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Abstract:

The objective of this work was to evaluate the relationship between chemical reactivity of 3-substituted pyridinium salts and their

cytotoxic properties against murine leukemia L1210. Chemical reactivity of pyridinium salts towards NADH oxidation following

one-step hydride transfer depends strongly on their redox properties. The investigated reaction may reflect the ability of the salts to

deplete NADH level in cells and to affect their metabolic functions. On the other hand, the cytotoxic activity against murine leuke-

mia cells, expressed as ED�� values, varied strongly depending upon the compound used. The investigated salts showed also a di-

verse antileukemic effect in in vivo experiments as measured by the increase in the survival time of L1210 leukemia-bearing mice.

These biological effects were correlated with equilibrium constants found for the reaction of pyridinium salts with NADH.
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Introduction

A long-standing interest in the reactivity of nicotina-

mide adenine dinucleotide (NAD), present in cells in

the reduced (NADH) and oxidized (NAD+) forms is

focused on two major aspects. First of all, there is

a controversy concerning the mechanism of hydride

transfer from NADH to an oxidizing agent. Whether

there is a one-step transfer of hydride anion from

4-position of the dihydropyridine ring or multistep

electron–proton–electron transfer depends on many

factors. The most important one is the strength of the

oxidizing agent. The reactivity of the transient radical

cations and radicals formed in such reactions and their

redox and chemical properties were the subject of nu-

merous studies [9].

However, irrespectively of the reaction mecha-

nism, all agents capable of abstracting a hydride anion

from NADH to form NAD+ could produce a cellular

dysfunction since nicotinamide adenine dinucleotide

plays an important role in the cell metabolism.
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NADH/NAD+ couple constitutes a driving force for

the reactions involved in the metabolic processes and,

therefore, not only the absolute concentration of NAD

but also the relative concentrations of the reduced and

oxidized forms may impair cell functions. Strategies

to control cell growth by affecting NADH level and

the ensuing ATP depletion have been widely dis-

cussed in the literature [3, 16].

From the chemical point of view, the reaction of

pyridinium salts with their reduced forms could be

the simplest reaction modeling the reactivity of

NADH/NAD+ couple. This group of compounds con-

stitutes the closest analogs of the nicotinamide moiety

of the coenzyme, a key fragment responsible for the

redox reactivity of the NAD. The rate and equilibrium

constants were tested by substituted pyridinium, qui-

nolinium, phenanthridinium and acridinium cations

and their reduced forms [6, 7, 11, 12, 15, 17, 18]. As

the reduced forms of NADH analogs are generally not

water soluble, in contrast to their oxidized forms, the

hydride transfer reactions could not be carried out di-

rectly in aqueous solutions and usually mixtures of

water and 2-propanol or organic dipolar solvents were

used [11, 12, 15, 17, 18]. The kinetic factors of these

reactions depended on redox properties of the salts

and, therefore, on substituent effect (Scheme 1).

In this paper, we present the rate and equilibrium

constants for the aqueous reaction of the NADH it-

self. We have chosen the closest group of NAD+ ana-

logs, 3-substituted-1-methylpyridinium salts as oxi-

dizing agents. One of the representatives of this group

is 1-methyl-nicotinamide, a natural compound present

in cells as a primary metabolite of nicotinamide [10, 19].

This paper describes the correlation between the

chemical reactivity of the pyridinium salts with

NADH and their cytotoxic properties in murine leuke-

mia L1210 cell culture. It may be expected that cells

with impaired metabolism should be more susceptible

to cytotoxic agents, especially in case of the severe

metabolic dysfunction. As the results of in vitro ex-

periments not always correlate with in vivo tests, it is

important to perform both kinds of experiments dur-

ing evaluation of drug effect. Therefore, the objective

of our investigation was also to check an effect of se-

lected pyridinium salts on the survival time of L1210

leukemia-bearing mice.

Materials and Methods

Materials

�-NADH and NAD+ were obtained from Sigma. De-

ionized, redistilled water (conductivity 0.1 �S/cm)

was used.

1-Methylnicotinamide, chloride salt (1a), 1-methyl-

-1,4-dihydronicotinamide (2a), 1-methyl-3-nitropyri-

dinium chloride (1e), 1-methyl-1,4-dihydro-3-nitro-

pyridine (2e) were prepared according to the publish-

ed procedures [14, 20].

