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Water Proton Relaxation Times of
Pathological Tissues

Syed Farooq Akber

Department of Radiation Oncology
Case Western Reserve University

Cleveland, Ohio 44106
Email: Sakber@aol.com

Abstract: The spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) of pathological
human and animal tissues are archived to update those already published. The mechanisms for water
proton relaxation times of pathological tissues and the dissimilarities in relaxation times between
normal and pathological tissues are also briefly reviewed.

KEY WORDS: spin-lattice relaxation time, spin-spin relaxation time, magnetic resonance
imaging, water, tissue characterization, paramagnetic ions.

HAZLEWOOD in 1979 (83) compiled very comprehensive data on relaxation times of
water protons followed by reports by Bottomley et al (37, 38) and Akber (12). In this
paper, relaxation data of pathological human and animal tissues are compiled from
1987–2007.

Damadian and his group (54–56) showed that the relaxation times of normal and tu-
morous tissues are different. Several models, theories and hypotheses were put forth to ac-
count for the dissimilarities in relaxation times between normal and malignant tissues.
The cause of dissimilarities in normal and pathological tissue relaxation times are not
clear but nevertheless, have been attributed to water content, paramagnetic ions, protein
content and oxygen content.

Bottomley et al (37, 38) have discussed in detail the relaxation rate dependence on fre-
quency, temperature, and excision time, in vitro and in vivo measurements; therefore,
these parameters will not be discussed in this report. Hazlewood (83) has discussed in
great detail the relaxation time models to account for the dissimilarities in relaxation time
between normal and pathological tissues. Water proton relaxation data of pathological tis-
sues of liver, breast, muscle, heart, brain, kidney, lung, spleen, and miscellaneous tissues
are given in Tables II–X. Table I, lists the abbreviations used in tables and text.



TABLE I. ABBREVIATIONS USED IN TABLES AND TEXT

ADD — Adductors
AGUSPIO — Ultra small supermagnetic iron oxide
ALL — Acute Lymphoblastic leukemia
AMI-25 — Large supermagnetic iron oxide
AML — Acute myelogenous leukemia
BCAO — Bilateral common carotid artery occlusion
Co — Cobalt
CC14 — Carbon tetrachloride
Cu — Copper
DH — Diffuse histiocytic
DLPD — Diffuse lymphocytic poorly differentiated
DMD — Duchenne muscular dystrophy
DENA — Diethylnitrosamine
DTPA — Diethylenetriaminepentacetic acid
DVT — Deep venous thrombi
EAE — Encephalomyelitis
v — Frequency at which relaxation times were measured
Fe — Iron
Gd — Gadolinium
GRA — Gracilis
GAS — Gastrocnemius
Glu — Gluteus maximus
GM — Gray matter
Gy — Gray
HD — Hodgkin’s disease
HCC — Hepatocelluar carcinima
HCL — Hairy cell leukemia
IV — In vivo (body temperature of 37 °C)
L — Left
M — Male
MCA — Middle cerebral artery
MLH — Mixed lynmpocytic histocytic
MM — Multiple Myeloma
Mn — Manganese
MnDPDP — Manganese-dipyridoxal diphosphate
MS — Multiple Sclerosis
MSM — Microspheres
N — Number of samples
NAA — N-acetyl aspartate
NABT — Normal Appearing brain tissue
NAWM — Normal Appearing White Matter
NHL — Non-Hodgkins Lymphoma
NLPD — Nodular poorly differentiated lymphocytic
PV — Polycythemia Vera
QUAD — Vastus taleralis of quadriceps femoris
R — Right
RBM — Red Bone Marrow
REF — Reference
RT — Room temperature
SAR — Sartorius
SCC — Squamous cell carcinoma
SD — Standard Deviation
SLE — Systemic lupus erythematosus
SPIO-AG — Superparamagnetic iron oxide particles
T — Temperature at which relaxation measurements were made (°C)
T1 — Spin-lattice relaxation time in ms
T2 — Spin-spin relaxation time in ms
TD — Tardive dyskinesia
TPPS4 — Tetraphenylporphine sulfonate
TS — Tourette’s Syndrome
WM — White Matter
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Relaxation Time and Water Content

In general water content relates well with the relaxation times in normal tissues and be-
tween normal and malignant tissues. However in specific cases, a lack of correlation can
nevertheless, be explicitly demonstrated. Thus, the literature is replete with reports pro-
claiming a relationship and questioning a correlation between relaxation times and water
content (15–17, 20–26, 30–35, 39–41, 43–46, 50, 58, 59, 62, 63, 69–72, 77, 78, 80, 81,
83–91, 93, 94, 101, 105–109, 111–113, 115, 118, 119, 129, 130, 136, 142, 145, 147,
149–152, 160–162, 165, 166, 169, 171, 176, 180, 184, 186–188, 191, 205, 206, 214, 218,
220, 227, 228).

Normal and Malignant Tissues

Kiricuta et al (113) proposed that the main cause of relaxation time dissimilarities be-
tween normal and malignant tissues is due to greater tissue hydration in the malignant tis-
sues. Ling et al (130) calculated that the water content difference between normal and
cancer cells is less than 10% and therefore cannot account for the relaxation time dissim-
ilarities. Shah et al (187, 188) reported the T1 values of normal and malignant tissues in
Swiss and ICRC mice. Shah et al (187,188) made an interesting observation in which the
Swiss mice normal liver T1 value is 426 ± 12 ms with 70.8 ± 0.25 % water, and in the
liver tumor bearing mice a T1 value of 615 ± 17 ms and 72.5 ± 0.42 % water. This indeed
bodes well for the water content theory. However, in normal spleen the T1 value is 712 ±
26 ms with 77.5 ± 1.2 % water and in tumor bearing spleen, a T1 value of 782 ± 19 ms
and 77.4 ± 0.9 % water (187, 188). Similarly, normal kidney yield a T1 value of 581 ± 25
ms with 75.2 ± 1.3 % water content and tumor bearing kidney yield a T1 value of 669 ±
24 with 75.4 ± 1.1 % water. Furthermore, in ICRC mice, normal liver T1 is 375 ± 29 ms
with 68.8 ± 2.4 % water and liver with tumor bearing animal T1 value is 366 ± 17 ms
with 70.8 ± 0.75 % water (187,188). Given so many inconsistencies, the exact mechanism
of relaxation times is still debated with pro and con arguments.

In Negendank et al (152) work, they reported T1 and T2 values of liver in C3H mice
as 306 ± 12 ms and 39.9 ± 0.4 ms with 70.7 ± 0.3 % water and hepatoma T1 and T2
values as 744 ± 9.0 ms and 82.7 ± 2.3 ms with 82.5 ± 0.6 % water. Again, this bodes well
that an increase in water content in cancerous tissue is responsible for elevated relaxation
times. However, AKR spleen (normal) yields a T1 and T2 value of 425 ± 45 ms and 62.7
± 3.5 ms with 79.1 ± 0.5 % water whereas T cell lymphoma yields T1 and T2 values of
587 ± 15 ms and 74.5 ± 2.0 ms with 79.3 ± 0.1 % water content (152). Furthermore, DBA
spleen (normal) T1 and T2 values are 503 ± 12 ms and 51.2 ± 1.3 ms and 78.3 ± 0.7 %
water and L1210 leukemia T1 and T2 values are 609 ± 15 ms and 62.2 ± 1.6 ms with 78.8
± 0.7 % water (152). This provides inconsistencies in relating relaxation time with water
content.

Cancerous Tissues

Kiricuta et al (113) found that Walker carcinoma yield T1 and T2 values of 1093 ms and
77 ms with 83.2 ± 0.47 % water whereas lymph nodes metastases of Walker carcinoma
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yield T1 and T2 values of 916 ± 45 ms and 65 ± 0.06 ms with 83.7 ± 0.9 % water. With
the same water content, the T1 values are significantly different.

Ling et al (130) measured the T1 and T2 values of Sarcoma 180 and Ehrlich carcinoma
and found them to be 803 ± 15.5 ms and 61.6 ± 1.87 ms and 815 ± 7.07 ms and 86.3 ±
3.20 ms whereas the water content is 81.7 ±1.6 and 80.8 %. However, inspite of water
content differences, the relaxation time values nevertheless, remain the same.

Shah et al (187) found that mice fibrosarcoma and adenocarcinoma yield a T1 value of
944 ± 26 ms and 653 ± 18 ms, whereas the water content is 79.1 ± 0.7 and 79.0 ± 0.5 %.
Interestingly, the water content is the same but the T1 is significantly different. To provide
further assessment, Negendank et al (152) measured the T1 and T2 values of L1210
leukemia and T-cell lymphoma (609 ± 15, 62.2 ± 1.6 ms, and 587 ± 15, 74.5 ± 2.0 ms)
(and the % water content was 78.8 ± 0.7 and 79.3 ± 0.1). T-cell lymphoma has lower T1
and higher water content compared to L1210 leukemia. This does not bode well for the
hypotheses that an increase in T1 corresponds to an increase in water content. These dis-
similarities in relaxation times and water content between normal and malignant tissues
and from one cancer type to the other raises questions about the validity of water content
and its influence on relaxation times. For example, cell nuclear fractions isolated from
normal and malignant tissues yield significantly higher T1’s relative to the tissue, sug-
gesting that cell water content may not be able to unfold the mystery of relaxation times
(15, 35, 187, 188).

Edematous Tissue

Many investigators have shown that an increase in T1 in edematous tissue is due to an in-
crease in water content (16, 32, 40, 70, 77, 91, 96, 107–108, 115, 119, 129, 150, 151, 181,
191). The increase in T1 reported by investigators in edematous tissue has been attributed
to water-membrane, and / or water protein interactions and by interactions with salt ions
and paramagnetic ions or due to oxygen concentration (10–12, 82, 202, 214).

It is noted that other investigators show a lack of correlation between T1 and water con-
tent in edematous tissue. For example, Iwama et al (96) observed that there is no signifi-
cant difference between T1 for edematous brain and control brain tissues. The T1 values
Iwama et al (96) observed were 1.87 ± 0.056 s and 1.85 ± 0.041 s respectively. However,
the T1 for T9 glioma tissue was 2.02 ± 0.051 s, which indeed was significantly longer
than that of the edematous tissue or of control brain. Knight et al (115) observed: “Our
findings, however, indicate that proton density ratios in regions 1 through 4 reach maxi-
mum values at 48 hours after MCA occlusion, therefore, increased tissue water content
alone cannot account for the elevated relaxation times observed at 24 hours.”

However, the most interesting observation noted was Boesiger et al (36). They found
that in seven patients, tumors yield the longest T1 followed by edema, normal tissue near
edema and normal tissue of the contralateral site. The questions are: “Why edema T1 is
shorter than that of tumor and why the normal tissue near edema yields a longer relax-
ation time than that of the contralateral hemisphere of normal tissue?” Akber (8) has pro-
vided an explanation of the variation of T1 from tumor to edema to normal based on
oxygen diffusion and concentration. Akber (3–7) suggested that the relaxation time dis-
similarities in tissues (normal, malignant and edematous) are due to oxygen content.
Gatenby et al (74, 75) has shown that oxygen tension in human tumors at the center is
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low and there exists a gradient of oxygen tension from tumor to normal tissue. It is also
well known that normal tissue close to tumors exhibit longer T1 than normal tissue with-
out tumor (23).

Relaxation Time and Paramagnetic Ions

The possibility that the paramagnetic ions in the biological systems might unfold the mys-
tery of relaxation times mechanisms have been argued with pro and con arguments (8, 11,
31, 34, 44, 48, 51, 52, 53, 64, 65, 83, 88, 126, 131–134, 127, 152, 154, 170, 184, 187,
188).

Normal and Cancerous Tissues

Regarding paramagnetic ions and the dissimilarities in T1 values between normal and ma-
lignant tissues; an interesting paradox can be assessed from the work of Shah et al (187).
In Swiss mice normal tissues (non-tumor bearing (NTB)) and mouse fibrosarcoma tumor
bearing (TB) tissues, non-tumor bearing (NTB) spleen has higher paramagnetic ions
(Fe=965 ± 64; Cu = 20 ± 1; Mn = 8.7 ± 1.8 ug/g) than tumor bearing spleen (Fe = 454;
Cu 14.3 ± 3.1; Mn = 4.1 ± 0.9 ug/g) and the T1 values in non-TB spleen (712 ± 19 ms)
is not much different than TB spleen (782 ± 19 ms). In non-TB spleen, Fe and Mn ions
are twice the amount compared to TB spleen. This defies all the arguments put forth by
investigators that such large amount of Fe and Mn in non-TB spleen fails to lower
T1 value. Furthermore, in Shah’s work, the T1 values of ICRC mice liver in non-tumor
bearing mice is 375 ± 29 ms while the paramagnetic ions are (Fe = 715 ± 78, Cu + 11.6
± 2.0, and Mn = 2.3 ± 0.23 ug/g) while the T1 value in tumor bearing liver is 366 ± 17
ms while the paramagnetic ion contents are (Fe = 809, Cu = 24.5 ± 1.21, and Mn = 5.0 ±
1.1 ug/g). Inspite of the higher paramagnetic ion content in tumor bearing liver, the T1 is
almost the same.

Negendank et al (152) observed that in DBA spleen (normal) the T1 value is 511 ± 67
ms, T2 value is 61.3 + 3.0 ms and spleen leukemia (L1210) is 542 ± 12 ms T2 is 61.7 ±
1.3 ms whereas the paramagnetic ion contents are (Mn = 10.7 ± 0.2, Cu = 45.7 ± 1.3, Fe
= 13.3 ± 3.40 umol / kg) and (Mn = 10.2 ± 2.6, Cu = 44.5 ± 3.5, Fe = 7.6 ± 0.18 umol/kg).
Inspite of lower paramagnetic ion content in spleenic leukemia, the T1 values are not sig-
nificantly different.

Cancerous Tissues

Ling et al (131, 132, 134) measured the T1 values of Sarcoma 180 and Ehrlich carcinoma
and found them to be 803 ± 15.5 ms and 815 ± 7.07 ms whereas the paramagnetic ion
content in Sarcoma 180 is (Fe 124 ± 4.32; Cu = 29.1, Mn = 0.0 umol/kg) and Ehrlich car-
cinoma is (Fe = 29.5 ± 12.6, Cu = 23.5 ± 2.4, Mn ± 0.8 umol/kg). Inspite of several fold
increase in Fe ion content of Sarcoma 180, the T1 values of the two cancerous tissues
remain the same. Furthermore, Ling et al (131, 132, 134) also observed that AS 30 D
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hepatoma yield a T1 value of 843.6 ± 16.4 ms and paramagnetic ion content of (Mn =
0.03 ± 0.03, Cu = 40.0 ± m8.7, Fe = 126 ± 11.7 umol / kg). Comparing with either the
Ehrlich carcinoma or Sarcoma 180, the AS-30 D hepatoma has much higher Fe and Cu
content than either of the other two cancer tissues but AS-30 D hepatoma yields a longer
T1 than the other two cancer tissues.

Negendank et al (152) on the other hand, observed the T1 values in AKR spleen lym-
phoma and DBA spleen L1210 leukemia and the T1 values are 587 ± 15 ms and 609 ±
15 ms respectively. The paramagnetic ions are (Mn = 8.6 ± 1.1, Cu = 20.2 ± 2.4, Fe = 6.6
± 14 umol / kg) and (Mn = 7.7 ± 3, Cu = 32.8 ± 12, Fe = 10.7 ± 6.8 umol / kg). It is in-
teresting to observe that leukemia has higher Cu, and Fe content and still yields a longer
T1 than lymphoma.

Relaxation Time and Protein Content

It is often conjectured that since a fraction of the cell water is bound to the protein sur-
face, the mere presence or absence of protein in a cell may dictate the relaxation time of
water protons (41, 43, 44, 48, 62, 78, 83, 85, 93, 116, 117, 158, 171, 177).

Ranade (171) determined the protein content of the involved and uninvolved human tis-
sues with different types of cancer. According to Ranade: “Estimated levels of the protein
content of normal and malignant tissues by themselves did not correlate with elevation of
T1 values.”

In spite of claim and counter claim of relaxation time correlation with protein content,
protein content has not been proven to elucidate the relaxation mechanism.

Conclusion

It appears from the published data that generally malignant tissues yield a longer relax-
ation time compared to normal tissues. The exact mechanism to elucidate the relaxation
time dissimilarities between normal and malignant tissue still remains elusive. As dis-
cussed in this paper, explanations have ranged — increase in water content, influence of
paramagnetic ions, presence of protein in a cell and oxygen content. The assessment that
can be drawn from the preceding discussion, is that as of yet, we do not have an under-
standing / mechanisms to account for the relaxation time dissimilarities in normal tissues,
normal and malignant tissues or among malignant tissues.
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Abstract: Hepatocellular carcinoma arises from hepatocytes, it is the most common primary ma-
lignant tumor of the liver and accounts for the majority of liver cancers. Pirarubicin is a compound
analog to the antineoplastic anthracycline antibiotic doxorubicin. Thereby as an intercalator of
DNA, pirarubicin has shown efficacy in reducing tumor activity of hepatocellular carcinoma. Uti-
lizing in silico optimized similarity of structure search of data base and replacement by isosteres, a
total of nine analogs to pirarubicin were generated. The molecular size of ring substituents (ap-
proximately a base pair) were preserved and isosteres chosen to preserve the weak electrostatic
properties permitting DNA intercalation. Only a small range in molecular weight and volume was
permitted in order to preserve intercalation activity. Standard deviations for polar surface area, num-
ber of heavy atoms, molecular weight, molecular volume, and number of oxygens and nitrogens,
were only 3.98%, 1.76%, 16.5%, 2.51%, and 0 %, respectively, of the overall average for these
properties. Variation of the target substituent resulted in insignificant changes in many properties;
there was a striking variation in the lipophilic property Log P. Values of Log P ranged from 0.142
to 2.078 inclusive of pirarubicin and plays an important role in bioavailability. Hierarchical cluster
analysis indicated that all analogs, except analog 6, were substantially similar to pirarubicin. A sim-
ilar outcome was obtained from non-metric multidimensional scaling of descriptors. However de-
trended correspondence analysis distinguished both analogs 6 and 5 from the remaining analogs and
pirarubicin. Nonhierarchical K-means clustering analysis determined greater differentiation among
the analogs and pirarubicin. Analysis of similarity (ANOSIM) affirmed all compounds to be highly
similar which shows structural optimization was achieved.
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THE LIVER is the largest gland and organ in the human body with considerable ability
to regenerate (1). Hepatocytes, which comprise 70% to 80% of the liver mass, are in-
volved in protein synthesis, detoxification, transformation of carbohydrates, and excretion
of exogenous substances (1). Hepatocellular carcinoma (hepatoma) is the most common
primary malignant tumor of the liver (2) and one of the most common tumors worldwide
accounting for up to 90% of all liver cancers. The majority of hepatocellular carcinoma
are secondary to viral liver infections (hepatitis B and C) or cirrhosis (2). While surgery
(including transplantation) is effective for small tumors, large or metastasized tumors re-
ceive radiation, chemotherapy, and ligation which are not considered curative.

