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Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-tr iazine,  AT) is a 
selective triazine herbicide widely used in agriculture for the control of 
broadleaf weeds in many crops, including maize, sorghum and sugar cane. 
Because of its low chemical reactivity and solubility in water, AT is rather 
stable and persistent in the soil so that its residues and metabolites were 
found in ground water for a long time after application (Wilson et al. 1987; 
Bagnati et al. 1988). AT acute toxicity appears to be low in rodents (Reinhardt 
and Brittelli 1981); however, in vitro genotoxic effects have been reported 
after plant metabolic activation (Adler 1980). AT administered orally to rats 
induced DNA breaks and /or  alkali-labile lesions in several organs (Pino et al. 
1988); the carcinogenicity of this compound is uncertain and remains to be 
elucidated (Pinter et al. 1990). In the absence of conclusive data on the toxic 
effects of AT and because of its widespread use, reliable methods are needed 
for monitoring exposed populations such as agricultural workers or workers 
in AT chemical production as well as the general population exposed to the 
herbicide through contaminated drinking water. 
AT is often applied on crops with nitrogen fertilizers such as nitrates which 
can be reduced to nitrites by microbial enzymatic activities (Kearney et al. 
1977); it also contains secondary amino groups that can react with nitrite to 
form N-nitrosoatrazine (NAT). The formation of N-nitroso derivatives of 
several agricultural chemicals, including s-triazines, has been demonstrated 
(Wolfe et al. 1976; Janzowsky et al. 1980). NAT has mutagenic effects in the 
Ames S. t yphimur ium assay and in the Chinese hamster  V-79 assay 
(Weisenburger et al. 1988). These observations suggest that environmental 
formation of NAT might be a hazard to human health. Moreover, the acidic 
conditions of the mammalian stomach are suitable for the endogenous 
synthesis of NAT from precursors ingested with the diet and drinking water 
(Mirvish 1975). In fact, this occurred in mice given AT and nitrite by gavage 
(Krull et al. 1980). 
AT is reported to undergo biotransformation in mammals, N-dealkylated 
metabolites being the compounds formed most readily (Bakke et al. 1972; 
Gojmerac and Kniewald 1989). To our knowledge,  no studies on NAT 
metabolism in mammalian systems have been reported. This paper reports 
comparative studies on the metabolism of AT and NAT in rats. A specific 
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and sensitive gas chromatographic-mass spectrometric (GC-MS) method with 
selected ion recording (SIR) was developed and used for the analysis of AT, 
NAT and their metabolites in biological samples. 

