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ABSTRACT. Sodium nitroprusside (SNP) cytotoxicity towards rat hepatocytes was accompanied by peroxy- 

nitrite formation, lipid peroxidation, inhibition of glycolysis, cyanide (CN) release, partial inhibition of hepa- 

tocyte respiration, and ATP depletion. Antioxidants and desferoxamine prevented both cytotoxicity and lipid 

peroxidation induced by SNP. The CN antidote thiosulfate or the CN trapping agents dihydroxyacetone and 

glyceraldehyde increased SNP metabolism, SNP-induced peroxynitrite formation, cytotoxicity, and lipid per- 

oxidation. On the other hand, addition of non-toxic concentrations of CN to hepatocytes prevented SNP 

metabolism and SNP-induced lipid peroxidation and cytotoxicity. SNP depleted hepatocyte GSH immediately 

upon addition, and GSH-depleted hepatocytes were more susceptible to SNP. The results of this study suggest 

that nitric oxide rather than CN mediates SNP cytotoxicity in isolated cells. BIOCHEM PHARMACOL 51;8:1031- 
1039, 1996. 
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SNPt is a potent hypotensive agent widely used to control 
hypertension during surgery (especially heart bypasses), in 
hypertension emergencies, and to improve heart function 
after myocardial infarction [l, 21. The use of SNP resulted 

in deaths in some cases possibly due to CN released from 

SNP in the body [3-51, but this has been disputed [6, 71. 
However, it is generally agreed that SNP undergoes bio- 
transformation in oivo to release CN [8-131. Infusion of the 

CN antidote thiosulfate has been shown to lower the blood 
CN level in patients treated with SNP [5, 11, 141 and to 

protect against CN toxicity following acute or chronic SNP 
administration to dogs [9, 151. Thiosulfate and the CN trap 

a-ketoglutarate have also been reported to antagonize the 
lethality of SNP given subcutaneously to mice [16]. 

The vasodilating effect of SNP is believed to be due to its 
ability to release its NO next to the vascular wall. The 

mechanism of NO liberation from SNP is not precisely 
known. While some investigators believe that release of 
NO is spontaneous [17, 181, others believe that NO is re- 

leased from SNP following one-electron reduction [19-221. 
It has been reported that the release of NO from SNP was 

blocked by CN in vascular tissue [19]. 
We have shown previously that SNP readily undergoes 

one-electron reductive metabolism by isolated hepatocytes 
to the metal-nitrosyl radical [20], but the cytotoxic mecha- 
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nism was not investigated. Recently, we have shown that 
butyl nitrite and N-methyl-N’nitro-N-nitrosoguanidine 

(MNNG) cause cytotoxicity towards hepatocytes as a result 
of NO formation [23, 241. Furthermore, focal necrotic le- 

sions in the rat hippocampus following SNP intracerebral 
injection have been attributed to NO [25] rather than CN 

formation. 
Although there have been no clinical reports of SNP- 

induced hepatotoxicity, SNP is metabolized by the liver 
[12, 201. We have used isolated rat hepatocytes as a model 

cell to study the intracellular mechanisms of metabolic ac- 

tivation and the cytotoxicity of SNP. It was found that 
cytotoxicity was associated with peroxynitrite formation 
and lipid peroxidation. CN trapping compounds or sodium 
thiosulfate increased while CN prevented SNP-induced cy- 
totoxicity, lipid peroxidation, and peroxynitrite formation. 

These results suggest that NO rather than CN is the cyto- 

toxic metabolite of SNP in isolated rat hepatocytes. 

MATERIALS AND METHODS 
Animals 

Male Sprague-Dawley rats (300-350 g), fed a standard 
chow diet and water ad lib., were used in all experiments. 

Chemicals 

Collagenase (from Clostridium histoliticum) and HEPES were 
purchased from Boehringer-Mannheim (Montreal, 

Canada). Dihydroxyacetone, glyceraldehyde, trypan blue, 
thiobarbituric acid, quercetin, morin, fluoro-2,+dinitro- 
benzene, and iodoacetic acid were obtained from the Sigma 
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Chemical Co. (St. Louis, MO, U.S.A.). SNP, sodium thio- 
sulfate, and potassium cyanide were purchased from the 
Fisher Scientific Co. (Mississauga, ON, Canada). Dithio- 

threitol (DTT), 1 -bromoheptane, purpurogallin, and pyro- 
gall01 were obtained from the Aldrich Chemical Co. (Mil- 

waukee, WI, U.S.A.). Desferoxamine was a gift from Ciba 
Geigy Ltd. (Mississauga, ON, Canada). 2-(4-Carboxy- 

phenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-l,oxyl (car- 
boxy_PTIO) was purchased from the Calbiochem-Novabio- 

them Corp. (La Jolla, CA, U.S.A.). Other chemicals were of 
the highest commercial grade available. 

