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Abstract 0 Nitroxyl spin labels are paramagnetic compounds that have 
demonstrated utility as contrast enhancing agents in proton magnetic 
resonance imaging. The time-course of contrast enhancement depends 
on distribution and elimination of these agents. Reduction, resulting in 
formation of the diamagnetic hydroxylamine, is the major metabolic 
pathway obsefved in vivo. This bioreduction has implications for the 
design of contrast agents and for understanding their imaging behavior. 
Bioreduction has been shown to occur, at least in part, intracellularly. As 
such, cell membrane permeability to nitroxyl spin labels may influence 
their bioreduction. In this study, this influence was examined using eight 
nitroxyl derivatives and the human erythrocyte suspension as a model 
biomembrane system. Ionizable weak acids and bases were found to 
equilibrate rapidly across the erythrocyte membrane with half-times of 
equilibration ranging from <lo s to 1.6 min. These derivatives had low 
octano1:buffer distribution coefficients and were extensively ionized at 
the pH of the system (7.0). A strong acid, a phosphate ester, and a 
quaternary amine derivative were excluded by the cell membrane. 
Reduction of nitroxyl spin labels by the erythrocyte was shown to occur 
intracellularly. Except for the impermeable probes, the reduction rate 
was slow in comparison with the membrane penetration rate. The 
structural dependence of reduction rate was unrelated to penetration 
rate but correlated well with that observed in other reducing systems, 
namely, ascorbic acid solution and rat tissue homogenates. 

N i t roxy l  spin labels have an unpaired electron and are, 
therefore, paramagnetic and potential ly useful as contrast- 
enhancing agents in proton magnetic resonance imaging.' 
The strong magnetic moment o f  the unpaired electron causes 
paramagnetic relaxation enhancement o f  protons in a mag- 
netic field and consequently an increase in the image intensi- 
ty. Contrast enhancement has been demonstrated in animal 
studies to be diagnostically useful in defining rena l  function- 
a l  abnormalities: b ra in  abscesses: and tumors.' 

The degree o f  contrast depends on  the distr ibution and 
el imination o f  n i t roxyl  spin labels in vivo. Reduction of the 
ni t roxyl  moiety, which has been observed in the dogb.6 and in 
the ra t?  i s  the major metabolic pathway. This bioreduction 
results in the formation of a diamagnetic compound, presum- 
ably the hydroxylamine, which lacks abi l i ty  to give proton 
relaxation enhancement. Elucidating the factors that control 
bioreduction is  important to  the understanding o f  imaging 
behavior and to optimizing the diagnostic value of n i t roxy l  
spin labels. Several mechanisms for bioreduction that may be 
influenced by membrane permeability, have been suggest- 
ed.* For example, enzymatic reduction by electron transport 
systems has been observed in microsoma19~10 and mitochon- 
drial" subcellular fractions. Also, nonenzymatic reduction 
by reducing agents, such as ascorbic acid, has been demon- 
strated.'Z 

In this study, the permeabil i ty o f  the human erythrocyte 
membrane to  n i t roxy l  spin labels o f  varying polarities i s  
examined. 0ctanol:buffer distr ibution coefficients were de- 

termined and used as indices o f  the polarities o f  the labels, 
and the erythrocyte membrane served as a model biomem- 
brane. 
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Experimental Section 
Materials-Compounds la ,  lb ,  and 2c were obtained from Sigma 

(St. Louis, MO), while lc, 2b, and 2a were synthesized as described 
elsewhere.13 Compound l e  was obtained from Aldrich Chemical 
Company (Milwaukee, WI). 
N,N,N,-Trimethyl(2,2,6,6,-tetramethyl-l-oxyl-4-piperidinyl)am- 

monium iodide (ld)-Methyl iodide (0.648 g, 4.0 mmol) was added in 
one portion at 25°C to a dimethylformamide solution (3 mL) of 4- 
amino-2,2,6,6-tetramethylpiperidine-l-oxyl ( lb)  (0.17 1 g, 1.0 mmol), 
obtained from Sigma (St. Louis, MO) and 4-hydroxy-2,2,6,6-tetra- 
methylpiperidine (0.312 g, 2.0 mmol), synthesized as described 
p r e v i o u ~ l y . ~ ~  The mixture was stirred until a homogeneous solution 
was obtained, then left for 3 h at  25°C. The crystalline material was 
collected by filtration and washed with anhydrous ether. Recrystalli- 
zation from anhydrous ethanol (-50 mL) gave 0.18 g (52%) of Id  in 
the form of orange crystals, mp 241-242°C (dec.) (lit.'5 210-214°C); 
MS: mlz = 215 (M' + 1). 