MATERIALS AND METHODS 

AT was purchased from Supelco Inc., Bellefonte, PA, USA; deethyl-atrazine 
(2-chloro-4-amino-6-isopropylamino-s-triazine), deisopropyl-atrazine (2- 
chloro-4-ethylamino-6-amino-s-triazine), and diamino-atrazine (2-chloro- 
4,6-diamino-s-triazine) were obtained from Labor, Dr. Ehrenstorfer, Augsburg, 
Germany. Deuterated atrazine (atrazine-ethylamino-d5, AT-d5) used as 
external standard for quantitative analysis, was from Cambridge Isotopes 
Laboratories, Woburn, MA,USA. NADP*, NAD § glucose 6-phosphate (G-6- 
P), G-6-P dehydrogenase  (G-6-PDH) were purchased from Boehringer, 
Mannheim, Germany. Extrelut (large-pore kieselguhr) for l iquid-liquid 
extraction columns, thin layer chromatographic (TLC) silica plates 60 F 0.25 
mm film thickness and all the solvents used for residue analysis were 
obtained from Merck, Darmstadt, Germany. Reagent-grade sodium nitrite 
and sodium hydroxide were from Farmitalia Carlo Erba (Milan, Italy). 
NAT was synthesized from atrazine and sodium nitrite as reported by 
Weisenburger et al. (personal communication). Briefly, anhydrous sodium 
nitrite (250 mg) was added over 2 hr to a solution of AT in glacial acetic acid 
(50 mg/5  ml) at room temperature. The mixture was diluted with ethyl 
acetate (5 ml), filtered and the pH was adjusted to 10 using 5 N NaOH. NAT 
was extracted from the aqueous phase with ethyl acetate (2 x 10 ml). The 
organic layers were combined, partially concentrated and the residual water 
was removed by adding anhydrous sodium sulfate. After filtration, the 
formation of NAT was first confirmed by TLC using dichloromethane,  
hexane and ethyl acetate 2 : 2 : 1 (v/v) as eluting system with UV detection. 
NAT was purified by preparative TLC; NAT (a yellow spot) was scraped from 
TLC plates and eluted with ethyl acetate. The solvent was evaporated to 
dryness under vacuum and the identity of NAT was confirmed by GC-MS. 
Male CD rats (200 + 10 g body weight) were purchased from Charles River 
(Calco, Como, Italy). The rats were housed in rooms designed to maintain 
approximately 22~ temperature, 50% relative humidity, with a 12-hr light 
cycle, for a week before use. Animals utilized in this study were acclimatized 
in metabolic cages for 24 hr before treatment. 
Two groups of three rats were given a single oral dose of 50 mg/kg  of AT or 
NAT dissolved in dimethylsulfoxide (DMSO). Control rats (n = 3) were 
treated with DMSO alone. Urine samples were collected up to 96 hr at 24 hr 
intervals after dosing; 100 mg of ascorbic acid were added to collection tubes 
to avoid in vitro nitrosation. Collection tubes were wrapped in aluminum 
foil to prevent photodegradation of N-nitroso derivatives. Urine volume 
was measured, the samples were centrifuged at 2500g and the supernatants 
stored frozen at -20~ until extraction. 
AT, NAT and their N-dealkylated metabolites were extracted from urine as 
follows: 5 ml of urine were diluted to 10 ml with distilled water and the pH 
was adjusted to 10 with 1 N NaOH, the samples were then loaded on Extrelut 
columns filled with 10 g extraction phase. The compounds of interest were 
eluted with 20 ml of ethyl acetate and 100 ng of dS-AT were added to each 
sample as external s tandard for quantitative analysis. The eluates were 
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brought to dryness under vacuum and stored at -20 ~ until analysis. 
Recovery studies were done by adding known amounts of AT, NAT and their 
metabolites to urine of untreated rats and following the extraction procedure 
described above. 
For in vitro experiments $9 hepatic fractions from untreated rats were used. 
Livers were quickly removed, minced with scissors and homogenized in 4 
vols of 0.05 M phosphate buffer (pH 7.4) containing 0.15 M KCI and 0.005 M 
MgC12. To obtain the post-mitochondrial supernatant, the homogenate was 
centrifuged at 9000g for 20 min. Protein content was determined according to 
Bradford (1976). Recovery of AT, NAT and their metabolites in $9 hepatic 
fraction was established by adding a known amount of each compound to 
hepatic preparations and following the same extraction procedure. AT and 
NAT metabolism was studied by incubating for 30 min at 37~C, in a final 
volume of 1 ml, 0.9 ml of supernatant containing about 20 mg protein, the 
NADPH generating system (2.7 mM NADP § 50 mM G-6-P and 5 units of G-6- 
PDH) and 2 mM of each compound. At the end of the incubation time, AT, 
NAT and their metabolites were extracted as described above. 
GC-MS analyses were done on a VG TS-250 mass spectrometer coupled to a 
gas chromatograph HP 5890. The mass spectrometer was operated in the 
electron impact (EI) mode with the following conditions: electron energy, 35 
eV; ion source temperature, 140~ trap current, 500 ~A. GC conditions were 
as follows: capillary column, HP1 Methyl Sil 10 m x 0.52 mm i.d., film 
thickness 2.65 wm (Hewlett Packard Italiana, Cernusco sul Naviglio, Milan, 
Italy ); oven temperature was kept at 140~ for 1 min and then programmed 
to 200~ at 10 ~ followed by a second temperature ramp to 260~ at 
25~ The injector temperature was 140 ~ the carrier gas (He) head 
pressure was 5 kPa. Analyses were done in the split mode (30 ml/min). 
SIR was performed by monitoring the ion intensities at m/z 215 for AT, 
m/z 205 for d5-AT, m/z 200 for NAT, m/z 173 for deisopropyl-atrazine, 
m/z 172 for deethyl-atrazine, and at m/z 145 for diamino-atrazine. 
AT, NAT and their metabolites were identified in biological samples by 
c o m p a r i s o n  of their  mass - spec t ra  and GC re ten t ion  t imes wi th  the 
corresponding standard compounds. Total urinary mercapturic acids were 
measured using Ellman's reagent (Riddles et al. 1979). 