Isolation and Incubation of Hepatocytes 

Hepatocytes were isolated by collagenase perfusion of the 
liver as described by Moldeus et al. [26]. Approximately 

85-90% of the freshly isolated hepatocytes excluded trypan 
blue (0.2%, w/v). Cells were incubated at a concentration 

of lo6 cells/ml in Krebs-Henseleit buffer containing 12.5 
mM HEPES under an atmosphere of 95% 0, and 5% COZ 
at 37” in continuously rotating round-bottomed 50-mL 

flasks. GSH-depleted hepatocytes were obtained by prein- 
cubating hepatocytes with 0.2 mM I-bromoheptane for 20 

min [27]. 

Cell Viability 

Hepatocyte viability was assessed by plasma membrane dis- 
ruption as determined by trypan blue uptake [26], as well as 

by lactate dehydrogenase release. Viability was determined 
immediately after isolation and at different time points fol- 

lowing incubation. 

@utathione Determination 

The total GSH and GSSG contents of hepatocytes were 
measured, on deproteinated samples (5% metaphosphoric 
acid), after derivatization with iodoacetic acid and fluoro- 

2,4_dinitrobenzene, by high performance liquid chromatog- 
raphy, using a Cl8 PBondapak NH, column (Waters As- 

sociates, Milford, MA, U.S.A.) [28]. GSH and GSSG were 
used as external standards. A Waters 6000A solvent deliv- 

ery system equipped with a model 600 solvent programmer, 
a Wisp 710 automatic injector, and a Data Module were 
used for analysis. 

Determination of Malondiakkhyde in Hepatocytes 

Malondialdehyde was determined by treating 1 -mL aliquots 
of hepatocytes with 0.25 mL of 70% trichloroacetic acid 

and 1 mL of 0.8% thiobarbituric acid and heating for 20 
min. Butylated hydroxytoluene (10 p,L of 1 M in DMSO) 

was added to prevent oxidation that may occur in the heat- 
ing stage of the assay. Samples were monitored spectropho- 
tometrically at 535 nm after centrifugation [29]. 

Hepatocyte Respiration 

Hepatocyte respiration was measured at different time 
points following the addition of SNP to hepatocytes using 
a Clark-type oxygen electrode (model 5300; Yellow Spring 

Instrument Co. Inc., Yellow Spring, OH, U.S.A.) in a 2-mL 
incubation chamber maintained at 37”. Prior to oxygen 

consumption measurements, hepatocytes ( IO6 cells/ml) 
were kept at 37” in Krebs-Henseleit buffer, plus HEPES 

(12.5 mM), pH 7.4, under 95% oxygen and 5% CO,. 

Determination of Peroxynitrite Formation 

Peroxynitrite formation was determined by luminol chemi- 

luminescence as previously described [30]. Chemilu- 

TABLE 1. Effect of removing SNP from the medium or addition of CN or CN trapping 
agents to the incubation on SNP cytotoxicity 

Cytotoxicity (% trypan blue uptake) 

Addition 

None 
CN 0.4 mM 
SNP 2 mM 

+ CN 0.4 mM at 0 min 
+ CN 0.4 mM at 15 min 
+ CN 0.4 mM at 30 min 
+ Thiosulfate 10 mM 
+ Dihydroxyacetone 10 mM 
+ Glyceraldehyde 10 mM 
+ Acetaldehyde 10 mM 

SNP 2 mM (resuspended at 5 min) 
SNP 2 mM (resuspended at 15 min) 
SNP 2 mM (resuspended at 30 min) 