And-Calc. for Cl2HZ6N2IO: C, 42.23; H, 7.75; N, 8.12. Found: C, 
42.48; H, 7.68; N, 8.21. 

The nitroxyl spin labels were stored as 25-85 mM aqueous 
solutions at  4°C. Under these conditions, the nitroxyl moiety was 
found to  be stable (no detectable change) for a month as measured by 
electron paramagnetic resonance spectroscopy. 

An electron paramagnetic resonance spectrometer (model E- 
104A, Varian Instrument Division, Sunnyvale, CA), with a 0.04-mL 
flat cell placed in the microwave cavity, was used to measure the 
concentration of the nitroxyl spin label. The concentration was 
estimated from the peak-to-peak height of the first derivative of the 
low-field line of the nitroxyl triplet spectrum. 
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0ctanol:Buffer Distribution Coefficients-Two milliliters of ni- 
troxyl spin-label solution (0.2-1.0 mM) in 0.067 M phosphate buffer 
(pH = 2.5 or 7.0) was mixed with 2 mL of 1-octanol and left to 
equilibrate in a rocking shaker overnight. The nitroxyl spin-label 
concentrations in the octanol and water phases were measured by 
electron paramagnetic resonance spectroscopy using reference solu- 
tions in octanol and water, respectively. The distribution coefficient 
was calculated by dividing the nitroxyl concentration in the octanol 
phase by that in the buffer phase. 

Reduction in Human Erythrocyte Suspension and Lysate- 
Blood was drawn from a healthy volunteer on the day of the 
experiment. The blood was centrifuged a t  1000 x g for 5 min and the 
plasma was discarded. The erythrocytes were separated from plasma 
because plasma also has some reducing activity.6 The erythrocytes 
were then washed three times by repeated resuspension in one 
volume of buffer; centrifuging as above and exchanging supernatant 
fluid with fresh buffer. The buffer consisted of 145 mM NaCI, 5 mM 
KCI, 1 mM CaCI,, 1 mM MgS04, 3.5 mM Na2HP04, 1.5 mM 
NaH2P04, and 10 mM dextrose. The erythrocytes were suspended in 
buffer a t  an hematocrit of 50% after washing. Protein content in 
erythrocyte lysate and in supernatant fluid from erythrocyte suspen- 
sions was determined.I6 A low protein content in supernatant fluids 
compared with lysate (0.6-0.8%) showed that lysis of cells in the 
erythrocyte suspension virtually did not occur. Erythrocyte lysate 
was prepared by centrifuging the erythrocyte suspension, discarding 
the supernatant fluid, and adding the same volume of distilled water 
to lyse the cells hypotonically. The erythrocyte concentration in 
lysate was the same as in the erythrocyte suspension. Determina- 
tions of oxygen partial pressure and pH were performed on an 
automatic blood gas analyzer (Corning 175, automatic pWblood gas 
system, Corning Medical and Scientific, Medfield, MA) in buffer (PO, 
= 187 5 34 mm Hg; pH = 7.0 ? 0.04), erythrocyte suspension (PO, = 
53 5 18 mm Hg; pH = 7.1 ? 0.06), and erythrocyte lysate (PO, = 66 
5 28 mm Hg; pH = 7.0 ? 0.06). Essentially no differences were 
observed between determinations made just after preparation and 
after completion of experiments. A small volume (20-100 pL) of the 
diluted stock solution of the nitroxyl spin label was added to each 
2-mL sample of erythrocyte suspension and lysate. The sample was 
rapidly vortexed and injected into the flat cell of the electron 
paramagnetic resonance spectrometer. The low-field peak of the 
nitroxyl spectrum was recorded at  1-min intervals for 30 min. The 
peak width was determined at  5 and 30 rnin and found to remain 
constant. The decrease in peak height was therefore not due to peak 
broadening. Peak broadening can be caused by immobilization of the 
spin label (binding to cell membrane or proteins) or by an increase in 
concentration of other paramagnetic species17 (for example, changes 
in oxygen concentration). The initial concentration of nitroxyl spin 
label was 0.01 mM and the experiments were performed at  room 
temperature (22.5 ? 1°C). Potassium ferricyanide was added (2 mM 
final concentration) to the samples a t  the end of the experiment and 
the low field peak was recorded and compared with freshly prepared 
standards. 