1-Methyl-3-(ethoxycarbonyl)pyridinium chloride

(1b), 1-methyl-3-acetylpyridinium chloride (1c),

1-methyl-3-cyanopyridinium chloride (1d)

Solutions of freshly distilled 3-substituted pyridines

(3-acetyl, 3-cyano or 3-ethoxy-carbonyl; Aldrich;

20 mmol) and methyl iodide (Fluka; 50 mmol) in

30 ml of dry ethyl ether were kept overnight at room

temperature. The precipitated pyridinium iodides

were filtered off and washed with ether, then with an-

hydrous acetone, and recrystallized from acetone-

methanol mixtures. The iodides were then converted to

chlorides by shaking their water solutions with freshly

precipitated silver chloride. Mp. (1b) 182–184°C

(dec.), (1c) 191–193°C (dec.), (1d) 197–198°C.

1-Methyl-1,4-dihydro-3-acetylpyridine (2c)

To a stirred, degassed solution of 1c (25 mmol) and

sodium bicarbonate (2.5 g) in 30 ml of water, sodium

dithionite (3 g) was added during a 20-min period.

The solution was extracted with degassed chloroform

(3 × 60 ml), the extract was dried with anhydrous

MgSO4 and the solvent was removed in a rotary
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evaporator. The residual oil was pumped out and

dried over P2O5. Dark-yellow oil was obtained.
1H NMR (Bruker 250 MHz, CDCl3) � ppm: 2.14

(s, 3H, CH3-C), 2.99 (s, 3H, CH3-N), 3.04 (s, 2H,

CH2), 4.88 (m, 1H), 5.66 (m, 1H), 6.89 (s, 1H).

Animals

Mice of CD2F1 strain (weight 24–27 g, age 8–12

weeks) purchased from the Institute of Immunology

and Experimental Therapy, Polish Academy of Sci-

ences (Wroc³aw, Poland) were used. They were given

standard laboratory food and water ad libitum. The

animals were divided into the groups, comprising

6 animals each.

Leukemic cells

Leukemia L1210 cells were purchased from the Insti-

tute of Immunology and Experimental Therapy, Pol-

ish Academy of Sciences (Wroc³aw, Poland) and were

maintained by serial passages in the ascitic fluid of

CD2F1 mice. Leukemic cells from the fluid were re-

suspended in 0.9% sodium chloride so that 106 cells

were injected ip to CD2F1 recipients.

Therapeutics

Solutions for the experiments were prepared in iso-

tonic saline and stored at 5°C. The agents were ad-

ministered in a volume of 0.01 ml/g of mouse weight.

The control group of mice received equivalent vol-

umes of 0.9% sodium chloride.

Antileukemic assay

Animals received 106 L1210 leukemic cells ip on day 0.

All treatments were given ip and were initiated on the

next day. The treatment schedule was daily, 5 times

a week, for 21 days. 1a was administered at a dose of

230 mg/kg/day, 1c was given at a dose of 38 mg/kg/

day, 1e at the doses of 14 mg/kg/day, 100 mg/kg/day

and 200 mg/kg/day and gemcitabine (2’,2’-difluoro-

deoxycytidine) (dFdC) at a dose of 20 mg/kg/day.

The animals were observed for survival daily for

a minimum of 60 days. The median survival time

(MST) was assessed according to Geran’s method:

MST = (x + y)/2, where x denotes the earliest day

when the number of dead animals is > N/2; y denotes

the earliest day when the number of dead animals is

> (N/2) + l; and N denotes the number of animals in

the group. The efficacy of the therapy against leuke-

mia (defined as the increase in the lifespan, ILS) was

assessed as the percentage of the median survival time

of the treated group (T) in relation to the control

group (C): ILS = [(MSTT/MSTC)–1]·100. It was as-

sumed that the prolongation of the survival time of the

treated group compared with the control group by

25% indicates antineoplastic activity of the drug.

Statistical analysis

Statistical analysis was performed using Mann-

Whitney test. Results were considered significant

when the p-value was smaller or equal to 0.05.