Pirarubicin is an analog of the antineoplastic anthracycline antibiotic doxorubicin. The
mode of action is intercalation of DNA (3) and is thought to interact with topoisomerase
II to inhibit RNA and protein synthesis and DNA repair. Drugs acting as intercalators in-
sert perpendicularly within DNA without the necessity of covalent bonds (4). Stability of
the DNA-intercalation is maintained through hydrogen bonding, van der Waals, hy-
drophobic, and/or charge transfer forces (4). The large majority of these types of com-
pounds have little or no biological activity and those that do have encountered problems
with multidrug resistance (4). These factors motivate the continued search for additional
compounds of this sort.

Pirarubicin has been shown to provide significant benefit in combinatorial treatment of
salivary gland carcinoma (5), operable primary breast cancer (6), resectable oral and max-
illary carcinoma (7), acute myeloid leukemia (8), and non-Hodgkin’s lymphoma (9) and
useful when unaccompanied in the clinical treatment of malignant pleural effusion (10).
Previous studies have found that pirarubicin injection for cancer treatment produces dox-
orubicin as a major plasma metabolite, but with pirarubicinol and doxorubicinol also pre-
sent (11). Extensive injections of pirarubicin results in accumulation of metabolites
doxorubicin and doxorubicinol (11). Pirarubicin entry into blood cells has been deter-
mined to be a carrier-mediated process (12). Studies have shown that an increase of pi-
rarubicin uptake results in improved antitumor activity that is superior to doxorubicin (13,
14). To effectuate the uptake of pirarubicin into the target cell clinicians have shown that
a lipiodol-pirarubicin emulsion can increase cytotoxicity on hepatoma cancer cells (15).
Hepatic arterial infusion of pirarubicin accompanying systemic chemotherapy was found
to prevent extra-hepatic spread of tumor and prolong survival time (16). A substantially
successful approach to increase pirarubicin uptake into target cancer cells incorporates pi-
rarubicin into liposomes which stabilizes and greatly improves accumulation in the liver
(17, 18), with reduced adverse effects (17), and increases in antitumor response (17, 18).

Problems for clinicians occur due to multidrug resistance to antitumor intercalators in
general (4) and cross-resistance between pirarubicin (also other anthracyclines) and vari-
ous other antitumor drugs (albeit pirarubicin shows lower cross-resistance than doxoru-
bicin and epirubicin) (19). Therefore problems of multidrug resistance and apparent
success of modifying the structure of pirarubicin such as the 3’-deamino- 3’-morpholino
derivative that increased effectiveness (20) clearly supports the contention that exploring
variations of the pirarubicin scaffold may yield designs that improve antitumor activity
and length of survival. This work presents nine such variations of pirarubicin and com-
prehensive analysis of important pharmaceutical properties.
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Methods

Molecular Modeling and Assembly of Constructs

Database search for molecular similarity was accomplished utilizing in silico database
technology of Molsoft (Molsoft L.L.C., 3366 North Torrey Pines Court, La Jolla CA
92037). The numerical values of molecular properties/descriptors and 2-D molecular
modeling was accomplished through ACD/ChemSketch Molecular Modeling v. 10.00
(Advanced Chemistry Development, 110 Yonge Street, Toronto Ontario, M5C 1T4
Canada). Other physicochemical properties: polar surface area, violations of Rule of 5,
molecular volume, number of oxygens/nitrogens/amines/hydroxyls, were determined
using Molinspiration (Molinspiration Chemiformatics, Nova ulica 61, SK-900 26 Sloven-
sky Grob, Slovak Republic). Visualization of 3-dimensional form was accomplished uti-
lizing SPARTAN (Wavefunction, 18401 Von Darman Avenue, Irvine CA 92612 USA).

Pattern Recognition and Elucidation

To identify underlying associations/patterns within the data matrix of numerical values for
molecular properties (descriptors) various pattern recognition techniques were applied.
Included in application were hierarchical cluster analysis, non-metric multidimensional
scaling analysis, analysis of similarity (ANOSIM), and non-hierarchical K-means cluster
analysis were performed by PAST v. 1.80 (copyright Oyvind Hammer, D.A.T. Harper
1999–2008).

Numerical Analysis of Multivariate Matrices

Statistical analysis of all numerical data was performed by Microsoft EXCEL (EXCEL
2003). Multiple regression using molecular property numerical values was accomplished
by Smith’s Statistical Package v. 2.75 (copyright G. Smith, Pomona College, Claremont
CA). Correlation analysis for Pearson r was done for all descriptors and was accom-
plished by EXCEL (2003).

Results and Discussion

Ligands can interact with DNA through covalent bonding, electrostatic binding, and in-
tercalation (21). Intercalating compounds are generally aromatic or heteroaromatic in
structure and bind to DNA through insertion and stacking between the base pairs (22).
The insertion causes the DNA helix to partially unwind itself at the site of intercalation,
the degree of unwinding depends on the intercalating compounds (21, 23). The unwind-
ing induces structural changes and inhibits transcription and blocks replication processes
within the cell (21). The ligand displaces a magnesium and/or sodium ion that surround
the DNA helix and forms a weak electrostatic bond with the outer surface of the DNA
(21). Consequently the flat aromatic/heteroaromatic portion of the intercalator can slide
into the hydrophobic area between the base pairs (whereas the outer environment of the
DNA is considered hydrophilic) (21). These interactions can occur within the minor and
major grooves of the DNA (23). Once in position the intercalate is held by hydrogen
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bonds, van der Waals’ forces, and charge-transfer bonds (23). It is believed that the inter-
calation process is actually energetically favorable because of the readiness of execution
(22). The unwinding of the DNA to accommodate the intercalator also interferes with the
action of DNA topoisomerases (22, 23). These effects leading to problems in replication
and eventual cell death (22, 23).

Retention of hydrogen bonding sites then is necessary in any analog of pirarubicin to
retain the electrostatic characteristics needed to dislodge magnesium or sodium ions and
implement forces that retain the flat heteroaromatic portion between DNA bases. Hydro-
gen bonding being the summation of hydrogen bond donors (amine and hydroxyl groups)
and hydrogen bond acceptors (oxygen and nitrogen atoms). The molecular structures of
pirarubicin and nine analogs are presented in Figure 1 with the substituent which is var-
ied indicated. Pirarubicin has within the indicated substituents two hydroxyl groups
(–OH) and one oxygen (as carbonyl group), giving a total of two hydrogen bond donors,
one acceptor (=O) with a total of three donor/acceptor sites. Note that in analogs 2
through 10 the varied substituents (enclosed in rectangle) have at least one hydrogen bond
acceptor (oxygen of carbonyl group) and at least one hydrogen bond donor (whether as
amine –NH or hydroxyl –OH). For all analogs there are at least three hydrogen bond
donor/acceptors within the varied substituent as there are with the parent pirarubicin. Re-
membering that the flat heteroaromatic portion inserting between DNA bases remains un-
changed, the overall electrostatic characteristic of the analogs remains the same as the
parent pirarubicin. Clearly the variation of a substituent of pirarubicin can be accom-
plished in a manner that retains important physicochemical properties.

Presented in Table I are molecular properties (descriptors) determined for pirarubicin
and nine analogs, that represent vital pharmaceutical traits as well as the physicochemi-
cal parameters for electrostatic forces necessary for assimilation between DNA bases.
Note that the total number of oxygens and nitrogens (crucial for hydrogen donor/acceptor)
remain constant at 13, with the number of amines and hydroxyls changing only 13% from
the average number for all drugs. Standard deviations for polar surface area, number of
heavy atoms, molecular weight, molecular volume, and number of oxygens and nitrogens,
were only 3.98%, 1.76%, 16.5%, 2.51%, and 0 %, respectively, of the average for these
properties. Variation of the target substituent resulted in insignificant changes in many
properties. Number of rotatable bonds for this group of drugs has only a small range from
6 to 8. While the range of the polar surface area varies only from 187.328 A2 (analog 5)
to 215.908 A2 (analogs 4 and 8), these values are sufficiently large to adversely affect
bioavailability. These values of polar surface area have been shown to permit less than
10% of drug amount in the intestinal system to be absorbed (24). Problems in bioavail-
ability are also indicated by the number of violations of the Rule of 5. All analogs (except
analog 5 with 2 violations) and pirarubicin have three violations. The Rule of 5 was cre-
ated to enhance the selection of potential drug candidates from high throughout screening
and in silico elucidation, both mechanisms producing thousands of candidates. The Rule
of 5 consists of the following parameters, which are important for a drug’s pharmacoki-
netics, of which two or more violations suggests the drug will have problems in mem-
brane permeation (25): 1) The drug should not have more than 5 hydrogen bond donors;
2) The drug should not have more than 10 hydrogen bond acceptors; 3) The formula
weight should not be more than 500; and 4) The drug should not have a Log P of greater
than 5. Problems with membrane permeation can influence the avenue of drug delivery.
All compounds, including pirarubicin, are expected to have difficulties in absorption and
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membrane permeation. The number of heavy atoms (hydrogen atoms are excluded) devi-
ates only 1.76% from the group average.

Numerical correlation, Pearson r, refers to the departure of two variables from inde-
pendence (26). Utilizing the descriptors shown in Table I, it follows that there is substan-
tial correlation from one drug to another, which is indicated by the calculated Pearson
product-moment correlation coefficient among all drugs being greater than 0.9900. It is
clearly observed that a very high correlation exists among these drugs (26). Although
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FIGURE 1. Molecular structure of the parent compound pirarubicin is shown with the substituent
chosen for variation enclosed in circle and heteroaromatic moiety indicated by inset arrow. The nine
analogs generated are presented in numerical order with the modified substituent indicated in rec-
tangle (analogs).



48 BARTZATT

T
A

B
L

E
I.

M
ol

ec
ul

ar
P

ro
pe

rt
ie

s N
um

be
r

N
um

be
r

N
um

be
r

of
Po

la
r

Su
rf

ac
e

N
um

be
r

of
M

ol
ec

ul
ar

M
ol

ec
ul

ar
of

O
xy

ge
ns

of
A

m
in

es
V

io
la

tio
ns

of
R

ot
at

ab
le

D
ru

g
L

og
P

A
re

a
(A

2 )
A

to
m

s
W

ei
gh

t
V

ol
um

e
(A

3 )
&

N
itr

og
en

s
&

H
yd

ro
xy

ls
R

ul
e

of
Fi

ve
B

on
ds

Pi
ra

ru
bi

ci
n

1
2.

05
20

4.
31

8
45

62
7.

64
3

54
2.

32
5

13
6

3
7

2
1.

41
3

21
0.

11
3

45
62

6.
65

9
54

5.
59

6
13

7
3

7
3

0.
80

6
21

0.
11

3
45

62
6.

65
9

54
5.

59
6

13
7

3
7

4
0.

84
9

21
5.

90
8

45
62

5.
67

5
54

8.
86

6
13

8
3

7
5

1.
74

2
18

7.
32

8
46

64
0.

68
6

56
3.

41
1

13
5

2
6

6
2.

07
8

21
4.

31
8

44
61

3.
61

6
52

5.
52

3
13

6
3

6
7

1.
56

4
21

0.
11

3
44

61
2.

63
2

52
8.

79
4

13
7

3
6

8
1.

60
7

21
5.

90
8

44
61

1.
64

8
53

2.
06

5
13

8
3

6
9

0.
14

2
21

0.
11

3
44

61
2.

63
2

52
8.

79
4

13
7

3
6

10
1.

07
7

21
0.

11
3

46
64

0.
68

6
56

2.
39

8
13

7
3

8

A
=

A
ng

st
ro

m



correlation does not prove causation, clearly analogs 2 to 10 are very closely related to
the parent pirarubicin.

Analysis of similarity (ANOSIM) implements a statistical test to determine whether
there exists a significant difference between two or more groups of data (27). In this
analysis a large positive R of up to 1.000 signifies substantial dissimilarity between
groups, whereas a positive value near zero indicates numerical similarity. Analysis of the
data matrix shown in Table I produced an ANOSIM value of 0.2381, thereby indicating
considerable similarity among the drug molecular properties inclusive of parent piraru-
bicin and nine analogs. This confirms evaluation by Pearson r and supports the contention
that analogs of pirarubicin are highly similar to the parent.

Pattern recognition analysis presents powerful tools for visualizing and understanding
complex information from databases, molecular modeling, data mining, etc, for both bio-
logical and physicochemical sources (28). Prior studies have shown that unsupervised
learning techniques are particularly well suited for analysis of large data sets produced
from computed molecular properties (29). In this work pattern recognition analysis will
be applied to identify and elucidate underlying associations of molecular properties pre-
sented in Table I for pirarubicin and nine analogs. Hierarchical cluster analysis (HCA) is
used extensively in biology, psychiatry, and physical sciences (30, 31). HCA results can
be represented in a vertical or horizontal dendrogram in which subjects are classified into
groups having the highest similarity (30, 31). A vertical dendrogram is presented in Fig-
ure 2 showing outcome of HCA applied to Table I data matrix. Strikingly clear is that ana-
log 6 is distinct from all other drugs and placed into a separate cluster to itself. The
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FIGURE 2. Hierarchical cluster analysis outcome produces clusters that gives placement of com-
pounds associated by highest similarity. Only analog 6 is considered unique from the parent pi-
rarubicin and other analogs. Super node (A) is resolved into subclusters that places pirarubicin (1)
into a cluster (ie., highest similarity) that includes analogs 2, 3, and 4. In separate subclusters are
analogs 7, 9, 8, and a two-member cluster having analog 10 and 5. This analysis performed utiliz-
ing standard Euclidean distance and paired-group clustering.



remaining drugs are joined at Node A, from which they are grouped into three subclus-
ters. Analogs 7, 8, and 9 are clustered together and most similar. Analogs 2, 3, 4, and pi-
rarubicin (1) are clustered and therefore considered most similar. The remaining analogs
10 and 5 are paired into subcluster. Joining at Node A visualizes the similarity by prop-
erties for all, save for analog 6, and supports ANOSIM and Pearson r analysis. HCA is
sufficiently sensitive to increasingly resolve these drugs into subclusters beyond Node A.
This outcome permits elucidation of interrelationships that may enhance clinical applica-
tion. With HCA resolution then analogs 2, 3, and 4 would be considered to have the high-
est likeness and uniformity to pirarubicin, with potentially the likeness in drug activity.

Non-hierarchical cluster analysis, K-means cluster analysis, assigns subjects into the
number of clusters designated by the investigator (32). K-means is an iterative analysis
where subjects are placed into a cluster having the greatest proximity to a cluster mean.
Hence the outcome is analogous to HCA where subjects are grouped so that highest sim-
ilarity is identified. Utilizing the data matrix in Table I the initial results places these 10
drugs into three clusters: Cluster 1) Pirarubicin (1), 2, 3, 4, 7, 8, and 9; Cluster 2) Analog
5 and 10; Cluster 3) Analog 6. Analogously to HCA results, K-means determines analog
2, 3, and 4 to be most similar to pirarubicin (1), and analog 6 to be distinct from all oth-
ers. With increased resolution into four clusters the results appear as follows: Cluster 1)
Analog 6; Cluster 2) Pirarubicin (1), 2, 3, 4, 7, 8, and 9; Cluster 3) Analog 5; Cluster 4)
Analog 10. Again, analogously to HCA results, K-means determines analog 2, 3, and 4 to
be most similar to pirarubicin (1). Again, analog 6 is determined to be distinct from all
other drugs.

Correspondence analysis is an exploratory technique and not a confirmatory method of
numerical analysis (33, 34). Correspondence analysis may be applied to many discrete
variables having many categories (ie., very large data tables) (33, 34). It is a nonparamet-
ric technique that makes no distributional assumptions, which is unlike factor analysis,
and may be used with any level of data (34). Also referred to as correspondence mapping
the outcome can be viewed as a correspondence map having two dimensions. Detrended
correspondence analysis (DCA) contends with arch effect and compression of gradient
ends which are two problems of ordinary correspondence analysis (33). Detrending re-
moves the arch effect and end compression so interpretation of distances between points
of a 2-way representation is accurate and expedient. Results of DCA applied to Table I
are presented in Figure 3. Note that distances between points also indicates underlying as-
sociations and while plotted Axis 1 versus Axis 2 it is readily recognized that Analog 6
and 5 are distinguished from all remaining drugs along both axis. Placement along Axis
1 (primary) for drugs 1 (pirarubicin), 2, 3, 4, 7, 8, 9, and 10 coincides, suggesting like-
ness, with an essentially linear relationship along Axis 2 (secondary), suggesting consis-
tency. Altogether the appearance of the 2-way DCA plot supports the contention of high
similarity among the analogs with pirarubicin, with consistency, but not congruity in mol-
ecular properties (ie., the descriptors of Table I used for inter-drug comparison).

Preserving ranked differences within a data matrix while computing distance measure-
ment is the basis of non-metric multidimensional scaling (NMDS) (35). The algorithm
can then place the subjects (drugs in this study) in a two or three dimensional coordinate
system with preserved ranks, such as shown in Figure 4 for all drugs. Clearly analog 6 is
substantially distinct from all remaining drugs along coordinates 1 and 2. Essentially pi-
rarubicin (1), 2, 3, 4, 5, 7, 8, 9, and 10 are grouped together, albeit analog 5 is somewhat
offset from the remainder. Again the appearance supports the contention that the analog
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compounds modeled after pirarubicin are recognized as highly similar to the parent, and
consequently similar in potential bio-activity. However the variation of substituents indi-
cated in Figure 1 still produces a broad range in lipophilicity measured as Log P. Values
of Log P run from 0.142 of analog 9 to as high as 2.078 of analog 6. Values of Log P play
a significant role in bioavailability and consequently drug-likeness in criteria such as the
Rule of 5. It is desirable that any variation of the substituents of pirarubicin avoids sig-
nificant deviation in physicochemical properties vital for the mechanism of DNA interca-
lation. Hence the heteroaromatic portion is sustained as well as overall size, formula
weight, and number of heavy atoms. Hydrogen bond donors (amines and hydroxyls) do
not deviate significantly, and hydrogen bond acceptors (oxygens and nitrogens) remain
constant. The standard deviation in Log P values is 45.89% of the population mean (range
of 1.936), a value indicating considerable incongruity with the possibility of noticeable
contribution to changes in bioavailability. Conceivably the changes in bioavailability may
act efficacious in clinical application.

Given that consistency in properties is established through analysis by high resolution
pattern recognition methods, then multiple regression analysis can be performed with
appropriate descriptors to produce a mathematical depiction that can predict drugs of
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FIGURE 3. Detrended correspondence analysis clearly demonstrates that pirarubicin (1) is closely
associated by molecular properties to analogs 10, 2, 3, 7, 4, 8, and 9 (see inset rectangle). The
2-way plot distinguishes analog 6 and 5 for all other compounds, which by both Axis 1 and Axis 2
shows a significant separation.



similar nature. Multiple regression for prediction of formula weight was accomplished
utilizing molecular volume (MV), number of heavy atoms (nAtoms), and number of -NHn

and –OH (nNHOH) as independent variables (formula weight (FW) as the dependent
variable). The equation appears as follows:

FW = –58.4669 – 0.2605[MV] + 18.4042[nAtoms] – 0.1319[nNHOH].

The percent of the variance explained by the model (R2) is determined to be 100%.