RESULTS AND DISCUSSION 

Mass spectra of the compounds analyzed were in agreement with previous 
reports (Ross and Tweedy, 1970). As shown in Table 1, the molecular ions 
[M] + and the ions at [M-15] § indicating the loss of a methyl group, were 
usually intense, thus allowing quantitative determination by GC-SIR. NAT 
has been reported to decompose during gas chromatographic analysis, giving 
AT (Wolfe et al. 1976). However under our GC conditions a single peak was 
detected showing a mass spectrum assigned to 2-chloro-4-(N-nitroso-N- 
ethylamino)-6-isopropylamino-s -triazine. NAT mass spectrum, besides the 
loss of 15, showed an intense peak at [M-30] § due to loss of the-NO group; 
this fragmentation is typical of nitroso compounds (Rainey et a1.1978). 
A typical GC-SIR chromatogram obtained by injecting a standard mixture 
containing 500 pg of each compound is shown in Figure 1. 
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Table 1. Mass spectral data of AT, NAT, and their metabolites 

Fragment 

[M] + [M-15] + 
C o m p o u n d  m / z  rel.intensity m / z  rel. intensity 

Atrazine 215 73% 200 100% 
Atrazine-d5 220 65 % 205 100% 
N-Nitrosoatrazine 244 42% 229 20% 
Deisopropylatrazine 173 100% 158 80% 
Deethylatrazine 187 37% 172 100% 
Diaminoatrazine 145 100% 
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Figure  1. T y p i c a l  c h r o m a t o g r a m  r e s u l t i n g  from a n a l y s i s  by  gas  
chromatography-se lected ion recording of a standard mixture of atrazine, 
atrazine-d5, deisopropyl-atrazine, deethyl-atrazine, diamino-atrazine and N- 
nitrosoatrazine. Each compound was monitored at the m / z  indicated. 

Calibration curves obtained by analyzing increasing amounts  of AT, NAT and 
the ir  m e t a b o l i t e s  and  a c o n s t a n t  a m o u n t  of AT-d5  s h o w e d  a l inear  
relationship between the ratio of the peak area of each compound and the 
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Figure 2. Metabolic profile of atrazine (white bars) and N-nitrosoatrazine 
(shaded bars) in urine of rats given the compounds at the dose of 50 mg/kg 
p.o. Bars represent nmol excreted/24 hr interval (mean + SE of at least three 
urine samples). 

area of AT-d5 in a range of 100-1000 pg. The correlation coefficients were 
0.9974 for AT, 0.9728 for NAT, 0.9937 for deisopropyl-atrazine, 0.9912 for 
deethyl-atrazine, 0.9956 for diamino-atrazine. The detection limit of the 
method was 2 ng of each compound/sample. 
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Recoveries of AT, NAT, deisopropyl-atrazine, deethyl-atrazine, diamino- 
atrazine were 77 + 2%, 69 + 7%, 70 + 4%, 91 + 1% and 71 + 2% respectively 
(mean + SE). 
Figure 2 shows the urinary excretion profile after oral AT and NAT (50 
mg/kg )  in the rat. After AT, the compound was readily converted into 
me tabo l i t e s  r e su l t ing  f rom N-dea lky la t i on .  The fo rma t ion  of these  
metabolites has been reported both in vivo and in vitro (Bakke et al. 1972; 
Gojmerac and Kniewald 1989; Foster et al. 1979). The urinary excretion of AT 
and its metabolites was highest at 24 hr and decreased steeply; unchanged AT 
was not detected for more than 48 hr after dosing. The urinary excretion 
pat tern of NAT in the rat indicated that a small fraction undergoes  N- 
denitrosation to AT, this then being metabolized to the same N-dealkylated 
products as in the urine of rats given AT. No unchanged NAT was detectable 
in urine. 
Table 2 shows the percentage of urinary excretion of each metabolite during 
the 0-96 hr interval after dosing. 