Cytotoxicity assay

L1210 leukemia cells were cultured in RPMI 1640

medium (Gibco) supplemented with 10% fetal calf se-

rum (Gibco) at 37°C in 5% CO2 atmosphere. Cells

were seeded in 24-well plates (2–104 cells/well) and

treated for 72 h with pyridinium salts in triplicates in

a final volume of 2 ml. Cells were counted in Fuchs-

Rosenthal hemacytometer.

Kinetic measurements

The investigated salts and their reduced forms are

sufficiently soluble in water to run the reactions of

interest under a pseudo-first-order conditions in at

least 10–20-fold excess of one substrate. In all cases,

a course of the reaction was monitored spectropho-

tometrically. Direct observation of disappearance of

the NADH absorption band at 340 nm and formation

of reduced form of oxidizing substrate was used only

to monitor the reaction of 1e with NADH. In the re-

maining cases, spectrophotometric measurements were

preceded by the quantitative separation of the reduced

products (2a–2d) and NADH. In the course of the re-

action, a small sample of reaction mixture was col-

lected at defined time intervals and mixed with chlo-

roform. The 1,4-dihydropyridine accumulated in the

chloroform layer while the ionic compounds and

NADH remained in the aqueous phase. At least 10–20

points were obtained for each reaction to determine

the rate constants. All kinetic experiments were car-

ried out at least four times.

UV-Vis absorption spectra were recorded on a Per-

kin Elmer Lambda 40 spectrophotometer. Reacting

solutions were thermostated in a cell holder at 25°C,
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shielded from light. The pH was controlled through-

out the experiments with the ORION 420A pHmeter.

The rate constants of pseudo-first order reactions

that would consume almost entirely one of the reac-

tants were obtained by equation (1):

k = t–1·ln [(A0 – A�)/(At – A�)] (1)

Some reactions reached the equilibrium with sub-

stantial amounts of both reactants still present. The

rate constant for those were calculated according to

the equation 2:

k = xe/(2a – xe) t–1·ln {[axe + xt(a – xe)]/a(xt – xe)} (2)

where a is the initial concentration of the limiting re-

actant, xt is concentration of products at time t and xe

– is concentration at equilibrium.

Second-order rate constants were obtained as k/b,

where b is the concentration of the reactant which was

in excess.

In cases where absorption bands of substrates and

products do not overlap, additionally the kinetics of

1:1 mixture (a = b) was analyzed according to the

known solution for such kinetic model (eq. 3) using

the Levenberg-Marquardt fitting procedure with two

unknown parameters (xe and k).

k = xe/[2a(a – xe)] t–1·
ln{[axe + xt(a – 2xe)]/a(xe – xt)} (3)

Both methods gave essentially the same results.

The rate constants presented in Table 1 are average

values of few measurements. The standard deviations

are not presented, as the extraction procedure is

probably a major source contributing to experimental

error. It is estimated that the latter accounts for up to

10% of the values obtained. The typical concentration

of reduced forms (a) was about 0.002 M, and the oxi-

dizing salts (b) were used in 10–50-fold excess.

Results

The chemical reactivity of NADH was investigated in

reactions with 3-substituted pyridinium salts (1a–e) in

aqueous solution. In few cases, also backward reac-

tion of adequate 1,4-dihydropyridines (2a–e) was mo-

nitored. In all cases, the reactions were monitored

spectrophotometrically by disappearance of the NADH

absorption band at 340 nm and formation of reduced

form of oxidizing substrate. Among the reduced

forms of 3-substituted pyridinium salts, only 2e ab-

sorbs (�max = 450 nm) at spectral region clearly sepa-

rated from the absorption of NADH. The absorption

bands of both reduced forms do not significantly

overlap and distinct isosbestic points are seen. The

course of the reaction of NADH with 1e is presented

in Figure 1 [20].

In the remaining cases, direct spectrophotometric

observation of NADH absorption or formation of

product, 1,4-dihydropyridines, is not possible because

of the interference of their absorption bands and simi-

lar absorption coefficients. However, it was possible

to separate quantitatively the product reduced forms

from NADH. Details of the methodology are pre-

sented in the experimental section (Scheme 2).