Conclusion

Utilizing pirarubicin as parent compound, nine structural analogs were modeled by ap-
plying in silico database search and isosteres replacement. Components vital to the bioac-
tivity of these analogs, namely as DNA intercalators, such as the heteroaromatic moiety
are preserved. Because of the electrostatic and hydrogen donor/acceptor requirements for
successful incorporation of the drug between DNA bases, other properties of the struc-
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FIGURE 4. Non-metric multidimensional scaling presents results within a 2-way plot of the coor-
dinate assignment and association contrived as similarity. Clearly the parent pirarubicin (1) is highly
similar to analogs 2, 3, 4, 5, 7, 8, 9, and 10 enclosed within the inset rectangle. Only analog 6 (inset
arrow) is determined to be significantly distinct from all other compounds.



tures must be consistent. Variation of target substituents is accomplished, however the
overall hydrogen bond donor and acceptor summation remains consistent. Replacement of
the hydroxyl (–OH) groups of pirarubicin is accomplished by insertion of –NHn groups,
movement of the –OH groups, and maintaining the carbonyl group (C=O). The total num-
ber of hydrogen bond acceptors/donors within the varied substituents remains consistent.

Powerful and sensitive pattern recognition techniques were utilized to establish the sim-
ilarity of the nine analogs to the parent pirarubicin. These included hierarchical cluster
analysis, K-means cluster analysis, detrended correspondence analysis, and non-metric
multidimensional scaling. Analog 6 consistently appeared to be distinct from all other
drugs (by HCA, NMDS, and DCA). Analog 5 appeared distinct from all other drugs when
examined by detrended correspondence analysis. However, pirarubicin is strikingly simi-
lar to analogs 2, 3, 4, 7, 8, 9, and 10, through these identical pattern recognition algo-
rithms. In addition, Pearson r correlation determination showed high interdrug association
of greater than 0.9900 and ANOSIM outcome showed high similarity at 0.2381. Multiple
regression analysis utilized molecular volume, number of heavy atoms, and quantity of
–NHn and –OH, to determine an equation for predicting formula weight of similar
constructs.

This work demonstrates the efficacy of applying pattern recognition methods to discern
underlying associations among classes of drugs and provide an approach of ascertaining
the effectiveness of analog derivation of parent structure. Pattern recognition permitted the
evaluation of the extent of similarity of analogs to the parent compound. Alteration of sub-
stituents on pirarubicin did produce additional anticancer drugs with intercalation poten-
tial yet retaining vital properties of polar surface area, molecular volume, and hydrogen
bond donor/acceptors. Only a wide variance in the lipophilicity Log P descriptor was
observed, however this feature provides the clinician the potential of applying these
novel drug analogs beneficially according advantages in permeation and bioavailability.
Clearly pattern recognition analysis and substituent derivatization have substantial effi-
cacy in the design of novel anticancer drugs for the treatment of challenging hepatocellu-
lar carcinoma.

Computer and software support was provided by the Department of Chemistry, College of Arts &
Sciences, University of Nebraska, NE 68182 USA.
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Abstract: Over one-third of the world’s population has been exposed to Mycobacterium tubercu-
losis (TB). New drug designs are necessitated by the appearance of multi-drug resistant tuberculo-
sis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB). This work presents four
hydrazide compounds that inhibit Mycobacterium tuberculosis growth at potency comparable to
isoniazid. The hydrazide drugs A, B, C, and D were synthesized utilizing microwave excitation
methodologies. Hydrazide agents are produced from parent carboxyl compounds. All reactions were
accomplished in dry conditions. Using suitable molecular scaffolds the final hydrazides possessed
the desired properties in Log P, polar surface area, molecular weight, etc. All four hydrazide com-
pounds induced at least 60% inhibition of TB at concentrations at less than 31.5 microgram/mL.
Measured as relative survival, all four hydrazide compounds induced greater than 95% death of TB
bacteria at concentrations less than 31.5 microgram/mL. Drugs A, B, C, D exhibited zero violations
of the Rule of 5, indicating favorable bioavailability. Although isoniazid, A, B, C, and D were de-
termined to have a polar surface area less than 70 Angstroms2, the values of Log P (a measurement
of lipophilicity) showed a broad range of –1.463 (drug C) to 4.46 (drug A). The numerical values
of polar surface area suggests that all drugs would have greater than 50% intestinal absorption. For
all drugs the number of amine (-NH) and hydroxyl (-OH) groups remains constant at three, with
number of oxygens and nitrogens varying only three to four. ANOSIM (analysis of similarity) in-
dicated that isoniazid, A, B, C, and D are highly similar. Correlation of molecular properties for all
five drugs is greater than r = 0.9500. Drugs A, B, C, and D are members of two homologous series
of anti-tuberculosis agents. All hydrazides effectively inhibited TB at 31.5 micrograms/mL and
lower concentrations.

KEY WORDS: Mycobacterium tuberculosis, hydrazides, isoniazid, TB, bacteria

THE PRIMARY cause of Mycobacterium tuberculosis (TB) is an aerobic bacterium
which divides at an extremely slow rate every 16 to 20 hours (1). While latent TB infec-
tion is most common, over one-third of the world’s population has been exposed to TB



bacterium (with death and new cases occurring primarily in developing nations) (2). The
emergence of multi-drug resistant TB (MDR-TB) resistant to isoniazid and rifampicin
(of first line drugs ethambutol, isoniazid, pyrazinamide, rifampicin, streptomycin) and
extensively drug resistant TB (XDR-TB) resistant to second line drugs (aminoglyco-
sides, polypeptides, fluoroquinolones, thioamides, cycloserine, p-aminosalicylic acid)
have contributed to the spread of the disease (3). TB replicate within the alveolar
macrophages of the lung forming a primary site referred to as the Ghon focus (4), how-
ever all parts of the body can be affected by the disease. A latent infection of TB is usu-
ally treated with a single antibiotic, while an active infection is treated with
combinations of several antibiotics (5).

The mycobacterial cell wall is extraordinarily thick and consists mainly of long-chain
fatty acids and polysaccharide arabinogalactan (6,7). The cell wall is responsible for the
hydrophobicity of TB and helps the bacteria to resist oxidative damage within the
macrophages. The thick wall of high lipid content contributes to the difficulty for drug
penetration, but these bacteria are sensitive to heat and ultraviolight light.

Isoniazid itself is a prodrug that must be activated by catalase-peroxidase enzyme KatG
to form an isonicotinic acyl anion (or radical). These forms then react with NADH anion
(or radical) to an isonicotinic acyl-NADH complex (8). The complex binds tightly to ke-
toenoylreductase (InhA) and will prevent access to the natural enoyl-AcpM substrate (8).
This process inhibits the synthesis of mycolic acid in the mycobacterial cell wall (8). Pre-
vious studies have shown that isoniazid transport to TB proceeds by passive diffusion
mechanism and KatG is not involved in the transport (9).

To contend with the appearance of MDR-TB and XDR-TB investigators have pursued
novel carrier moieties for isonicotinic acid, such as trans-cinnamic acid derivatives (10)
and activating peroxidases (11). Novel drug designs are pursued due to worldwide reports
of MDR-TB resistance to isoniazid and rifampicin, as well as XDR-TB resistance to flu-
oroquinolones and aminoglycosides (12). Treatment for TB infections within health facil-
ities of Turkey often encounter the MDR-TB form that requires an extensively monitored
and administered combination regimen of three drugs based on susceptibility tests (13).
Other studies conducted in Turkey revealed that diabetes mellitus and sexual-intercourse
were risk factors for the development of drug resistance(14). A large number of MDR-TB
and XDR-TB cases have been recently reported (2007) in Europe (15), with MDR-TB
emerging in Nigeria (16). Within the United States reports from an area hospital indicate
that MDR-TB type infections are not successfully responding to available treatment, with
only half of the patients ultimately having the disease subdued after carefully selected reg-
imens (17).

These alarming trends clearly indicate the continued exploration of treatment methods
and new/modified drug designs. Presented are four hydrazide agents exhibiting TB inhi-
bition at a level that is comparable to isoniazid. In addition, these agents constitute mem-
bers of two homologous series of anti-tuberculosis drugs.

Materials and Methods

Reagents and Instrumentation

All solvents and reagents were analytical grade and obtained from Aldrich Company
(Milwaukee, WI, USA). Fourier transform infrared spectroscopy was accomplished using
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a Mattson Galaxy FTIR, with analytes dissolved in dimethyl sulfoxide (DMSO) that was
previously dried over molecular sieves. Tissue culture 7H9 broth and 7H9 (M-ADC) agar
were utilized (Difco, Detroit, MI, USA).

Molecular Modeling and Numerical Analysis

Modeling and property determinations were accomplished by ChemSketch v. 5 (ACD, 90
Adelaide Street West, Toronto, Ontario Canada). Some properties were determined by
EPISUITE v 1.40 (US Environmental Protection Agency, Washington D.C., USA).
ANOSIM (analysis of similarity) and multivariate analysis were performed by PAST v.
1.28 (Oyvind Hammer, D.A.T. Harper copyright 1999–2004). Correlation analysis was
performed by Microsoft Excel 2003 (copyright 1985 to 2003).

Culture of Mycobacteria

Mycobacterium tuberculosis strain Erdman (ATCC35801) cultures were grown in Difco
7H9 media supplemented with 0.5% glycerol, 10% albumin-dextrose complex (ADC),
and 0.25% Tween 80 (M-ADC-TW) for 10 days at 37° C prior to use in experiments.
Colony forming units were determined for all cultures and after treatment with anti-
microbials by plating dilutions on Difco 7H9 agar and growth until colonies formed at
37° C. All drugs were tested within the same length of time period.

Synthesis of Compounds

Prior to use the hydrazine (NH2NH2) must be distilled out from the stock mixture over
CaO and NaOH. The anhydrous hydrazine (NH2NH2 ) is collected at 113° C. Microwave
Irradiation Synthesis of Compounds A, B, C, and D: Place 150 mg of compound into
pyrex test tube with 50 µL of SOCl2. Microwave 3 to 5 minutes, then cool. Add about 20
mg of Na2CO3 to the mixture and mix. Add 50 µL of anhydrous NH2NH2 and microwave
up to 1 minute. The NaCl formed can be removed by dissolving the preparation in mini-
mal water and extracting with ethyl acetate or acetonitrile, which is pooled, dried over an-
hydrous magnesium sulfate then evaporated to obtain the final product residue. The
presence of the hydrazine group was confirmed on 1 through 5 by FTIR, showing peaks
at 944 cm–1 for hydrazine and 1000 cm–1 to 1200 cm–1 for C-N stretch (3000 cm–1 to 3500
cm–1 N-H stretch).

Results and Discussion

The leading causes of death from a single infectious agent are comprised of TB, malaria,
and HIV (18). However, TB remains the important infectious disease causing morbidity
and death (18). The most common form is pulmonary TB that is highly contagious and
life threatening (18). The development of new drugs for the clinical treatment of TB is a
slow and expensive process which is inhibited by the lack of suitable animal models and
difficulties implementing clinical studies (18). Drugs A, B, C, and D are hydrazide com-
pounds that are members of two homologous series of agents and inhibit TB comparably
to isoniazid-a first line TB treatment drug.

Previous studies have shown the efficacy of microwave excitation to synthesize hydrazide
agents that inhibit the growth of Mycobacterium tuberculosis (19,20). A homologous
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series is a group of compounds that differ only by a constant unit which is usually a -CH2-
group (21,22). In general, the lengthening of a saturated carbon chain from one to five, or
to nine carbons, increases the pharmacological effects of the agent (21,22). However, the
increase of chain length past nine carbons produces a decrease in potency (21). It is be-
lieved that this phenomena is affected largely due to the steady increase of lipophilicity
and solubility into cell membranes but that the decrease in water solubility becomes prob-
lematic at higher chain lengths (21). Other shapes in response curves have been reported
but the bell shaped curve is most common (22).

Previous studies also have shown that two identical twin drugs ethanedihydrazide (22)
and hexanedihydrazide (19) can significantly inhibit the growth of TB bacteria. These two
agents also comprise two members of a homologous series that are characterized by the
presence of a non-branched aliphatic chain of carbon atoms between hydrazide functional
groups. Previous work has demonstrated the efficacy of covalently bonding a hydrazide
functional group onto an aliphatic non-branched chain of 11 carbons forming dode-
canohydrazide [20], which was able to induce greater than 50% reduction of TB at con-
centrations of less than 50 micrograms/milliliter. The latter compound suggested then that
a homologous series could be formed by extending the aliphatic carbon chain covalently
bonded to the hydrazide functional group.

The molecular structures for drugs A, B, C, and D are presented in Figure 1 for com-
parison with isoniazid. Note that dodecanohydrazide is a member homolog with drug A
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FIGURE 1. The molecular structures of drugs A, B, C, and D are shown for comparison to isoni-
azid. Note that all compounds are hydrazides with isoniazid, drug C, and drug D having a single
aromatic ring. Drugs A and B have an aliphatic hydrocarbon chain.



(tetradecanehydrazide) and drug B (pentadecanehydrazide), with all three having a long
non-branched chain of carbon atoms. Another homologous series is defined by drug C
(2-pyridin-3-ylacetohydrazide) and drug D (3-pyridin-3-ylpropanehydrazide), where the
hydrazide functional group is separated from an aromatic ring by one (drug C) or two
(drug D) aliphatic carbon atoms. Therefore, three homologous series of anti-TB agents
have been synthesized by microwave excitation and shown to have significant growth in-
hibition directed at Mycobacterium tuberculosis. Note that similarly to isoniazid all drugs
A, B, C, and D have a single hydrazide functional group present. The SMILES (Simpli-
fied Molecular Input Line Entry Specification) designation for all compounds are pre-
sented in Figure 1. Effects of movement of the nitrogen atom around the aromatic ring
from isoniazid (para to hydrazide group) to the meta position within drug C and D induce
no significant change in Log P. However, the addition of a single carbon atom to an
aliphatic chain portion of a homolog induces a significant increase in Log P. For example,
an eleven carbon chain substituent would undergo about a 26% increase in Log P value
(higher lipophilicity) by adding three carbons (total of 14 carbons). Even the addition of
only one carbon atom from 14 to 15 will bring about a 7% increase in Log P and increase
in lipid solubility. The hydrazide group (-C(O)NHNH2) is clearly hydrophilic while com-
paratively the aromatic ring and aliphatic carbon chain are lipophilic.

The general synthesis methodology is presented in Figure 2 showing the major steps of
the microwave excitation approach of activating the carbonyl carbon (-C(O)-) of the car-
boxyl group (-C(O)OH) and followed by completion of the hydrazide functional group.
Initially the carboxyl group of the parent structure is activated by reaction with thionyl
chloride under dry conditions and microwave excitation. By-products HCl and SO2 are re-
leased then as gases and allowed to escape the reaction chamber. This activated carbonyl
carbon is highly reactive, should not be stored, and must be kept in dry conditions. Hy-
drazine (NH2NH2) is prepared previously by distillation and introduced into the reaction
mixture quickly. The microwave excitation should be done in short pulses with careful
examination to avoid degradation due to excessive heating. The presence of Na2CO3
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FIGURE 2. The general synthesis methodology for obtaining a small hydrazide compound is pre-
sented here. Initially the parent compound is treated with thionyl chloride to activate the carbonyl
carbon for reaction with hydrazine. The purified hydrazine is then introduced in a non-aqueous en-
vironment which produces the final hydrazide compound. These steps are performed with mi-
crowave excitation and non-aqueous conditions.



neutralizes the HCl which is formed as a by-product, and the hydrazide group is pro-
duced. The products are solids and soluble in aqueous solution. The hydrazide compounds
should be stored at –20 °C and kept dry until use.

Molecular properties of all five hydrazides are presented in Table I for comparison to
isoniazid. Analysis of similarity (ANOSIM) determines what extent of numerical same-
ness exists in a multivariate data matrix (23). ANOSIM determined that the properties of
Table I are highly similar, producing R of 0.08333 (where an R equal to 1.000 shows
properties that are highly dissimilar). Therefore, among these five small molecule hy-
drazides there exists substantial continuity of molecular structure. Isoniazid has been
shown to be highly effective in deterring TB proliferation and the further design of
anti-TB drugs modeling isoniazid is shown here to have great efficacy. Properties known
to describe water solubility features include Log P (lipophilicity), polar surface area
(PSA), number of oxygens and nitrogens nON (hydrogen bond acceptors), and number of
amines and hydroxyls nNHOH (hydrogen bond donors). Considering that PSA has an
average value of 62.86 A2 with a standard deviation of 7.06 A2, a value only 11.2% of the
average, the range of this descriptor is small and by PSA the structures are consistent. The
values of PSA (< 70 A2) suggest that these hydrazides will have a high probability of good
oral availability (24), with an intestinal absorption of greater than 60% (25,26,27). By uti-
lizing the following equation it is possible to estimate the extent of
brain penetration (ie., penetration of the blood brain barrier-BBB) as Log BB (where
BB = Cbrain/Cblood) for these hydrazides (25,26): Log BB = –0.021(PSA) – 0.003(mol-
ecular volume) + 1.643. Results obtained produced Log BB values of isoniazid, A, B, C,
and D to be –0.153, –0.335, –0.385, –0.204, and –0.253, respectively. Accordingly the
values of BB for isoniazid, A, B, C, and D are 0.703, 0.462, 0.412, 0.625, and 0.557,
respectively. This outcome suggests that a substantial number of these hydrazides will
cross the BBB and penetrate into the central nervous system from blood vessels. Other
studies have shown that a drug has a high probability of entering the central nervous sys-
tem if the sums of the oxygens and nitrogens is less than five (29), a charactistic shared
by all five hydrazides. Passage through the BBB is not a requirement for beneficial treat-
ment of tuberculosis.

The average in molecular weight is 190.469 ± 54.9 with a standard deviation that is
28.8% of the average. Likewise, the average of the molecular volume is 196.375 ± 79.2 A3

with a standard deviation that is 40.3% of the average. The utilization of an aliphatic car-
bon chain in place of or in addition to the aromatic ring found in isoniazid results in con-
siderable alteration of molecular weight and molecular volume of drugs A, B, C, and D,
compared to isoniazid. The number of amine and hydroxyl groups remains constant at 3
for all hydrazides, with the total number of oxygens and nitrogens varying only between
3 and 4. There is very high correlation among the numerical values for all descriptors (see
Table I) of isoniazid, A, B, C, and D, found to result in R values greater than 0.9600. Like-
wise, the correlation R values comparing each drug produced very high correlation and
values greater than 0.9700. Very high correlation among descriptors purports the molecu-
lar relatedness of these five hydrazides.

The Rule of 5 are criteria to evaluate druglikeness of a known structure or in other
words determine if a chemical compound with a certain phamacological or biological ac-
tivity would also make a likely orally active drug (30). The required parameters are as fol-
lows: 1) There are not more than 5 hydrogen bond donors; 2) No more than 10 hydrogen
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bond acceptors; 3) A molecular weight less than 500; and 4) Log P value less than 5. The
violations of Rule of 5 for all hydrazide drugs are zero (see Table I) and consequently
these hydrazides are expected to be orally active and assimilable through the intestinal
tract. This characteristic and others support the strong clinical potential of drugs A, B, C,
and D. The capacity of a drug to be administered orally enhances patient compliance and
facilitates clinical application.