30 min 60 min 120 min 180 min 

14*2 15f2 17+2 19f2 
15 f2 17f2 20 f 2 23 + 2 
17f2 31f3 48 f 4* 72f4* 
16f2 19f2 24f31_ 28f3t 
17+2 20 f 2 26f3t 32*3t 
15+2 30+3 45f3 69f4 
22f3 40*3 91* 51 loot 
24 f 3 45 + 4 87 f 5t loot 
23 f 2 47*3 90*5t loot 
20*2 37f3 67f4 95 f 5t 
21+2 24 + 2 28k3.T 30+3t 
23 f 2 32f3 37*3t 50f41 
18f2 34f3 45 f 3 64 f 4 

Hepatocytes ( IO6 cells/ml), freshly isolated from normal rats, were incubated in Krebs-Henseleir buffer, pH 7.4. SNP and CN 

trapping agents were added to hepatocytes at the same time. CN was added at different time points after SNP addition. To 

remove SNP from the medium, hepatocytes were centrifuged at determined time points and resuspended in fresh Krebs- 

Hens&it buffer. Cytotoxicity was determined as the percent of cells that took up trypan blue. Values are expressed as means 

f SD of 3-5 different experiments. 

* Significantly different from untreated cells (P < 0.001). 

t Significantly different from SNP alone treatment (P < 0.005). 
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TABLE 2. Effects of CN traps, antioxidants, ascorbate, and GSH depletion on lipid 
peroxidation induced by SNP 

Malondialdehyde (pmol/106 cells) 

Addition 60 min 120 min 180 min 

None 
SNP 1 mM 

+ Cyanide 0.4 mM 
+ Thiosulfate 10 mM 
+ Dihydroxyacetone 10 mM 
+ Ascorbate 1 mM 
+ Desferoxamine 200 FM 
+ GSH depletion 

0.26 * 0.12 
0.99 + 0.20 
0.27kO.11 
2.05 + 0.60 
2.24 + 0.53 
1.25 + .12 
0.18 x!z 0.07 
2.80 f 0.58 

0.31f0.14 
1.32 + 0.34* 
0.30 IL 0.08.r 
3.97 z!z 0.53t 
4.65 + 0.841 
2.70 + 0.501 
0.22 IL 0.10t 
4.45 * 1.15t 

0.42 + 0.15 
1.70 f 0.28* 
0.52 * 0.14t 
5.93 + 0.86t 
6.85 f 1.15t 
3.92 + 0.85t 
0.43 + 0.21 t 
5.40 + 1.08-t 

Hepatocytes ( lo6 cells/mL), freshly isolated from normal rats, were incubated m Krebs-Henseleit buffer, pH 7.4. 

SNP and other compounds were added to the incubatmn mixture at the same time. Malondialdehyde was measured 

as explained under Materials and Methods. Values are expressed as means t SD of 3-8 different experiments. 

* Significantly different from untreated cells (P < 0.001). 

t Significantly different from SNP-treated cells (P < 0.05). 

minescence was measured by a Luminometer LB 9501-Ber- 

thold Lumat. SNP was added to 1 mL of hepatocytes ( 106/ 
mL) at room temperature in the presence of 1 mM luminol, 
and the relative light unit (RLU) was recorded every 12 sec. 

Determination of Thiocyanate Formation 

Thiocyanate formation from SNP in hepatocytes was mea- 
sured according to the method described by Bowler 1311. 

Briefly, aliquots of hepatocytes incubated with SNP and 
thiosulfate were taken at different time points, and proteins 
were precipitated with 5% trichloroacetic acid. After cen- 
trifugation, 1 mL of supernatant was added to 1 mL of ferric 
nitrate reagent (400 mM ferric nitrate in 1 N nitric acid), 

and the absorbance was measured at 470 nm. 

Determination d SNP 

SNP was measured at different time points following addi- 

tion to hepatocytes according to the method described by 

Trablesi et al. [32]. Aliquots of hepatocytes were taken, the 

proteins were precipitated in acidic medium, and 0.02 M 
thiourea was added to the alkalinized supematant. Follow- 
ing acidification of the medium, the absorbance was mea- 

sured at 600 nm. 

Statistics 

Values shown are means + SD of at least three separate 

experiments, and statistically significant differences be- 
tween controls and experimental groups were obtained us- 

ing ANOVA. 