The kinetics of all reactions was studied at pH 6 to

minimize the acid-catalyzed hydration of NADH and

1,4-dihydropyridines. As the reactions rates were the

same in unbuffered and phosphate-buffered solutions

(as tested for 1a and 2a), therefore, unbuffered solu-
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tions with approximately pH 6 were used for all other

systems studied. The pH was controlled throughout

the experiments and no changes were observed. Sec-

ondly, the solutions with lower pH are preferable

since the oxidants are pseudoacids suitable for hy-

droxylation and consequently they are inert for reduc-

tion [5, 8]. This effect is most pronounced for 1e (see

Fig. 2). The value of pKb = 9.2 for hydroxylation of

1e was found (Scheme 3).

No effect of oxygen on the kinetics of the reactions

was observed although on a very long time scale it is

possible that oxygen can be responsible for autooxi-

dation reaction of 1,4-dihydropyridines as observed

previously for 9,10-dihydro-10-methylacridan [2].

Table 1 presents the rate constants for the reaction

of all investigated pyridinium salts with NADH. The

rate constants for backward reaction were determined

only for those 1,4-dihydropyridines that could be syn-

thesized or purified enough for quantitative experi-

ments, and for those three compounds the equilibrium

constants were calculated as a ratio of the forward and

backward reaction rate constants. In the remaining

cases, the equilibrium constants were determined

based on the equilibrium concentration of products

and substrates. The latter values remain, however, less

reliable. All reduced forms are not stable on a very

long time scale and under the reaction conditions their

pseudo-first order decay was observed with a rate

constant of about 5·10–7s–1. For very slow reactions,

a correction for this decay was made in determination

of the rate and equilibrium constants.

In Table 1, the parameters of the chemical reactiv-

ity of the investigated pyridinium salts are compared

to antiproliferative activity of this group of com-
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1b 6.0•10�� – 0.39 2.8•10�� 9200

1c 1.7•10�� 1.0•10�� 0.38 1.7•10�� 9000
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ILS 52%* 76%* 33%* 109.5%* –
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pounds against cultured murine leukemia 1210 cells

expressed in terms of ED�� (the drug concentration ef-

fective in inhibiting the cell growth by 50% after 72 h

exposure of L1210 cells to the drug).

To evaluate the antileukemic effect of the pyridin-

ium salts against murine leukemia L1210 in vivo, we

selected three representative salts of low to high cyto-

toxity in vitro. Their effect on the survival time of the

treated group of mice of CD2F1 strain is presented in

Table 2. For comparison, the gemcitabine (2’,2’-diflu-

orodeoxycytidine) (dFdC), a commonly used chemo-

therapeutic drug, was used under the same experimen-

tal condition, as the reference compound [13].

Because of the highest cytotoxity in vitro against

cultured murine leukemia 1210 cells, and at the same

time the strongest oxidative properties of 3-nitro-

1-methylpyridine chloride, the antileukemic effect of

this compound was tested in vivo at three different

doses.

Discussion

The rate constants characterizing the chemical ac-

tivity of pyridinium salts under investigation are col-

lected in Table 1. They span a total range of about

10� M��s��. The substituents at 3-position of pyridin-

ium ring very strongly affect the oxidizing properties

of this group of compounds. It can be immediately

recognized (by comparison with Hammet �) that elec-

tron withdrawing substituents significantly accelerate

the rates and equilibrium constants for the reaction

with NADH. Two of the investigated compounds are

naturally present in living organisms, NADH and

1-methylnicotinamide – 1a, which is a primary me-

tabolite of nicotinamide [10, 19]. They react, how-

ever, very slowly, with the equilibrium shifted to-

wards 1a/NADH couple. Therefore, elevated concen-

trations of 1a do not shift profoundly the relative

composition of NADH and NAD� and 1a can be

safely used as a potent anti-inflammatory drug of vita-

min origin [1, 10]. In contrast, the compounds with

electron withdrawing groups can strongly affect this

ratio and in the reaction of NADH with 1e the equilib-

rium will be shifted towards NAD�/2e couple. It may

be expected that in the presence of 1e a significant de-

pletion of cellular NADH will occur.

