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ABSTRACT

Dinitrogen trioxide (N,05) was reacted with methyl oleate and the residual
N,O5 removed. The resulting products were capable of nitrosating 2,6-
dimethylmorpholine above 80°C with a maximum yield of nitrosamine at
130°C. N-nitroso-2,6-dimethylmorpholine formation was first order in
nitrosating agent. When the reaction products were added to ground uncured
pork and fried, N-nitrosodimethylamine and N-nitrosopyrrolidine were
Sformed in amounts similar to those formed in fried bacon. 2,3-Dimethyl-2-
nitro-3-nitrosobutane also nitrosated amines in the presence of pork lipids.
Individual products were separated by HPLC and identified by IR and MS
as nitronitroso-, dinitro-, nitronitrate-, and nitro oxime additions to methyl
oleate. The nitronitroso derivative, as previously predicted, occurred in the
Jraction with the greatest capacity to nitrosate the amine. The products of
the reaction between oleic acid and N,O; were mutagenic in Salmonella
typhimurium strain TA1535 without S-9 activation showing a 5-5- to 66-fold
increase in revertants at doses of 90 to 200 ug/plate. These findings support,
but do not prove, the theory that nitrite reacts with unsaturated lipids in
bacon to form compounds which are responsible for nitrosamine formation
during frying.

INTRODUCTION

The formation of N-nitrosamines in fried bacon has been the subject of
considerable research (Gray & Randall, 1979). Sodium nitrite added to
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cured bacon correlates with increasing N-nitrosopyrrolidine formation
during frying (Sen et al., 1974). However, free detectable nitrite is reduced to
less than 50% of that added shortly after the curing process (Cassens et al.,
1974). Cassens et al. (1977) concluded from several studies that nitrite reacts
with many components in bacon, including the lipid portion.

Mottram et al. (1977) demonstrated that nitrosamine formation occurs
primarily in the lipid phase when frying bacon. Two- to five-fold more N-
nitrosopyrrolidine is detected in the fat than in the lean (Bharucha et al,
1979). The possible role of unsaturated fatty acids in nitrosation was first
suggested by Goutefongea et al. (1977). Gray et al. (1983) demonstrated a
correlation between increasing amount of unsaturation in the uncured pork
with increasing amount of nitrosamine formed during bacon frying.
Hotchkiss et al. (1985) demonstrated that a lipid-bound nitrite compound
exists and is responsible for nitrosating amines in fried out bacon fat and
extracted raw bacon fat. The nitrosating agent could not be extracted or
purged from the fat.

The reaction between oxides of nitrogen (NO,) and olefins has been
known for several years. Shechter (1964) has reviewed the reaction and has
shown that at least eight different products are formed depending on the
particular nitrogen oxide, olefin and solvent used. Walters et al. (1979)
speculated that nitrite reacts with unsaturated fatty acids in triglycerides in
cured meats to form nitronitroso (pseudonitrosites) products which could
be responsible for nitrosamine formation during bacon frying. They
reacted palmitodiolein with nitrogen dioxide (NO,) and showed that the
crude product was capable of nitrosating amines. Mirvish et al. (1983)
reacted NO, with methyl esters of unsaturated fatty acids in a model
system and demonstrated that the crude product was capable of
nitrosation. Nitrosation capacity generally increased with increasing
unsaturation. Oxides of nitrogen have been shown to react in vivo with skin
and lung lipids (Pryor et al., 1982) to form unidentified compounds which
could, in turn, nitrosate amines in vitro (Mirvish et al., 1983). Zubillaga et al.
(1984) reacted methyl oleate with NO, while studying the nature of the
antioxidant properties of nitrite and concluded that products were formed
but no attempt at identification was made. Kurechi & Kikugawa (1979)
concluded that, in aqueous systems, lipids could inhibit nitrosation by
competing with the amine for nitrite. Separation by HPLC indicated that at
least two unidentified methyl linoleate-nitrite products formed.