RJWJLTS 
Effect of CN on SNP Cytotoxicity 

SNP was toxic towards isolated rat hepatocytes in a con- 

centration-dependent manner with an EC,, for 2 h of about 
2 mM, as indicated by trypan blue uptake. SNP cytotoxicity 
was prevented if SNP was removed within 15-20 min of 

TABLE 3. Effect of antioxidants on SNP cytotoxicity 

Cytotoxicity 
(% trypan blue uptake) 

Addition 30 mio 60 min 120 min 180 min 

None 
SNP 2 mM 

+ Pyrogallol 100 PM 
+ Purpurogallin 100 PM 
+ Quercetin 200 PM 
+ Morin 100 p,M 
+ BHA 200 PM 
+ Desferoxamine 1 mM 

14+2 
17+2 
16f2 
16f2 
14*2 
15*2 
18f2 
17f2 

15 f 2 
31f3 
21+2 
17f2 
18+2 
19+2 
23 * 2 
18+2 

1752 
48+4* 
27*31- 
20+21_ 
21+2t 
24 f 2t 
31+2t 
23 f 2t 

19f2 
72 f 4* 
34+31 
25 f 21 
23 f 21 
32+3t 
41* 3t 
26f21 

Hepatocytes ( lo6 cells/ml), freshly isolated from normal rats, were incubated in Krebs-Hens&t buffer. pH 7.4. 

SNP and antioxidants ot desferoxamine were added to the incubation mixture at the same time. Cytotoxicity was 

determined as the percent of cells that took up trypan blue. Values are expressed as means + SD of 3-5 different 

experm~ents. BHA = @-hydroxyanisole. 

* Significantly different from untreated cells (P < 0.001). 

t Significantly different from SNP-treated cells (P < 0.001). 
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TABLE 4. Effects of ascorbate, NO oxidant, or hydrogen peroxide on SNP cytotoxicity 

Addition 
Cytotoxicity (% trypan blue uptake) 

30 min 60 min 120 min 180 min 

None 14*2 15f2 17*2 19+2 
SNP 300 /.LM 14*2 17f2 22f3 25+3 

+ Ascorbate 5 mM 27f3 45f3 95 f 5* 100* 
+ Ascorbate 5 mM + Desferoxamine 200 FM 18k2 20*2 26f3t 34 f 3t 
+ Carboxy-PTIO 300 JJ,M 24+3 38*3 76 * 5” 93 f 6* 

SNP 1 mM 15*2 18f3 27&3 46 f 44 
Glucose 10 mM/GO 0.1 U 16f2 20f2 22f2 26f3 

+SNPlmM 18f2 29f2 93 f 4” 100” 

Hepatocytes (lo6 cells/ml), freshly isolated from normal rats, were incubated in Krebs-Hens&e buffer, pH 7.4. SNP and other 

compounds were added to the incubation mixture at the same time. Cytotoxicity was determined as the percent of cells that 

took up trypan blue. Values are expressed as means f SD of at least 3 different experiments. GO = glucose oxidase. 

* Significantly different from SNP-treated cells (P c 0.001). 

t Significantly different from ascorbate + SNP-treated cells (P < 0.001). 

$ Sigmficantly different from untreated cells (P < 0.05). 
" Significantly different from SNP (1 mM)-treated cells (P < 0.001). 

addition (Table l), suggesting that SNP metabolic acti- 
vation was not rapid. However, cytotoxicity was not 
prevented if SNP was removed from the medium at 30 
min after addition (Table 1). CN at a non-toxic concen- 
tration (0.4 mM) protected hepatocytes from SNP cyto- 
toxicity if added before or up to 15 min following SNP 
addition (Table 1). Addition of CN 30 min after SNP 
addition did not affect SNP cytotoxicity. SNP cytotoxic- 
ity was accompanied by lipid peroxidation, and addition 
of CN also decreased the amount of lipid peroxidation 
(Table 2). 

Effects 4 Thiosulfate or 
CN Trapping Agents on SNP Cytotoxicity 

As shown in Table 1, the CN antidote, sodium thiosulfate, 
increased SNP cytotoxicity towards isolated rat hepato- 
cytes. The CN trapping carbohydrate metabolites dihy- 
droxyacetone and glyceraldehyde [33] also had effects simi- 
lar to the effect of thiosulfate on SNP cytotoxicity (Table 
1). Acetaldehyde, which binds CN, also potentiated SNP 
toxicity, but its effect was less than dihydroxyacetone or 
glyceraldehyde (Table 1). However, a-ketoglutarate or py 
ruvate, which also trap CN [34-361, did not affect SNP 
cytotoxicity (data not shown). Dihydroxyacetone and thio- 
sulfate increased lipid peroxidation induced by SNP more 
than 4-fold (Table 2). 

