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Abstract

Background: Nitrite salts are frequently utilized as meat additives to improve the quality and safety of processed meat prod-
ucts. However, these salts are associated with the formation of carcinogenic nitrosamines. Given its potential regulating effect
on the formation of intermediate molecules, such as nitric oxide, it is hypothesized that carnosine, a meat constituent posses-
sing antioxidant activity and other multiple health benefits, could dampen the formation of nitrosamines. The current study
therefore assessed the effect of carnosine on nitrosamine formation in both a monophasic aqueous system and a biphasic
water-lipid system simulating a gastric environment.

Results: In the monophasic system, relatively high levels of carnosine were required to significantly reduce the formation of dif-
ferent species of nitrosamine compared with the control (no carnosine). While higher levels of some nitrosamines were gener-
ated in both phases of the biphasic system, low carnosine concentrations significantly suppressed nitrosamine formation in the
aqueous phase, while in the lipid phase, intermediate levels of carnosine were required. At higher carnosine levels, further
reduction in nitrosamines was observed in the lipid phase.

Conclusions: This study demonstrates the capacity of carnosine to reduce nitrosamine formation in aqueous and lipid environ-
ments and suggests the potential of dietary carnosine to lower the risks associated with the consumption of processed meat
products.
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use of nitrites while also maintaining the advantages. Among a
variety of compounds inhibiting nitrosamine formation, those

INTRODUCTION

Processed meat products, such as bacon and sausages, are con-

sumed on a daily basis by many North American’ and European
consumers.” Consumption of processed meat products has been
associated with various health issues such as oxidative stress-
related diabetes and cardiovascular diseases.® Different types of
cancer have also been linked with carcinogenic nitrosamines
induced by the use of nitrite salts.*® The general mechanism by
which nitrite salts (nitrite) can lead to the formation of harmful
nitrosamines was detailed by Toldra® as presented in Fig. 1.
Nitrite is an important and frequently used ingredient in many
meat products as a color- and flavor-improving agent and as a
preservative owing to its antimicrobial and antioxidant func-
tions.’® Owing to its versatility, nitrite as a meat additive cannot
be replaced by any single molecule, in particular, for its important
contribution to food safety because it can protect consumers
against Clostridium botulinum, which produces lethal neuro-
toxins."" It is, therefore, important to be able to suppress nitrosa-
mine formation in order to reduce the risks associated with the

naturally found in the diet, such as ascorbic acid, can easily be uti-
lized with few safety risks.'>'® Carnosine (f-alanyl-L-histidine), a
naturally occurring molecule in meat, has been suggested to have
the potential to reduce nitric oxide,'* and therefore by deduction
could also potentially reduce nitrosamine formation.
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NO, + H" & HNO;
2 HNO; < N>O;3 + H,0
N;0; <> NO + NO,
HNO, + H* = H,NO,* <> NO* + H,0
H:NO,* + X™ — XNO + H,0
NO + M™ —=NO* +M™D*
XNO + R:NH — RoN-NO +HX

NO*/N;0; + R;NH — RoN-NO
Where X represents catalyzing ions such as SCN', I', Br', and CI'; and M™/M®* represent transition metal ions

Figure 1. Nitrosamine formation as detailed by Toldra. Nitrite contrib-
utes to the generation of dinitrogen trioxide (N,Os) and the nitrosonium
cation (NO™), which subsequently reacts with secondary amines and pro-
duces nitrosamines.

The hypothesis that carnosine could affect nitrosamine forma-
tion is based on indirect observations. For instance, as part of its
antioxidant activity, carnosine could potentially lower the levels
of nitrosating agents, such as peroxynitrite, through its superox-
ide scavenging capacity. Superoxide is one of the precursors of
peroxynitrite'*'> which can generate nitrogen dioxide radicals
that could take part in the formation of N,Os, a direct precursor
of nitrosamines.”® Furthermore, the L-histidine moiety of carno-
sine could potentially form adducts with nitric oxide (NO) or nitro-
gen dioxide (NO,), subsequently reducing the formation of
nitrosamine precursors, NO* and N,0Os.'® And, it was also shown
by Caruso et al.'” that carnosine could suppress NO generation
in vivo, which may contribute to the control of nitrosamine forma-
tion in vivo. Other researchers, however, have suggested that car-
nosine may enhance nitrosamine formation in vivo by stimulating
the activity of NO synthase, an inference based on the changes
brought about by carnosine on NO formation,'* which is not a
direct precursor of nitrosamine. Information on the potential of
carnosine to reduce nitrosamine formation, let alone its effects
during the digestion process, is inconclusive and has never been
clearly demonstrated. The study reported here, therefore, aimed
to determine the effect of different carnosine concentrations on
the formation of several nitrosamines in an aqueous model and,
given that the stomach environment has been suggested to con-
tribute to nitrosamine formation,'® in a lipid—water model simu-
lating a gastric environment.

MATERIALS AND METHODS

All chemicals used for the models and sample extractions were
obtained from Sigma-Aldrich (Saint Louis, Missouri, USA) except
for N-nitrosodimethylamine-ds (NDMA-ds; CDN Isotopes,
Pointe-Claire, Quebec, Canada) and QUEChERS products Bond
Elut EMR-Lipid dSPE and Bond Elut EMR-Lipid Polish tubes
(Agilent Technologies, Santa Clara, California, USA).

Monophasic system for assessment of carnosine's

inhibiting potential

The monophasic (aqueous) model was based on that of Combet
et al.'® with the following modifications: (i) seven secondary
amines that could contribute to the formation of seven detectable
nitrosamines previously reported in foodstuffs?® were selected;
(ii) higher levels of each secondary amine precursor and a longer

incubation time were used to form sufficient nitrosamines for
quantification, based on Hinuma et al.'® and data from a pre-test;
and (iii) the sodium nitrite used was equivalent to the amount
observed in digestive fluids.?' Similar to Combet et al,'”** no
digestive enzymes were used since nitrosamine formation is a
non-enzymatic chemical process and carnosine hydrolysis only
occurs through the activity of carnosinase, which has only been
reported in tissue and serum in humans.'* A control
(no carnosine) and seven carnosine levels (60, 120, 200, 300,
500, 1000 and 1300 pg mL™") were used, covering the range of
possible carnosine levels that can be found in meat digests, given
that meat is a natural source of this functional molecule.

Briefly, 10 mmol L™' of each precursor secondary amine
(dimethylamine (DMA), dibutylamine (DBA), diethylamine (DEA),
dipropylamine (DPA), pyrrolidine (PYR), morpholine (MOR) and
piperidine (PIP)), 1 mmol L' EDTA, 1 mmol L™ potassium thiocy-
anate, 300 pmol L™ sodium nitrite and different levels of carno-
sine were prepared in 0.1 mol L™ HCl (pH 1.5; 3 mL; a simulated
gastric pH) in a 5 mL sealed snap cap polypropylene tube and
incubated for 4 h in a shaking water bath at 37 °C (50 rpm)."°

Aqueous-lipid model for assessment of carnosine's
inhibiting potential

Based on the method of Combet et a glycerol tributyrate
was chosen as the representative triacylglycerol for the lipid
phase, and the ratio between water and lipid phases was 10:1 to
simulate that in the stomach.”® A control (no carnosine) and five
levels of carnosine were used (120, 300, 500, 1000 and
1300 pg mL™").

The aqueous phase (3 mL) of the biphasic model was prepared
following the same protocol as for the monophasic aqueous
model described above, modifying the carnosine concentrations
to 1.1 times those of the aqueous model (0, 132, 330, 550, 1100
and 1430 pg mL™") given that the final total volume of this
water-lipid system was 3.3 mL. Glycerol tributyrate (0.3 mL) con-
taining 10 mmol L' of each precursor secondary amine (DMA,
DBA, DEA, DPA, PYR, MOR and PIP) was prepared as the lipid
phase. The two phases were mixed in a 5 mL snap cap polypropyl-
ene tube and incubated for 4 h in a shaking water bath at 37 °C
(50 rpm).

l.,1 9,22

Analysis of nitrosamines in the monophasic model

The sample extraction method of Combet et al.'® was followed
with two modifications. The only internal standard used was
0.1 mg mL™' NDMA-d, and the extract was concentrated to
50 pL final total volume after evaporation for better quantifica-
tion. In brief, sample (1 mL) and internal standard (10 pL) were
mixed with 0.08 mol L™'M HCl saturated sodium chloride solution
containing 50 mg mL™" sulfamic acid (0.5 mL). Two consecutive
extractions with dichloromethane-diethyl ether (45:55 v/v, with
25 ug mL™" 2,6-di-tert-butyl-4-methylphenol to avoid interfer-
ence from oxidation during extraction) were carried out. The top
layer was collected and evaporated to 50 pL under a gentle nitro-
gen stream before being injected into a gas chromatography
(GC)/mass spectrometry (MS) system. Calibration curves were pre-
pared with different concentrations of the targeted nitrosamines
in 0.1 mol L™" HCl (pH 1.5; 1 mL) and mixed with the internal stan-
dard following the same extraction and evaporation processes as
for the samples. The targeted nitrosamines were N-
nitrosodimethylamine (NDMA), N-nitrosodibutylamine (NDBA),
N-nitrosodiethylamine (NDEA), N-nitrosodipropylamine (NDPA),
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N-nitrosopyrrolidine (NPYR), N-nitrosomorpholine (NMOR) and N-
nitrosopiperidine (NPIP). All samples and calibration curves were
undertaken in duplicate. Some adjustments to the GC/MS instru-
ment were also made based on the information from Combet
et al.'® and Sieira et al.”®> The GC/MS system comprised an Agilent
7890B gas chromatograph coupled to a 5977B quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA) with a
VF-WAXms column (60 m x 0.32 mm X 0.50 pm; Agilent Theolo-
gies, CA, USA) in electron impact ionization and single ion moni-
toring modes. The oven temperature was programmed as
follows: 37 °C for 1 min then increased to 220 °C at 8 °C min™"
where it was held for 7 min. Helium was used as carrier gas at a
flow rate of 1 mL min~". The ions selected for different molecules
were 74 m/z (NDMA, RT (retention time) = 14.77 min), 80 m/z
(NDMA-ds, RT =14.76 min), 102 m/z (NDEA, RT = 16.18 min),
70 and 130 m/z (NDPA, RT =18.53 min), 158 m/z (NDBA,
RT = 21.37 min), 114 m/z (NPYR, RT = 22.11 min), 100 m/z (NPIP,
RT = 22.55 min) and 116 m/z (NMOR, RT = 23.24 min).

Analysis of nitrosamines in the biphasic model

The two phases of the model were separated and the samples
from the aqueous phase were extracted and analyzed as for the
samples from the monophasic model (Section Analysis of nitrosa-
mines in the monophasic model above). Samples from the lipid
phase (200 L) were mixed with 0.1 mg mL™" NDMA-d, in aceto-
nitrile (2 pL) and the nitrosamines were extracted and purified
using a modified EMR - Lipid QUEChERS technique from Agilent.?*
In brief, 200 pL of this mixture was mixed with 10 mL of water by
vortexing for 30 s, then incubated for 30 min. Acetonitrile (10 mL)
was added and treated with buffered QUEChERS (9.75 g for
method EN 15662). The following steps were as described by
Sheshadri et al?* using two series of products, Agilent Bond Elut
EMR-Lipid dSPE material and Agilent Bond Elut EMR-Lipid Polish
material, to obtain the final extracts, which were concentrated
threefold by evaporation and then analyzed by GC/MS. The oven
temperature program was as follows: 55 °C for 1.5 min, then
increased to 200°C at 12°Cmin~', held for 13 min, and
then increased to 220 °C at 25 °C min~' and held for 7 min.
Although ions for different nitrosamines were all the same,
retention times differed as follows: RT = 10.91 min for NDMA;
RT=11.02 min for NDMA-ds; RT =11.92min for NDEA;

RT=1346 min for NDPA; RT=1555min for NDBA;
RT =16.34 min for NPYR; RT=16.33 min for NPIP; and
RT = 17.41 min for NMOR.

Statistical analysis

Statistical analysis of the data was carried out with the one-way
analysis of variance procedure followed by the Tukey honestly sig-
nificant difference test for multiple comparisons (SAS version 9.4,
2002-2012; SAS Institute Inc,, NC, USA) with 8 carnosine levels
(including the blank) for the aqueous model and 6 carnosine
levels for each of the aqueous and lipid phases of the biphasic
model. The entire protocol was repeated four times. Differences
were considered significant at P < 0.05. All results are presented
as LS Means with SEM.

RESULTS AND DISCUSSION

Effect of carnosine on nitrosamine formation in the
monophasic system

Results from the aqueous model are presented in Table 1.
Although the amount of each of the seven types of secondary
amines used was the same, the corresponding nitrosamines
formed to different extents. Indeed, NMOR reached the highest
concentrations, ranging from about 85 to 850 times that of the
other measurable nitrosamines, NDMA, NPYR, NPIP and NDBA.
Signals for NDEA and NDPA were observable, but too small to
be quantified.

Since unprotonated amines are more prone to nitrosation, the
ammonium ion pK; values of the secondary amines in such an
acidic environment can partially explain the differences in nitrosa-
mine formation — the less basic the amines and, therefore, the
smaller the pK; values, the higher the rate of formation will be,
yielding more nitrosamines when incubated in the same environ-
ment.>> Among the seven amines used in the current study, MOR,
the secondary amine generating NMOR which was found at the
highest nitrosamine levels, possesses the lowest pK, (values
reported by Perrin®%; Table 2). Furthermore, the basic DMA with
an intermediate pK, value led to the third highest level of the
nitrosamines, NDMA, and DEA, DPA, PIP and PYR alkylamines, with
pK, values from 11.0 to 11.3,%® produced the lowest amounts of
corresponding nitrosamines. However, the second highest nitro-
samine level, NDBA, is derived from the alkylamine DBA that

Table 1. Effect of carnosine on the formation of nitrosamines (LS Mean with SEM) in a monophasic aqueous model

Nitrosamine concentrations
Carnosine level (ug mL™") NDMA (ng mL™") NPYR (ng mL™") NPIP (ng mL™") NDBA (ug mL™) NMOR (ug mL™)
0 (control) 60.337° 25427° 184212 0.184° 15.636°
60 58.936° 24.665% 15.736%° 0.162%° 14.974%°
120 56.412%° 22.785% 15.038° 0.146° 13.867%°
200 55.872%° 22.381% 15.157%° 0.145% 14.183%
300 56.228%° 22.177% 15.282°° 0.146%° 13.681%°
500 53.410%° 2192120 14.048° 0.141° 13.580%°
1000 52.284% 21.033° 13.167° 0.148%° 13.982%°
1300 49.399° 21.266° 13.208° 0.130° 12.871°
SEM 3.000 1.000 1.000 0.010 0.500
P 0.0077 0.0138 0.0028 0.0156 0.0226
Values with different superscripts within the same column denote significant differences (P < 0.05).
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shares (with PYR) the highest pK, value of 11.3. Given that DBA,
DMA and DPA have similar pK, values, proton affinity cannot
explain the differing levels of nitrosamines generated and further
research is required.

Irrespective of the different concentrations of the various nitro-
samines, it was generally observed that less nitrosamine was gen-
erated with the addition of carnosine. Among the five quantified
nitrosamines, NDMA, NPYR and NPIP are usually found in meat
products.”” NDMA has one of the simplest nitrosamine structures
and has been widely studied, not only in meat-related research,
but also in medicine and other fields.?® In the current study, only
the highest carnosine level (1300 pg mL™") caused a significant
decrease in the final NDMA concentration. Such high levels of car-
nosine were observed in the meat gastric digests following in vitro
digestion of pork enhanced in carnosine,?' of which the enhance-
ment corresponded to levels found in different types of meat.'*
Although the overall decrease in NDMA was minor, with no more
than 0.011 pg mL™", during the 4 h incubation, carnosine in the
system was still efficient in showing its potential for lowering this
nitrosamine formation. Likewise, the highest carnosine level
(1300 pg mL™") also significantly suppressed NPYR and NPIP

Table 2. The pK, values of the secondary amines used in the current
study?®

Secondary amine ammonium ion pK, value
Dibutylamine (DBA) 11.3
Diethylamine (DEA) 11.0
Dimethylamine (DMA) 10.7
Dipropylamine (DPA) 11.0
Morpholine (MOR) 83
Piperidine (PIP) 11.1
Pyrrolidine (PYR) 11.3

formation compared with the control group. Furthermore, carno-
sine levels of 120, 500 and 1000 pg mL™" resulted in a significant
decrease (P < 0.05) in NPIP formation, and 1000 pg mL™" in NPYR
formation compared with the control.

The efficiency of carnosine in reducing nitrosamine formation
was also observed for nitrosamines whose concentrations were
in the pgmL™" range. For instance, carnosine at 500 and
1300 pg mL™" exerted an inhibiting effect on the formation of
NDBA (P < 0.05) and at 1300 pg mL™" on NMOR generation. This
high level of carnosine can be achieved during the digestion of
carnosine-rich meat.?' Overall, in this aqueous environment
where carnosine is well dissolved, carnosine showed a capacity
to inhibit the formation of different types of nitrosamines, consis-
tent with the capacity of carnosine to form carnosine-NO and
carnosine-NO, adducts as reported by Nicoletti et al.'®

Effect of carnosine on nitrosamine formation in the

biphasic system

Data from the biphasic aqueous-lipid model are reported in
Table 3. Except for NDPA, whose peak was below the quantifica-
tion limit, nitrosamines from all other secondary amines studied
were detected in each of the water and lipid phases of this
biphasic system. In both the aqueous and lipid phases of the
biphasic system, most of the measured nitrosamines were at
higher levels than those observed in the monophasic aqueous
system. The levels of nitrosamines observed in the biphasic model
confirmed that the amounts of sodium thiocyanate, sodium
nitrite and different secondary amines used were sufficient for
nitrosamine formation and suggest that the low levels of nitrosa-
mines observed in the aqueous model were not caused by an
insufficient amount of reactants.

With the exception of NMOR, the lipid phase provided a better
environment for the formation of all nitrosamines, leading to sig-
nificantly higher levels (P < 0.0001). Similar observations were
found by Combet et al.'® who reported that the monophasic

Table 3. Effect of carnosine on nitrosamine formation (LS Mean with SEM) in the aqueous and lipid phases of the biphasic model

Nitrosamine concentrations (ug mL™")

Phase Carnosine level (ug mL™" NDMA NDEA NDBA NPYR NPIP NMOR

Aqueous 0 (control) 0.1952 0.2382 0.178 0.204° 0.1792 13.673
120 0.146° 0.173° 0.158 0.180%° 0.143% 13.109
300 0.147° 0.173° 0.156 0.154° 0.139% 13.140
500 0.143° 0.168° 0.154 0.151° 0.136° 13.062
1000 0.144° 0.156° 0.141 0.137° 0.137%° 12912
1300 0.122° 0.145° 0.136 0.135° 0.133° 12479
SEM 0.008 0.015 0.010 0.011 0.010 0.402
p 0.0002 <0.0001 0.0970 0.0019 0.0283 0.4898

Lipid 0 (control) 2.609° 1.084° 10416 1.353? 2,054 8.982
120 2.395° 1.006%° 9.304% 1.211%° 1.704% 7.763
300 2.003° 0.962%° 8.734% 1.131% 1.770% 7.783
500 1.8425¢ 0.869%¢ 8.782%P 1.1135¢ 1.5405¢ 7.624
1000 1.740°¢ 0.788°¢ 8.805%° 1.014°< 1.215¢ 7.506
1300 1.516° 0.612° 7.822° 0.863¢ 1.079¢ 7.265
SEM 0.115 0.080 0.532 0.055 0.087 0412
P <0.0001 <0.0001 0.0637 <0.0001 <0.0001 0.1169

Values with different letters in the same column differ significantly (P < 0.05).
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aqueous model had less NDMA, NDEA and NPIP than the water
phase from the biphasic model, and there were more NDMA
and NPIP formed in the lipid phase than in both the monophasic
and the aqueous phase from the biphasic model.

Compared with a monophasic aqueous environment, the
higher concentrations of nitrosamines in the biphasic system
could be mainly attributed to better solubilities of nitric oxide
and oxygen in the lipid environment and higher reaction rates
(up to 300 times higher) for the production of N,O3, which reacts
with secondary amines to form nitrosamines.?? The higher nitro-
samine levels found in the lipid phase of the biphasic system
may, therefore, be partially explained by this difference in N,O3
generation. The affinity of different nitrosamines for water or lipid
needs to be considered, as Combet et al.'® pointed out. For
instance, being more hydrophilic than NDBA,*° there might be
less NMOR in the water phase for the potential diffusion into the
lipid phase, resulting in lower NMOR than NDBA concentrations
in lipid samples. This effect of solubility might also explain the
concentrations of NDEA and NDBA in both water and lipid phases
(according to the solubility reported by the European Medicines
Agency®). As a result of the alkalinity of precursor amines, more
NDEA than NDBA was observed in the aqueous environment.
However, the higher lipophilicity of NDBA than NDEA3® might
explain why more NDBA was observed in the lipid phase.

Despite the biphasic system favoring nitrosamine formation,
beneficial effects of carnosine were observed in the aqueous
and lipid phase where NMOR and NDBA were the highest nitrosa-
mines respectively formed in each of these phases. Compared to
their respective controls, a high level of carnosine (1300 pg mL™")
significantly decreased NDBA (P < 0.05) in the lipid phase, with a
tendency also observed for decreased NDBA (P = 0.074) in the
aqueous phase. A high level of carnosine (1300 ug mL™") also
showed a tendency towards reduction of NMOR in the lipid phase
(P = 0.079). Given the lower concentration of the other four types
of nitrosamines, lower levels of carnosine were required to signif-
icantly reduce their formation (P < 0.05).

In the aqueous phase, all carnosine treatments significantly
impeded NDMA and NDEA formation compared with the control
group. Interestingly, even though the five carnosine levels studied
here represent a relatively large range of concentrations (120 to
1300 pg mL™"), the impact on the formation of these two nitrosa-
mines did not differ with carnosine concentration (P > 0.1). Simi-
larly, carnosine treatments from 300 to 1300 pg mL™" all led to
less NPYR than samples containing no carnosine, but increasing
carnosine concentration did not further decrease the level of
NPYR (P > 0.1). The carnosine treatments containing 500 and
1300 pg mL™" significantly suppressed NPIP formation compared
with the control group (P < 0.05). No significant differences were
observed among the NPIP levels with added carnosine.

Although carnosine is a water-soluble molecule, its effect was
also observed in the lipid phase. Different carnosine treatments
led to less nitrosamine formation than the control group, and also
brought about differences in concentrations for each of NDMA,
NDEA, NPYR and NPIP. Carnosine treatments from 300 to
1300 pg mL™" decreased the level of NDMA in the lipid phase
compared with both the control (P < 0.0001) and the
120 pg mL™" group (P < 0.05), which were not significantly differ-
ent from each other. The highest carnosine level (1300 pg mL™")
even further reduced the amount of NDMA when compared with
the treatment containing 300 pg mL™' carnosine (P < 0.05).
These observations not only confirmed the ability of carnosine

to decrease nitrosamine formation, but also indicated a greater
capacity of carnosine to inhibit NDMA formation at a higher car-
nosine level. For NDEA, higher carnosine levels (1000 and
1300 pg mL™") were required to achieve significantly lower con-
centrations than the control group (P < 0.0001). The
1300 pg mL™! treatment also led to significantly less NDEA than
the 120 and 300 pg mL™" treatments (P < 0.05). The observations
in NPYR and NPIP among different carnosine levels also sup-
ported a dose-dependent nitrosamine-reducing property of car-
nosine. Significant decreases (compared with the control group)
in both NPYR and NPIP levels were obtained with the 500, 1000
and 1300 ug mL™" treatments. Furthermore, compared to that
at 500 pg mL™" carnosine treatment, the production of NPYP
and NPIP was further decreased when the carnosine concentra-
tion was increased to 1300 pg mL™" (P < 0.05), again demonstrat-
ing the potential dose-dependent response of carnosine on
nitrosamine formation in a lipid environment.

Since carnosine is a hydrophilic antioxidant, its effect on nitrosa-
mine concentrations in the lipid environment is likely attributed
to carnosine reducing the amount of nitrosating agents in the
aqueous phase. Fewer nitrosating agents available in the aqueous
phase would result in fewer being available in the lipid phase for
further reactions. For instance, when carnosine forms carnosine—
NO and carnosine-NO, complexes in the aqueous
environment,'® the balance (N,05; < NO + NO,) shifts increasing
the consumption of N,Os and reducing its availability to partici-
pate in nitrosamine formation. Simultaneously, since NO is prone
to migrate to the lipid phase, the binding of NO by carnosine in
water may lead to less NO diffusing into the lipid phase and,
therefore, decrease the availability of NO for further reaction with
oxygen, yielding less N,O3*° for nitrosamine formation in the lipid
phase.

Interestingly, instead of occurring in the aqueous phase (where
carnosine could act directly), it was in the lipid phase that the
dose-dependent nitrosamine-reducing potential of carnosine
was mainly observed. The hypothetical explanation could be
related to nitrosating agents other than the NO-derived N,Os in
the water phase. For instance, the NaSCN included in the acidic
model could easily react with HNO, and generate the nitrosating
agent ON-SCN (HNO, + H* — H,NO,*; H,NO,* + SCN™ — ON-
SCN + H,0).>" This ON-SCN, in such a situation (containing differ-
ent nitrosating agents), could be more electrophilic than N,Os
and exhibit a higher reaction rate for nitrosamine formation.>'
Therefore, the ability of carnosine to react with NO could only par-
tially affect the nitrosamine generated by NO*/N,O;, with little
control in the nitrosamine derived from the reactions between
ON-SCN and secondary amines. More studies supporting this
hypothetical explanation and providing information about the
mechanisms involved are necessary.

The current study directly demonstrates the inhibitory ability of
carnosine on nitrosamine formation, and suggests that dietary
carnosine may also bring this benefit in the digestive environ-
ment. Considering that the carnosine levels in meat can be
enhanced through breeding and nutrition,>*** it is expected that
beneficial effects of carnosine might be obtained by the con-
sumption of a meal that contains carnosine-rich meat. However,
the models used in the current study were relatively simple and
there is still a lack of information on the complex environment
associated with daily diets that may interfere with the possible
carnosine nitrosamine-reducing ability. For instance, oxidation
and nitrosation are related to each other. The formation of
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oxidative peroxynitrite (02:~ + NO — ONOO™) might leave fewer
nitrosating agents, such as nitric oxide, for nitrosamine forma-
tion.3**> Based on the results reported in this study and the
potential mechanisms involved, muscle carnosine could directly
contribute to reducing nitrosamine formation in meat products,
even during their consumption, thus warranting further study.

CONCLUSION

Although absorption of nitrosamine from food is limited,
increased endogenous nitrosamines due to a high intake of nitrite
have been associated with an increase in cancer risk, particularly
gastric and esophageal cancers. The results of this study demon-
strate, for the first time, the potential of dietary carnosine to
reduce the formation of nitrosamines in a simulated gastric envi-
ronment. Additional studies are required to evaluate potential
interactions among carnosine at dietary levels, nitrite and other
molecules, such as additional antioxidants and secondary amines
at concentrations generated during the production of different
processed meat products, as well as the global effects of cooking,
diet composition, and digestion processes, which could all impact
the bioaccessibility of carnosine and, ultimately, its ability to
inhibit nitrosamine formation. It is also essential to determine if
the level of reduction of nitrosamines brought about by carnosine
is sufficient to bring about practical health benefits. Indeed, given
the exploratory nature of the current study, it is imperative to fur-
ther explore these significant preliminary findings that show
potential health benefits of carnosine toward the reduction of
nitrosamine formation in the gastrointestinal environment.

ACKNOWLEDGEMENTS

Financial support from the Organic Science Cluster Il (J-001373)
and Agriculture and Agri-Food Canada (J-001786) is gratefully
acknowledged. The assistance of Steve Méthot for the statistical
analyses is much appreciated. Open Access funding provided by
the Gouvernement du Canada Agriculture et Agroalimentaire
Canada library.

CONFLICT OF INTEREST

The authors declare that there are no conflicts of interest.

REFERENCES

1 Frank SM, Jaacks LM, Batis C, Vanderlee L and Taillie LS, Patterns of red
and processed meat consumption across North America: a nation-
ally representative cross-sectional comparison of dietary recalls
from Canada, Mexico, and the United States. Int J Environ Res Public
Health 18:357 (2021).

2 Rohrmann S, Overvad K, Bueno-de-Mesquita HB, Jakobsen MU,
Egeberg R, Tjenneland A et al, Meat consumption and
mortality - results from the European prospective investigation into
cancer and nutrition. BMC Med 11:63 (2013).

3 Libera J, howiecka K and Stasiak D, Consumption of processed red
meat and its impact on human health: a review. Int J Food Sci Technol
56:6115-6123 (2021).

4 Farvid MS, Sidahmed E, Spence ND, Mante Angua K, Rosner BA and
Barnett JB, Consumption of red meat and processed meat and can-
cer incidence: a systematic review and meta-analysis of prospective
studies. Eur J Epidemiol 36:937-951 (2021).

5 Song P, Wu L and Guan W, Dietary nitrates, nitrites, and nitrosamines
intake and the risk of gastric cancer: a meta-analysis. Nutrients 7:
9872-9895 (2015).

6 Pegg RB and Shahidi F, Potential health concerns about nitrite, in
Nitrite Curing of Meat: The N-Nitrosamine Problem and Nitrite

10

1

12

13

14

15

16

17

18

19

20

2

—_

22

23

24

25

27

28

29

Alternatives, ed. by Pegg RB and Shahidi F. Food & Nutrition Press,
Trumbull, CT, pp. 175-208 (2000).

Li Y and Hecht SS, Metabolic activation and DNA interactions of carci-
nogenic N-nitrosamines to which humans are commonly exposed.
Int J Mol Sci 23:4559 (2022).

Jakszyn P and Gonzélez CA, Nitrosamine and related food intake and
gastric and oesophageal cancer risk: a systematic review of the epi-
demiological evidence. World J Gastroenterol 12:4296-4303 (2006).

Toldra F, The storage and preservation of meat: lll—meat processing,
in Lawrie's Meat Science, 8th edn, ed. by Toldra F. Woodhead Publish-
ing, Cambridge, pp. 265-296 (2017).

Sebranek GJ, Basic curing ingredients, in Ingredients in Meat Product,
ed. by Tarté R. Springer-Verlag, New York, pp. 1-23 (2008).

Bryan NS, Nitrites and nitrates, in Encyclopedia of Food and Health,
ed. by Caballero B, Finglas P and Toldra F. Burlington, MA, Elsevier
Science, pp. 73-78 (2016).

Tannenbaum SR, Wishnok JS and Leaf CD, Inhibition of nitrosamine
formation by ascorbic acid. Am J Clin Nutr 53:2475-250S (1991).

Bayne A-CV, Misic Z, Stemmler RT, Wittner M, Frerichs M, Bird JK et al.,
N-nitrosamine mitigation with nitrite scavengers in oral pharmaceu-
tical drug products. J Pharm Sci 112:1794-1800 (2003).

Boldyrev AA, Aldini G and Derave W, Physiology and pathophysiology
of carnosine. Physiol Rev 93:1803-1845 (2013).

Pacher P, Beckman JS and Liaudet L, Nitric oxide and peroxynitrite in
health and disease. Physiol Rev 87:315-424 (2007).

Nicoletti VG, Santoro AM, Grasso G, Vagliasindi LI, Giuffrida ML,
Cuppari C et al., Carnosine interaction with nitric oxide and astroglial
cell protection. J Neurosci Res 85:2239-2245 (2007).

Caruso G, Fresta CG, Martinez-Becerra F, Antonio L, Johnson RT, de
Campos RPS et al., Carnosine modulates nitric oxide in stimulated
murine RAW 264.7 macrophages. Mol Cell Biochem 431:197-210
(2017).

Hinuma K, Matsuda J, Tanida N, Hori S, Tamura K, Ohno T et al., N-
nitrosamines in the stomach with special reference to in vitro forma-
tion, and kinetics after intragastric or intravenous administration in
rats. Gastroenterol Jpn 25:417-424 (1990).

Combet E, Paterson S, lijima K, Winter J, Mullen W, Crozier A et al., Fat
transforms ascorbic acid from inhibiting to promoting acid-
catalysed N-nitrosation. Gut 56:1678-1684 (2007).

Schrenk D, Bignami M, Bodin L, Chipman JK, Del Mazo J, Hogstrand C
et al., Risk assessment of n-nitrosamines in food. EFSA J 21:e07884
(2023).

Li YY, Yaylayan V, Palin MF, Sullivan B, Fortin F, Cliche S et al., Protective
effects of dietary carnosine during in vitro digestion of pork differing
in fat content and cooking conditions. J Food Biochem 45:213624
(2021).

Combet E, Preston T and McColl KEL, Development of an in vitro sys-
tem combining aqueous and lipid phases as a tool to understand
gastric nitrosation. Rapid Commun Mass Spectrom 24:529-534
(2010).

Sieira BJ, Carpinteiro |, Rodil R, Quintana JB and Cela R, Determination
of N-nitrosamines by gas chromatography coupled to quadrupole-
time-of-flight mass spectrometry in water samples. Separations 7:3
(2020).

Sheshadri A, Glauner T and Faye T, Multiclass determination of organic
contaminants in red chili and turmeric powders: using the Agilent
EMR - Lipid sample cleanup and Agilent 6495 Triple Quadrupole
LC/MS system in a single method of analysis. [Online]. Agilent Tech-
nologies (2017). Available https://www.agilent.com/cs/library/
applications/5991-8243EN.pdf.

Eisenbrand G, Endogenous nitrosation-findings and problems, in The
Significance of N-Nitrosation of Drugs, ed. by Eisenbrand G, Bozler G
and Nicolai HV. Gustav Fischer, New York, pp. 47-68 (1990).

Perrin DD ed, Dissociation Constants of Organic Bases in Aqueous Solu-
tion. Butterworth, London, pp. 14-198 (1965).

Andrée S, Jira W, Schwind K-H, Wagner H and Schwégele F, Chemical
safety of meat and meat products. Meat Sci 86:38-48 (2010).

Przybyla J, Carlson-Lynch H, Roney N, Citra M and Heit C, Toxicological
Profile for N-Nitrosodimethylamine (NDMA). Agency for Toxic Sub-
stances and Disease Registry, Atlanta, USA (2023). Available.
https://www.atsdr.cdc.gov/toxprofiles/tp141.pdf.

Liu X, Miller MJ, Joshi MS, Thomas DD and Lancaster JR, Accelerated
reaction of nitric oxide with O, within the hydrophobic interior of
biological membranes. Proc Natl Acad Sci USA 95:2175-2179 (1998).

___________________________________________________________________________________________________________________|

wileyonlinelibrary.com/jsfa © 2024 His Majesty the King in Right of Canada and The Author(s). J Sci Food Agric 2024; 104: 9349-9355

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry. Reproduced with the
permission of the Minister of Agriculture and Agri-Food Canada.

95UB917 SUOWWIOD aA1e.D) a|dedl(dde sy Aq peusenob afe soppiLe VO ‘8sN J0 Sajn. 10 AiqiTaulUQ 48]\ UO (SUONIPUOD-PpUe-SLLB)W0Y A3 | 1M Ale.q 1jputuo//:Sdny) SUONIPUOD pue SWB 1 8u) 885 *[202/2T/0T] Uo Ariqiauliuo A8|IM ‘2S/ETBISI/Z00T 0T/I0p/Wwod Ao |im Areiq Ul juos fuino(1os//:sdy wolj papeojumod ‘ST ‘%202 ‘0T00260T


https://www.agilent.com/cs/library/applications/5991-8243EN.pdf
https://www.agilent.com/cs/library/applications/5991-8243EN.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp141.pdf
http://wileyonlinelibrary.com/jsfa

Carnosine reduces nitrosamine formation

@)
SClL

where science
meets business

WWW.S0Ci.org

30 European Medicines Agency, Scientific review on the risk of nitrosa-
mine impurities in human medicines. Nitrosamines EMEA-H-A5(3)-
1490-Assessment  report (2020). Available. https://www.ema.
europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-
assessment-report_en.pdf [25 June 2020].

31 Nitrosation of volatile amines at the workplace [MAK Value Documen-
tations, 1990] Documentations and methods (2022). Available.
https://doi.org/10.1002/3527600418.mb0b03e0001 31 January
2022.

32 D'Astous-Pagé J, Gariépy C, Blouin R, Cliche S, Sullivan B, Fortin F et al.,
Carnosine content in the porcine longissimus thoracis muscle and

its association with meat quality attributes and carnosine-related
gene expression. Meat Sci 124:84-94 (2017).

33 Robbins KR, Baker DH and Norton HW, Histidine status in the chick as
measured by growth rate, plasma free histidine and breast muscle
carnosine. J Nutr 107:2055-2061 (1977).

34 Darley-Usmar V, Wiseman H and Halliwell B, Nitric oxide and
oxygen radicals: a question of balance. FEBS Lett 369:131-135
(1995).

35 Majou D and Christieans S, Mechanisms of the bactericidal effects
of nitrate and nitrite in cured meats. Meat Sci 145:273-284
(2018).

J Sci Food Agric 2024; 104: 9349-9355 © 2024 His Majesty the King in Right of Canada and The Author(s).

wileyonlinelibrary.com/jsfa

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry. Reproduced with the
permission of the Minister of Agriculture and Agri-Food Canada.

fie aU)) Aq peussnob afe sopiLe O ‘8sn J0 sa|n. 10 ARIqiT 8UIUQ A8]IAA UO (SUONIPUOD-PUe-SLLBIW0Y" A3 1M A g 1pulUO//:SANY) SUONIPUOD Pue SWS 1 8U) 885 *[720z/2T/0T] Uo Ariqiauluo 481 ‘2S/ET BISI/Z00T 0T/I0p/wi0d Ao |1m Arelq Ul juos leuino (1os//:sdiy Wolj papeojumod ‘ST ‘%202 ‘0T00260T



https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/referral/nitrosamines-emea-h-a53-1490-assessment-report_en.pdf
https://doi.org/10.1002/3527600418.mb0b03e0001
http://wileyonlinelibrary.com/jsfa

	Effect of carnosine on nitrosamine formation in gastric‐simulated aqueous and lipid environments
	INTRODUCTION
	MATERIALS AND METHODS
	Monophasic system for assessment of carnosine's inhibiting potential
	Aqueous–lipid model for assessment of carnosine's inhibiting potential
	Analysis of nitrosamines in the monophasic model
	Analysis of nitrosamines in the biphasic model
	Statistical analysis

	RESULTS AND DISCUSSION
	Effect of carnosine on nitrosamine formation in the monophasic system
	Effect of carnosine on nitrosamine formation in the biphasic system

	CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