The above studies lead to the conclusion that NO, compounds react with
unsaturated lipids in model systems to form compounds which are capable
of nitrosating amines. However, there is no direct evidence as to the
structure of the compound(s) formed or their potential biological activity.
The objectives of our work were to study the nature of the products formed
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in the reaction between dinitrogen trioxide (N,0;) and methyl oleate, to
determine which products were capable of nitrosation, and to determine if
the reaction between oleic acid and N,0O, formed bacterial mutagens.

MATERIALS AND METHODS
Safety

N-nitrosamines are potent animal carcinogens and must be handled with
appropriate safety precautions.

Reagents

Dichloromethane (DCM) and water were glass distilled and analyzed for
artefacts. Methyl oleate, oleic acid, methyl linoleate, methyl linolenate, N-
nitrosodimethylamine (NDMA) and N-nitrosopyrrolidine (NPYR) were
purchased from Sigma Chemical Co., St. Louis, MO; 2,6-dimethylmorph-
oline (DMM) and 2,3-dimethylbut-2-ene were purchased from Aldrich
Chemical Co., Milwaukee, WL  N-nitroso-2,6-dimethylmorpholine
(NDMM) was synthesized according to the procedure of Lijinsky & Taylor
(1975). 2,3-Dimethyl-2-nitro-3-nitrosobutane was synthesized by the
procedure of Park & Williams (1972). After recrystallization from ether,
the structure was confirmed by the IR spectrum with bands at 1637cm !
(lit. 1640cm~!) and 1545, 1379 and 850cm™! which agree with the
structure assigned by Pfab (1977). Purity of all reagents was determined by
gas chromatography or HPLC. All fatty acid methyl esters gave only one
peak by HPLC.

Analysis

Volatile N-nitrosamines were determined by GC-TEA (gas
chromatography-Thermal Energy Analyzer; Fine et al, 1975). Instru-
mental conditions were as follows: GC, Hewlett Packard 5890A, column,
10m x 530um glass capillary, Carbowax 20 M, helium, 8-0 ml/min, injector
190°C, column 85°C; TEA, Thermal Energy Analyzer, Model 543;
interface, 175°C, pyrolyzer, 550°C, trap, —160°C, pressure 1-1 mm Hg.
Injection volumes of 2 to 8 ul were used.

Reaction products were separated by HPLC on a Beckman 110A solvent
metering pump, Model 210 injection valve with a 20 ul injection loop, and
Model 160 detector (214 nm); column, Zorbax C, ;ODS; mobile phase, 85%
acetonitrile, 15% water; flow rate, 1 ml/min.
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Infrared spectra (IR) were obtained on a Perkin-Elmer grating Model
281. Samples were prepared as a thin film on sodium chloride cells and
scanned from 600 to 4000 cm ™!

Mass spectra (MS) were obtained by a Hewlett Packard 5995A, direct
probe. MS conditions were: 70 eV electron energy; source, 184°C; analyzer,
180°C; electron multiplier, 1400 V; probe 30°C for 1 min, increase 60°C/min
to 200°C. Samples were scanned from 29 to 50 m/z.

Reaction conditions

N,0O; was synthesized and reacted with the methyl esters of fatty acids
under conditions similar to those used by Park & Williams (1972) to study
the products of N,0; and simpler olefins. Perchloric acid (1-2 N, 10 ml) was
purged with N, and then mixed with NaNO, (3:6 mmol or a tenfold excess
above olefin concentration) in a closed glass apparatus. The N,0; formed
was purged with nitrogen through anhydrous calcium sulfate and trapped
as a light blue solid in a glass vapor trap immersed in liquid N,. The olefin
(16 to 0-34 mmole) in 1-0ml DCM was added to the solid N,0; and
allowed to react at —77°C for 12h. The liquid was rotary vacuum-
evaporated, 10ml DCM added and evaporated twice to remove traces of
NO,. The products were washed with 40ml water three times, dried,
filtered, and again vacuum evaporated to dryness. The aqueous extracts
were tested by Griess reaction (Sen & Donaldson, 1978) to ensure the
absence of free NO,. The products were used as a mixture for nitrosation
kinetics and mutagenicity assay and fractionated by HPLC for
identification and testing for nitrosating capacity.

