding to several meta-
bolites are clearly seen, whereas in the spectrum of the tumor tissue these
resonances are at much reduced levels. In the treated tumor the levels of

these metabolites are negligible.

The quantitative determination of the relative levels of various metabolites is
normally complicated in the water suppressed proton NMR spectra by the
differential attenuation of resonances near water signal by the saturation
pulse. The experiments were carried out with the amplitude of the water
suppression pulse being adjusted to a sufficiently low level. Since the spectra
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Fig. 3. Two-dimensional J-resolved proton NMR spectrum at 300.13 MHz of a perchloric
acid extract of the normal (rat) tissue sample.

were acquired with a small tip angle and with a pulse delay at 5 s with suffi-
cient signal-to-noise ratio, the peak areas (or heights) give relative concen-
tration of metabolites to a first approximation.

Table 2 presents the ratio of the metabolites level calculated for the normal,
tumor and treated tumor tissues. Ratios presented here are the average ob-
tained from a number of samples studied under each category. It is clear
from Table 2 that the ratio of Leul (methyl peak) to Lacl, Ace, Crl, Cr2
and Lac2 resonances are higher in the tumor (Fig. 4) compared to the nor-
mal and treated tumor tissues by about 185%. The lactate level is also found
to be higher in the tumor compared to the normal tissue and the increase is
of about 73%. The level of the acetate resonance however shows a decrease
of about 54% in the tumor sample compared to the normal and treated
tumor samples. In addition, the relative levels of creatine, phosphocreatine,
choline and GPC also show an increase with respect to the acetate reson-
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Table 2. Proton NMR intensity ratios for the normal, tumor and treated tumor tissue samples.
The ratios denote the average obtained from three normal, six tumor and six treated tumor
tissues, respectively.

Ratio Tumor Normal Treated
Leu2/Lacl 0.07 0.04 0.03
Leu2/Ace 0.38 0.09 0.06
Leu2/Crl 0.11 0.04 0.08
Leu2/Cr2 0.17 0.05 0.14
Leu2/Lac2 .46 017 0.18
ILacl/Ace 5.3 2.1 2.5
Lacl/Lac2 6.5 3.9 6.0
Ace/Lacl 0.19 0.47 0.39
Ace/Leu2 2.7 10.5 13.2
Ace/Crl 0.29 0.46 1.1
Ace/Cr2 0.44 048 1.8
Ace/Lac2 1.2 1.8 2.4

ance in the tumor sample compared to the normal and treated tumor tissues.
It is interesting to note that the relative levels of these metabolites in the
treated tumor and normal tissue samples are nearly the same, compared to
the tumor sample, thereby indicating the therapeutic response of the tumor.

Tumor cells may be susceptible to thermal damage because of intrinsically
greater heat sensitivity than their normal counterparts. The acidosis resulting
from accumulation of lactic acid in hypoxic tumor cells may be one of the
reasons for the increased level of lactate observed in our work. The proton

hloric
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tine, Fig. 4. The. ratio of the relative metabolites level for the Normal (N), Tumor (Tu) and Treated

tumor {TR) tissue samples.
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resonance from taurine seen in the tumor sample is found to be present in
many different animal tissues and is involved in various metabolic functions
such as neuromodulator. Recent studies have shown that the taurine de-
tected in neutralized PCA extract tissues is actually carbamate of taurine,
formed during neutralization of the PCA with KOH or potassium bicarbo-
nate [14].

The amplitude of the peaks of the aromatic region is increased by fourfold
(Fig. 1) compared to the signal amplitude of the aliphatic resonances for all
the samples. This probably indicates the low concentration of aromatic com-
pounds. Moreover, these resonances are found to be very weak in the tumor
sample compared to the normal tissue sample. In the treated tumor sample
several of these resonances were not clearly observed which probably indi-
cates a partial response to the treatment procedure adopted. The work re-
ported here however shows a great promise that proton NMR is a sensitive
method for determining the metabolic state of tumors and their response to
treatments. The characteristics of the NMR spectra are useful in distinguish-
ing tumor from the normal tissue. The normal, tumor and treated tumor tis-
sues produce distinct and substantial changes in the metabolites that may be
detected conveniently by NMR. Our studies also suggest that a number of
peak ratios may be used as good markers to assess clinically the state of the
tumors and their response to treatment. Finally, it should also be possible to
use this method qualitatively or semi-quantitatively to monitor the thera-
peutic response of tumors.
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