Determination of Penetration Rate-Nitroxyl spin labels in the 
intracellular fluids were selectively measured and monitored over 
time in erythrocyte suspension by the addition of potassium ferricya- 
nide, an extracellular quenching agent.Ia The paramagnetic ex- 
change between the nitroxyl moiety and ferricyanide ion causes 
broadening of the spectrum of the nitroxyl spin label only in 
extracellular fluids, because the ferricyanide ion does not enter cells. 
Ferricyanide ion is considered the most ideal quenching agent; it 
does not penetrate the cell membrane and no other interaction with 
the cell has been reported.lE21 

The erythrocyte suspension was prepared as described above. A 
portion was centrifuged at 1000 x g for 5 min and the supernatant 
fluid was exchanged with a 200 mM potassium ferricyanide solution. 
The nitroxyl spin label under study was added to make a total 
concentration of 0.1 mM. The electron paramagnetic resonance 
spectrum was first recorded in the erythrocyte suspension without 
ferricyanide ion and the magnetic field was set on the low-field peak 
of the spectrum so that the height of the peak (signal) could be 
continuously monitored with time. After removing this sample, the 
nitroxyl spin label was added to an erythrocyte suspension contain- 
ing ferricyanide ion. After mixing, the suspension was injected into 
the flat cell within the spectrometer and the intracellular electron 
paramagnetic resonance signal was monitored with time. For the 
permeable probes, the intracellular signal reached an upper limit in 
less than eight min a t  which time a complete nitroxyl spectrum was 
recorded. 

Results 
Distribution Coefficient-The distribution coefficients 

between 1-octanol and buffer are shown i n  Table I for buffer 
pH values of 2.5 and 7.0. 

Reduction of Nitroxyl Spin Labels by  Ery throcyte  Sus- 
pension and Lysate-The loss of the electron paramagnetic 
resonance (EPR) signal in erythrocyte suspension a n d  lysate 
is presumably caused by the reduction of the nitroxyl spin 
label to  their corresponding hydroxylamines. This conclusion 
is based on the observations that the peak width remained 
constant during the experiment  and that the original signal 
was recovered on addition of potassium ferricyanide, an 
oxidizing agent (see the Experimental Section). Reductions of 
the piperidine derivatives, lc, la, and lb, in erythrocyte 
suspension and lysate are shown i n  Fig. 1A. These deriva- 
tives show little or no difference in reduction rates between 
erythrocyte suspension and lysate. This indicates that pene- 
tration does not limit the rate of reduction. The reduction 
rates for the piperidine and pyrrolidine derivatives showed 
the same ranking:  carboxylic acid derivatives < hydroxyl 
derivatives < amine derivatives. This structural dependence 
of reduction rates was unrelated t o  membrane  permeability 
for these derivatives. Quant i ta t ion of penetration was  not 
conducted for the pyrrolidine derivatives because 90% or 
more remained after 30 min, i.e., they  all were more stable 
than the piperidine derivatives. 

Figure 1B shows that the reduction rates of le and  I d  are 
much faster in erythrocyte lysate  than in erythrocyte suspen- 
sion. This indicates that the rate of reduction in erythrocyte 
suspension is limited by  membrane penetration. The slow 
reduction i n  erythrocyte suspension may be explained by 
leakage of a reducing agent from the cell. All derivatives 
were stable (no detectable decrease in electron paramagnetic 
resonance signal in 30 min) in buffer solution as well as i n  
supernatant  fluid separated from a freshly prepared erythro- 
cyte suspension. However, when superna tan t  fluid was sepa- 
rated from an erythrocyte suspension prepared 8 h earlier, 
reducing activity, comparable with that in erythrocyte sus- 
pension, w a s  observed in the supernatant fluid of Id and l e  
(11 and 2% reduction, respectively; see Fig. 1B). 

Determina t ion  of Penetration Rate-The time-course of 
penetration is illustrated i n  Fig. 2 for the carboxylic acid 
derivatives. The half-times of equilibration were 0.6 min  for 
l c  and 1.6 m i n  for 2c. The penetrat ion rates for the amine 
and alcohol derivatives were  too rapid to be determined. 
Half-lives of equilibration must be <10 s because full equili- 
bration was obtained at the t ime of the first measurement 
(-30 s following addition of the nitroxyl spin label). The 
derivatives le a n d  Id did not give a n y  intracellular signal 
within 60 min, indicating that the erythrocyte membrane is 
impermeable to these probes. 