Not all people who become infected with TB develop the active disease. Many indi-
viduals having healthy immune systems can fight the bacteria, have no symptoms, and
cannot spread TB in this latent (inactive) condition. However, the active infection pro-
duces symptoms and these individuals can spread TB by coughing or sneezing. Treatment
of active infections is vital for restraining proliferation of the bacteria throughout a com-
munity. The hydrazide compounds A, B, C, and D have been determined to effectively in-
hibit the growth of TB and accomplish this at a level comparable to isoniazid. All five
hydrazide drugs were placed into tissue culture similarly and evaluated for TB growth in-
hibition. Similarly to isoniazid, drugs A, B, C, and D were able to reduce growth of TB
at low concentrations. In terms of relative survival of bacteria, drugs A, B, C, D, and iso-
niazid induced essentially zero percent survival (ie., no surviving bacteria) at concentra-
tions of approximately 31.5 micrograms/milliliter and greater. This clearly demonstrates
the potential clinical efficacy of these microwave synthesized homologous hydrazides.

The inhibitory action of these hydrazides was also measured based on relative optical
density of TB bacteria. The results for drugs A and B compared to isoniazid are shown in
Figure 3. Greater than 70% inhibition of TB bacteria is achieved by isoniazid, A, and B
at concentrations below 62.5 micrograms/mL. Similarly to isoniazid, the hydrazides A
and B are highly effective at a concentration as low as 31.5 micrograms/milliliter.
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FIGURE 3. The relative inhibition of Mycobacterium tuberculosis by drugs A and B are compared
to isoniazid using measured optical density of treated cultures. Essentially isoniazid, drug A, and
drug B reach greater than 80% growth inhibition at less than 60 microgram/mL of compound. The
comparable growth inhibition of bacteria by drugs A and B shows the relevancy of constructing
drug structures having favorable size, Log P, and polar surface area.



Similarly measurements of drugs C and D in tissue culture produced results compara-
ble to the first-line drug isoniazid. The results for drugs C and D compared to isoniazid
are shown in Figure 4. Greater than 70% inhibition of TB bacteria is achieved by isoni-
azid, C, and D at concentrations at and below 62.5 micrograms/milliliter. Similarly to iso-
niazid, the hydrazides C and D are highly effective at a concentration as low as 31.5
micrograms/milliliter. At all concentrations of drug, growth of the TB bacteria is substan-
tially inhibited and reduced. These results demonstrate the potent action of hydrazide an-
tibiotics in substantially inhibiting the growth of TB bacteria. Clearly hydrazide
constructs have an important function in the clinical treatment of TB infections. The fur-
ther design of hydrazide constructs having optimized molecular properties suitable for
clinical treatment of TB infections is justified.

Conclusion

Isoniazid is a hydrazide compound that is a first-line treatment drug for infections of
Mycobacterium tuberculosis. Using microwave excitation four hydrazide drugs were syn-
thesized that also carry the hydrazide functional group and varying number of aliphatic
carbon atoms (ie. –CH2–) that define them as members of a homologous series of com-
pounds. Determination of descriptors such as Log P, polar surface area, molecular weight,
and number of hydrogen bond donors/acceptors revealed important facets of this group of
compounds. The correlation R of molecular properties for this group of drugs was ex-
tremely high as was correlation between the drugs themselves. In addition, ANOSIM
analysis showed these hydrazides to be highly similar. Zero violations of the Rule of 5 in-
dicate drugs A, B, C, and D would have favorable bioavailability, substantial intestinal
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FIGURE 4. The relative inhibition of Mycobacterium tuberculosis by drugs C and D are compared
to isoniazid using measured optical density of treated cultures. Essentially, isoniazid, drug C, and
drug D reach greater than 80% growth inhibition at less than 60 microgram/mL of compound. These
results support the strong clinical potential for drugs A, B, C, and D.



absorbance, and conformity to parameters suggesting active orally administered pharma-
ceuticals. Calculation of Log BB indicated that a substantial fraction of these hydrazides
that are in the bloodstream would cross through the BBB and enter the central nervous
system. A wide range in Log P values reflects the diversity in molecular scaffolding that
is useful for hydrazide type pharmaceuticals. Relative survival of TB bacteria is essen-
tially zero for isoniazid, A, B, C, and D at concentrations as low as 31.5 micrograms/mL.
Measurements of relative optical density likewise showed isoniazid, A, B, C, and D to be
highly effective in inhibiting the growth of TB bacteria at very low concentrations. Drugs
A, B, C, and D achieved greater than 70% inhibition at concentrations as low as 31.5
micrograms/mL based on relative optical density. The efficacy of utilizing microwave ex-
citation for hydrazide synthesis is shown.

This work was funded by the College of Arts & Sciences, University of Nebraska, Chemistry De-
partment, Durham Science Center, 6001 Dodge Street, Omaha NE 68182.
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Abstract: High-Resolution Magic Angle Spinning (HR-MAS) NMR has been employed to char-
acterize various metabolites of human pancreas, liver and brain tissues from trauma cases. The po-
tential usefulness of NMR in identifying the metabolites in human tissues has been explored using
a combination of one- and two-dimensional experiments. The complete resonance assignments of
pancreas tissue have been carried out for the first time. Two new metabolites, α-hydroxyisovalarate
and α-hydroxybutarate were identified in all the tissue specimens. The metabolites information of
these human tissues can further be utilized in correlating several diseases associated with patholog-
ical manifestations as well in distinguishing traumatic tissues along with control tissues of pancreas,
liver and brain.

KEY WORDS: trauma; HR-MAS NMR; lipids; pancreas; liver; brain; tissue specimen;
α-hydroxyisovalarate; α-hydroxybutarate

HIGH-RESOLUTION 1H nuclear magnetic resonance (NMR) spectroscopy has proved
to be one of the most powerful technologies for biofluids and essentially the only one
capable of studying the biochemical profile of intact tissues (1–4) without the need for
pre-selection of measurement-parameters or selection of separation- and/or derivatization
procedures. Besides various laboratory methods available for identification of metabolites,
their characterization has been a topic of interest. In addition to the current procedures,
the utility of other bio-analytical technique such as mass spectrometry in understanding



the biochemistry of metabolites in human tissues has been explored in recent times (5).
NMR spectral analysis of tissues has largely relied upon tissue extraction methods (6).
However, different invasive extraction processes are required for characterisation of small
metabolites and lipids, which may be time consuming. During the last few years, the de-
velopment of high-resolution 1H magic angle spinning (HR-MAS) NMR spectroscopy has
allowed the ability to analyze intact tissues as small as 8–10 mg. Rapid spinning of the
sample (typically around 4–6 kHz) at an angle of 54.7º relative to the applied magnetic
field serves to reduce severe line-broadening effects seen in such heterogeneous samples
under HR-MAS (7–11). The angular factor (3cos2θ − 1) is averaged out to zero and it is
possible to obtain very high-quality NMR spectra of whole tissue samples with no sam-
ple pre-treatment. Such experiments have also indicated that diseased- or toxin-affected
tissues may have substantially different metabolic profiles compared to those taken from
healthy organs.

Several reports exist in literature regarding the metabolic identification of human tissue
specimens (12–15), and more recently, metabolic profiling has also been applied to study
tissue samples affected with breast cancer (16). The HR-MAS NMR spectra show reso-
lution comparable to that of extracts (solution-state NMR), and application of two-
dimensional techniques have further led to identification of a majority of the structural
constituents. While 1H and 13C NMR spectroscopic techniques have become methods-of-
choice to obtain full-length structural information regarding the metabolites present in tis-
sues, these can be mapped and quantitated from a single experiment (17). Using this
technology, it is also possible to bridge the gap between tissue NMR analyses and
histopathology, and both could be performed for the same tissue specimen in order to gain
real insights into the mechanisms of pathology at molecular level.

This work presents the application of HR-MAS 1H NMR spectroscopy to characterize
the metabolites of human traumatic tissue samples. The potential usefulness of 2D NMR
experiments such as COSY (Correlated Spectroscopy) and 1H-13C HSQC (Heteronuclear
Single Quantum Coherence) has been explored to full extent to identify the metabolites.
An attempt has been made to identify new metabolites in these tissue systems, if any,
which may be useful in understanding possible disease states in such tissues and its analy-
sis may also aid to distinguish diseased tissues from traumatic ones.

Materials and Methods

Human brain tissues (n = 6), liver (n = 6) and pancreas (n = 6) were obtained from acci-
dent-associated trauma patients in the age group of 22–28 years (all males free from any
disease state) undergoing emergency surgical procedures. Devitalized tissues and their
margins, removed as part of the surgical procedure, were also taken for NMR analysis.
Only non-decomposed tissues that were macroscopically free from disease were chosen.
Prior approval was taken from the ethics committee of the trauma center at King George’s
Medical University, (now Chattrapati Shahuji Maharaj Medical University) Lucknow. The
selected tissues were stored in high-quality plastic vials and were snap-frozen in liquid ni-
trogen until the time of spectroscopic analysis. HR-MAS NMR of the intact tissue from
each specimen were taken (30–35 mg wet weight). Each sample was introduced in a 4
mm ZrO2 rotor fitted with 50 µl cylindrical insert. The rotor was transferred into the NMR
probe. All NMR measurements were carried out at 25.0 °C.
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The HR-MAS spectra were recorded on a Bruker Avance 400 spectrometer operating
at a frequency of 400.3 MHz, equipped with a 4 mm 1H/13C dual HR-MAS probe with
magic angle gradient. For all NMR experiments, the samples were spun at 4.0 kHz in
order to keep the rotation side bands out of the acquisition window. One-dimensional pro-
ton NMR spectra with water presaturation were acquired using one-dimensional NOESY
pulse sequence with a mixing time τm of 100 ms. Total relaxation delays of 3.99 s were
used with 8250.8 Hz spectral width, 128 transients with a total recording time of 9 min-
utes. The one-dimensional CPMG pulse sequence with water presaturation using echo
time of 200 ms was used in order to remove short T2 components arising from large mol-
ecules like lipids. The one-dimensional spin echo experiment with water presaturation
was also recorded using an echo time of 160 ms, which simultaneously suppresses the
short T2 components along with multiplicity information obtained for small molecules.

Two-dimensional COSY using water presaturation was carried out on each set of tissue
samples. A spectral width of 4807.69 Hz and 2.2 s relaxation delay was used and 128
transients were averaged for each of the 256 t1 increments corresponding to a total acqui-
sition time of 7 hrs. The data were zero filled to 512 w and weighted with sine-bell win-
dow function, prior to double Fourier transformation. Two-dimensional, 1H/13C gradient
HSQC with adiabatic pulses was performed on each set of the tissue specimens using
water pre-saturation; 1.6 s of total relaxation delay was used and 128 transients were
averaged for each 128 t1 increments corresponding to a total acquisition time of 8.0 hours.
The data were zero filled to a 1024 w matrix and weighted with 90° shifted square sine-
bell function prior to double Fourier transformation.

Results and Discussion

The complete assignments of the various metabolites were carried out by a combination
of one dimensional NOESY (Nuclear Overhauser Effect Spectroscopy), CPMG (Carr-
Purcell, Meiboom Gill) and two-dimensional COSY and HSQC spectra. Prior to reso-
nance assignments all the spectra were referenced with respect to the methyl group (CH3)
of lactate at 1.33 ppm in the 1H NMR and its corresponding 13C chemical shift at 22.6
ppm in the HSQC spectra. Resonances due to lipid moieties were effectively filtered by
the use of CPMG experiments in all the three set of tissue samples. The one-dimensional
proton NMR spectrum of all the three tissue specimens show a large number of signals
and a high degree of overlap especially in the range of 3.0 ppm to 4.0 ppm and were sig-
nificant with their own distinctive pattern as shown in Figure 1a–c respectively. Whereas
the CPMG spectra provided detailed resonances of the small metabolites showing finger
prints of pancreas, liver and brain tissue’s metabolic profile (Figure 2a–c and their ex-
pansions). The assignments are based on the comparison of chemical shifts and spin mul-
tiplicities with data reported in literature (18–19).

Proton resonances between 0.68 ppm and 6.0 ppm in the spectra of all three tissue sam-
ples can be divided into three broad regions. From 0.65–2.9 ppm the presence of (CH2)n-
protons of lipid chain, sterol methyl and methylene proton resonances; phospholipid head
group and glycerol back-bone proton and glucose resonances between 3.05 ppm and 5.25
ppm; vinyl proton signals between 5.30 ppm and 5.95 ppm. The two-dimensional COSY
spectrum allowed us to assign signals to particular metabolites through the examination
of the existing cross peak correlations. The detailed spectral assignments of each tissue
specimens are as follows:
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FIGURE 1a–c. The typical 1H HR MAS one-dimensional NMR spectra (0.2–8.5 ppm) with water
presaturation using NOESY pulse sequence of the (a) brain (b) liver and (c) pancreas tissues
obtained from traumatic patients highlighting the assignments of the metabolites as given in Table I,
see page 78.
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FIGURE 2a–c. The typical 1H HR MAS one-dimensional CPMG NMR spectra (0.2–8.5 ppm) of
the (a) brain (b) liver and (c) pancreas tissues along with their respective expansions (0.2–5.8 and
6.0–8.5ppm) obtained from traumatic patients highlighting the assignments of the small molecule
metabolites as given in Table I, see page 78.
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FIGURE 2a–c (EXPANSION).



Human Pancreas

By direct inspection of one-dimensional 1H NMR spectra, and by comparison with liter-
ature data the following peaks were readily assigned: doublets at 1.33 ppm and 1.47 ppm
for lactate and alanine, singlets at 2.29, 3.03, 3.19, 3.20, 3.24 and at 3.56 ppm for ace-
toacetate, creatine, choline, phosphocholine, glycerophosphocholine and the simplest
amino acid glycine. Quartet of lactate due to CH group at 4.11 ppm, doublet of triplet of
glutamate at 2.34 ppm and multiplet of glutamine at 2.14 ppm, doublets of α- and
β-glucose at 5.23 ppm and 4.64ppm were clearly observed in the CPMG spectrum
(Figure 2a–c and its expansions). Similarly, resonance assignments of myo-inositol at
4.04 ppm and doublet of uridine at 5.89 ppm, and of tyrosine at 6.81 and 7.17 ppm, mul-
tiplets of phenylalanine at 7.42 ppm and of fatty acids at 0.90, 1.58, 2.01, 2.81, and at 5.32
ppm were carried out.

The 1H and 13C NMR assignments of fatty acid chains indicated that the lipids con-
sisted of mono-saturated and poly-unsaturated fatty acids. The overlapped signal of the
terminal methyl protons of the fatty acid chains could be assigned based on the HSQC
correlations. The -(CH2)n- protons of fatty acids were found to occur as a highly intense
and broad signal at 1.28 ppm–1.38 ppm. The allylic methylenes of type -CH2−CH=CH-
were assigned at 2.04 ppm in the 1H NMR spectra and at 27.3 ppm in the 13C NMR spec-
tra. The highly intense proton multiplet signal at 5.30 ppm had the collective contributions
from vinyl (-CH=CH-) protons in the fatty acid chains and from sterols. Further, a broad
multiplet signal at 2.76 ppm reinforced the presence of Dn methylenes (-CH=CH-
(CH2−CH=CH) n-; n ≤ 1) in the fatty acid chain. The olefinic -CH’s ( at 5.32 ppm) gave
the corresponding 13C correlations between 130–132 ppm.

The presence of metabolites in one-dimensional 1H spectra, specially the ones which
were overlapped with resonances of other metabolites, was further confirmed by the
cross-peak mapping of two-dimensional COSY spectrum as shown in Figure 3a, 3b. Since
each metabolite has a distinct cross peak correlation in the COSY spectrum, it has there-
fore helped us in confirming the presence of threonine, phenyalanine, glycerol, proline,
ethanolamine, tyrosine, taurine, myo-inositol, aspargine, aspartate, choline/glycerophos-
phocholine/phosphocholine, ethanolamine, lysine, serine, α-β glucose, lysine and uridine.
The characterization of the α-hydroxyvalerate was carried out based on the distinctive
cross-peak correlation pattern in the COSY spectrum. The methyl protons at 0.97 ppm
showed strong cross peaks with the CH proton at 2.02 ppm only. Similarly, identification
of α-hydroxybutarate was carried out by the observance of distinctive cross peak due to
CH3 and β-CH2 groups at 0.90 and 2.24 ppm in the COSY spectrum (22). The presence
of uridine was also characterized in the pancreas tissue specimen because of the presence
of distinct cross peak between C1H and C5H protons at 5.89–7.88ppm of the uridine
moiety. The COSY spectrum also showed strong cross peaks of macromolecules of lipids
and triglycerides.

Further confirmation of the metabolites was carried out with the help of 1H-13C HSQC
spectra Figure 4a–b. The HSQC spectra made possible a more reliable assignment of sig-
nals by comparison of 1H and 13C data with those of literature values. The HSQC spectra
helped in the identification of proline, serine and glycerol. To aid spectral interpretation,
the information provided by one-dimensional and two-dimensional COSY and HSQC
spectra were combined and resonances of various metabolites were assigned. A complete
list of identified metabolites along with their 1H and 13C chemical shift is given in Table I.
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FIGURE 3a. The COSY spectrum of the pancreas tissue with labeled assignments of the metabo-
lites as given in Table I, see page 78.
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FIGURE 3b. Expansions of the COSY spectrum (0.2-5.8 ppm). The detailed labeled assignments
are given in Table I, see page 78.
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FIGURE 4a. The 1H-13C HSQC spectrum of the of the pancreas tissue specimen, highlighting the reso-
nance assignments in the F1 dimension (13C) and in the F2 dimension (1H). The labeled assignments are
as given in Table I, see page 78.
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FIGURE 4b. Expansion of the 1H-13C HSQC spectrum of the pancreas tissue specimen, highlighting
the resonance assignments between 9.0–133.0 ppm in the F1 dimension (13C) and 0.55–5.22 ppm in
the F2 dimension (1H). The labeled assignments are as given in Table I, see page 78.
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TABLE I. Resonance assignments of most significant metabolites in HR-MAS spectra of
human brain, liver and pancreas tissue specimens trauma cases.