A slope of the Brønsted plot [4], constructed by

plotting the values of ln k against ln K, gives an ex-

perimental � value, � = 0.48 ± 0.02. This � value is in

accord with the presumption that hydrogen remains

centrally located between donor and acceptor in a tran-

sition state of the reaction, what is not surprising for

similar structures of both substrates. Limited number

of experimental points and rather large uncertainties

of these results do not allow for a more detailed dis-

cussion of the observed results of hydride transfer in

terms of Marcus theory [12].

On the other hand also the cytotoxic potencies, ex-

pressed as ED�� values, strongly differ in this group

of compounds. This effect is especially striking in the

pair of analogs 1a and 1e where ED�� values differ by

a factor of 7000. It is evident from Table 1 that those

differences in cytotoxity can be correlated with equi-

librium constants found for the reaction of pyridinium

salts with NADH. These data presented as a double

logarithmic plot in Figure 3 show close to linear rela-

tion.
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It is not known by what mechanism pyridinium salts

exert their cytotoxic effect on murine leukemia L1210

cells. To some extent it might be correlated with meta-

bolic dysfunction of the cell with depleted NADH

level. As presented in the previous paper [20], despite

its ionic character 1e is able to overcome transport

barriers through the plasma membranes and, therefore,

its intracellular concentration might be sufficient to

disturb the cell metabolism. The uptake of the remain-

ing salts used is not known but it is expected to be

similar. The uptake of 1a, a primary metabolite of

nicotinamide, can be even higher.

On the other hand, the reaction of NADH with

pyridinium salts simply reflects the redox properties

of salts used which may remain the key factors in the

cytotoxity induction. It is conceivable that formation

of radical of 1e, a very easily reducible compound, in

enzyme-mediated processes may be mostly responsi-

ble for the cytotoxity observed in our experiment.

DNA breaks may be a primary effect of its action, as

in the case of the generators of reactive oxygen spe-

cies, or other radical species forming initially DNA

adducts which induce secondary DNA breaks.

In all cases, the antileukemic effect of pyridinium

salts in vivo remains smaller than the effect exerted by

gemcitabine but it is statistically significant. At first

glance, the results of in vitro experiments do not cor-

relate with in vivo antileukemic activity measured by

the increase in the survival time, presented in Table 2.

The activity of 1a was observed only at a very high

concentration. On the other hand, 1e reactivity re-

mains weaker than other salts, especially weaker than

1c which was used in similar concentration range (see

Materials and Methods). However, as it is shown in

Table 3, an increase in the 1e concentration leads not

only to further decline of the survival time prolonga-

tion but at a higher concentration to a complete inver-

sion of the observed effect. It is very likely that this

very strong oxidant exerts its effect not only on

murine L1210 leukemia cells but on the whole mouse

organism. This might explain lower than expected

value of ILS observed for 1e.

In conclusion, both in vitro and in vivo experiments

revealed that pyridinium salts possessed antileukemic

activity against murine L1210 leukemia and this ef-

fect remained correlated with their redox properties.

The latter can be easily correlated with the ability of

the salts to shift the equilibrium between reduced and

oxidized forms of nicotinamide adenine dinucleotide.

The pyridinium salts are able to exert a number of

biochemical actions at cellular level and it is likely

that no single mechanism of action is responsible for

all the observed effects. Although the mechanism of

their action may be very complex, there is a large

body of evidence that the depletion of the NADH

level and relative ratio of reduced and oxidized forms

of NAD may be the main cellular target. Hence, it

may be directly related to the metabolic dysfunction

of the cell.

Acknowledgments:

���� +��� +�� ��

����� 3� ��� ����� 8!9:%;9<%�$�=�$#=&$$/>
���� ��� )������� �� ?������ ��� -����� @��������7

References:

1. Adamiec M, Adamus J, Ciebiada I, Denys A, Gêbicki J:

Search for drugs of the combined anti-inflammatory and

anti-bacterial properties: 1-methyl-N’-(hydroxy-

methyl)nicotinamide. Pharmacol Rep, 2006, 58,

246–249.

2. Adamus J, Gêbicki J, Ciebiada I, Korczak E, Denys A:

3,6-Diamino-10-methylacridan, uncharged precursor of

acriflavine and its unique antimicrobial activity. J Med

Chem, 1998, 41, 2932–2933.