N-Nitrosation of DMM

Aliquots of the reaction products (180 ug) or fractions separated by HPLC,
500 ug DMM and 0-60 u! heptane were sealed in a 2:0ml glass ampoule.
The ampoules were heated in a block heater, cooled, brought to 1-0 ml with
DCM and analyzed for volatile nitrosamines as described above. Kinetic
parameters were determined using procedures similar to those of Mirvish
(1975). A 10-fold molar excess of amine was treated with the products of
the N,0;-methyl oleate reaction at five temperatures between 100 and
170°C in sealed ampoules as above except that the reaction was stopped at
2min and quantitatively assayed for NDMM. Energy of activation was
calculated as the slope of 1/K versus Ink. The reaction order was
determined by several doublings of the amount of products added to excess
DMM.
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Mutagenicity

Strain TA 1535 of Salmonella typhimurium was donated by Dr Bruce N.
Ames, Berkeley, CA, and characterized by the method of Maron & Ames
(1983). Six geometrically spaced doses of the products of the reaction
between N,0; and oleic acid (40 to 300 ug in DMSO) were tested with and
without S-9 activation. Each dose was tested in triplicate by the plate
incorporation assay of Maron & Ames (1983) with the modifications of
Batzinger et al. (1978). Sodium azide (0-625 ug/plate) and solvent-only
samples all served as positive and negative controls. Ampicillin and crystal
violet disks were used to check the genetic markers of TA1535.

RESULTS AND DISCUSSION

The yellow products formed when N,0; was reacted with methyl oleate
were capable of nitrosating DMM only when heated (Fig. 1). Nitrosation
did not occur appreciably below 80°C and maximized at 130°C. Previous
experiments using either lipids extracted from raw cured bacon fat or fried-
out bacon fat as a source of nitrosating agent produced similar curves
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Fig. 1 Effect of temperature on the formation of N-nitroso dimethylmorpholine from
2,6-dimethylmorpholine and the products of the reaction between methyl oleate and N,O,
(single observations).
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(Hotchkiss er al., 1985). In those experiments, nitrosation did not occur
below 80°C and maximized at 170°C.

The initial rate of NDMM formation increased linearly with increasing
amounts of the reaction products when DMM was in excess. This indicated
a first order dependence on nitrosating agent and not the second order
dependence that would be expected if nitrite were involved (Mirvish, 1975).
The fact that appreciable nitrosation did not occur below 80°C indicates
that residual oxides of nitrogen are not the nitrosating agents. Challis &
Kyrtopoulos (1979) found very rapid nitrosation by NO, at 25°C. A rate
constant was calculated by assuming that each mole of methyl oleate (MW
296) reacted stoichiometrically with N,O; (MW = 76) to form a compound
with a molecular weight of 372. This underestimates k by as much as 10- to
100-fold because, as is shown below, not all of the products are capable of
nitrosation and the actual amount of nitrosating compound was
considerably less than 100%. At 130°C, k was 6-8 x 10™*s~! which is much
lower than the 042mol~'s”™! reported for aqueous nitrosation of
morpholine (Mirvish, 1975) or the 9-6 x 10" mol~'s™! reported for non-
aqueous nitrosation by N,0O; (Challis & Krytopoulos, 1979). Transnitros-
ation has, however, been reported to have a k of 3-1 x 107357 ! at 50°C
(Singer et al., 1980). We have estimated the energy of activation for the
nitrosation of DMM to be 11-8 kcal/mole, which is similar to the values
reported for model systems designed to simulate frying (Lee et al., 1983).