The intracellular EPR signal w a s  followed unt i l  it reached 
an apparent  maximum value. Because reduction of the spin 
label i n  th i s  t ime period was negligible (see Fig. l ) ,  the 
maximum represents the final equilibrium. The intracellular 

Table I-Distribution Coefficients 0ctanol:Buffer' 

Spin Label pH 2.5' pH 7.0 

l a  
i b  
l c  
I d  
l e  
2a 
2b 
2c 

3.9 
0.0084 

18.6 
<0.0004 

0.046 
2.1 
0.064 

10.3 

4.2 
0.043 
0.01 9 
0.0004 
0.01 
1.7 
0.25 
0.008 

'Average of at least two determinations that differed by 520%. 'The 
pH of the phosphate buffer. 
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Flgure 1-Differences in reduction rates between erythrocyte suspen- 
sion (-) and erythrocyte lysate (- -1 indicate penetration limitations. 
Panel A: nitroxyl spin labels with little or no observed differences; panel 
8: nitroxyl spin labels with penetration limitations. Each data point is an 
average of at least three experiments; lines connect successive points. 
Initial nitroxyl derivative concentration was 0.07 mM. The CV (not 
shown) increased from 1 4 %  at the first time point to a maximum 75% at 
the last. Experiments were run at room temperature (22.5 2 1°C). 

M I NUTES 

Flgure 2-The carboxylic acid derivatives enter the erythrocyte at 
measurable rates. Half-times of equilibration were 0.6 min for 1 c and 7.6 
min for 2c. The intracellular electron paramagnetic resonance signal is 
expressed as a percent of the equilibrium value reached in <8  min. The 
bars represent SDs of data from three experiments. 

EPR signal at equilibrium was expressed as a percent of the 
total (intracellular and extracellular) EPR signal, deter- 
mined without the quenching agent. 

The carboxylic acid derivatives gave a stronger intracellu- 
lar signal (33% for l c  and 29% for 2c) than the hydroxyl 
derivatives (16% for la  and 13% for Za). The amine deriva- 
tives gave an even weaker intracellular signal (4% for l b  and 
2% for 2b) than the hydroxyl derivatives. From this informa- 
tion, the intracellular pH of the erythrocyte can be estimat- 
ed.20 Assuming that the hydroxyl derivatives equilibrate to 
the same intracellular and extracellular concentrations, the 
cell volume accessible to these spin labels is -15%. This is 
about that expected for a hematocrit of 50% because only 50% 
of the packed cell volume represents cell space (if the cells are 
perfect spheres) and only part of the cell space (containing a 
high concentration of hemoglobin) is accessible. 

We can then use the data for the carboxyl and the amine 
derivatives to estimate the pH gradient across the cell 
membrane. The extracellular pH was measured (7.1 2 0.06) 
and from this the intracellular pH was estimated to be 7.8 * 
0.1. This observation is in agreement with a previous study22 
in which the intracellular pH of erythrocytes was found to be 
higher (7.8) at low temperatures (4°C) and in the presence of 
impermeable anions. 

Discussion 
OctanokBuffer Distribution Coefficients-Distribution 

coefficients were determined as indices of lipophilicity of the 
nitroxyl derivatives. Lipophilic compounds are expected to 
penetrate the phospholipid structure of the cell membrane 
faster than hydrophilic ones, unless specific carriers facili- 
tate the transport.23 

The most hydrophilic derivatives, le  and Id, have the 
lowest distribution coefficients as expected from their charge. 
Their inability to cross the erythrocyte membrane is there- 
fore supported by their high hydrophilicity. 

For the carboxylic acid and amine derivatives, the distri- 
bution coefficients are low but, unlike le  and Id, are pH- 
dependent (Table I). Previously determined pK, values for l b  
and the pyrroline analogue of 2c were 9.37 and 4.4, respec- 
tively.19 Thus, the relatively rapid penetration rate for these 
derivatives may be explained by the lipophilicity of the 
uncharged form, which is measured for the carboxylic acid 
derivatives at pH 2.5. 