Effects of Antioxidants on SNP Cytotoxicity 

The antioxidants pyrogallol, purpurogallin, quercetin, 
morin, or P-hydroxyanisole (BHA) prevented both cyto- 
toxicity (Table 3) and lipid peroxidation induced by SNP 
(data not shown). The ferric iron chelator desferoxamine 
also prevented cytotoxicity and lipid peroxidation induced 
by SNP (Tables 2, 3). 

Efiects of Ascorbate or NO Oxidant on SNP Cytototicity 

Addition of ascorbate to hepatocytes increased SNP cyto- 
toxicity by a factor of about lo-fold (Table 4). Ascorbate 
also greatly increased SNP-induced lipid peroxidation 
(Table 2). Desferoxamine prevented both cytotoxicity and 
lipid peroxidation induced by SNP plus ascorbate. The NO 
oxidizing agent carboxy-PTIO, which converts NO to the 
NO, radical [37], also increased SNP cytotoxicity (Table 
4). Inhibition of NADPH-P450 reductase by diphenyliodo- 
nium chloride prevented SNP cytotoxicity (Table 5), sug 
gesting that a one-electron reduction of SNP by P450 re- 
ductase is necessary for SNP cytotoxicity. Hydrogen perox- 
ide, produced by a glucose/glucose oxidase system, also 
markedly increased SNP cytotoxicity (Table 4). 

Effects of CjSH Depletion on SNP Cytotoxicity 

Hepatocyte GSH was depleted to less than 50% of control 
immediately upon addition of SNP, which then stayed con- 
stant during the incubation (Fig. 1A). GSSG levels were 

TABLE 5. Effects of inhibition of NADPH:TP450 reductase 
or GSH depletion on SNJ? cytotoxicity 

Addition 

Cytotoxicity 
(% trypan blue uptake) 

30min 60min 120min 180min 

None 14f2 15rtr.2 17f2 19f2 
SNP 2 mM 17f2 31+3 48&4* 72f4* 

+ DPIC 50 /J,M 14+2 17f2 24 + 2t 31*2-t 
+ GSH depletion$ 52 + 40 loop 
+DTT5mM 32f3 69+_3t loot 

Conditions were similar to those described for Table 1. Values are expressed as means 

+ SD of at least three separate experiments. DPIC = diphenylicdonium chloride. 

* Significantly different from untreated cells (P < 0.001). 

t Significantly different from SNP-treated cells (P < 0.005). 
$ GSH depletion was achieved as explained in Materials and Methods. Viability of 

control GSH-depleted hepatocytes was the same as normal controls. 

§ Significantly different from normal SNP-treated cells (P < 0.001). 
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FIG. 1. Effect of SNP on hepatocyte GSH (A) and GSSG (B) 
content. GSH and GSSG levels were measured as explained 
under Materials and Methods. Values are means f SD of 
three separate experiments. Key: (0) control untreated 
cells; (0) 2 mM SNP; and ( n ) 3 mM SNP. 

increased at the beginning but returned to control levels 
after 30 min of incubation (Fig. 1B). Depleting hepatocyte 
GSH before addition of SNP markedly increased SNP cy- 
totoxicity towards isolated rat hepatocytes (Table 5). Three 
times more lipid peroxidation was also induced by SNP in 
GSH-depleted hepatocytes than in normal hepatocytes 
(Table 2). 

Peroxynitrite Fownation from SNP 

Addition of SNP to hepatocytes resulted in the formation 
of peroxynitrite, as detected by luminol chemilumines- 
cence, which lasted for only a short period of time (about 2 
min) (Fig. 2). However, trapping CN released from SNP by 

100 - 

80 - 

20 
0 60 120 180 240 300 360 420 

Time (set) 

FIG. 2. Formation of peroxynitrite from SW’. SNP was 
added to 1 mL of hepatocytes ( lo6 cells/ml) incubated with 
1 mM luminol, and the relative light unit (KLU) was mea- 
sured every 12 set as explained under Materials and Meth- 
ods. The arrow shows the time of addition of SNP. Key: (0) 
no addition; (0) 3 mM SNP; and (W) 10 mM dihydroxyace 
etone + 3 mM SNP. Dihydroxyacetone treatment was not 
significantly different from no addition. 

dihydroxyacetone (Fig. 2) or thiosulfate (data not shown) 
enhanced peroxynitrite formation from SNP about 7- and 
5-fold, respectively, and was much longer lasting. 