1H 13C Human Human Human
S.No Metabolite Group Shift Shift Brain Liver Pancreas Multiplicities

1 Fatty Acids CH3 0.90 19.7 P P P t
2 a-Hydroxybutyrate CH3 0.90 P P P
3 Isoleucine δCH3 0.94 13.8 * P P t
4 Leucine δCH3 0.95 23.5 P P P d
5 Leucine δCH3 0.96 24.7 P P P d
6 α-Hydroxyisovalerate CH3 0.97 P P P d
7 Valine γCH3 0.98 19.2 P P P d
8 Isoleucine γCH3 1.01 17.4 P P P d
9 Valine γCH3 1.04 20.6 P P P d
10 Isoleucine γCH2u 1.24 27.2 P P P m
11 Fatty acids(a) (2)CH2 1.28 34.6 P P P m
12 Fatty acids(a)(b) (n)CH2 1.29 32.5 P P P
13 Fatty acids(a) (1)CH2 1.29 25.5 P P P
14 Fatty acids(c) (n)CH2 1.31 31.8 P P P
15 Lactate CH3 1.33 22.6 P P P d
16 Threonine γCH3 1.34 21.9 P P P d
17 Fatty acids(b) (1)CH2 1.37 32.3 P P P m
18 Isoleucine γCH2d 1.46 27.1 P P P m
19 Lysine γCH2 1.46 24.1 P P P d
20 Alanine βCH3 1.47 18.9 P P P d
21 Fatty acids(c) (2)CH2 1.58 27.6 * P P m
22 Arginine γCH2 1.67 26.5 P P P m
23 Lysine δCH2 1.68 29.1 P P P m
24 α-Hydroxybutyrate γCH 1.69 - P P P
25 Arginine βCH2 1.71 29.1 * P * m
26 Leucine βCH2 1.71 42.4 P P P m
27 Leucine γCH 1.71 27.1 * P P m
28 Lysine βCH2 1.90 32.5 P P P m
29 GABA 3CH2 1.90 26.3 P A P m
30 Acetate CH3 1.91 25.6 P P P s
31 Isoleucine βCH 1.98 38.5 P P P m
32 Proline γCH2 2.01 26.5 P P P m
33 NAA CH3 2.02 24.6 P A A s
34 α-Hydroxyisovalerate βCH 2.02 - P P P m
35 Fatty Acids (b) (2)CH2 2.04 27.3 P P P m
36 Glutamate βCH2u 2.04 29.6 P P P m
37 Proline βCH2u 2.06 31.6 P P P m
38 Glutamate βCH2d 2.12 29.5 P P P dt
39 Glutamine βCH2 2.14 28.8 P P P m
40 Fatty Acids(c) (1)CH2 2.24 36.2 * P P m
41 α-Hydroxybutyrate βCH2 2.24 - P P P
42 Valine βCH 2.28 31.7 P P P m
43 Acetoacetate CH3 2.29 P P P s
44 GABA 4CH2 2.29 37.1 P A P t
45 Glutamate γCH2 2.34 36.1 P P P dt
46 Proline βCH2d 2.35 31.1 P P P m
47 Glutamine γCH2 2.44 33.5 P P P m



48 NAA βCH2u 2.49 40.4 P A A dd
49 Aspartic Acid βCH2u 2.65 39.2 P P P dd
50 Citrate 1/2 CH2 2.67 * P P A d
51 NAA βCH2d 2.68 40.4 P A A dd
52 Aspartic Acid βCH2d 2.80 39.2 P P P dd
53 Citrate 1/2 CH2 2.81 P P A d
54 Fatty Acids(b) CH2 2.81 28.1 P P P m
55 Aspargine β CH2u 2.86 37.2 P P P dd
56 Aspargine β CH2d 2.96 37.2 P* P P dd
57 GABA 2CH2 3.01 41.9 P A P t
58 Creatine N(CH3) 3.03 39.1 P P P s
59 Lysine CH2 3.05 41.6 P P P t
60 Tyrosine β CH2u 3.05 38.2 P P P dd
61 Ethanolamine CH2-NH3 3.12 44.1 P P P t
62 Phenylalanine βCH2u 3.12 39.1 P P P dd
63 Tyrosine βCH2d 3.19 38.1 P P P dd
64 Choline N+(CH3)3 3.19 56.6 P P P s
65 PCho N+(CH3)3 3.20 56.6 P P P s
66 Arginine γCH2 3.23 43.2 P P P t
67 GPCho CH2-NH3 3.24 56.7 P P P s
68 Taurine CH2-NH3 3.25 50.1 P P P t
69 Myo-Inositol C5H 3.25 76.5 P P P t
70 Phenylalanine βCH2d 3.30 39.1 P* P P dd
71 Proline CH2u 3.34 48.7 P P P t
72 Scyllo-Inositol CH 3.35 - P A A s
73 α-glucose C4H 3.41 72.3 P* P P t
74 β-glucose C4H 3.42 72.3 P* P P t
75 Taurine CH2-SO3- 3.42 37.9 * P P t
76 Proline γCH2d 3.42 48.7 P P P t
77 β-glucose C5H 3.46 78.6 * P P t
78 β-glucose C3H 3.48 78.2 * P P t
79 Myo-Inositol C1H,C3H 3.53 74.1 P P P dd
80 Choline βCH2 3.53 70.1 P P P m

1,3CH2O
81 Glycerol Hu 3.56 65.1 P P P dd
82 Glycine αCH 3.56 44.2 P P P s
83 PCho βCH2 3.57 69.3 P P P t
84 Threonine αCH 3.58 63.1 P P P d
85 Glycogen C2H 3.61 71.8 A P A dd
86 Valine αCH 3.61 63.2 P P P d
87 MI C4H,C6H 3.61 75.1 P P P t

1,3CH2O
88 Glycerol H 3.63 65.1 P P P dd
89 Glycogen C4H 3.63 77.1 A P A q
90 GPCho βCH2 3.67 68.6 P * P m
91 Isoleucine αCH 3.67 62.1 P P P m
92 α-glucose C3H 3.69 75.5 P P P t
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1H 13C Human Human Human
S.No Metabolite Group Shift Shift Brain Liver Pancreas Multiplicities

(continued on page 80)



93 Glycogen C5H,C6H 3.71 61.2 A P A dd
94 Leucine αCH 3.73 56.2 P* P P t
95 β-glucose C6Hd 3.73 63.5 P P P dd
96 Glutamate αCH 3.75 57.2 P P P t
97 Alanine αCH 3.76 53.4 P P P q
98 α-glucose C6Hu 3.77 63.4 P* P P m
99 Lysine αCH 3.77 56.2 P P P t
100 Glutamine αCH 3.77 56.9 P P P t
101 Ethanolamine CH2-OH 3.78 71.8 P P P t
102 Glycerol CH(OH) 3.78 74.9 P* P P m
103 α-glucose C5H 3.82 73.9 P P P m
104 α-glucose C6H d 3.83 63.4 P* P P m
105 Serine αCH 3.83 59.2 P A P dd
106 Arginine αCH 3.86 56.6 P* P P dd
107 Aspartic Acid αCH 3.89 55.0 P P P dd
108 β-glucose C6H 3.91 63.5 P P P dd
109 Creatine CH2 3.92 56.5 P P P s
110 Tyrosine αCH 3.92 58.7 P P P dd
111 Serine βCHu 3.93 62.8 P A P dd
112 Serine βCHd 3.96 62.9 P A P dd
113 Glycogen C3H 3.96 73.8 A P A dd
114 Aspargine αCH 3.98 54.0 P P P dd
115 Phenylalanine αCH 4.00 58.2 P P P dd
116 Myo-Inositol C2H 4.04 74.8 P P P t
117 Choline αCH2 4.05 58.8 P P P m
118 Uridine(Ribose) αCH 4.05 - A A P
119 Tryptophan αCH 4.05 - A P P dd
120 Tryptophan αCH 4.06 - A P P dd

Glyceryl in
121 TriGlycerides CH2OR 4.11 - P P P
122 Lactate CH 4.11 71.1 P P P q
123 Proline αCH 4.12 63.8 P P P t
124 PCho αCH2 4.17 60.7 P P P t
125 Threonine βCH 4.25 68.7 P P P m
126 GPCho αCH2 4.28 56.6 P P P t

Glyceryl in
127 TriGlycerides CH2OR 4.31 - P P P
128 NAA αCH 4.39 56.2 P A A dd
129 β-glucose C1H 4.64 98.7 P P P d
130 α-glucose C1H 5.23 94.8 P P P d
131 Tri-Glycerides CHOR 5.24 - P P P
132 Fatty acids(b) (2)CH 5.32 132.5 P* P P m
133 Fatty acids(b) (1)CH 5.33 130.6 P* P P m
134 Glycogen C1Hα 5.41 100.2 A P A d
135 Uracil C5H 5.79 88.2 A P A d
136 Uridine(Ribose) C1H 5.89 89.2 A A P d
137 Tyrosine CH 3,5 6.88 118.4 P* P P d
138 Tyrosine CH 2,6 7.17 133.1 P* P P d
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Human Liver

The one dimensional spectrum of human liver tissue specimen from trauma cases was
quite similar to that of pancreas; the basic difference observed was the presence of glyco-
gen and uracil. With each metabolite having its specific correlation pattern, the COSY
spectrum of liver (supplementary material) was very much similar to that of pancreas with
additional cross peak due to C4H and C1Hα group of glycogen being observed at 3.63
and 5.41 ppm confirming the presence of glycogen in liver tissue specimen (10). The
COSY plot also helped in final confirmation of uracil with its C5H and C6H groups show-
ing a distinct cross peak at 5.79 and 7.53 ppm. The HSQC spectrum of liver was also very
much similar to that of pancreas with additional 1H-13C peaks of glycogen due to C1Hα
group being observed at 5.41 and 100.2 ppm and few additional peaks of glucose being
observed compared to that of pancreas; the reason could be that the liver plays a major
role in the regulation of glucose metabolism and supplies glucose to other organs.

Human Brain

The one-dimensional spectra of human brain tissue followed a very similar pattern as that
observed in pancreas, but certain differences were observed in both one and two dimen-
sional spectra of brain compared to that of pancreas. Doublets due to CH3 groups of lac-
tate and alanine were readily assigned, triplets due to CH2 group of taurine at 3.42 ppm,
CH group of α-glucose and glutamine at 3.82 and 3.77 ppm. Similar to the singlets
observed in one dimensional spectra of pancreas of acetate, acetoacetate, creatine,
choline/glycerophosphocholine/phosphocholine, two additional singlets were identified in
the spectra of human brain. Singlet due to the methyl group of N-acetylaspartate (NAA)
at 2.02 ppm and CH group of scyllo-inositol at 3.35 ppm was observed in brain tissues.
Doublet of doublet of aspartate and β-glucose at 3.89 and 3.73 ppm were similar to that
of pancreas, while an overlapped doublet of doublet of citrate and NAA at about 2.71 ppm
was observed in brain, this was clearly resolved in the two-dimensional COSY spectrum
(supplementary material). Quartet due to CH group of lactate, multiplets of GABA,
glutamate, glutamine and resonance assignments of myo-inositol were similar to that of
pancreas.
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139 Tryptophan CH6 7.19 - A P P t
140 Phenylalanine CH 2,6 7.31 132.1 P* P P m
141 Phenylalanine C4 7.38 130.1 P* P P m
142 Phenylalanine CH 3,5 7.42 131.8 P* P P m
143 Tryptophan CH7 7.53 - A P P d
144 Uracil C6H 7.53 141.8 A P A d
145 Tryptophan CH4 7.72 - A P P d
146 Uridine(Ribose) C5H 7.88 142.1 A A P d

u, up-field; d, down-field
A=Absent, P=present, P* = The cross peaks were not observable in the HSQC Spectrum

TABLE I. (continued)
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The two-dimensional COSY spectrum of human brain was also very much similar as
that of pancreas except for a few minor differences. Distinct cross peak due to the β-CH2

and α-CH group of NAA was observed in the COSY spectra (supplementary material) at
2.49 and 4.39 ppm. Similarly, the same pattern for the assignments of α-hydroxyvalerate
and oxo-leucine was observed in the tissue specimen of brain as that observed in pan-
creas. The HSQC cross peak pattern was very much similar to that of pancreas except that
additional peaks of NAA and C2H, C4H and C6H groups of myo-inositol were observed
in brain. The 1H-13C cross peaks of tyrosine and phenylalanine in the range of 6.0 to 7.0
ppm were not observed in the HSQC spectra of human brain while they were observed in
pancreas (Table I) thus indicating its low concentration in the brain tissue specimen.

Uridine involved in the biosynthesis of polysaccharides was observed only in pancreas,
while scyllo-inositol, a cyclohexanehexol stereoisomer, is observed only in brain while it
was not observed in liver and pancreas. Similarly, N-Acetylaspartate (NAA) a neuronal
marker was only observed in brain tissue specimens. It is synthesized in neurons from the
amino acid aspartate and acetyl-coenzyme A. Previous studies have shown extracellular
N-acetylaspartate depletion in traumatic brain injury (20).

Presence of prominent resonances of glycogen in liver was due to the fact that carbo-
hydrate reserves are mainly stored as glycogen in humans and it is particularly abundant
in liver reaching concentrations up to 100–500 mmol/kg (21). As observed from the one
and two dimensional plots, the presence of tyrosine and phenylalanine were significantly
lesser in concentration in brain tissues as compared to liver and pancreas tissues. The
breakdown of glucose or glycogen in anaerobic conditions results in the production of lac-
tate resulting in intense signal in all the three tissue specimens as is clearly observed in
both the one and two dimensional spectra.

Tryptophan is an essential amino acid which has profound effects on a number of meta-
bolic pathways in the whole body system, particularly in the nervous system. Reason for
its observance in the liver could be because it is metabolized principally in the liver, and
in pancreas it may be due to high enzymatic activity. Whereas, in brain tissue specimens
it was not observed inspite of breach in the blood brain barrier, probably due to its very
low concentration in the blood.

In the one-dimensional 1H NMR spectra Figure 1a–c of all the three sets of tissue sam-
ples, the resonances obtained from valine, leucine and isoleucine appear as a single broad
line due to lipid signal in the range 0.91–1.5 ppm. The CPMG spectra provided the as-
signments of the methyl signals of the above mentioned cytosolic amino acids Figure
2a–c. Although the histological analysis of the tissues confirmed to be normal, which was
free from any malignancy and infection, the additional presence of α-hydroxyisovalarate
and α-hydroxybutarate (22) in the tissue specimen indicated dysfunction of certain en-
zymes involved in amino acid synthesis due to trauma induced metabolic changes in the
tissues. Since in traumatic tissues, there is deprivation of oxygen, earlier studies carried
out on infants suffering asphyxiation has demonstrated an elevated level of Lac/Cr ratio
when compared to normal controls (23) using in-vivo MR spectroscopy. Similarly, our re-
sults also indicate an increase in Lac/Cr ratio (1.57 Mean ± 0.12 SD) thus indicating hy-
poxic state of the brain tissue specimens. The presence of strong lactate signal in all tissue
specimens may be attributed to trauma induced de-vitalization of tissues (anaerobic me-
tabolism). Regarding pancreas and liver tissue specimens, the Lac/Cr ratio was found to
be 9.51 Mean ± 0.56 SD and 37.5 Mean ± 1.5 SD. To the best of our knowledge there is
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no report existing regarding the Lac/Cr ratio in pancreas and liver using NMR spec-
troscopy. The presence of α-hydroxyisovalarate and α-hydroxybutarate along with high
concentration of the lactate may be utilized in distinguishing the traumatic tissues with
healthy and diseased ones. Quantitation is not possible as the external reference TSP
binds with the macromolecules in the tissue samples. Although in certain other methods
like the ERETIC Method (24) off resonances signal is generated for quantification pur-
pose but that requires additional hardware modification. Nevertheless, the ratio of various
metabolites may be used in order to distinguish tissue types so that it may be translated
in in-vivo spectroscopy.

Conclusions

After a through study of identification of metabolites in human organ of brain, liver and
pancreas from trauma cases it is possible to conclude that all assignments have charac-
teristic properties. Although the assignments of brain and liver are previously known,
additional assignment of α-hydroxyisovalarate and α-hydroxybutarate have been charac-
terized for the first time in all three tissue specimens. Using earlier work on metabolite
characterization of other tissue specimens, the characterization of various metabolites of
pancreas have been carried out, which to the best of our knowledge has not been reported
earlier.

The importance of the work lies in the fact that characteristic fingerprints of different
human organ tissues (pancreas, brain and liver) from trauma cases have been studied
which can identify and distinguish between metabolic differences from other tissue spec-
imens like diseased states like cancer, tumor etc or non-diseased/healthy tissues. Since
few tissue specimens have been analyzed, more studies on traumatic tissues of these or-
gans will be needed in order to substantiate our findings.

The facility at SAIF, of Central Drug Research Institute, Lucknow, India for providing the NMR
data is gratefully acknowledged.

Supplementary Material

The COSY, HSQC spectra (along with expansions) of a human brain and liver tissue spec-
imen have been provided as Supplementary Material.
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FIGURE S-1a. Expansions of the COSY spectrum of the liver tissue specimen (0.2–5.8 ppm). The
detailed labeled assignments are given in Table I, see page 78.

FIGURE S-1. The COSY spectrum of the liver tissue specimen with labeled assignments of the
metabolites as given in the Table I, see page 78.
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FIGURE S-2. The 1H-13C HSQC spectrum of the liver tissue specimen, highlighting the resonance
assignments in the F1 dimension (13C) and in the F2 dimension (1H). The labeled assignments are
as given in Table I, see page 78.

FIGURE S-2a. Expansion of the 1H-13C HSQC spectrum of the liver tissue specimen, highlighting
the resonance assignments between 9.0–133.0 ppm in the F1 dimension (13C) and 0.55–5.22 ppm
in the F2 dimension (1H). The labeled assignments are as given in Table I, see page 78.
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FIGURE S-3. The COSY spectrum of the brain tissue specimen with labeled assignments of the
metabolites as given in the Table I, see page 78.

FIGURE S-3a. Expansions of the COSY spectrum of the brain tissue specimen (0.2–5.8 ppm).
The detailed labeled assignments are given in Table I, see page 78.
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In 1889 Abderhalden reported his discovery that there is no (or as shown later, little) sodium
ion (Na+) in human red blood cells even though these cells live in a medium rich in Na+. His-
tory shows that all major theories of the living cell are built around this basic phenomenon
seen in all the living cells that have been carefully examined. One of these theories has been
steadily evolving but is yet-to-be widely known. Named the association-induction hypothesis
(AIH), it has been presented thus far in four books dated 1962, 1984, 1992 and 2001 respec-
tively. In this theory, the low Na+ in living cells originates from (i) an above-normal molecule-
to-molecule interaction among the bulk-phase cell water molecules, in consequence of (ii) their
(self-propagating) polarization-orientation by the backbone NHCO groups of (fully-extended)
cell protein(s), when (iii) the protein(s) involved is under the control of the electron-withdraw-
ing cardinal adsorbent (EWC), ATP. A mature human red blood cell (rbc) has no nucleus, nor
other organelle. 64% of the rbc is water; 35% belongs to a single protein, hemoglobin (Hb).
This twofold simplicity allows the concoction of an ultra-simple model (USM) of the red blood
cell’s cytoplasmic protoplasm, which comprises almost entirely of hemoglobin, water, K+ and
ATP. Only in the USM, the ATP has been replaced by an artificial but theoretically authentic
EWC, H+ (given as HCl). To test the theory with the aid of the USM, we filled dialysis sacs
with a 40% solution of pure (ferri-) hemoglobin followed by incubating the sacs till equilib-
rium in solutions containing different amounts of HCl (including zero) but a constant (low)



concentration of NaCl. We then determined the equilibrium ratio of the Na+ concentration in-
side the sac over that in the solution outside and refer to this ratio as qNaCl. When no H+ was
added, the qNaCl stayed at unity as predicted by the theory. More important (and also pre-
dicted by the theory,) when the right amount of H+ had been added, qNaCl fell to the 0.1- 0.3
range found in living red blood (and other) cells. These and other findings presented confirm
the AIH’s theory of life at the most basic level: in the resting living state, microscopic, or nano-
protoplasm, is the ultimate physical basis of life. (See Post Script on page 111.)

IN 1834 Felix Dujardin introduced what was eventually known as protoplasm1. Five
years later, Theodor Schwann (and Mathias Schleiden) announced the Cell Theory2,3. Less
well known is the fact that Schwann also introduced the essence of the membrane pump
theory as a part of his Cell Theory. That is, cells are membrane-enclosed cavities filled
with clear liquid water2a, and that the cell membrane has metabolische Kraft (metabolic
power) that controls the chemical makeup of the fluids inside and outside the cell2b.