When 39 mg of the reaction products were thoroughly mixed with 100 g
of ground fresh pork and fried at 170°C for 10 min, 4-3 and 13 ug of NDMA
and NPYR, respectively, were found in the condensed steam above the
skillet. This represents the majority of nitrosamine formed during frying
(Hotchkiss & Vecchio, 1985). No other nitrosamines were detected. The
amounts of these two nitrosamines formed were higher than those found in
previous studies where cured meats were fried under similar conditions
(Hotchkiss & Vecchio, 1985). These data indicate that the products of the
reaction between N,0, and methyl oleate were capable of nitrosating
amines endogenous to uncured pork under frying conditions. These
findings support the suggestion of Walters er al. (1979) that oxides of
nitrogen might react with lipids to form intermediates in the formation of
nitrosamines during frying. They treated palmitodiolein with nitric oxide
in solvent for 6h. The resulting product was then refluxed with 1%
morpholine in ethyl acetate for six more hours. N-nitrosomorpholine was
formed in 13% yield based on an assumption that the nitric oxide formed
only the nitronitroso derivative. They did not present any chromatographic
or spectroscopic data in order to determine the nature of the product(s)
formed, nor did they add the product to uncured meat to determine if
nitrosamines would form during frying.
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When 2,3-dimethyl-2-nitro-3-nitrosobutane (DNNB) and excess DMM
were heated in a sealed vial containing 5-0g of lipids extracted from raw
pork fat, the yield of NDMM was 15% of theoretical based on the amount
of DNNB. Walters et al. (1979) reported a 15% yield of N-
nitrosomorpholine when ‘pseudonitrosites’ of cyclohexane were refluxed
with 1% morpholine. Our yields in hexane were consistently lower than in
the extracted lipids.

Methyl esters of steric, linoleic and linolenic acids were similarly treated
with N,0; and the products reacted with DMM. Methyl stearate was
unreactive with N,O, and did not nitrosate DMM (Table 1). Both methyl
linoleate and methyl linolenate reacted with N,O, and the products were
capable of nitrosating DMM. NDMM was produced in the greatest
amount by the methyl linolenate products. Methyl linoleate products gave
somewhat less NDMM than did methyl oleate. These results differ from
those of Mirvish & Sams (1983) who reported that the nitrosation capacity
of NO,-treated methyl linoleate increased more than 4-fold over methyl
oleate and that methyl stearate had a nitrosation capacity of over one-half
that of methyl oleate. The reasons for these differences are unknown but
could be related to differences in reaction conditions, solvents, and the fact
that NO,, rather than N,QO,, was used. In our hands, the procedures used
by Mirvish & Sams (1983) resulted in residual NO,, as determined by Griess
reaction, remaining after solvent removal.

Separation of the products of the reaction between N,0; and methyl
esters of unsaturated fatty acids by HPLC showed that the spectrum of
products was more complicated than earlier thought (Walters et al., 1979).
Methyl stearate did not show any peaks in addition to unreacted ester
under the HPLC conditions described. All other esters gave at least ten
major peaks, all with shorter retention times than the parent methyl ester,
indicating a greater polarity for the products (Fig. 2). Unreacted ester could
not be detected. Several HPLC fractions were collected and their capacity

TABLE 1
Formation of N-nitroso-2,6-dimethylmorpholine from
Various Fatty Acid Methyl Esters after Reaction with

N,O,
Methyl ester-N,0, ug NDMM formed/
mg product
Methyl stearate (18:0) —
Methy! oleate (18:1) 99-8
Methyl linoleate (18:2) 499

Methyl linolenate (18:3) 169-0
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Fig. 2. HPLC chromatogram of the products of the reaction between N,0, and methyl
oleate. Fractions were isolated and reacted with 500 ug 2,6-dimethylmorpholine at 130°C
and the formation of N-nitroso-2,6-dimethylmorpholine quantitated (broken lines).

to nitrosate DMM determined (Fig. 2). The total amount of NDMM
formed from 1 mg of the crude mixture was approximately 110 ug while the
sum of the NDMM formed from all fractions in Fig. 2 (corrected to 1 mg
injected) was 100 ug. This indicated that the peaks shown represent a large
majority of the nitrosation capacity. The fraction containing peaks C and
D had the greatest nitrosative capacity followed by fractions containing
peak H and peaks J and K. Analysis of several fractions by gas
chromatography-mass spectrometry (GC-MS) gave peaks with the same
retention time and nearly identical spectra to unreacted methyl oleate.
Chemical ionization HPLC-MS also gave equivocal data which was
probably due to the exposure of the compounds to temperatures above
their decomposition points. This has been observed for other similar
compounds analyzed by MS (Ahmad ez al., 1985).