CN Release from SNP 

SNP was slowly metabolized by hepatocytes. Dihydroxyac- 
etone or thiosulfate markedly increased the metabolism of 
SNP whereas addition of CN inhibited the metabolism of 
SNP by hepatocytes (Table 6). As shown in Table 7, thio- 
cyanate was readily formed from SNP, hepatocytes, and 
thiosulfate. Thiocyanate formation slowly increased with 
time, and the CN trap dihydroxyacetone or the reductant 
ascorbate markedly increased the rate of thiocyanate for- 
mation. Prior hepatocyte GSH depletion also increased 
thiocyanate formation from SNP (Table 7), suggesting that 
CN originates from nitroreduction rather than GSH con- 
jugate formation. 

Effects of SNP on ATE’ Levels 

Hepatocyte ATP 1 evels were decreased by SNP before cy- 
totoxicity occurred, and this effect was potentiated by the 
addition of dihydroxyacetone (Fig. 3). Lactate formation 
from fructose by hepatocytes was inhibited by preincubat- 
ing hepatocytes with SNP (Table 8). CN, on the other 
hand, increased lactate formation from fructose (data not 
shown). 

EEfects of SNP on Mitochondrial Respiration 

SNP did not affect hepatocyte respiration immediately, but 
at 60 min hepatocyte respiration was inhibited 15% (con- 
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TABLE 6. Metabolism of SNP by hepatocytes 

Addition 1 min 10 min 

SNP ( nmoU106 cells) 

30 min 60 min 120 min 

SNP 1 mM 992 f. 32 978 f 27 952 + 40 880 f 32 781 f 35 
+TS2mM 965 + 38 829 rt 30* 753 f 26* 650 f 37* 533 It 49* 
+DHA5mM 936 f 53 781+ 42* 610 f 122* 492 f 84* 350 + 58* 
+ CN 0.4 mM 994 * 40 985 & 32 988 + 62 971k61 906 ?I 43 

Conditions were similar to those described for Table 1. SNP and other compounds were added to the hepatocytes at the same time. SNP was measured as explained under Materials 

and Methods. Values are expressed as means f SD of three sepamte experiments. Abbreviations: T’S, thiosulfate; and DHA, dihydroxyacetone. 

* Significantly different from SNP alone (P < 0.05). 

trol cells: 11.40 nmol 0,/min/106 cells; SNP-treated cells: 

9.76 nmol 0,/min/106 cells). Respiration was restored im- 

mediately upon addition of the CN trap dihydroxyacetone 
(5 mM), or thiosulfate (5 mM). SNP did not cause signifi- 
cant CN-resistant respiration. 

DISCUSSION 

SNP toxicity in viva has been attributed to CN liberation 
[lo, 121, and sodium thiosulfate, the regular antidote of CN, 

is sometimes administered concomitantly with the infusion 
of SNP [14, 381. We also found that incubation of SNP 

with hepatocytes resulted in a slight inhibition of mito- 

chondrial respiration, which could be attributed to CN as it 
was prevented by thiosulfate and thiocyanate was formed. 

However, the addition of sodium thiosulfate or CN trap- 

ping agents such as dihydroxyacetone or glyceraldehyde, 
which prevents CN-induced hepatocyte cytotoxicity [33], 
increased SNP-induced cytotoxicity and lipid peroxidation. 
On the other hand, the addition of non-toxic concentra- 
tions of CN prevented SNP toxicity and lipid peroxidation. 

These results suggest that the toxicity of SNP in isolated rat 

hepatocytes is not due to CN liberation from SNP but to 
another metabolite(s) of SNP. 