In contrast, Max Schultze pronounced in 1861 that a living cell is “a membrane-less
lump of protoplasm containing a nucleus”4. Continuing this line of thinking, Thomas
Huxley came to the conclusion that protoplasm is the physical basis of life5 and commu-
nicated this idea to a lay audience in an Edinburgh church. Huxley’s speech was breath-
taking from start to finish; notwithstanding, it had a disconcerting flaw. Since protoplasm
was then characterized as a semi-fluid, sticky and transparent substance, it did not match
the more rigid and darker nucleus. If the nucleus is not a part of the physical basis of life,
what is it? Then again, not all living cells possess a nucleus.

The mature mammalian red blood cell, for example, has no nucleus; nor could the best
microscope available then reveal the presence of an enclosing cell membrane. Therefore,
the very existence of mature mammalian red blood cells suggested that, at their simplest,
living cells are lumps of protoplasm without a nucleus or cell membrane.

In 1889, Emil Abderhalden discovered something crucial that challenged the view of
membrane-less red blood cells6. Abderlalden found no sodium ion (Na+) inside the red
blood cells even though the blood plasma, in which the red blood cells spend their lives,
contain a great deal of Na+. The question arose, if the red blood cell has no enclosing
membrane, what would prevent Na+ from becoming equally distributed inside and outside
the cell? In years to come, further investigations revealed that there is some Na+ in red
blood cells. Nevertheless, a strongly asymmetrical distribution of Na+ exists not only in
red blood cells but in virtually all types of living cells carefully examined as exemplified
by the human red blood cell, the frog muscle and the squid axons (Table I.)
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TABLE I. The water and Na+ concentrations in three of the most extensively studied types of
living cells and the Na+ concentrations in their respective blood plasma.

H2O [Na]in [Na]ex qNaCl ref.
(%) (mM) (mM)

nerve axon (squid) 86.5 50 440 0.114 7

muscle cell (frog) 77.4 16.9 104 0.163 8, 9

mature red blood cells (human) 65 18 135 0.133 10



Doubt about the existence of a cell membrane was laid to rest not long after the inven-
tion in 1931 of the electron microscope by Knoll and Ruska11. Its much higher magnify-
ing power enabled biologists to establish that the red blood cell12 — like other cell types
studied13 — does indeed possess a (vanishingly thin) cell membrane. In the decades fol-
lowing, the membrane pump theory rose to the peak of its popularity. Meanwhile, inter-
est in the protoplasm concept steadily declined.

In an article entitled Meaninglessness of the Word Protoplasm14, microbiologist Hardin
showed that between 1926 and 1951 citation in the Biological Abstract of the word,
protoplasm, had plummeted 77% (p.118.) In recent years, Encyclopedia Britannica
Online has repeated Hardin’s message. “As the cell has become fractionated into its com-
ponent parts, protoplasm, as a term no longer has meaning.”15 In the US at least, biology
textbooks at both the high school and college level teach the membrane pump theory ex-
clusively; they rarely if at all mention the word protoplasm9, 9a, 16. However, a scattering
of cell physiologists worldwide believe that the rejection of protoplasm may be a painful
but passing episode in history.

Ling, for example, suggested that the real cause of the dwindling popularity of the pro-
toplasm concept could be that the relevant parts of physics, chemistry and biology needed
to give a more cogent definition of protoplasm and move the concept forward were still
things of the future16. With time the relevant branches of knowledge attained the needed
maturity one by one.

Arriving on the scene at just the right time, Ling was able to put together in 1962 an
elementary unifying theory of the living phenomena in a volume entitled “A Physical
Theory of the Living State: the Association-Induction Hypothesis”17–22.

The association-induction (AI) hypothesis grew up in the light of critical knowledge
denied earlier investigators. That includes the knowledge on protein structure and the new
branch of physics called statistical mechanics. From a historic perspective, however, the
AI hypothesis is without question the heir to what Dujardin, von Mohl, Schultze, Huxley
and others introduced in mid-19th century. Another 45 years were to elapse before a new
name, nano-protoplasm, was coined23 to replace what was once referred to as a biologi-
cal fixed charge system18a or an elementary living machine17a.

Protoplasm re-defined

The long-range goal of the AI Hypothesis is to interpret all macroscopic cell physiologi-
cal manifestations in terms of the properties and activities of microscopic molecules,
atoms, ions, and electrons. Thus, in the latest version of the AI Hypothesis, what Thomas
Huxley called the physical basis of life is a specific but highly prominent example of
macroscopic protoplasm23. Other varieties of macroscopic protoplasm make up respec-
tively the cell nuclei, the cell membrane and other sub-cellular structures. Despite their
great diversity in form and function, all macroscopic protoplasms have one thing in
common. They all comprise a vast number of similar microscopic units called nano-
protoplasm23. Accordingly, nano-protoplasm — rather than a specific kind of prominent
macroscopic protoplasm — is the smallest unit of life and hence its ultimate physical
basis23.
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In introducing a more detailed description of a typical nano-protoplasm, we start out
with a single mature human (or mammalian) red blood cell — to be referred to henceforth
as a rbc. The electron-microscopic cross-section of two such rbc’s is shown in Figure 1.
Note that they have no nucleus, nor sub-cellular organelles of any other kind. Conse-
quently, the inside of a rbc is essentially homogeneous. Furthermore, cytologists of the
past had demonstrated that a rbc could be cut into tiny pieces without spilling its intra-
cellular protein, hemoglobin24. Armed with these relevant insights and an imaginary knife,
we cut a rbc into smaller and smaller pieces until each piece contains just one single he-
moglobin molecule — and more as indicated next.

Water makes up 64% of the rbc’s total weight. Of the 36% solid, 97% belongs to a sin-
gle protein, hemoglobin10. Thus, water and hemoglobin together make up more than 98%
of the total weight of mature mammalian red blood cells. Thirty percent (30%) of the re-
maining 1.1% solid is K+. Even less belongs to organic substances including about 5 mM
of {2,3-diphophoglycerate (2,3-DPG)25 plus adenosine triphosphate (ATP.)26} All told,
what is still unaccounted for is not more than 1% of the total weight of a rbc.

From all these facts and numbers, one can estimate what is in each of the smallest mi-
croscopic lumps of rbc cytoplasm that we carved out from a rbc. Thus, in addition to one
hemoglobin molecule, there are also some 7000 water molecules, 20 K+ and one (2,3 DPG
+ ATP.) Together, they make up a nano-protoplasmic (NP) unit. And it can be represented
by a formula: (Hb)1 (H2O)7000 (K+)20 (ATP or 2,3-DPG)1. (For a general formula for all
nano-protoplasms, see ref. 23, p.124.) The molar concentration of these NP units in a rbc
is equal to that of hemoglobin at approximately 5 mM. Assumed spherical in shape, each
rbc NP unit measures 6.8 nanometers in diameter23.

The next section addresses the crucial question: How does a nano-protoplasm unit dif-
fer from a random mixture of the same chemical makeup and nano-metric dimensions?

Life and death at their most basic level

Unlike most objects in the dead world, nano-protoplasm can exist, in two alternative dis-
crete states under the same atmospheric pressure and at the same temperature. An illus-
tration of the “core structure” of a nano-protoplasm unit in its (lasting) resting living state
is shown in the right-hand side picture of Figure 2. Another illustration of the core struc-
ture of either a nano-protoplasm unit in its (transient and reversible) active living state or
one that is in its (irreversible) dead state is shown on the left of Figure 218a,20a,21d,22a. In the
resting living state, all the components of the core structure are directly or indirectly in
contact with one another spatially (association) and electronically (induction.) In the
active or dead state, the two major components, water and K+ are set free mostly if not
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FIGURE 1. An electron micrograph of the
cross section of two mature human red
blood cells (in blood plasma). Cryofixed,
freeze-dried and imbedded in Lowicryl.
(Gift of Dr. Ludwig Edelmann)



totally17c, 18e, 21g, 23c. Thus, it is the pervasive spatial and electronic connectedness that sets
apart nano-protoplasm in its resting living state from a random mixture of similar chem-
ical composition and miniscule dimension.

While existence in the resting living state defines living, momentary reversible transi-
tions between the resting and active living, state underlies life activities. As a rule, transitions
in life activities are all-or-none; or, in the language of the AI Hypothesis, auto-
cooperative18b,21a,23e,27. Center stage in these transitions is the auto-cooperative transition
of the protein component of the nano-protoplasm between the folded α-helical confor-
mation and the fully extended conformation, as diagrammatically illustrated in Figure 2.

Another player in the maintenance of two discrete living states and hence the auto-
cooperative transition between them is the salt-linkage28,29a. Salt linkages are formed one
on one between an equal number of fixed cations like the ε-amino and guanidyl groups
and fixed anions like the β-, and γ-carboxyl groups. (See Figure 2 left.)

Neither the α-helical structure, nor the salt linkages — nor the self-assembling micro-
scopic NP units making up macroscopic protoplasm — are joined together permanently.
Rather, the structural connections in living protoplasm are dynamic — like that of a flock
of wild geese in their migratory flight.

Nano-protoplasms are similar and different. Three major sources of their diversity are:
(i) the amino acid composition-and-sequence of the protein(s) in the NP unit as defined
by their respective genes; (ii) prosthetic groups, enzyme sites etc. that the protein may or
may not carry and (iii) the location of the nano-protoplasmic (NP) cationic unit in the cell.

On the other hand, what make different nano-protoplasms (and hence different macro-
scopic protoplasm) similar are the shared components of the “core structures” of nano-
protoplasm. They include: (1) a lengthy and highly polarizable polypeptide chain, serving
as the highway of information and energy transmission; (2) close to the information high-
way, an abundance of fixed anionic β-, and γ-carboxyl groups carried respectively on short
side chains of aspartic and glutamic residues; (3) the even more abundant peptide imino-
carbonyl groups (CONH) — right on the information highway, the polypeptide chain;
(4) the fixed cationic groups, including e-amino, guanidyl and (cationic) imidazole
groups, which roughly match in total number the total number of fixed anions; (5) alter-
native partners for adsorption on these ubiquitous functional groups including K+ (or an-
other cation) for the carboxyl groups29 and water molecules for the backbone carbonyl
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FIGURE 2. Diagrammatic illustration of the all-or-none transition between the folded and the
fully-extended state of the core structure of a nano-protoplasmic unit.



groups; (6) adenosine triphosphate (ATP), the controlling principal cardinal adsorbent
and specific sites on the protein that adsorb ATP, as well as auxiliary cardinal site(s) that
adsorb other controlling agent(s) denoted by the symbol, Z (See Figure 2 right.)

ATP as the principal electron-withdrawing cardinal adsorbent

As a generic name for drugs, hormones, ATP , Ca++ and other agents that exercise pow-
erful influence on the nano-protoplasm at extremely low concentration, are what we call
cardinal adsorbents, 17b,21e,23a. As a rule, they act as the on-and-off switch of the all-or-
none transitions of the nano-protoplasm between two discrete states. To serve that func-
tion, they adsorb onto (and desorb from) specific cardinal sites on the nano-protoplasmic
protein. Depending on the consequence of their respective electronic impact on the pro-
tein, each cardinal adsorbent belongs to one of three categories: the electron-indifferent
cardinal adsorbent or EIC, the electron-donating cardinal adsorbent or EDC, and the
electron withdrawing cardinal adsorbent or EWC.

The most pervasive and powerful EWC is ATP. In conjunction with other auxiliary ad-
sorbents or agents, ATP plays a critical role in maintaining (reversibly) the nano-proto-
plasm in its resting living state through its adsorption on a specific cardinal site. As such,
its action can reach over long distances. ATP is unusual in yet another way. It can be
rapidly removed through the action of a specific enzyme called ATPase. It can also be
rapidly replenished through the activities of other enzymes of one kind or another.

In the original AI Hypothesis, two types of long-distance operations of ATP and other
agents were presented. They are respectively called the (static) direct F-effect17d, 21j — a
combination of direct or D-effect, transmitted through space and inductive or I-effect
transmitted through intervening atoms, — and the indirect F-effect18c. The direct F-effect
is local and static in action; its name remains unchanged though often replaced by the pre-
dominant inductive or I-effect alone. In contrast, the dynamic and far-reaching indirect F-
effect has been renamed AI cascade mechanism {where the letter A and I used here stand
for the (close-contact) association and the electronic induction respectively}23b,17e.

It is the AI cascade mechanism that provides the means for the (ideally) non-attenuat-
ing, one-on-many, from-here-to-there influence of the cardinal adsorbent. In its mode of
operation, the AI cascade mechanism resembles a falling domino chain — in that the
energy that topples the first domino is the same as the one that topples the last domino,
regardless how far apart they are. (See also ref. 17k, 21i.) (Regrettably, space limitation
does not permit even a brief sketch of a more detailed account of the AI cascade mecha-
nism. The interested reader may want to consult earlier presentations17e or a recent down-
loadable pdf version23b.)

By the same token, it is the AI cascade mechanism that makes a gang of cooperatively
linked sites behave as if it were a single site17e. It is this AI cascade mechanism that pro-
duces the across-the-board uniform rise or fall of the c-values of the β-, and γ-carboxyl
groups and of the c-value analogue of backbone carbonyl groups along the lengths of the
polypeptide chain. What is a c-value? What is a c-value analogue? What roles do their
perturbations play in the phenomena of living and life activities? The answers follow next.

The effective electron density of a singly-charged carboxyl oxygen atom of, say a β-,
and γ-carboxyl group, is expressed in Ångstrom units and called the c-value18d, 21b,17i. The-
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oretical computations made in the late 1950’s showed that variation of the c-value could
decide adsorption preferences on these negatively charged functional groups17g,18f. Thus,
according to what we now call the c-scheme, at low c-value, K+ is preferred over Na+; at
high c-value, the reverse is the case. As a pervasive EWC, ATP adsorption on its special
cardinal site — in conjunction with auxiliary agents of various kinds — keeps all the
nano-protoplasmic β-, and γ-carboxyl groups at a low c-value. That is why K+, and not
Na+, is adsorbed on these anionic sites and accumulates in the nano-protoplasm main-
tained at its resting living state as shown in Figure 2 right29.

However, at both low and high c-value, H+ is preferred over most other mono-valent
cations often by a high margin17g,18f. Keep this in mind, as it will appear again in new ex-
perimental studies to be presented on later pages.

Similarly, the c-value analogue of the backbone peptide carbonyl group represents the
effective electron density of the dipolar carbonyl group (CO)18d, 21c, and as such it has a
parallel capacity like that of the c-value. Based on the comprehensive and mutually con-
sistent work of three groups of scientists on the “α-helical potential” of amino acid
residues in proteins (Chou & Fasman, Tanaka & Scheraga and Garniere et al), Ling in-
troduced in 1980 the theoretical concept later named the c-analogue scheme30,17j,21k. Ac-
cording to this scheme, at high c-value analogue, the peptide carbonyl group prefers to
engage in α-helical H-bonds. On the other hand, at low c-value analogue, the peptide
group prefers to assume the fully extended conformation. As such, they adsorb, polarize
and orient multilayers of water molecules according to the polarized-oriented multilayer
or POM theory of cell water31,32.

The POM theory, short for the “polarized-oriented multilayer theory” of cell water and
model systems — for some time also called the PM theory — was added to the AI Hy-
pothesis proper in 1965 to explain the exclusion from the living cells31(Table I) of (hy-
drated) Na+ — i.e., Na+ plus its more or less permanently attached coat of water
molecules in an aqueous environment. As illustrated in the right hand side picture of Fig-
ure 2, all the water molecules in the nano-protoplasm in its resting living state adopt the
dynamic structure of polarized-oriented multilayers. In this polarized-oriented water, the
average water-to-water interaction energy is stronger than in normal liquid water—with
important consequences33,34,35. Thus, it would take more energy to excavate a hole in the
polarized-oriented water to accommodate a large hydrated Na+ than the energy recovered
in filling up the hole left behind in the normal liquid water from where this Na+ came.

Accordingly, to move such a Na+ (and its companion Cl-) from the normal water out-
side a living cell into the polarized-oriented water inside a living cell entails extra energy
expenditure. The Boltzmann distribution law then dictates that, at equilibrium, less Na+

(and its companion anion, Cl-) would be found inside the cell water than in the external-
bathing medium36. This then constitutes the important volume component of the solute ex-
clusion mechanism against large solutes like hydrated Na+ (and Cl-) but with less or no
expulsive impact on smaller solutes like urea, for example, according to what has become
known as the size rule33,34,37,17f.

As mentioned above, ATP adsorption on the nano-protoplasmic protein exerts a perva-
sive and far-reaching electron-withdrawing effect. At the lowered c-value thus achieved,
the β-, and γ-carboxyl groups favor K+ over Na+ adsorption via what is known as the c-
scheme. Similarly, the lowered c-value analogue of backbone carbonyl groups keeps the
polypeptide chain in the fully extended state via the c-analogue scheme. Take away the
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ATP and the system reverts in an all-or-none manner to the doubly folded state as shown
in Figure 2 on the left, and in the process, liberates all or virtually all its adsorbed water and
K+ 17c, 21g, 23c, 38. With that, the nano-protoplasm’s ability to exclude Na+ also disappears.

An ultra-simple model of the core structure of nano-protoplasm

The utter simplicity of the chemical makeup of the rbc’s cytoplasmic NP unit offers an
unusual opportunity. It makes it feasible to construct an ultra-simple model (USM) of the
core structure of a NP unit from pure chemicals exclusively. On the vast collection of
these models in say 0.4-ml of the mix in a dialysis sac, we can test the theory how its real-
life counterpart works. If the ultra-simple model (USM) can indeed reproduce what the
theory has predicted, we know that it is the pure chemicals we put together and nothing
beyond them that did the job.

Philosophically, this new USM approach could offer the cell physiologist a way out of
the inherent trouble of there being too many inseparable participants within the living cell
being studied. Remember Occam’s Razor, One should not increase, beyond what is nec-
essary, the number of entities required to explain anything. For only when dealing with
all the essential entities — and when they are only a few of them — can we keep our eyes
on the total picture all the time and avoid being sidetracked into pursuing more and more
(on less and less — ultimately to nowhere.)

However, given the advantage of reducing the number of entities involved, the full poten-
tial of a test with an ultra-simple model could be reached only when the physiological trait
chosen for study is critically important and it is shared by all or virtually all living cells.

To reach that goal, we believe that no other physiological manifestation could come
close to the (reversible) maintenance of Na+ (as chloride) in the cell water at a level much
lower than that in the surrounding medium (Table I.)

The entire history of cell physiology39 testifies to the veracity of this belief. To the best
of our knowledge, all the major theories of the living cell were built around the critical
phenomenon of Na+ exclusion. They include Boyle and Conway’s sieve version of the
membrane theory40, the pump version of the membrane theory once wrongly attributed to
R.Dean41, but truly due to Theodor Schwann as pointed out earlier, Troshin’s sorption the-
ory42 and Ling’s association-induction hypothesis18.