Table 2. 0-96 hr Overall urinary excretion of AT, NAT and their 
metabolites: percentages of administered dose 

Compound Excreted Compound Administered 
AT NAT 

Atrazine 0.03 + 0.01 0.001 + 0.0001 
Deisopropylatrazine 1.64 + 0.42 0.05 + 0.01 
Deethylatrazine 1.03 + 0.17 0.06 + 0.02 
Diaminoatrazine 34.26 + 8.32 1.46 + 0.11 

TOTAL 36.95 + 8.89 1.57 + 0.12 

Values are means + SE of at least 3 rats/group. 
AT or NAT were administered at the dose of 50 mg/kg p.o. 

In agreement with previous data, the urine appears to be the principal route 
of elimination of AT in rats (Bakke et al. 1972; Timchalk et a1.1990). Overall 
u r i n a r y  exc re t ion  of AT and its me tabo l i t e s  in rats  g iven  AT was 
approximately 37% of the administered dose, while the total excretion of the 
group dosed with NAT was less than 2%. The presence of a nitroso moiety in 
the atrazine molecule at the amino group bearing the ethyl chain seems to 
influence the metabolic fate of NAT, the total amount  of metabolites and 
parent compound excreted in the urine of rats given NAT being about 20 
times less than after AT. 
Urinary excretion of mercapturic acids has been reported in rats given s- 
triazinic compounds (Timchalk et al. 1990). In order to clarify the different 
u r i na ry  excre t ion  of AT and NAT, we inves t iga ted  conjuga t ion  with 
glutathione. The excretion of mercapturic acids was measured in urine of 
rats given AT or NAT. 
Although the total amount of mercapturic acids appeared to be higher in 
urine of treated rats than in controls, the difference was not significant (data 
not shown).  Thus conjugat ion with gluta thione and mercaptur ic  acid 
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excretion do not appear to be the main route of elimination of NAT and 
cannot explain the difference between NAT and AT metabolism observed in 
this study. The formation of s-triazine hydroxy-der ivat ives  has been 
reported (Bakke et al. 1972; Gojmerac and Kniewald 1989), suggesting that 
conjugation with glucuronic acid might occur. Enzymatic digestion with 8- 
glucuronidase-arylsulfatase on urine samples did not reveal the presence of 
glucuronides (data not shown). 
A final at tempt was made to investigate the metabolic fate of NAT by 
analyzing urine samples by GC coupled to a detector specific for N-nitroso 
compounds, the thermal energy analyzer. No N-nitroso compound was 
detected at any time (data not shown). 
As shown in Table 3, in vitro experiments confirmed the different rate of 
metabolism of AT and NAT observed in vivo. These results suggest that a 
different biodegradation pathway for NAT might exist in mammals and this 
is currently under investigation in our laboratory. 

Table 3. In vitro biotransformation of AT and NAT by hepatic $9 fractions: 
% of amount incubated 

Compound Detected Compound Incubated 

AT NAT 

N-Nitrosoatrazine 7.41 _+ 0.001 
Atrazine 44.68 + 10.05 24.04 _+ 0.94 
Deisopropylatrazine 29.16 + 4.08 5.18 + 0.21 
Deethylatrazine 7.65 + 1.63 2.39 + 0.15 
Diaminoatrazine 0.68 + 0.14 n.d. 

TOTAL 82.17 + 14.38 39.03 + 0.75 

Values are means + SE for 3 samples/group. 
AT or NAT (2mM) were incubated with hepatic $9 at 37~ for 30 min. 

The fully dealkylated metabolite diamino-atrazine was the major metabolite 
formed in v ivo  after AT and NAT, suggesting that cytochrome P-450- 
dependent  N-dealkylation occurred promptly. This metabolite is readily 
excreted and recovered in urine in high levels; it can be well quantified for a 
long time after dosing. Thus, diamino-atrazine in urine could be used for a 
quantitative assessment of exposure to triazinic compounds. The highly 
specific and sensitive method described in this paper seems to be useful for 
studies on human exposure to s-triazines. 
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