Methyl oleate was reacted with 3N ,-N,0, made from NO; containing
the 13N stable isotope of nitrogen. The direct probe MS spectra from m/z 29
to 50 of isolated peaks (Fig. 2) was compared to ester treated with '*N,-
N,O; (Table 2). Comparison of m/z 30, 31 and 46, 47 ions (!*N-NO*, 15N-
NO* and **N-NO;, '*N-NOj respectively) confirmed the presence of the
nitro group in peaks C, D and E and supported the presence of the nitroso
group in compound D. Ions at m/z 30 are characteristically more abundant
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TABLE 3
Additional IR Absorption Bands Formed After Treating Methyl Oleate with N,0,°
Compound Wavenumber Assignment
Ct 1552:5 (s) NO, asym.
1520-4 (m) NO, asym. dinitro
13757 (m) NO, sym.
958-2 (m) C—N
D *1562 (s) N=0
15279 (s) NO, asym. nitroso nitro
14900 (w) —
13759 (m) NO, sym.
960-0 (w) C—N
E *3381-0 (w) OH oxime
*16386 (w) C—N oxime
15979 (w) — nitro oxime
15209 (vs) NO, asym.
14888 (w) —
1376'5 (m) NO, sym.
* 958-5 (m) N—O oxime
834-8 (w) C—N
G 1609-4 (vs) NO, asym. (NO3)
15232 (s) NO, asym. nitronitrate
13754 (m) NO, sym.
12628 (s) NO, sym. (NO,)
8295 (m) C—N
H 1664-4 (s) —
1 584-0 (m) —
15629 (s) —
15249 (m) NO, asym.
13750 (m) NO, sym.
1275-0 (m) NO, sym. NO,
9650 (w) —
8865 (mw) —
8210 (m) —
J 16383 (m) —
*15585 (m) N=
15199 (s) NO, asym.
1489-0 (m) —
1375-0 (m) NO, sym.
13352 (m) —

¢ Thin film of compounds on NaCl cells.

b See Fig. 2.

* Indicates peaks which disappeared with heating at 140°C for 15 min.
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than m/z 46 ions in nitro compounds (Silverstein et al., 1981) but the m/z 30,
31 ions in compound D are larger than would be expected without the
presence of the nitroso group. Aliphatic nitrites do not have m/z 46 ions.
Peaks G and H had abundant m/z 46, 47 ions which would be expected of
alkyl nitrates.

P-NMR studies (Cl;CD) of peaks C and D were inconclusive. Pfab
(1977) has reported that P-NMR cannot unambiguously discriminate
structures of alkanes with two NO, functional groups.

IR analyses of individual peaks also indicated that the methyl oleate
remained intact but with additional absorption bands. Table 3 lists these
bands and gives assignments based on those reported by Brown (1955),
Feuer (1969) and Lambert et al. (1976). Some bands disappeared after
heating to 140°C. For example, compound D lost the band at 1563cm ™!
which was assigned to N=—=O (Fig. 3; Brown, 1955). This supported the
experimental evidence that this compound nitrosated DMM in the same
temperature range. Bands at 1528cm™!, 1376cm~! and 960cm™!
indicated the presence of a nitro group. These bands are similar to those
seen in authentic nitroso-nitro-dimethylbutane. The IR spectrum of peak C
indicated a dinitro function which was stable at 140°C. Absorptions at 1639
and 3381 cm ™! in peak E were evidence of the oxime. Nitro bands at 1521
and 1377cm ™! were also present.