Our results suggest that the metabolism of SNP is con- 

trolled by the equilibrium between free CN and SNP (Fig. 
4) so that thiosulfate or CN trapping agents pull the equi- 
librium towards the release of CN and NO, as thiosulfate or 

TABLE 7. Thiocyanate formation from SNP 

CN trapping agents markedly increased SNP metabolism to 

CN and peroxynitrite. SNP disappearance and thiocyanate 
formation from SNP were also increased markedly by thio- 
sulfate and dihydroxyacetone. CN, on the other hand, in- 

hibited the disappearance of SNP. It was reported previ- 
ously that CN also decreases the release of NO from SNP in 

the presence of vascular tissue [ 191. 
The work of several laboratories is consistent with the 

theory that NO is released from SNP following one-elec- 
tron reduction of SNP by cytochrome P450 reductase and 
the release of CN ion [19-221. Ascorbate increased the 

toxicity of SNP about lo-fold, whereas inhibition of cyto- 
chrome P450 reductase with diphenyliodonium chloride 

prevented SNP cytotoxicity and lipid peroxidation. This 

further suggests that the one-electron reduction of SNP 

leads to the release of NO, which in the presence of oxygen 
forms cytotoxic peroxynitrite (Fig. 4). 

SNP decreased hepatocyte GSH levels, and GSH-de- 

pleted hepatocytes were much more susceptible to SNP, 
which suggests that intracellular GSH detoxifies SNP and 
the GSH conjugate [Fe(CN),N(0)SG13- does not contrib- 

ute to SNP cytotoxicity. The initial GSH oxidation prob- 
ably results from peroxynitrite formation [39] or breakdown 

of the GSH conjugate [19] (Fig. 4) as SNP did not induce 
significant CN-resistant respiration. This also suggests that 

redox cycling mediated oxygen activation was minimal. 
The rate of peroxynitrite formation that accompanied 

SNP reductive metabolism was increased by thiosulfate or 

Addition 1 min 

Thiocyanate ( nmol/106 cells) 

10 min 30 min 60 min 120 min 

None 5&l 6*1 7f2 9f2 lOf3 
SNP 1 mM + TS 0.2 mM 14+2 15+2 39*4 80f6 142 + 10 
SNP 1 mM + TS 0.5 mM 14f2 80 &I 14 158 * 10 263 f 18 394 * 25 
SNP 1 mM+TS 1 mM 13 +4 93f 16 160 + 15 267 & 22 414 * 36 
SNPlmM+TS2mM 22+6 135 f 12 218 f 21 336 + 38 557 f 40 

+TS2mM+DHA5mM 30+5 224 f 23 313f18 518*35 920 f 47* 
+ TS 2 mM + Ascorbate 1 mM 57+11 239 * 29 654 + 53 853 + 67 1245 + 89* 
+ TS 2 mM + GSH depletion 29 + 5 159 ZL 20 342 f 28 422 f 36 735 f 62* 

Hepatocytes (lo6 cells/ml), freshly isolated from normal rats, were incubated in Krebs-Hens&it buffer, pH 7.4. Thiocyanate was measured as explained under Materials and 

Methods. Values ate expressed as means f SD of at least three separate experiments Abbreviations: TS = thiosulfate; and DHA, dihydroxyacetone. 

* Significantly different from SNP + TS (P < 0.01). 
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FIG. 3. Effect of SNI? on ATT? levels of hepatocytes. ATP 
was measured as explained under Materials and Methods. 
Values are expressed as means f SD of three separate ex- 
periments. (0) control; (0) 1 mM SNE’; and ( n ) 5 mM 
dihydroxyacetone + 1 mM SNP. 

[Fe(CN),NOIZ- 

L 

GSH GSSG 

NO* - 0.00-u NX 
0,*- 

[Fe(CN),I’- H+ 

*OH + NO,* 

a 
dihydroxyacetone but was inhibited by CN. Peroxynitrite 
formation may result from the reaction of superoxide and 
nitric oxide (Eq. l), which could readily initiate lipid per- 
oxidation as a result of the decomposition of peroxynitrite 
to NO, and hydroxyl radicals (Eq. 2) [40]. 