3. Boulton S, Kyle S, Durkacz BW: Low nicotinamide

mononucleotide adenylyltransferase activity in

a tiazofurin-resistant cell line, effects on NAD metabo-

lism and DNA repair. Br J Cancer, 1997, 76, 845–851.

4. Brønsted JN: Acid and basic catalysis. Chem Rev, 1928,

5, 231–338.

5. Bunting JW, Bolton JL: Relative reactivities of hetero-

aromatic cations towards reduction by 1,4-dihydro-

nicotinamides. Tetrahedron, 1986, 42, 1007–1019.

6. Bunting JW, Sindhuatmadja S: Kinetics and mechanism

of the reaction of 5-nitroisoquinolinium cations with

1,4-dihydronicotinamides. J Org Chem, 1981, 46,

4211–4219.

7. Bunting JW: Merged mechanisms for hydride transfer

from 1,4-dihydronicotinamide. Bioorg Chem, 1991, 19,

456–491.

8. Bunting JW: pK�� values for pyridinium cations. Tetra-

hedron, 1987, 43, 4277–4286.

9. Gêbicki J, Marcinek A, Zielonka J: Transient species

in the stepwise interconversion of NADH and NAD�.

Acc Chem Res, 2004, 37, 379–386.

10. Gêbicki J, Sysa-Jêdrzejowska A, Adamus J, WoŸniacka

A, Rybak M, Zielonka J: 1-Methylnicotinamide, a potent

anti-inflammatory agent of vitamin origin. Pol J Pharma-

col, 2003, 55, 109–112.

11. Kreevoy MM, Ostoviè D, Lee I-SH, Binder DA, King

GW: Structure sensitivity of the Marcus � for hydride

transfer between NAD� Analogues. J Am Chem Soc,

1988, 110, 524–530.

222 �����������	��� 
������ ����� ��� ������	



12. Lee I-SH, Jeoung EH, Kreevoy MM: Marcus Theory

of a parallel effect on � for hydride transfer reaction

between NAD� analogues. J Am Chem Soc, 1997, 119,

2722–2728.

13. Marañda E, Szmigielska A, Robak T: Additive action of

gemcitabine (2’,2’-difluorodeoxycytidine) and 2-chloro-

deoxyadenosine on murine leukemias L1210 and P388.

Cancer Invest, 1999, 17, 95–101.

14. Marcinek A, Zielonka J, Gêbicki J, Gordon CM, Dunkin

IR: Ionic liquids, novel media for characterization of

radical ions. J Phys Chem A, 2001, 105, 9305–9309.

15. Miller LL, Valentine JR: On the electron-proton-electron

mechanism for 1-benzyl-1,4-dihydronicotinamide oxida-

tions. J Am Chem Soc, 1988, 110, 3982–3989.

16. Morton RK: Enzymatic synthesis of coenzyme I in rela-

tion to chemical control of cell growth. Nature, 1958,

181, 540–542.

17. Ostoviè D, Lee HI–S, Roberts RMG, Kreevoy MM:

Hydride transfer and oxyanion addition equilibria of

NAD� analogues. J Org Chem, 1985, 50, 4206–4211.

18. Powell MF, Bruice TC: Effect of isotope scrambling and

tunneling on the kinetic and product isotope effects for

reduced nicotinamide adenine dinucleotide model hy-

dride transfer reactions. J Am Chem Soc, 1983, 105,

7139–7149.

19. Stratford MRL, Dennis MF: High performance liquid

chromatographic determination of nicotinamide and its

metabolites in human and murine plasma and urine.

J Chromatogr, 1992, 582, 145–151.

20. Wieczorkowska M, Zielonka J, Celiñska J, Adamus J,

Ciesielska E, Marcinek A, Szmigiero L, Gêbicki J:

1-Methyl-3-nitropyridine, an efficient oxidant of NADH

in non-enzymatic and enzyme-mediated processes.

Free Radic Res, 2003, 37, 1157–1162.

Received:

?�
���3�� &A� &$$ B �� ������� ����4 	
��� �A� &$$C7

�����������	��� 
������ ����� ��� ������	 223

Cytotoxic activity of pyridinium salts
������� ���	�
��
��� �� ���




