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Kinetic study on the reaction 
of sodium nitrite 
with neurotransmitters secreted 
in the stomach
Mario González‑Jiménez 1,3*, M. Pilar García‑Santos 1, Blanca Bermejo Tesón 1, 
Ángel L. Fuentes de Arriba 2, Jorge Arenas Valgañón 1, Emilio Calle 1 & Julio Casado 1,4

Nitroso‑compounds are potentially mutagenic and carcinogenic compounds due to their ability to 
alkylate DNA bases. One of the most common sources of human exposure to nitroso‑compounds 
is their formation in the acidic environment of the stomach by the reaction between electron‑rich 
molecules present in the lumen and sodium nitrite ingested in the diet. To date, the formation of 
nitroso‑compounds by the reaction of nitrite with food components has been investigated in depth, 
but little attention has been paid to substances secreted in the stomach, such as dopamine or 
serotonin, whose reaction products with nitrite have proven mutagenic properties. In this article, we 
present a kinetic study with UV–visible spectroscopy of the nitrosation reactions of both molecules, 
as well as of L‑tyrosine, the amino‑acid precursor of dopamine. We determined the kinetic parameters 
and reaction mechanisms for the reactions, studying the influence of the reactants concentration, 
pH, temperature, and ionic strength on the reaction rate. In all cases, the favoured reaction product 
was a stable nitroso‑compound. Serotonin, the molecule whose product was the most mutagenic, 
underwent two consecutive nitrosation reactions. These findings suggest that additional biological 
research is needed to understand how this reaction alters the function of these neurotransmitters as 
well as the potentially toxic effects they may have once nitrosated.

Dopamine (DA) and Serotonin (5-HT) are two neurotransmitters released into the gastric juice at the time of gas-
tric acid secretion by the parietal and enterochromaffin cells of the stomach, respectively (Fig. 1)1, 2. They behave 
as signalling molecules that participate in the regulation of the secretions and motility of the gastrointestinal 
tract as the  receptors3, 4, and although their basal concentrations in the gastric juice could be small (it was found 
that human stomach gastric juice contains basal concentrations of dopamine and serotonin of 4–8 ng/ml5 and 
1–5 µg/ml6, respectively), they can increase considerably after food  stimulation5, 7, 8. However, both molecules are 
nucleophilic, which made them susceptible to react with the derived products of sodium nitrite in the stomach 
to form dangerous nitroso-compounds.

Sodium nitrite  (NaNO2) is a common preservative added to cured meat  products9 due to its ability to enhance 
flavour, prevent browning due to oxidised myoglobin and protect against growth and toxin formation by C. botu-
linum10. But there are other sources of exposure to sodium nitrite in  food11, like dairy products, especially cheeses, 
which naturally contain nitrite, or the consumption of food rich in nitrates, like vegetables (and cheeses again), 
that are stored in the salivary glands and saliva, where the bacteria in the oral cavity reduce them to  nitrite12.

When nitrite is ingested and reaches the stomach, the acidic environment of the lumen transforms it partially 
into nitrous acid  (HNO2), an unstable compound that rapidly turns into electrophilic species, like nitrosonium 
ion  (NO+) or dinitrogen trioxide  (N2O3), that react with substrates present in the stomach to form nitroso-
compounds13–15, Nitroso-compounds are stable enough to be distributed throughout the body and to alkylate 
the bases of DNA, hence the studies that have been carried out on their role as carcinogen  agents16.

Previously, it has been reported that the nitroso-compounds obtained from the reaction under acidic condi-
tions between sodium nitrite and both dopamine and serotonin are mutagenic by means of the Ames  test17, 18. 
This biological assay determines the mutagenic potential of chemical compounds by analysing their ability to 
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induce mutations in strains of Salmonella typhimurium bacteria, which are measured by counting the number of 
colonies growing in the medium. With nitrosated dopamine, the number of colonies was 5 times higher than in 
the negative test suggesting that nitrosated dopamine was  mutagenic17. With nitrosated serotonin, the number 
of colonies was 11 times higher than in the negative test, being nitrosated serotonin the most powerful mutagen 
of a large group of tryptophan metabolites studied under the same  conditions18. Yet, the reaction mechanisms, 
rates and products are not known. Here, we close this gap by conducting a comprehensive kinetic investigation 
of the reactions of dopamine and serotonin with sodium nitrite in acidic conditions. We also present the results 
of the kinetic study on the nitrosation reaction of L-tyrosine (Tyr, Fig. 1), the amino acid precursor of dopamine, 
which surprisingly has not been done previously. This compound is released into the stomach by pepsin and 
other proteolytic enzymes during the digestion of  food19, and as other amino acids, can act as a precursor of 
efficient alkylating  agents20.

Materials and methods
Serotonin hydrochloride (98%) and L-Tyrosine (99%) were purchased from Alfa Aesar. Dopamine hydrochloride 
(> 98%) was obtained from Sigma and deuterium oxide (99.8%) from Acros (Geel, Belgium). Sodium nitrite 
(ultrapure) and perchloric acid (AS) were obtained from Panreac. Sodium perchlorate (AS) was from Merck. 
The purity of these reagents was sufficient for the purpose of the kinetic study, eliminating the need for prior 
purification.

Hanna Instruments pH-211 pHmeter was used to perform pH measurements (± 0.01). Water was deionized 
with a Millipore MilliQGradient device.

Nitrosation reactions were monitored by determining with UV spectroscopy the amount of product generated 
over time. A UV–visible spectrometer (Shimadzu UV2401 PC) with a six-cell holder whose temperature was 
controlled by a Peltier cell (± 0.1 °C) was used for this purpose. At the lowest pHs, the reaction of nitrosation of 
serotonin was too fast to be followed with a traditional spectrometer. To solve this problem, we used a UV–vis-
ible stopped-flow spectrometer (Biologic SFM300) to follow it. Temperatures in this case were kept constant at 
25.00 ± 0.05 °C by keeping them in a bath of water from a heating–cooling thermostat.

The initial rate method has been used for the analysis of the kinetic data of the nitrosation reaction of tyrosine 
and dopamine. In the case of serotonin, its kinetics has been determined using the isolation method in order to 
determine the characteristics of its consecutive reactions. L-tyrosine has been used without any further purifi-
cation. Dopamine hydrochloride and serotonin hydrochloride were used, after checking that the chloride ion 
did not affect the reaction rate via nitrosyl chloride (Fig. S1). In the case of dopamine, this molecule undergoes 
oxidative self-polymerization under basic  conditions21. We found that only at pH > 7.5 the rate of auto-oxidation 
can interfere with our kinetic study. The pH of our acidic solutions was controlled with perchloric acid  (HClO4) 
and the ionic strength with sodium perchlorate  (NaClO4), two compounds that do not catalyse the nitrosation 
 reactions22.

The products were characterized using nuclear magnetic resonance (NMR) and liquid chromatography-mass 
spectrometry (LC–MS). UFLC separations were performed with a Thermo-Fisher Vanquish equipped with an 
Agilent Poroshell 120 C18 column. The flow rate was 0.2 mL/min, starting with 0.1% formic acid in water and 
increasing the acetonitrile concentration progressively from 1 to 50% over 8 min. After that time, 0.1% formic 
acid in 99% water, 1% acetonitrile, was used. The mass spectrometer was a Thermo-Fisher Q Exactive Focus 
Orbitrap. 1H NMR spectra were recorded at room temperature using Bruker models WP200-SY and Bruker 
Avance NEO 400 MHz with a Prodigy CPPBBO BB-H&F z-gradient cryo-probe (400 MHz to 1H) spectrometers.

Results and discussion
Nitrosation of tyrosine and dopamine
Tyrosine and dopamine reacted following the same mechanism, and therefore we will present their results in 
the same section. Due to their structural features, both compounds can react with nitrite through two different 
mechanisms: N-nitrosation of their primary amines and C-nitrosation of their phenol-activated aromatic  rings15. 
In the acidic conditions of the reaction medium, the primary nitrosamines that would be produced through 
N-nitrosation of the ethylamine radical are highly unstable and would rapidly dissociate through diazotization, 
releasing nitrogen. Under the reaction conditions employed, no observable bubbles were formed in the reac-
tion medium, suggesting that the N-nitrosation and subsequent deamination via diazonium ion of the primary 
amine of tyrosine and dopamine is not the main  reaction23, 24. The change in colour of the reaction media from 
transparent to yellow (shift of their absorption bands from 250–300 nm to 350–400 nm, Fig. S2) is consistent 
with the aromatic substitution through C-nitrosation25.

Figure 1.  Substrates studied in this paper.
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We followed the reaction rate of tyrosine and dopamine with sodium nitrite by measuring the evolution 
of the absorbance at a wavelength where the reaction product absorbed with significant intensity and did not 
overlap with the peaks of the reactants. In the case of tyrosine, this wavelength was 410 nm and, in the case of 
dopamine, we used the wavelength of the maximum intensity of the absorption band of the reaction product, 
which appears at 347 nm (Fig. S2).

To determine the molar absorption coefficient of the product of each reaction at these wavelengths, solutions 
of the substrates of different concentrations were reacted with an excess of sodium nitrite. Once the saturation 
plateau (i.e. the point at which all the substrate in the solution has been nitrosated) was reached in each of the 
solutions, the values of the absorbances (A) were plotted against the respective initial concentrations  ([Sub]0). 
It was found that, using Lambert–Beer’s law

and taking into account that the optical path (l) of our cuvettes is 1 cm, the molar absorption coefficients of 
nitrosotyrosine (NTyr) and nitrosodopamine (NDA) were, respectively, εNTYR, 410 nm = 1550 ± 50  M−1  cm−1 and 
εNDA, 347 nm = 5200 ± 100  M−1  cm−1 (Fig. S3).

The initial rate method was used to determine the partial reaction orders while maintaining constant pH and 
ionic strength of the reaction media. We always worked under the same pH and ionic strength conditions. For 
each substrate, we prepared six solutions with different concentrations of substrate and the same concentration 
of nitrite. In this way, by taking logarithms, we can transform the rate equation to obtain the partial reaction 
order from the initial concentrations and measured rates:

where r0 is the initial rate of the reaction, p is a constant that contains the concentration of nitrite and the reaction 
constants, and  [Sub]0 is the concentration of the substrate. m is the partial order of reaction for each substrate, 
whose values of m = 1.02 ± 0.03 for tyrosine (Fig. S4) and m = 1.02 ± 0.04 for dopamine (Fig. S5) indicate the 
reaction rate is first-order in substrates.

In the same way, by changing the concentrations of nitrite while keeping the concentrations of the substrates 
constant, we could estimate the partial reaction order for the nitrite concentration:

where n is the partial reaction order for the nitrite concentration and  [Nit]0 is the initial total concentration of 
nitrite ([Nit] =  [HNO2] +  [NaNO2]), calculated from the added sodium nitrite. From our experiments, we found 
that n = 1.01 for the reaction with tyrosine (Fig. S6) and n = 1.00 for the reaction with dopamine (Fig. S7). These 
results show that both reactions are first-order in the nitrite, which rules out  N2O3 as the nitrosating agent, as 
the reactions where this compound takes part show are second-order in  nitrite26.

Once the partial reaction orders were determined, we could study the influence of the pH and the ionic 
strength on the observed rate constant kobs:

by changing the concentrations of perchloric acid and sodium perchlorate in the reaction medium, respectively, 
and following the reaction rate. We found that ionic strength did not play a significant role in the nitrosation 
reaction of either of the substrates studied (Fig. S8). However, the acidity of the medium was a very influential 
factor in the reaction rate, causing it to increase significantly as proton concentration increased (Fig. 2).

These results led us to propose an aromatic electrophilic substitution mechanism for the two molecules in 
which the effective nitrosating agents are the nitrosonium  (NO+) or nitrosacidium  (H2NO2

+) ions, which are 
indistinguishable from the kinetic point of  view27. Figure 3 shows the proposed common C-nitrosation mecha-
nisms for tyrosine and dopamine molecules. Phenol is a strong ortho- and para-directing group in electrophilic 
aromatic substitutions, while the alkyl group is a weak one. In tyrosine, the para-position of the phenol is blocked, 
so we propose that the observed nitrosation occurs at the ortho-position of the phenol. In dopamine, there are 
two phenol groups. We propose that nitrosation occurs in the para-position of the phenol that has it free, because 
the ortho-positions of the two phenols are not favoured. This is because the ortho-positions are also the meta-
positions of the other phenol. Only one aromatic substitution should occur since the nitroso group added to the 
aromatic ring disables any other weak aromatic substitution reaction such as an additional nitrosation reaction. 
Despite nitrosation in two different positions, for tyrosine and dopamine the rest of the nitrosation mechanism 
is the same. The rate-determining step is the deprotonation of the formed arenium ion (Wheland intermediate) 
that has been previously observed using transient absorption  spectroscopy28. From the proposed mechanism, 
the following theoretical rate equation is obtained:

If the proposed mechanism is correct, from the comparison of this equation with the experimental rate 
equation (Eq. (4)), it follows that the experimental rate constants must depend on the pH as indicated by the 
following equation:

(1)ε =
A

[Sub]0l
,

(2)ln r0 = ln p+m ln[Sub]0,

(3)ln r0 = ln q+ n ln[Nit]0,

(4)r = kobs[Nit][Sub],

(5)r =
K2ka[H

+]2[Nit][Sub]
(

[H+] + K1

)

(

1+
k−a
Kbkc

[H+]

) .
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where α = K2 ka and β = k-a/Kb kc. The continuous lines in Fig. 2 show the adjustment of our data to Eq. (6), having 
 [H+] as a variable and using the value of K1 = 6.652 ×  10−4 M obtained from the  literature29. The good adjustment 
of the data and the fact that the values of ka and k-a/Kb kc (considering that K2 = 3 ×  10−7  M−1)30 are consistent with 
those obtained in other aromatic C-nitrosation reactions (Table 1) support our proposed mechanism.

As the rate-determining step in our proposed mechanism is the proton transfer in the Wheland intermediate, 
the substitution of hydrogen by deuterium must reduce the rate constant for that step (kinetic isotopic effect, 
KIE). By measuring the rate constant of the reaction in water and deuterated water under the appropriate pH 
conditions (pH = 2.1), it is possible to determine the kinetic isotopic effect associated with the constant kc. From 
Eq. (5):

(6)kobs =
α[H+]2

(

[H+] + K1

)(

1+ β[H+]
)

Figure 2.  Influence of the acidity of the medium on the observed rate constant kobs. Clockwise from the top 
left: tyrosine, dopamine, and the second and first reactions of serotonin. The black line shows the fit of the 
experimental data to the rate equation derived from the proposed mechanisms. Tyrosine:  [Tyr]0 = 7.7·10−4 M, 
[Nit] = 0.01—0.03 M, T = 25.0 °C, I = 0.20 M. Dopamine:  [DA]0 =  [Nit]0 = 6.0·10−4—2.02·10−3 M, T = 20.0 °C, 
I = 0.2 M. Serotonin: [5-HT]0 = 1.31·10−4 M, [Nit] = 3.02·10–3 M, T = 20.0 °C, I = 0.24 M.

Figure 3.  Proposed mechanism for the C-nitrosation of tyrosine and dopamine. The first step is the formation 
of the nitrosonium/nitrosacidium ion, which subsequently attacks tyrosine (top) or dopamine (bottom).
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Knowing that KD2O
2 /KH2O

2   = 2.731, we determined that tyrosine and dopamine suffer a KIE of 4.0 and 3.5, 
respectively (Table 1).

To verify that these two compounds share the same mechanism among themselves and with other compounds 
that suffer C-nitrosation, we determined the enthalpy ΔH‡ and entropy ΔS‡ of activation of the nitrosation reac-
tions of tyrosine and dopamine (Fig. S9) by measuring the reaction rate at different temperatures and using the 
equation of Eyring-Wynne-Jones34:

where kB, h, and R are Boltzmann, Planck and molar gas constants, respectively. Figure 4 shows that the 
values obtained (ΔH‡ = 47 kJ   mol−1 and ΔS‡ =  − 170  J   K−1   mol−1 for tyrosine and ΔH‡ = 76 kJ   mol−1 and 
ΔS‡ = -20 J  K−1  mol−1 for dopamine) support the existence of an isokinetic relationship between all substrates 
consistent with the sharing of the same  mechanism35.

The nitrosation product of dopamine was determined using LC–MS (Supplementary Note 2) and 1H NMR 
(Supplementary Note 3). A reaction mixture of dopamine (8.0 ×  10–4 M), sodium nitrite (8.0 ×  10–4 M), and 
perchloric acid (5.5 ×  10–4 M) in water was prepared. After 270 min of reaction, the sample was analysed by 

(7)
kH2O
obs

kD2O
obs

=
KH2O
2

KD2O
2

kH2O
c

kD2O
c

(8)ln
kobs

T
= ln

kB

h
+

�S‡

R
−

�H‡

RT

Table 1.  Rate and equilibrium constants and kinetic isotope effect, for the nitrosation of tyrosine, dopamine 
and serotonin compared with those for other C-nitrosatable  compounds32, 33.

Substrate ka ×  10−9  (M−1  s−1) k-a/Kb kc ×  10−4  (M-1) k
H2O
c /k

D2O
c T / °C

Tyrosine 0.13 ± 0.04 1.7 ± 0.6 4.0 25

Dopamine 3.66 ± 0.03 0.24 ± 0.04 3.5 20

Serotonin (kobs2) 4.3 ± 0.3 1.8 ± 0.3 2.4 20

Phenol 2.2 ± 0.02 6.3 ± 0.5 3.5 25

m-cresol 2.7 ± 0.3 1.3 ± 0.1 4.4 25

o-cresol 2.4 ± 0.3 1.0 ± 0.2 3.2 25

p-cresol 0.28 ± 0.04 1.9 ± 0.3 3.0 25

2,3-dimethylphenol 3.6 ± 0.2 1.1 ± 0.2 3.0 25

2,5-dimethylphenol 7.1 ± 0.5 19.0 ± 2 4.3 25

o-bromophenol 0.27 ± 0.06 1.6 ± 0.4 1.9 25

o-chlorophenol 0.33 ± 0.03 2.0 ± 0.2 2.2 25

Minoxidil 15 ± 1 0.17 ± 0.01 8.4 25

Figure 4.  ΔH‡/ΔS‡ isokinetic relationship for the C-nitrosation reactions of tyrosine (Tyr), dopamine 
(DA), serotonin (5-HT (2)) and other nitrosatable substrates: phenol (ph), m-cresol (mc), o-cresol (oc), 
2,3-dimethylphenol (d23p), 2,6-dimethylphenol (d26p), 3,5-dimethylphenol (d35p), o-chlorophenol (ocp), 
o-bromophenol (obp) and tyramine (tra)32, 33, 36.
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LC–MS. A peak at t = 4.5 min with a mass-to-charge ratio (m/z) of 199.07 was observed, corresponding to oxi-
dized nitrosodopamine. The next day, the remaining sample was lyophilized, but not completely dried to avoid 
the formation of organic perchlorate salts, which are explosive. The lyophilizate was dissolved in  D2O and the 
1H NMR spectrum was measured after removing most of the water signal with a water suppression method. As 
result we obtained a spectrum where two protons appeared in the ortho- positions of the phenols (singlets at 
6.6 and 7.4 ppm), along with corresponding triplets from two side-chain  CH2 groups at 2.9 and 3.0 ppm. This is 
consistent with a nitrosated dopamine at the para- position, as shown in Fig. 3.

Nitrosation of serotonin
Like tyrosine and dopamine, serotonin reacts under acidic conditions with nitrite showing a colour change in the 
reaction mixture (Fig. S2) and absence of nitrogen bubbles, so we could rule out N-nitrosation of the primary 
amine in the aminoethyl chain of serotonin. However, following the reaction kinetics through the absorbance of 
the maximum of the product band (λ = 371 nm), we found that, unlike tyrosine and dopamine, serotonin reacts 
through two consecutive nitrosation reactions, because despite the rapid formation of the product, a plateau in 
the expected saturation curve is not reached, but the absorbance continues to increase for hours (Fig. 5). The 
nitrous group is a strong deactivating group for aromatic electrophilic substitutions and in aromatic monocyclic 
compounds, given the low effectiveness of nitrite as an electrophilic agent, a second nitrosation is not observed 
in mild acidity and temperature conditions, even with highly activated  substrates33. However, the indole ring of 
serotonin has sufficient charge density to undergo a second nitrosation reaction under the conditions in which 
we conducted our experiments.

As the kinetic treatment of consecutive reactions is mathematically complex, especially in the case of this 
nitrosation reaction in which we did not know the partial orders of the nitrite (these reactions can be second-
order or third-order if the nitrosating agent is nitrosonium ion/nitrosacidium or dinitrogen trioxide, respec-
tively)15, we increased the concentration of nitrite so that it had a clear excess, to create, with the isolation method, 
a succession of reactions of pseudo-order one:

With this solution, the mathematical treatment is simple, and we can derive an expression (Supplementary 
Note 1) relating how the absorbance changes over the reaction time from k1 and k2. For further clarity, we will 
name serotonin as A, nitrososerotonin (5-HT-NO) as B, and dinitrososerotonin (5-HT-(NO)2) as C:

5-HT
H+ , Nit,k1
−−−−−−→ 5-HT-NO

H+ , Nit,k2
−−−−−−→ 5-HT-(NO)2

Figure 5.  Kinetic profile of the nitrosation reactions of serotonin at different pHs and their fit to Eq. (9). 
The total absorbance, A371, is shown with a grey line, the absorbance of nitrososerotonin  (AB) with a dashed 
black line, and the absorbance of dinitrososerotonin  (AC) with a solid black line. [5-HT]0 = 1.31·10−4 M, 
[Nit] = 3.02·10−3 M, T = 20.0 °C.
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where A371 is the absorbance,  [A]0 is the initial concentration of serotonin, l the optical path of the cuvette, and 
εB and εC are the molar absorption coefficients of nitrososerotonin and dinitrososerotonin. To check that the 
proposed mechanism of consecutive reactions agrees with the kinetic curves measured in serotonin nitrosation, 
several experiments were performed at different pHs. The excellent fit of Eq. (9) to the experimental data (Fig. 5) 
confirmed our hypothesis.

We used this method to determine all the parameters of the nitrosation reactions. To simplify the analysis, 
we determined first the molar absorption coefficients of nitrososerotonin and dinitrososerotonin by preparing 
six experiments in which the serotonin concentration was modified, keeping constant the nitrite concentration 
and the rest of the parameters such as pH, ionic strength and temperature. Using Eq. (9) we determined the 
absorbance of each product and, with the Lambert–Beer law, we obtained that εB, 371 nm = 7500 ± 80  M−1  cm−1 and 
εC, 371 nm = 10,100 ± 100  M−1  cm−1 (Fig. S10).

In the same way, by measuring how k1 and k2 changed as we modified the excess nitrite concentration, we 
obtained the partial orders with respect to the nitrite concentration of the two reactions (Fig. S11) and deter-
mined the influence of the other kinetic parameters (pH: Fig. 2; ionic strength: Fig. S8; and temperature: Fig. S9) 
by changing each one while keeping the rest constant. The results for each of the two nitrosation reactions are 
shown below.

The first nitrosation reaction of serotonin has the following experimental rate equation:

The observed experimental rate constant does not depend on the ionic force of the medium (Fig. S8) but is 
strongly influenced by the pH (Fig. 2). Order 2 with respect to nitrite concentration suggests that the nitrosating 
agent is dinitrogen trioxide  (N2O3). Since this compound is associated with amine  nitrosation15, we have proposed 
a mechanism of N-nitrosation in which the limiting stage of the rate is the  N2O3 attack on the nitrogen of the 
indole ring (Fig. 6). The formation of a secondary nitrosamine as a result of this N-nitrosation can have further 
implications regarding the extraordinary mutagenic potential of this kind of  compounds14. From this mechanism, 
we can deduce the following rate equation, which, unlike other N-nitrosations20, 36, 37, does not depend on the 
acidity constant of the amine, given the aromatic heteroatom condition.

From the comparison of the experimental (Eq. (10)) and theoretical (Eq. (11)) rate equations, it immediately 
follows that:

where α = kaK3K2K1 and β = K1. The values of these parameters, according to the fitting shown in Fig. 2, are 
α = 1430 ± 30  M−2  s−1 and β = (40 ± 1) ×  10−5 M. The value of the parameter β is useful as a probe that the fitting 
is chemically correct since it is the acid dissociation constant of nitric acid (pK1 = 3.3 + 0.2), which is consistent 
with the bibliographic value of pKa = 3.17729. With α, using the Markovits constant (K3K2K1 = 3.03 ×  10−3  M−1)38, 

(9)A371 = εBl
k1[A]0

k2 − k1

(

e−k1t − e−k2t
)

+ εCl[A]0

(

1−
1

k2 − k1

(

k2e
−k1t − k1e

−k2t
)

)

,

(10)r = kobs1 [5−HT][Nit]2.

(11)r = kaK3K2K1

[Nit]2[H+][5−HT]
(

[H+] + K1

)2
.

(12)kobs1 = α
[H+]

(

[H+] + β
)2

,

Figure 6.  Proposed mechanism for the first nitrosation of serotonin: the N-nitrosation of the nitrogen of the 
indole ring of the molecule.
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ka = (4.8 ± 1) ×  105  M−1  s−1 is calculated. This is a very high value, but two orders of magnitude below the limit to 
be considered a diffusion-controlled  reaction39.

Comparison of k1 in water and in deuterated water at pH = 2.2 leads to the equation:

with KH2O
1 /KD2O

1  = 0.647 and KH2O
2 /KD2O

2  is found to be kH2O
a /kD2O

a   = 1.4240, 41. This value, small to correspond 
to the deprotonation of a Wheland complex, is close to that which, in diffusion-controlled processes, corresponds 
to the ratio of viscosities between water and heavy water, which is 1.25 to 25 °C.

Finally, we determined the activation enthalpy ΔH‡
a associated with the constant ka. In order to obtain this 

value, we have measured the activation enthalpy of the reaction ΔH‡ using Eq. (8) and then subtracted the 
enthalpy of formation of nitrogen trioxide (ΔHM = 6.8 ± 0.6 kJ  mol−1). The value obtained, ΔH‡

a = 26 ± 2 kJ  mol−1, 
is close to the limit of the diffusion-controlled reactions (20 kJ  mol−1)42.

Regarding the second nitrosation reaction, the observed rate equation

as well as the independence of the reaction rate of the ionic force (Fig. S8) and the shape of the kobs2-pH curve 
(Fig. 2) suggest that the second nitrosation is an electrophilic aromatic substitution in which, as with tyrosine 
and dopamine, the nitrosonium/nitrosacidium ion is the C-nitrosating agent, and the rupture of the Wheland 
intermediate is the rate-determining step.

To support our hypothesis, we verified that our experimental data on the influence of pH on reaction rate 
can be fitted perfectly with Eq. (6), that the ka value obtained is consistent with other reactions of C-nitrosation 
(Table 1) and that when the reaction is repeated in heavy water and pH = 2.2 a KIE = 2.35 is measured, also con-
sistent with other C-nitrosations (Table 1).

Similarly, the values of ΔH‡ = 53 ± 2 kJ  mol−1 and ΔS‡ = − 92 ± 5 J  K−1  mol−1 obtained for the second nitrosa-
tion reaction of serotonin (Fig. S9), show an isokinetic relationship with tyrosine, dopamine and the rest of 
compounds shown in Fig. 4, all of them substrates that react under the same mechanism.

The characterization of the reaction product of serotonin with sodium nitrite agrees with the mechanisms 
proposed here. A reaction mixture of serotonin (4.5 ×  10−4 M), sodium nitrite (3.0 ×  10−3 M), and perchloric acid 
(2.6 ×  10−3 M) in water was prepared. After 270 min of reaction, the sample was analysed by LC–MS (Supplemen-
tary Note 2). Peaks at t = 5.8 min (m/z = 222.08) and t = 6.5 min (m/z = 267.07) were observed, corresponding to 
oxidized nitrososerotonin and dinitrososerotonin, respectively. After two days of reaction, the remaining sample 
was partially lyophilized. The freeze-dried sample was dissolved in  D2O and the 1H NMR spectrum was measured 
after removing most of the water signal with a water suppression method (Supplementary Note 3). Several com-
pounds appear in the spectrum, the most dominant being one that could correspond to dinitrososerotonin. The 
disappearance of the proton below 7.00 ppm in the predicted spectrum of serotonin suggests that C-nitrosation 
occurs in the ortho position (carbon 6). This result is compatible with the first nitrosation reaction occurring at 
the nitrogen of the indole ring of the molecule.

Comparison of C‑ and N‑nitrosation rates
Since both dopamine and serotonin have the ethylamine radical in their structure, both molecules can undergo 
simultaneous nitrosation of their aromatic groups as well as the amine of their ethylamine radical. As noted 
above, nitrosation of aromatic groups creates stable nitroso-compounds that are potentially dangerous because 
of their ability to alkylate DNA bases. In contrast, the nitroso-compound resulting from nitrosation of the 
primary amine of their structures decomposes rapidly via deamination. In order to estimate how many times 
faster the aromatic nitrosation reaction is, we calculated the z-ratio, which is the logarithm of the quotient 
between the rate equations we have determined in the present work and the rate equation of the N-nitrosation of 
 phenethylamine36, an aromatic compound which possesses the same radical but does not undergo C-nitrosation. 
For this comparison, we have to assume that the nitrosation rates of the primary amines of dopamine and sero-
tonin are similar to those of phenethylamine.

As we know the influence of nitrite concentration and pH on the reaction rates, it is possible to draw a contour 
plot showing the z-ratio for each condition. Figure 7 shows the result, where we can see that the conditions of low 
nitrite concentration and high acidity, common in the lumen of the stomach, greatly favour the nitrosation reac-
tion of the aromatic groups of dopamine and serotonin, which is the reaction with the most dangerous products.

Conclusions

1. Our results for the nitrosation of tyrosine and dopamine show that this is an electrophilic aromatic C-nitro-
sation reaction on their phenyl/catechol ring. We present a mechanism that explains the results obtained in 
which the nitrosating agent is the nitrosonium /nitrosacidium ion and the rate-limiting step is the deproto-
nation of the Wheland complex. We have not observed signs of N-nitrosation on the primary amine of their 
structures.

(13)
kH2O
obs1

kD2O
obs1

=
kH2O
a

kD2O
a

KH2O
2

KD2O
2

KH2O
1

KD2O
1

,

(14)r = kobs2[5−HT − NO][Nit]

(15)z = log10
rSubs

rPhe
.
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2. The serotonin molecule undergoes a sequential double reaction of nitrosation. The fastest reaction is the 
N-nitrosation of the nitrogen in the indole ring. In this reaction, the rate-determining step, very close to the 
limit of what is considered a diffusion-controlled reaction, is the attack of the nitrosating agent, dinitrogen 
dioxide, on the aromatic nitrogen. The second reaction is a C-nitrosation of the indole ring, where the elec-
trophile is again the nitrosonium/nitrosacidium ion and the rate-determining step is the deprotonation of the 
arenium ion formed after the attack. As a result, a doubly nitrosated serotonin is obtained, which additionally 
contains a stable secondary nitrosamine that may have further implications for its mutagenic potential.

3. The high rate at which the substrates studied (especially serotonin) are transformed into compounds of 
proven mutagenic action, should serve to question the convenience of nitrite consumption in the diet.

Data availability
The data that support the findings of this study are available in Gredos: Research Data Repository (Universidad 
de Salamanca) with the identifier: http:// hdl. handle. net/ 10366/ 151517.

Received: 24 January 2023; Accepted: 14 September 2023

References
 1. Feng, X. et al. Source of dopamine in gastric juice and luminal dopamine-induced duodenal bicarbonate secretion via apical 

dopamine  D2 receptors. Br. J. Pharmacol. 177, 3258–3272 (2020).
 2. Bertrand, P. P. & Bertrand, R. L. Serotonin release and uptake in the gastrointestinal tract. Auton. Neurosci. 153, 47–57 (2010).
 3. Eisenhofer, G. et al. Substantial production of dopamine in the human gastrointestinal tract. J. Clin. Endocrinol. Metabol. 82, 8 

(1997).
 4. Mawe, G. M. & Hoffman, J. M. Serotonin signalling in the gut—Functions, dysfunctions and therapeutic targets. Nat. Rev. Gas-

troenterol. Hepatol. 10, 473–486 (2013).
 5. Christensen, N. J. & Brandsborg, O. Dopamine in human gastric juice determined by a sensitive double-isotope-derivative tech-

nique. Scand. J. Clin. Lab. Invest. 34, 315–320 (1974).
 6. Cho, C. H. et al. The role of histamine and serotonin in gastric acid secretion: A comparative study in gastric and duodenal ulcer 

patients. J. Gastroenterol. Hepatol. 1, 437–442 (1986).
 7. Hohenleitner, F. J. & Linguiti, C. M. Serotonin distribution in the canine gastric mucosa: Acute response to feeding and pouch 

preparation. Digestion 15, 506–516 (1977).
 8. Lai, Y.-C., Ho, Y., Huang, K.-H. & Tsai, L. H. Effects of serotonin on acid secretion in isolated rat stomach: The role of 5-HT3 

receptors. Chin. J. Physiol. 52, 395–405 (2009).
 9. Keuleyan, E. et al. In vitro digestion of nitrite and nitrate preserved fermented sausages—New understandings of nitroso-com-

pounds’ chemical reactivity in the digestive tract. Food Chem. X 16, 100474 (2022).
 10. Pierson, M. D. & Smoot, L. A. Nitrite, nitrite alternatives, and the control of clostridium botulinum in cured meats. Crit. Rev. Food 

Sci. Nutr. 17, 141–187 (1983).
 11. González-Jiménez, M. et al. Detection of nitrite in water using minoxidil as a reagent. J. Chem. Educ. 90, 10–13 (2013).
 12. Doel, J. J., Benjamin, N., Hector, M. P., Rogers, M. & Allaker, R. P. Evaluation of bacterial nitrate reduction in the human oral cavity. 

Eur. J. Oral Sci. 113, 14–19 (2005).
 13. Wishnok, J. S. Formation of nitrosamines in food and in the digestive system. J. Chem. Educ. 54, 440–442 (1977).
 14. Lijinsky, W. Chemistry and Biology of N-Nitroso Compounds (Cambridge University Press, 2011).
 15. Williams, D. H. L. Nitrosation Reactions and Chemistry of the Nitric Oxide (Elsevier, 2004).
 16. Mirvish, S. S. Role of N-nitroso compounds (NOC) and N-nitrosation in etiology of gastric, esophageal, nasopharyngeal and 

bladder cancer and contribution to cancer of known exposures to NOC. Cancer Lett. 93, 17–48 (1995).
 17. Changhao, S., Bingqing, C., Suyan, W. & Zicheng, L. Mutagenic activity of dopamine after nitrosation. Mutat. Res. 347, 17–19 

(1995).

Figure 7.  Influence of the pH and nitrite concentration on the rSubs/rPhe ratio (Eq. (15)) of the nitrosation 
reactions of dopamine (left) and serotonin (first nitrosation in the middle, second at the right). The number 
closer to each isoline is the z parameter.

http://hdl.handle.net/10366/151517


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15713  | https://doi.org/10.1038/s41598-023-42759-x

www.nature.com/scientificreports/

 18. Hashizume, T. et al. Mutagenic activities of tryptophan metabolites before and after nitrite treatment. Food Chem. Toxicol. 29, 
839–844 (1991).

 19. Nelson, D. L. & Cox, M. M. Lehninger Principles of Biochemistry (Freeman, 2017).
 20. García-Santos, M. P., Calle, E. & Casado, J. Amino acid nitrosation products as alkylating agents. J. Am. Chem. Soc. 123, 7506–7510 

(2001).
 21. Zheng, W., Fan, H., Wang, L. & Jin, Z. Oxidative self-polymerization of dopamine in an acidic environment. Langmuir 31, 11671–

11677 (2015).
 22. Challis, B. C. & Ridd, J. H. Nitrosation, diazotisation, and deamination. Part IX. The influence of neutral salts on the kinetics of 

diazotisation. J. Chem. Soc. Resumed https:// doi. org/ 10. 1039/ jr962 00051 97 (1962).
 23. Kalatzis, E. & Ridd, J. H. Nitrosation, diazotisation, and deamination. Part XII. The kinetics of N-nitrosation of N-methylaniline. 

J. Chem. Soc. B Phys. Org. https:// doi. org/ 10. 1039/ j2966 00005 29 (1966).
 24. Hughes, E. D. & Ridd, J. Nitrosation, diazotisation, and deamination. Part V. Catalysis by anions of strong acids in the diazotisation 

of aniline and of o-chloroaniline in dilute perchloric acid. J. Chem. Soc. Resumed https:// doi. org/ 10. 1039/ jr958 00000 82 (1958).
 25. Kemp, W. Organic Spectroscopy (Palgrave, 1991).
 26. Hughes, E. D., Ingold, C. K. & Ridd, J. Nitrosation, diazotisation, and deamination. Part I. Principles, background, and method 

for the kinetic study of diazotisation. J. Chem. Soc. https:// doi. org/ 10. 1039/ jr958 00000 58 (1958).
 27. Challis, B. C. & Lawson, A. J. The chemistry of nitroso-compounds. Part II. The nitrosation of phenol and anisole. J. Chem. Soc. B 

https:// doi. org/ 10. 1039/ j2971 00007 70 (1971).
 28. Hubig, S. M. & Kochi, J. K. Direct observation of the wheland intermediate in electrophilic aromatic substitution. Reversible 

formation of nitrosoarenium cations. J. Am. Chem. Soc. 122, 8279–8288 (2000).
 29. Tummavuori, J. & Lumme, P. Protolysis of nitrous acid in aqueous sodium nitrate and sodium nitrite solutions at different tem-

peratures. Acta Chem. Scand. 22, 2003–2011 (1968).
 30. Turney, T. A. & Wright, G. A. Nitrous acid and nitrosation. Chem. Rev. 59, 497–513 (1959).
 31. Casado, J., Castro, A., Leis, J. R., López-Quintela, M. A. & Mosquera, M. Kinetic studies on the formation of N-nitroso compounds 

VI. The reactivity of N2O3 as a nitrosating agent. Monatshefte Für Chem. Chem. Mon. 114, 639–646 (1983).
 32. González-Mancebo, S., García-Santos, M. P., Hernández-Benito, J., Calle, E. & Casado, J. Nitrosation of phenolic compounds: 

Inhibition and enhancement. J. Agric. Food Chem. 47, 2235–2240 (1999).
 33. González-Jiménez, M., Arenas-Valgañón, J., Calle, E. & Casado, J. Aromatic C-nitrosation of a bioactive molecule. Nitrosation of 

minoxidil. Org. Biomol. Chem. 9, 7680–7684 (2011).
 34. Espenson, J. H. Chemical Kinetics and Reaction Mechanisms (McGraw-Hill, 1995).
 35. Leffler, J. E. & Grunwald, E. Rates and Equilibria of Organic Reactions (Wiley, 1963).
 36. González-Jiménez, M., Arenas-Valgañón, J., del Pilar, G.-S.M., Calle, E. & Casado, J. Mutagenic products are promoted in the 

nitrosation of tyramine. Food Chem. 216, 60–5 (2017).
 37. Iglesias-Martinez, E., Brandariz, I. & Penedo, F. Ester hydrolysis and nitrosative deamination of novocaine in aqueous solutions. 

Chem. Res. Toxicol. 19, 594–600 (2006).
 38. Markovits, G. Y., Schwartz, S. E. & Newman, L. Hydrolysis equilibrium of dinitrogen trioxide in dilute acid solution. Inorg. Chem. 

20, 445–450 (1981).
 39. Ridd, J. H. Diffusion control and pre-association in nitrosation, nitration and halogenation. Adv. Phys. Org. Chem. 16, 1–49 (1978).
 40. Casado, J., Castro, A., Iglesias, E., Peña, M. E. & Vázquez-Tato, J. Kinetics of acid and nucleophile catalysis of the diazotization of 

1-naphthylamine. Can. J. Chem. 64, 133–137 (1986).
 41. Krȩżel, A. & Bal, W. A formula for correlating pKa values determined in D2O and H2O. J. Inorg. Biochem. 98, 161–166 (2004).
 42. Ridd, J. Nitrosation, diazotisation, and deamination. Q. Rev. Chem. Soc. 15, 418–441 (1961).

Acknowledgements
We thank the Spanish Ministerio de Economía y Competitividad and the European Regional Development Fund 
(Project CTQ2010-18999), the Spanish Ministerio de Ciencia e Innovación (PID2020-118732RAI00), and the 
Universidad de Salamanca (Project 2019K125) for supporting the research reported in this article. M.G.J. thanks 
the Spanish Ministerio de Economía y Competitividad for a PhD. grant. J.A.V. thanks the Junta de Castilla y León 
for a PhD. grant. We also thank NUCLEUS platform at University of Salamanca, especially Anna Lithgow (NMR 
Service), César Raposo, and Juan F. Boyero-Benito (MS Service) as well as Martín del Valle’s group (Chemical 
Engineering Department, Universidad de Salamanca) for lyophiliser use.

Author contributions
All authors contributed to the study and manuscript. M.G.J. and B.B.T. were responsible for data collection. 
M.G.J., B.B.T., J.A.V., and M.P.G.S. carried out data analysis. M.P.G.S. and A.L.F.A. performed the MS/NMR 
analysis of the reaction products. M.G.J. and A.L.F.A. prepared figures. M.G.J., M.P.G.S., J.A.V., E.C. and J.C. 
wrote the main manuscript text.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 42759-x.

Correspondence and requests for materials should be addressed to M.G.-J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1039/jr9620005197
https://doi.org/10.1039/j29660000529
https://doi.org/10.1039/jr9580000082
https://doi.org/10.1039/jr9580000058
https://doi.org/10.1039/j29710000770
https://doi.org/10.1038/s41598-023-42759-x
https://doi.org/10.1038/s41598-023-42759-x
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15713  | https://doi.org/10.1038/s41598-023-42759-x

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Kinetic study on the reaction of sodium nitrite with neurotransmitters secreted in the stomach
	Materials and methods
	Results and discussion
	Nitrosation of tyrosine and dopamine
	Nitrosation of serotonin
	Comparison of C- and N-nitrosation rates

	Conclusions
	References
	Acknowledgements