With our strategy outlined, we proceed to test our theoretical concept of pervasively
connected nano-protoplasm as the ultimate physical basis of life. First, we outline how we
carried out the studies under Materials and Methods and attach it at the end of the Results
and Discussion sections, which are presented in two parts labeled respectively R and D
part 1 and R and D part 2. However, make sure to read the Materials and Methods
section first.

Results and Discussion

R and D part 1

As described under Material and Methods, we incubated dialysis sacs (filled with initially
a 40% hemoglobin solution) in solutions containing the same low concentration of NaCl
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but different amounts of HCl. After equilibrium was reached, we determined the equilib-
rium distribution ratio of Na+ or qNaCl of the water inside each sac and plotted the result
in Figure 3 as six bar graphs.

The first bar graph on the right came from ultra-simple models in which the final equi-
librium pH of the bathing medium averaged 7.1. After correcting for a small amount of
adsorbed Na+ in the sacs, we obtained an equilibrium distribution coefficient of NaCl or
qNaCl of 1.0 within error of ± 0.06. This unity qNaCl shows that at neutral pH, the water in
this ultra-simple model does not exclude NaCl. As such, this finding agrees with the unity
q-value demonstrated earlier for sucrose and other small and large non-electrolytes in
similar neutral USM of hemoglobin systems37. The finding also agrees with the theoreti-
cal prediction mentioned earlier that in the absence of ATP or an alternative effective
EWC, hemoglobin exists in the introverted doubly folded state (Figure 2 left.) And in that
state, the hemoglobin exercises virtually no influence on the physical state of the bulk-
phase water. (However, see ref. 43 and 44 for more on the subject.)

The five short bar graphs in Figure 3 tell an entirely different story. Here, the right
amount of H+ had been added and it has caused the qNaCl to fall consistently to between
0.1 and 0.3. As such, it quantitatively matches the qNaCl found in most if not all healthy
resting living cells (Table I.)

Two conclusions can be drawn from this quantitatively exact matching. First, it contra-
dicts the membrane pump theory for the maintenance of low Na+ level in living cells. Sec-
ond, it affirms the AI hypothesis that nano-protoplasm is the seat of basic physiological
functions exemplified by Na+ exclusion.
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FIGURE 3. The equilibrium distribution ratio of NaCl, or qNaCl of ultra-simple models of red blood
cell cytoplasmic nano-protoplasm (A) not treated with HCl; (B, C, D, E, F) treated with appropri-
ate amount of HCl. Numbers in bar graphs indicate equilibrium pH of the media bathing that par-
ticular set of dialysis sacs.



Thus, the data summarized in Figure 3 provides yet a fourth set of evidence against the
membrane pump theory of Na+ exclusion, — in addition to three other sets published ear-
lier, which are: i) energy insufficiency18e, 45, 16; ii) intact membrane without cytoplasm does
not work46,47,48; iii) cytoplasm without functional membrane (and pump) does work49,17m.

The new data presented here suggests once more that the low Na+ level in living cells
does not come from an impermeable cell membrane barrier, nor from the ceaseless activ-
ity of (postulated) sodium pumps in the cell membrane. Indeed, the new evidence is so
plain, that one doubts that any one with an open mind could miss what the data tell. Not
a trace of the cell membrane nor postulated pumps exists in the USM preparation that has
quantitatively reproduced the 0.1–0.3 qNaCl seen in most living cells.

Of far greater significance, this concordance between the experimental and real life
qNaCl fulfills what we set out to do. Namely, proving that a mix of four pure chemicals —
hemoglobin, water, NaCl and HCl — can indeed reproduce not only qualitatively but
quantitatively one of the most fundamental physiological attributes shared by living cells.
What is more, it can be turned on or off by the introduction or removal of the agent, HCl.

Having completed part 1 of our Result and Discussion, we begin R and D part 2 with
a brief introduction.

R and D part 2

The addition of HCl to a mix of three pure chemicals and the conversion of normal liquid
water in that mix into one that exhibits a 0.1 to 0.3 qNaCl are by themselves totally un-
connected events. The only logical connection between them comes from the AI Hypoth-
esis. From a broad perspective, the quantitative confirmation of a predicted result implies
that all the interweaving steps giving rise to the predicted results have already been con-
firmed. However, in dealing with a science as complex as cell physiology, a deeper look
into the validity of each of the intervening (three) step sequence is a must. Indeed, to do
that is the purpose of the second part of our study that has yielded R and D part 2.

In the first step of the three-step sequence, the right amount of the premiere EWC, H+

given in the form of HCl binds onto appropriate sites on the hemoglobin in the ultra-sim-
ple model.

In the second step, this binding of the EWC, H+, lowers the c-value analogue of local
backbone carbonyl groups of the hemoglobin molecules — via the direct F-effect. The
local c-analogue fall then sets in motion the complex third step.

In the third step, an auto-cooperative transition takes place producing in an all-or-none
manner the following trio of interlocking changes: (a) converting contiguous NHCO
groups from their original high c-analogue to low c-analogue — via the AI cascade mech-
anism; (b) converting sections of the hemoglobin chains from their original a-helical
folded conformation to the fully extended conformation with the backbone NHCO groups
exposed — via the c-analogue scheme; (c) converting a large number of free water mol-
ecules to the state of multi-layer polarization and orientation — on the exposed NHCO
groups of the fully-extended hemoglobin chains — to assume the dynamic structure dis-
tinguished by a 0.1-0.3 qNaCl.

Before going into our next section, we point out that there are already repeatedly con-
firmed evidence in support of step 2 and step 3c. Thus in regard to step 2, there are mu-
tually supportive evidence that the step 2 inductive effect can be launched by the
formation of new ionic or H-bonds as in the more familiar formation of new covalent
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bonds21m. In addition, four sets of independent evidence exist demonstrating that the di-
rect F-effect can effectively transmit through a length of the polypeptide chain plus seg-
ments of saturated hydrocarbon chains17d, 21j. In reference to step 3c, one may mention the
following: Proteins which may for structural reasons as in gelatin (i.e., high contents of
non-helical forming proline and hydroxyproline residues)50 or in response to denaturants
(e.g., NaOH, guanidine HCl, urea) exist in the fully-extended conformation51. In that case,
they have been shown to adsorb at the physiological relative vapor pressure (0.9969)
enough water molecules that match the living cells in amount52 and in the extents of ex-
clusion of sucrose, free amino acids and Na2SO4 — with the exception of NaCl53.

Accordingly, the subject matter that most urgently calls for confirmation include: (i)
identifying H+ (of the HCl added) as the true causal agent that brings about the qNaCl fall
from unity to 0.1-0.3; (ii) determining the nature and number of the binding sites for H+;
(iii) establishing the role of the AI cascade mechanism in creating the low qNaCl observed;
and (iv) verifying the way an effective EWC actually transforms a protein like hemoglo-
bin from its α-helical folded conformation to the fully extended conformation (that pro-
duces the low qNaCl in the bulk-phase water the extended protein chain adsorbs, polarizes
and orients.)

We end this introduction with a question, How did we find “just the right amount of
HCl” — as pointed out earlier — to produce the five short bar graphs of Figure 3?

Just right amount of HCl

Once more, we repeat. We incubated dialysis sacs (containing initially a 40% hemoglo-
bin solution) in solutions containing the same concentration of NaCl but different
amounts of HCl. After equilibrium was reached, we determined the qNaCl of the water in-
side each sac and plotted their averages against the final pH’s of their respective bathing
solutions in Figure 4.

The data demonstrate that as the amount of HCl added increased step by step, both the
pH and the qNaCl fell steadily to lower and lower values — until the pH reached a value
of 2.2. From this point on, further addition of HCl continued to lower the pH but not the
qNaCl. Instead, the qNaCl started to rise with further HCl addition. Seen as a whole, the
curve has the shape of an asymmetrical U. As such, it comprises three distinct segments
designated 1, 2 and 3 respectively, counting from the high pH end. A minimum of qNaCl

occurs at pH 2.2. The amount(s) of HCl needed to create this minimum in this, and in
other companion sets of studies, are referred to as the “right amount of HCl” used to pro-
duce the five short bar graphs in Figure 3.

The specific set of data shown in Figure 4 was obtained with the Na-electrode after in-
cubation of the sacs at around 9° C. Two additional full sets of data were obtained after
incubation of sacs at 25° C with the radioactive tracer method and they produced similar
asymmetrical U-shaped curves. However, the minimums occurred at pH closer to 3 than
2. Notwithstanding, the values of the qNaCl measured at or near these pH’s also fall be-
tween 0.1 and 0.3 and are among those shown as short bar graphs in Figure 3.

In what follows, we will pursue further what underlies the data presented in Figure 4
in two sections. We begin with a section on the “falling limb” (Segment 1 and 2) on the
right of the asymmetrical U-shaped curve. After that, we will continue with a section on
the minimum and the rising limb of the curve to the left of the minimum at pH 2.2
(Segment 3.)
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What underlies the falling limb?

From the formula of rbc cytoplasmic NP unit given earlier, one can deduce that each prin-
cipal cardinal adsorbent (ATP or 2,3-DPG) — and its supporting auxiliary agents —
keeps 7000 water molecules in its dynamic structure that produces a qNaCl of 0.13
(Table I.) Frog muscle contains 5 mM ATP17c but little or no 2,3-DPG. 78% of its total
weight is water8. Accordingly, each ATP molecule (and its auxiliary helpers including cre-
atine phosphate and K+)21h controls more than 8000 water molecules. (For other evidence
of the far reach of another cardinal adsorbent, see ref. 17n.)

Of course, our present study did not use ATP as the principal cardinal adsorbent. In-
stead, we chose an artificial but theoretically authentic EWC, H+. As shown above, when
enough H+ had been added, it can also produce a qNaCl to match those seen in living red
blood cells or frog muscle under the domination of their natural principle EWC, ATP.

Thus, unlike ATP, which has just one (principal) cardinal site on each hemoglobin mol-
ecule, H+ can bind onto a multitude of sites on a nano-protoplasmic protein molecule.
Bovine hemoglobin, for example, carries three kinds of acidic functional groups that bind
H+ between pH 7.0 and 1.0. They comprise 34 imidazole groups (pKa 6.0), 64 β-, and γ-
carboxyl groups (pKa 4.0) and 4 α-carboxyl groups (pKa 2.0)54. Given their different pKa

values, one expects that as more and more HCl is added, H+ would bind onto the imida-
zole groups before binding onto the β-, and γ-carboxyl groups. From the more or less
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FIGURE 4. The equilibrium distribution ratio of NaCl, or qNaCl of ultra-simple models of red blood
cell cytoplasmic nano-protoplasm in dialysis sacs treated with different amounts of HCl. Data plot-
ted against the final pH of the bathing solution.



steady fall of qNaCl between pH 7 and 2.2, one draws the tentative conclusion that the qNaCl

of the bulk phase water falls in a more or less unchanging direction each time another H+

binds onto one of these three types of acidic groups. Put simply, the impacts produced on
the qNaCl by different (bound) H+ add up via what is known as the additivity principle to
be described below.

Experimentally, one can also roughly estimate how many water molecules each bound
H+ controls with the help of another parameter, (1 – qNaCl ). For a qNaCl equal to, say 0.2,
(1 – qNaCl ) would be 0.8. As a working hypothesis — but not so literally in the latest ver-
sion of the definitive theory, so far published only in parts 33, 34, 35, 43 — a (1– qNaCl) equal
to 0.8 could be seen as indicating that 80% of the bulk-phase water has completely lost
its natural solvency for Na(Cl), leaving completely unchanged the remaining 20% in its
normal solvency for Na(Cl).

By taking also into account the equilibrium water content (not shown) and the (1 –
qNaCl ) calculated, one can estimate the minimum number of water molecules made “non-
NaCl-solvent” at different points along the qNaCl vs. pH curve of Figure 4, counting the
right-hand most point as point 1. Thus, at point 5, the number of water molecules made
“non-NaCl-solvent” by each H+ bound is 500. In contrast, the additional number of water
molecules made “non-NaCl-solvent” by each additional H+ bound between point 5 and
point 11 averages only 66.

The large difference between these two numbers (500 and 66) suggests that each of
these two averages cover a wide spread of numbers. Thus at pH above 6.5, the number of
water molecules made “non-NaCl-solvent” by each H+ bound could exceed substantially
500. And, at pH below 4.0, the number could fall substantially below 66. It is the lowest
below 66-number that would set the limit of water molecules made non-NaCl solvent by
each H+ adsorption via the direct F-effect alone. Anything above that lowest number could
only have come about via the AI cascade mechanism. All told, it is clear that most of the
water polarized and oriented got there by way of the AI cascade mechanism.

In summary, one may say that the falling limb of the qNaCl vs. pH plot in Figure 4 is a
profile of the all-or-none transition from the active living (or dead) state back to the rest-
ing living state in “slow motion.” Only in this slow motion version with the binding of a
large number of H+ to the same protein are details of the progress of the transition of the
protein revealed that would be hard to detect when there is only a single cardinal site ad-
sorbing a single cardinal adsorbent (ATP) — as is the case in the real-life nano-protoplasm.
This is just another example of the bonuses from studying an ultra-simple model.

What lies behind the qNaCl minimum and its secondary rise?

If H+ alone determines c-value analogue of all the backbone carbonyl groups and the dy-
namic water structure, one would expect the qNaCl to continue its decline with further HCl
addition until a constant qNaCl value is reached and then stays unchanged from there on
with still more HCl addition. That the qNaCl in fact exhibits a minimum followed by a rise
suggests that some other player(s) might have entered the arena. What could that player be?

A moment of reflection provides an answer. That new player could only be the chloride
ion (Cl-) that was added systematically with H+ in the form of HCl since nothing else was
added.

As mentioned earlier, H+ is very strongly bound to fixed anions17g, 18f, 23f. Accordingly,
H+ would have no trouble displacing and thus liberating the fixed (and some free) cation
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originally bound to a fixed anion in the salt linkages they formed together (as illustrated
in Figure 2 left.) In contrast, the Cl- is by itself too weakly bound55 to compete against
and displace a fixed anion in a salt linkage. However, given the opening provided by the
spearhead effect of H+, it will now seize the opportunity to bind itself onto the liberated
fixed cation. Put differently, Cl- introduced as NaCl, for example, will not be able to
displace the fixed anion of a salt linkage and becomes adsorbed on the liberated fixed
cation as the study of Carr has shown55. Only the Cl- introduced as HCl can bind onto the
fixed cations.

(The experimentally established Cl- binding further affirms the theoretical conclusion
that for statistical mechanical reasons given, fixation of ionic sites on protein chains pro-
pels counter-ions to engage in close-contact association with fixed ions56, 29. This point
known as the principle of enhanced counter-ion association with site fixation is made here
in anticipation of the traditional aversion to the concept of ionic association among some
influential protein chemists.)

Furthermore, there is another principle introduced in the AI Hypothesis that comes into
play here. It is the additivity principle18c mentioned a few paragraphs above. As an ex-
ample, we can say that the effective electron density of each backbone peptide carbonyl
group expressed as its c-value analogue is determined not only by the intrinsic value of
that group alone. Rather, it is that, plus the algebraic sum of the inductive effects of all
other near and far linked groups and their respective adsorbents — according to the dis-
tance of separation between the inducing group and the target group and the target group’s
polarizability. Armed with this additivity principle, we examine next how adsorbed Cl-

could affect the qNaCl.
Like its counterpart H+, a Cl- is also an uncomplicated single atom. However, unlike H+,

which carries a positive electric charge and acts as a bona fide EWC, a Cl- carries a neg-
ative electric charge and acts as a bona fide electron-donating agent, or EDC. The ad-
sorption of a Cl- would therefore in theory produce a direct F-effect on the hemoglobin
molecule opposite to that produced by H+.

Now is the time to put this train of theoretical speculations and deductions to a test. To
that end, we studied the (equilibrium) binding of both H+ and Cl- (added together as HCl)
on a bovine hemoglobin solution, at a concentration of 19.2%. The results are shown in
Figure 5. Note that before the H+ binding curve (labeled A) reaches its maximum at pH
2.0, it too comprises two distinct segments — like the qNaCl curve shown in Figure 4.
However, there is also a difference. In Figure 4, Segment 1 has a higher slope than Seg-
ment 2; the opposite is the case of curve A in Figure 5. We will return to this subject
shortly.

Since the midpoint of Segment 1 in Figure 5 is close to the pKa of the imidazole groups
(6.0), it confirms our earlier speculation that Segment 1 of Figure 4 originates from the
binding of H+ (alone) on the imidazole groups of the hemoglobin molecule. From the ex-
isting points in Figure 5, one can draw a curve. And from that curve, we then roughly ex-
trapolate to a maximum of between 10 and 20 (averaging 15) moles of H+-binding
imidazole groups per mole of hemoglobin (or rbc NP unit) as the pH approaches zero.
Subtracting this estimated 15 moles/ mole from the maximum of 92 moles/mole of the
H+-binding curve at a pH of about 2, we obtain a figure of 77 which is not too far from
the total number of β-, and γ-carboxyl groups at 69 moles/ mole of hemoglobin54. This
and a midpoint close to the pKa of the β-, and γ-carboxyl groups (4.0) confirms our second
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tentative assignment of Segment 2 in Figure 4 to originate mostly from the binding of H+

on the β-, and γ-carboxyl groups.
The lower-most curve in Figure 5 is labeled B; it represents the Cl- binding curve. Note

that there is little binding of Cl- from the HCl added until the pH has reached about 4.5.
This shows that under the condition of the experiment, the Cl- ion does not bind onto
cationic imidazole groups at all. Instead, for the reason given above, they readily bind
onto the (liberated) fixed cations when the pH falls below 4.5.

The absence of Cl- binding at pH between pH 7 and 4 is important on two accounts.
(1) It shows that we were right in attributing (without proof up to this moment) that the
impact of HCl on the qNaCl (as shown in Figure 3) to be caused by its H+ component alone
as an EWC. Now that we do have proof, it would be fitting to count this as an additional
piece of supportive evidence that ATP, which acts like H+, is also an EWC. (2) It explains
why Segment 1 in Figure 4 has a higher slope than Segment 2. In Segment 1, H+ acts
alone in reducing qNaCl, while in Segment 2, the electron-withdrawing influence of bound
H+ is counteracted and thus reduced by the simultaneous adsorption of the electron-
donating Cl-.

We turn next to what happens after the pH has fallen below 4.5. From there on down,
Cl- binding is on the rise. To better visualize its overall impact on qNaCl, we began by mak-
ing a simple assumption. That is, the electron withdrawing impact on qNaCl created by the

CONFIRMING NANO-PROTOPLASM 103

FIGURE 5. The binding of hydrogen ions (curve A) and adsorption of chloride ions (curve B) by
19.2% aqueous solution of bovine hemoglobin when different amounts of HCl were added to the
bathing solutions. Curve labeled {A – B} is obtained by subtracting point by point Curve B from
Curve A.



binding of each H+ is equal to, but opposite in direction to that produced by the binding
of each Cl-. (Space limitation forbids telling more about the detailed reasoning that led us
to make this assumption.)

Based on this assumption, we subtracted point by point curve B from curve A and plot-
ted the difference as the dashed line labeled {A – B.} Since we know in theory at least
that H+ binding lowers the qNaCl , while Cl- binding raises it, the theoretical prediction of
the overall effect of H+ and Cl- binding together is revealed as the curve {A – B} turned
upside down. And this upside down {A – B} curve also has the shape of an asymmetrical
U with a minimum at pH between 2 and 3. In other words, the upside-down {A – B} curve
in form replicates the observed qNaCl vs. pH curve in Figure 4. A positive causal relation
between the binding of both H+ and Cl- and qNaCl is thus substantiated experimentally.