Our spectral data are consistent with the structures assigned in Table 3.
Peaks C and D were identified as the dinitro and nitronitroso derivatives,
respectively. This supports the speculation of Walters et al. (1979) that

%T

4000 350 3000 2500 2000 1800 1600 1400 1200 1000 800 600
WAVENUMBER (CM™ 1)

Fig. 3. IR spectra of compound D before (spectra B) and after (spectra A) heating at
140°C for 15min. Band at 1563 cm ™! was lost.
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nitronitroso compounds form from triglycerides containing unsaturated
fatty acids. Mirvish et al. (1983) favored the nitronitrite ester structure. That
structure is not consistent with any major peak in our work, particularly
the absence of an IR absorption in the 1650-1680 and 617-691cm "
regions which are characteristic of nitrite esters. It is possible that, upon
heating, the nitro group rearranges to the nitrite ester as such
rearrangements are known (Chapman et al., 1966). Peaks E and G were
identified as nitro-oxime and nitronitrate addition products, respectively.
The four products identified here are consistent with compounds identified
as products of the reaction between oxides of nitrogen and simpler olefins
(Shechter, 1964; Park & Williams, 1972; Pfab, 1977).

The products of the reaction of N,0, and oleic acid as a mixture (after
cleanup) demonstrated a dose-related increase in mutants (Fig. 4).
Regression analysis of the square root of revertants per plate (minus
spontaneous) versus log of the dose demonstrated a slope equal to 57-8
revertants/log dose with an R*=0-899. The dose estimated to give a
statistically significant increase in revertants was 637 ug/plate (Table 4).
Potency was 369 revertants/100 ug oleic acid-N,0O, product. These data are
consistent with other data for C—NO, compounds as direct base pair
mutagens (Namiki et al., 1981). These mutagenic compounds may not occur

501

401

301

201

SQR (REVERT)

10

TREATMENT

Fig. 4. Dose-response curve for mutagenicity (TA 1535) of the products of the reaction
between N,0, and oleic acid. Treatment 1 was the control; treatments 2 to 7 represented
40 to 300 ug of products per plate, geometrically spaced.
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TABLE 4
Mutagenicity of the Crude Products of the Reaction between Oleic
Acid and N,0,

Oleic acid-N,0, products His™ revertants/plate*
0 ug/plate 27 (27-33)

40 ug/plate 24 (23-24)

60 ug/plate 29 (28-30)

90 ug/plate 150 (35-324)
135 ug/plate 1256 (971-1771)
200 ug/plate 1777 (1474-1896)
300 ug/plate 1763 (1 569-2087)
DMSO 50 ul 28 (27-29)
NaN,; 0625 ug 306 (263-351)
Oleic acid 131 ug 21 (18-25)

2 Incubated without S-9 mix for 72 h at 37°C.

in bacon in sufficient amounts to demonstrate mutagenicity. Miller &
Buchanan (1983) tested raw and fried bacon with Salmonella typhimurium
TA 98 and found raw bacon not to be mutagenic while fried bacon was
mutagenic with S-9 activation.

SUMMARY AND CONCLUSION

Our work confirmed previous work which indicated that certain oxides of
nitrogen react with unsaturated fatty acid esters to form compounds
capable of nitrosating amines under certain conditions. We further showed
that these compounds will nitrosate amines endogenous to raw pork under
frying conditions to form the same nitrosamines most common to fried
bacon. The reaction is capable of producing a wide range of compounds
even under the mild conditions of our work, rather than the single
compound suggested by previous reports. Structural identification of the
more abundant products agreed with the previous literature for simple
olefins. Additionally, these compounds may have undesirable biological
activity. We agree with previously published speculation that it is likely that
lipid-NO, compounds such as those demonstrated here are formed in
nitrite-treated meats and are the nitrosating agents responsible for the heat-
dependent nitrosamine formation during frying. We are currently
attempting to isolate similar products from cured pork in order to establish
their presence in cured meats.
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