Reduction of Nitroxyl Spin Labels by Erythrocyte Sus- 
pension and Lysat+This approach to studying membrane 
permeability of the erythrocyte based on the reducing capa- 
bility of the cell was first reported by Ross and M c C ~ n n e l l . ~ ~  
Reduction of the nitroxyl moiety is assumed to occur inside 
the cell and can, therefore, be limited by the membrane 
permeability to the nitroxyl derivative. When the rate con- 
stant for reduction inside the cell is greater than that for 
transport into the cell, then the rate of reduction in the 
erythrocyte suspension represents the penetration rate. Be- 
cause the susceptibility of nitroxyl spin labels to reduction 
varies with structure, it is important to determine the 
reduction rate in both erythrocyte suspension and lysate. The 
reduction rate in lysate is assumed to be the same as that 
inside the intact erythrocyte. 

In this study, the assumptions of this model were validat- 
ed. The impermeable probes, le and Id, are not reduced 
indicating that reduction occurs intracellularly. For the 
permeable probes, reduction was found to be slow in compari- 
son with penetration in that reduction rates were essentially 
the same in erythrocyte suspension and lysate. Recent stud- 
ies of erythrocyte membrane permeability have utilized this 
model and assumed that penetration was slow in comparison 
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with reduction for these probes.2”2n Our findings show that 
this assumption was incorrect and that their results pertain 
more to reduction susceptibility than to membrane perme- 
ability, 

The relationship between structure and reduction rate in 
erythrocytes for different derivatives is the same as that 
found in ascorbic acid s0lution1~ and rat tissue homoge- 
nates.29 Pyrrolidine derivatives were more stable than piper- 
idine derivatives. The substituent also influenced stability: 
the carboxylic acids were more stable than the alcohols 
which were more stable than the amines. Ascorbic acid 
reduces nitroxyl spin labels to their corresponding hydroxyl- 
amines30 and has been suggested to be the reducing agent in 
bovine erythrocytes.31 In a study of the reduction of nitroxyl 
spin labels in mice erythrocytes, it was concluded that 
sulfhydryl-containing compounds, such as cysteine, were 
responsible for the reduction.32 These small molecular 
weight-reducing agents could conceivably leak out of the cell 
and explain our observation of the appearance of reducing 
activity in the supernatant fluid. 

Determination of Penetration Rate-The extracellular 
quenching agent potassium ferricyanide provides a means of 
selectively measuring the intracellular electron paramagnet- 
ic resonance signal. This technique, described in a review by 
Mehlhorn and Packer,18 has been utilized for determination 
of cell volume, electrochemical and pH gradients across cell 
membranes, and membrane permeability.l@-21 The 200 mM 
ferricyanide concentration creates a hypertonic environ- 
ment, but the estimated cell volume is not apparently differ- 
ent from the expected value. Furthermore, the time of 
exposure to ferricyanide ion is relatively short and therefore 
changes in membrane properties were assumed not to occur. 

Using this approach, penetration can be determined even 
when it is faster than the reduction process. The limiting 
factor is how soon the intracellular signal can be monitored 
after addition of the nitroxyl spin label. In our studies this 
was -30 s. Half-times of equilibration shorter than 10 s 
cannot be determined by this system. The carboxylic acid 
derivatives had intermediate penetration rates with the 
more lipophilic derivative, lc, penetrating the cell mem- 
brane faster than 2c. 

In pharmacokinetic studies in the dog,6,6 2c was found to 
be eliminated more slowly (lower clearance) than a succinic 
acid piperidine derivative. This difference in elimination was 
attributed to pyrrolidine derivatives being more slowly re- 
duced than piperidine compounds as observed in ascorbate 
solution. However, the slower membrane permeability rate 
of 2c could also be a factor limiting its bioreduction in vivo. 

Conclusions 
Permeability of the human erythrocyte membrane to eight 

charged and uncharged nitroxyl derivatives was assessed 
using two approaches: by rates of reduction in lysate and cell 
suspension, and by appearance in intracellular fluids in the 
presence of the extracellular quencher, potassium ferricya- 
nide. The two techniques gave observations that correlated 
well with each other: the erythrocyte membrane was imper- 
meable to two probes, but freely permeable to the other six. 
This information is useful for the design of contrast agents in 
proton magnetic resonance imaging depending on the desired 
distribution and application. Permeable agents have the 
advantage of entering cells and may potentially serve as 
probes of intracellular reduction-oxidation metabolism. Dif- 
ferences in binding and reduction rates among tissues are 
bases for contrast enhancement with these agents. If reduc- 

tion in vivo is primarily intracellular, those agents with slow 
membrane penetration rates may be used advantageously as 
extracellular contrast agents because relatively smaller 
doses would be required in comparison with nitroxyl spin 
labels that penetrate cells rapidly. 
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