Additionally, we also begin to understand a little more about the fine structure of the
asymmetric U-shaped curve of Figure 4. Thus, a minimum occurs at pH 2.2 because just
before the pH has fallen to this value, the H+ binding has already attained its full maxi-
mum while the Cl- binding curve still has a way to go before reaching its maximum. Since
H+ binding lowers qNaCl while Cl- binding raises it, it is at this pH that qNaCl sinks to its
minimum.

As the pH falls still further below 2.2, qNaCl begins to rise again (Segment 3), because
the Cl- binding continues to increase while the H+ binding had ceased to increase and is
beginning to decrease.

The parallelism between the inverted {A – B} curve in Figure 5 and the qNaCl curve in
Figure 4 affirms the 3 step scheme presented at the outset of R and D part 2. Regrettably,
however, it does not tell us explicitly about the intermediate step 3b, i.e., the transforma-
tion of the protein from the folded α-helical conformation to the fully extended confor-
mation. Indeed, step 3b tells us that in theory the percentage of the protein that stays in
the α-helical conformation at each final pH value should also follow the inverted {A – B}
curve and it too should show a minimum near pH 2 — just like that of the qNaCl vs. pH
curve shown in Figure 4. It was thus with great joy that we came upon belatedly a 19-year
old paper telling us something about just that.

Predicted unfolding of α-helical fold and reversal retroactively affirmed

In 1990 Goto, Takahashi and Fink reported their study on the folding and unfolding of
β-lactamase, cytochrome c and apomyoglobin in response to HCl57. They showed that in-
creasing HCl caused all three proteins to undergo progressive loss of their α-helical con-
tent, reaching a maximum of unfolding at pH 2, or put differently, reaching a minimum of
folding at pH 2. From there on, further pH decrease brought on by the addition of still
more HCl caused the proteins to refold again. They then showed that the rise of α-helical
content below pH 2 was caused by the binding of Cl- to (each of) the protein under study.

In short, Goto and his coworkers had retroactively confirmed what the c- analogue
scheme described as step 3b has predicted. And, we repeat that pari passu with the change
of qNaCl with the addition of HCl, the α-helical content follows a similar asymmetrical U
pattern with a minimum at the pH close to 2. Thus, just as the data shown in Figure 4 pro-
vides a direct link between H+ and Cl- binding and the lowering of qNaCl, Goto et al’s work
establishes a direct link between H+ and Cl- binding and the unfolding of the α-helical
conformation of the proteins that precedes and is instrumental in the lowering of qNaCl,
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Materials and Methods

In our ultra-simple model (USM), we chose the hydrogen ion or H+ as the principal car-
dinal adsorbent. It is the smallest atom minus its electron or a proton carrying a single
positive electric charge. As such, H+ is, in theory, our premiere authentic EWC (and will
be used from now on as a standard EWC.) We chose H+ as the principal cardinal adsor-
bent in our ultra-simple model over say, ATP, because our evidence that ATP is an EWC
are entirely empirical — strong and consistently so as they are 17h, 21f, 58. Since K+ is not
included in the makeup of the USM, H+ would also substitute for K+ in its role as the part-
ners of fixed anions as shown in Figure 2 right (See below.)

Experimentally, we began by preparing a 40% solution of (exhaustively dialyzed) pure
bovine methemoglobin (ferri-hemoglobin) (Sigma Chemical Co, St Louis, Mo., Cata-
logue No. H-2625, H-2500.) 0.4 gram portions of the 40% hemoglobin solution were
steadily but forcefully injected through a catheter into bubble-free dialysis sacs made
from quarter-inch Spectra Por 2 dialysis tubing (cut off point: 12,000-14,000 Daltons.)
The bathing solutions of a fixed volume in which the filled sacs were incubated contained
a constant concentration of 20 mM (or 10 mM) NaCl but varying initial concentration of
HCl, ranging from 0 to 200 mM.

Hermetically sealed in paraffin film (Parafilm), each screw-capped glass tube contain-
ing the bathing solution and one or more dialysis sacs was then shaken for 5 or 7 days in
a constant temperature water bath maintained at 25°C or in a refrigerator kept at about
9°C. This is 15 to 21 times longer than that required for the NaCl to reach diffusion equi-
librium (i.e., 8 hours, from time course study.) Inclusion of the antiseptic thymol in trial
runs, showed that in its absence, the systems studied were not adversely affected by mi-
crobial or fungal contamination.

During the incubation, the sacs, especially those exposed to a higher concentration of
HCl, gained varying amount of water — reaching equilibrium in 4 days. Meanwhile, the
contents of these sacs exposed to the higher concentrations of HCl, turned into a stiff gel,
which could keep their shape after the dialysis sac membrane has been peeled off.

We used two methods of assaying the Na+ concentrations. In the experiments to be
described in detail, we employed a Na+-selective combination glass electrode purchased
from Thomas Scientific Co., of Philadelphia (Cat. #4230819.) In supportive experi-
ments using radioactive Na-22 labels, we followed the detailed procedure given by Ling
and Hu in 198837. For pH and chloride ion measurements, we used respectively a Fisher
glass membrane electrode (Catalog. # 315-75) and an Orion chloride ion electrode,
Model 94-17A.

In the H+ and Cl- binding studies, the hemoglobin solution was not kept inside dialysis
sacs, its hemoglobin concentration therefore stayed unchanged at 19.2%. This particular
concentration of hemoglobin was chosen to approximate the hemoglobin concentration in
the swollen dialysis sacs with final pH substantially below neutrality for reason that would
become self-evident later. In this H+ and Cl- binding studies, we deliberated upon but de-
cided against adding NaCl to the 19.2% hemoglobin solution. See ref.59.

Our main findings were expressed quantitatively in terms of the ratio of the equilibrium
NaCl concentration in the bulk-phase water in the sac over that in the bathing medium.
This ratio is, of course, the (true) equilibrium distribution coefficient or q-value of Na+

(as chloride) and will be represented by the symbol qNaCl. This symbol rather than the
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original designation will be cited frequently in Results and Discussion without further
explanation.

As mentioned above, we will present results of our experimental studies in two parts.
The first part shows the result of our attempt to use an ultra-simple model to test the the-
ory that nano-protoplasm is the physical basis of life. The second part describes what we
found out in our efforts to understand how and why we got what we got in the first part.
And then there is also something else we did not count upon at first but is just as exciting.

We thank Dr, Raymond Damadian and his Fonar Corporation for continued support. For their tire-
less assistance and inexhaustible patience, we thank our librarian, Anthony Colella and our Direc-
tor of Internet Service, Michael Guarino. We thank Dr. Ludwig Edelmann for his invaluable gift of
EM picture of two human red blood cells shown here as Figure 1 and Dr.Wei-hsiao Hu for a large
amount of the work he did in the 1980’s while a post-doctorate scholar in our laboratory in Philadel-
phia. Much of his work will be published later; it encompasses another new and enticing subject,
diversity of dynamic water structure.
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Post Script

In order to reach a larger numbers of scientists, teachers and others directly or indirectly
involved with biomedical science, we submitted this manuscript on August 6, 2009 to the
Nature magazine of Great Britain — though it bore at that time a different title: A Test of
the Theory of Microscopic- or Nano-protoplasm as the Physical Basis of Life.

Our article was promptly rejected without an explanation. Since we believe that this
paper is of major historic importance, its offhand rejection represents an event that many
would have believed impossible in the 21st century. To help them to understand the true
situation, we decided that it would be worthwhile to reproduce below both our introduc-
tory letter to Nature’s Editor-in-Chief, Dr. Philip Campbell and Nature’s unsigned sum-
mary response.

We also decided to keep the manuscript in the format Nature requires. We made this
decision to add another reminder of the major efforts long past due to improve our sci-
ence education worldwide — of not only the practicing scientists themselves but all the
others entrusted with the awesome responsibility of making critical decisions in science.
Over time their decisions may have profound influence on the future of not only pure sci-
ence itself but the future of humanity which needs trustworthy basic science more than
ever (See also references 9 and 48.)
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August 4, 2009

Dr. Philip Campbell,
Editor-in-Chief
Nature Magazine
Macmillan Building
4 Crinan Street
London N1 9XW

Dear Dr. Campbell:

I (and co-author) submit the enclosed article for consideration of publication in Nature. I
made this choice for three reasons.

First, the results of the critical test conducted clearly and unequivocally show that
Thomas Huxley was correct in advocating that life has a physical basis — despite the fact
that most bio-medical scientists and teachers have rejected the concept in recent times for
what I believe to be wrong reasons. In addition, the publication of our article in Nature
would be a triumphant sequel to what the journal’s founder, Sir Joseph Lockyer printed
in the very first issue of your journal, his article, Protoplasm at the Antipodes. Since Sir
Lockyer was also the first Editor-in-Chief and apparently wrote the overall objective of
the journal still being printed on current issues, I can cite his words in persuading you to
accept our article for publication in Nature.

Second, the work described is highly unusual in combining unprecedented incisiveness
and utter simplicity. In one stroke, it has once again disproved the membrane pump the-
ory (of the living cell) and establishes the alternative theory called the association-
induction hypothesis — in a manner so plain that an average high school student would
have no problem understanding its essence (if not all the details) in one reading.

Third, given the wide circulation your journal enjoys, the publication of our article in
Nature could be, from a historical point of view, the first step in giving all the young peo-
ple of the world a uniting, shared purpose. That is, to seek the one and only truth by way
of the one and only scientific method and relying on the one and only honesty to make
certain that the theory thoroughly refuted by objective evidence be promptly abandoned
by all involved. In its place, the alternative theory that has been confirmed by over-
whelming evidence be promptly and universally adopted and taught — until new evidence
points to a still better theory. Failing that, we should continue to develop this established
theory to serve as part of the established knowledge on which to build an ever better place
for all humanity and other living creatures that share our planet to live and prosper in.

For your convenience, I am enclosing a copy of my fourth book, “Life at the Cell and
Below-Cell Level.” Skimming through the Preface of the book alone will give you an
overall perspective far beyond what I can write here. I may also mention that very recently
two Russian scientists at the Pavlov Institute of Physiology and the Leningrad Institute of
Cytology have combined their resources in translating this book into Russian. The initial
response has been very encouraging. Next I return to our submission and your standard
procedure for deciding which paper to publish and which to reject: the peer review system.
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In my opinion, the conventional peer review system is fundamentally not a good thing
but perhaps tolerable for a science like astronomy, which has seen its revolutionary strug-
gles centuries ago. For a science like cell physiology whose major progress still lies in the
future, peer review is as tolerable as cyanide pills. However, if you are not allowed, or do
not want to review our paper personally and if you have trouble finding truly qualified
peers — for cause, see p.8 of www.gilbertling.org, on the front page of which are titles of
(downloadable) relevant recent publications — I enclose the names and addresses of three
world-class scientists who are men of high integrity and qualified to review our article.
Finally, I want to explain why I submit the article directly to you. It is too serious an event
to be trusted to anyone else I know. True, you are an astronomer and not a cell physiolo-
gist. That is a distinct advantage I count upon. You have no peers to fear. The scientific is-
sues involved are simple enough for any intelligent and fair-minded person to handle.
After all, Sir Joseph Lockyer was also an astronomer. That did not prevent him from ju-
diciously evaluating and supporting Thomas Huxley’ work on protoplasm.

Sincerely yours,
Gilbert Ling, Ph.D.
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Abstract: Fully-hydrated Ehrlich carcinoma ascites cells under the protective action of DMSO
fully survived exposure to near-absolute zero temperature provided by liquid helium.

KEY WORDS: association-induction hypothesis, AI hypothesis, Bradley isotherm, cell water,
DMSO, fully-hydrated cells, idealized NP system, liquid helium temperature, NaCl exclusion, non-
freezing water, polarized-oriented multilayer theory, PM theory, POM theory, 0°K.

THE YEAR 1965 saw the addition to the theory of the living cell called the association-
induction hypothesis (Ling 1962; 1997; 2001), the polarized-oriented multilayer (POM,
or PM) theory of cell water. The POM theory was introduced to explain the low level of
sodium ion (Na+) as chloride (and other solutes like sucrose) in cell water (Ling 1965.)
To achieve that end, the theory contends that all or virtually all cell water in living cells
is polarized and oriented by the cell proteins. For many years afterwards, Bradley’s mul-
tilayer adsorption isotherm has offered important support for the POM theory (Bradley
1936.) Notwithstanding, this and other then-existing theories had limitations. Thus, they
could not provide key quantitative insights needed, including the depth of multilayers that
can be so polarized (and oriented) by the polar surfaces (Ling 2003.)

By taking a short cut, Ling derived a new theoretical foundation for his POM theory of
cell water and inanimate systems demonstrating long range dynamic structure. The the-
ory began by defining and calling a checkerboard of positively- and negatively charged
sites of a rigorously defined geometry and dimension as an idealized NP system. The the-
ory then shows that under idealized conditions — including 0°K temperature, freedom
from any kind of disturbance etc. — the propagated polarization-orientation of bulk-phase
water molecules produced by such an idealized NP system could proceed ad infinitum.



In addition, the theory predicts that water so polarized and oriented would not freeze at
any attainable low temperature. This prediction was confirmed retroactively some fifty
years before when Canadian chemists, Giguère and Harvey discovered unintentionally
that thin films of water held between polished silver chloride lenses — which possess
crystal structure nearly ideal as defined in the new theory — would not freeze at liquid
nitrogen temperature (–196°C or 77° K.) (Giguère and Harvey 1956)

Following the introduction of the POM theory in 1965, unusual properties of water in
the living cell and model systems beyond the low solvency for NaCl were examined one
by one in the light of the new theory. (For a full list of these attributes, see Ling 1992, Table
5.5 on pp. 208–209.) One of these additional attributes is the demonstrated ability of liv-
ing cells to survive freezing and thawing in liquid nitrogen when a cryoprotective agent
like glycerol or dimethyl sulfoxide (DMSO) was added to the freezing medium (for review,
see Smith 1961.) And in time, the predictions of the POM theory was confirmed not only
for these two physiological manifestations — Na(Cl) exclusion and survival in freezing
temperature — but for six other manifestations listed in the table quoted above as well.

Ling and Zhang studied the freezing and thawing behaviors of two categories of model
systems referred to as the extrovert and introvert respectively (Ling and Zhang 1983.)
Extrovert models include proteins that for structural reason, like gelatin, or in response to
denaturants, like urea, exist in the fully-extended state and various linear oxygen carrying
polymers including polyethylene oxide, polyvinylpyrrolidone. Introvert models include
mostly what are often (erroneously) called “native” proteins. In most of our studies with
a Perkin Elmer differential scanning calorimeter, the low temperature was provided by a
mixture of dry ice and ethanol. In a smaller number of runs, we used liquid nitrogen. The
lowest temperature reached in our runs was around 123° K.

From these model studies, Ling and Zhang confirmed most if not all of what was the-
oretically predicted. Thus, in solutions up to as high as 50% concentration, the six in-
trorvert “native” proteins investigated demonstrated no detectable influence on either the
freezing temperature of the bulk phase water or the width of its freezing peak — in a plot
of heat absorption or release against increasing (or decreasing) temperature. In contrast,
all the extrovert models uniformly demonstrate strong influence on the freezing (and
thawing) pattern of the bulk-phase water. Thus with increasing polymer concentration, the
freezing temperatures became steadily lower and the freezing peak became progressively
wider — so that at the highest polymer concentration, the freezing peak disappeared al-
together. The vanishing freezing peak shows that a state of non-freezing had been brought
about by the extrovert models.

That extrovert models can lower the freezing temperature of the bulk phase water and
make it unfreezable is important. It demonstrates that closer juxtaposition of water-
polarizing and orienting sites enhances the stability of the dynamic polarized-oriented
water. As such, it offers an explanation why glycerol, dimethyl sulfoxide (DMSO) and
other cryoprotectants help to preserve living cells from fatal injury from freezing and
thawing: Because these cryoprotectants as a rule form strong H-bonds with water mole-
cules and by so doing further enhance the water-to-water interaction energy of the bulk
phase water in the resting cell by the fully extended protein chains and make the cell
water unfreezable. (See also Ling, Niu and Ochsenfeld 1993, pp. 193–195; Ling 2006)

That increasing the concentration of the extrovert models could cause non-freezing also
offers an explanation why only after severely lowering of the water content (to 8%) could
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the larvae of the West African beetle, Polypedilum vanderplanki survive exposure to liquid
helium (Hinton 1960.)

The purpose of this preliminary study is to find out if living cells in their normal fully
hydrated state could also survive exposure to liquid helium when the cells are under the
protection of the cyoprotectant, DMSO (Lovelock and Bishop 1959.) If this proves suc-
cessful, it would go one step further confirming the theory of non-freezability at any at-
tainable low temperature when the bulk phase water is polarized and oriented like that in
the idealized NP system.

Materials and Methods

Ehrlich carcinoma ascites cells were carried in ICR mice and routinely harvested 14 days
after abdominal injection. The ascites fluid was mixed with Sigma RPMI 1640 medium
before low speed (900 rpm) centrifugation and resuspension of the cells in similar
medium and centrifugation a second time. 0.5 to 0.7 gram of the cell pellet was then sus-
pended in 5 ml of a freezing medium (76% RPMI medium, 16% newborn calf serum and
8% DMSO.) The suspension was then further diluted with similar freezing medium by
mixing 0.85 ml of the suspension in 20 ml of the freezing medium and 2 ml aliquots of
the suspension placed in 2 ml sterile cryo-tubes. After 2 hours of gentle shaking in a re-
frigerator kept at about 9° C, the cryotubes containing the ascites cells were suspended
over-night inside a standard 10 liter liquid nitrogen tank at about 13 inches below the top
of the tank and about 6–7 inches from the surface of the liquid nitrogen beneath. The cells
in the cyrotubes were then lowered into the liquid nitrogen.

To expose the ascites cells to near absolute zero temperature, we allowed liquid helium
to flow over the cryotubes — containing the liquid-nitrogen frozen ascites cells — in a
Dewar jar for a total duration of 5–10 minutes.

Results and Discussion

The viability of the ascites cells were examined after staining with erythrosin B. Sample
cells taken before freezing in liquid nitoroten was 97.7% ; it fell to 81% after freezing in
liquid nitrogen. Following the exposure to liquid helium, the viability stayed essentially
unchanged at 86% survival.

Before exposing to the liquid helium, the ascites cells had been in liquid nitrogen four
days at the temperature of –196° C or 77.2° K. Liquid heliium could provide a tempera-
ture of 1.9° K as it was maintained at the Large Hadron Colllider at CERN in Switzer-
land. The usually given value is 3 to 4° K. The temperature our samples sank to was
unknown but it is certainly much lower than 77° K. The fact that the viability remained
entirely undiminished by further lowering of temperature gives us the assurance that the
theoretical prediction that living cells in the presence of cryoprotectant DMSO could in-
deed survive temperature close to the temperature of liquid helium and hence absolute
zero.

We thank Dr. Raymond Damadian and the Fonar Corporation for their continued support.
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