O,‘- + NO’ + ONOO- (1) 

ONOO- + H’ + ‘OH + NO,’ (2) 

The NO oxidizing agent carboxy-PTIO, which converts 
NO to NO, radical [37], also increased SNP cytotoxicity 
and lipid peroxidation and further supports the involve- 
ment of NO in SNP cytotoxicity. Furthermore, the produc- 
tion of hydrogen peroxide by the glucose/glucose oxidase 
system greatly increased SNP cytotoxicity towards hepato- 
cytes, which is consistent with our theory that NO may be 

TABLE 8. Effects of SNP on glycolysis of isolated rat hepa- 
tocytes 

Lactate ( nmoY106 cells) 

Addition 30 min 60 min 120 min 

None 58f9 59 + 9 62f10 
Fructose 10 mM 107 f 8* 181+15* 250 f 22* 

+SNPlmM 85+5 101 k 5t 106 + 9t 

+ Cyanide 1 mM 174 * 12 225 f 23 293 f. 28 

Hepatocytes (lo6 cells/ml), freshly isolated from normal rats, were incubated in 

Krebs-Hens&it buffer. pH 7.4. Hepatocytes were incubated with SNP for 20 mm 

before addttmn of fructose. Lactate formation from fructose was measured as an index 

of glycolysts. Lactate was measured as explained under Mater& and Methods. Val- 

ues are expressed as means f SD of three separate expermxnts. 
*Significantly different from untreated cells (P c 0.01). 
+ S~gmficantly different from fructose alone (P < 0.01). 

LIPID PEROXIDATION 
CYTOTOXICITY 

FIG. 4. Proposed mechanism of metabolism and cytotoxic- 
ity of SNP. NX = unidentified nitrogen containing metabo* 
l&e(s). 

the cause of cytotoxicity. H,O, was shown previously, in 
vitro, to react with NO and produce cytotoxic oxygen spe- 
cies, especially singlet oxygen [41] which could contribute 
to NO cytotoxicity [42]. We have shown previously that 
the NO generating agents butyl nitrite [23] and MNNG 
[24] were also toxic to hepatocytes as a result of metabolic 
activation by hepatocytes to form NO. 

Antioxidants and the iron chelator desferoxamine pre- 
vented both SNP-induced cytotoxicity and lipid peroxida- 
non, which further suggests that free radicals are involved 
in the mechanism of cytotoxicity. The prevention of lipid 
peroxidation by desferoxamine has been attributed to its 
reaction with peroxynitrite [40]; however, it is possible that 
Fe’+ activates peroxynitrite by a Fenton reaction (Eq. 3). 

ONOO- + Fe’+ + H+ -+ ‘OH + NO,‘- + Fe3+ (3) 

SNP depleted hepatocyte ATP levels, and dihydroxyac- 
etone accelerated that effect. The ATP depletion induced 
by SNP is unlikely to be due to CN release as dihydroxy- 
acetone was shown previously to restore CN-induced ATP 
depletion in hepatocytes [33]. Furthermore, the amount of 
CN formed was not sufficient to cause significant hepato- 
cyte ATP depletion. The ATP depletion induced by SNP 
may be due to the inhibition of glycolysis by peroxynitrite 
as NO was shown previously to inhibit glyceraldehyde-3- 
phosphate dehydrogenase in the glycolytic pathway by ac- 
tivating a cytosolic ADP ribosyl transferase [43]. Recently, 
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NO and peroxynitrite were shown to reversibly inhibit mi- 
tochondrial respiration [44+46], which may be partially re- 
sponsible for inhibition of mitochondrial respiration and 
ATP depletion in SNP-induced cytotoxicity. 

The results of the present study suggest that although CN 
is liberated from SNP, the cytotoxicity of SNP is due to NO 
and derived free radicals that can inhibit glycolysis and 
initiate lipid peroxidation. Removal of CN liberated from 
SNP with thiosulfate or CN trapping agents results in a 
faster reductive metabolism of SNP to NO, which poten- 
tiates SNP cytotoxicity. The cytotoxic concentrations of 
SNP used in this investigation were much higher than SNP 
doses infused clinically (3-8 p,g/kg/min or up to 230 PM 
[47]); however, it is interesting to speculate whether the 
administration of thiosulfate or CN trapping agent concur- 
rently with SNP would increase the hypotensive effect of 
SNP, which may need the adjustment of SNP dose to pre- 
vent severe hypotension in patients receiving SNP. 

Hossein Niknahad was supported by a scholarship funded by The Is- 
lamic Republic of Iran’s Ministry of Health and Medical Education. 
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