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ARTICLE INFO ABSTRACT

Handling Editor: Professor Aigian Ye Meat and meat products are important foods in the human diet, but there are concerns about their quality and
safety. The discovery of carcinogenic and genotoxic N-nitroso compounds (NOCs) in processed meat products has
had serious negative impacts on the meat industry. In order to clarify the relationship between the use of nitrite
or nitrate and the safety of meat or meat products, we reviewed NOCs in meat and meat products, the origin and
safety implications of NOCs, effects of nitrite and nitrate on meat quality, national regulations, recent publica-
tions concerning the using of nitrite and nitrate in meat or meat products, and reduction methods. By comparing
and analyzing references, (1) we found antioxidant, flavor improvement and shelf-life extension effects were
recently proposed functions of nitrite and nitrate on meat quality, (2) the multiple functions of nitrite and nitrate
in meat and meat products couldn’t be fully replaced by other food additives at present, (3) we observed that the
residual nitrite in raw meat and fried meat products was not well monitored, (4) alternative additives seem to be
the most successful methods of replacing nitrite in meat processing, currently. The health risks of consuming
processed meat products should be further evaluated, and more effective methods or additives for replacing
nitrite or nitrate are needed.
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1. Introduction

Meat and meat products are important sources of energy and nutri-
ents for humans. The important position of meat and meat products in
human foods is shown by the long history of their consumption, which
can be traced back to about 3 million years ago (Chris, 2020; Guo et al.,
2005; McKenna, 2019). Since mankind’s earliest days, animal meat has
been one of our species’ major dietary materials, enabling primitive man
to sustain a living. However, fresh meat is not stable to be stored for a
long term. It will deteriorate within several days. This problem was
solved by primitive man about 1.5 million years ago, with the applica-
tion of fire to meat processing. Grilled meat from animals killed by forest
fires tasted better than fresh meat. Therefore, they experimented with
fire for cooking meat, discovering that roasted or smoked fresh meat was
more stable for storage (Zeng, 2007). Roasting and smoking thus became
the earliest preservation methods for meat and meat products. Possibly
because of the effectiveness of smoking for preserving meat, and the
habit of eating meat with a smoky flavor, roasted or smoked meat
products are still popular and widely consumed globally.

The actual reason for the current use of nitrate and nitrite salts in
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cured meat products is related to the ancient salting practices for meat
preservation. Nitrate and nitrite were contaminant in salts used in salted
meats. The advances in science allowed the discovery of nitrate (NO3)
first, and then nitrite (NOz), as actual ingredients involved in cured
meat products preservation (Bedale et al., 2016). NO3 salts and NO3
salts, such as those of sodium and potassium, are typical food pre-
servatives used in meat processing. Both of them can inhibit the growth
of microorganisms, delay the onset of rancidity, produce cured meat
flavor or smell, and stabilize the meat’s red color (Ferysiuk and Wojciak,
2020). The efficiency of nitrite and nitrate makes them indispensable
additives for meat and meat products, especially for cured meat products
(Ferysiuk and Wojciak, 2020). However, the discovery of N-nitroso
compounds (NOCs) in the 1950s raised concerns about the safety of
using nitrite or nitrate in meat processing (Bedale et al., 2016), which
seriously threatened the healthy development of the global meat in-
dustry. In addition, with widely acceptance of the Clean label move-
ment, having fewer ingredients become mainstream in food processing
(Asioli et al., 2017). In order to clarify the relationship between the use
of nitrite or nitrate and the safety of meat or meat products, this review
focuses on NOCs in meat and meat products, the origin and safety
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implications of NOCs, effects of nitrite and nitrate on meat quality, na-
tional regulations, recent publications concerning the using of nitrite
and nitrate in meat or meat products, and reduction methods.

2. NOCS in meat and meat products

NOCs mainly consist of N-nitrosamines (RR'NNO) and N-nitro-
samides (RN(NO)COR’). According to Dietrich et al. (2005) and Honikel
(2008b), the proposed mechanism for the conversion of nitrite and ni-
trate to NOCs is shown in Fig. 1. RR’NNO and RN(NO)COR’ are formed
by the nitrosation of amines and amides, respectively. In vitro, thiocya-
nates naturally produced in foods accelerate the nitrosation of amines,
and organic acid food additives catalyze the nitrosation of amides. Some
bacteria with nitrate-reducing or nitrosating activity can also promote
the formation of NOCs, but the production of NOCs can be inhibited by
adding vitamins C and E (Dietrich et al., 2005), the other methods of
reducing the production of NOCs were enumerated at section 7 of this
review.

Alist of recently identified NOCs in meat and meat products is shown
in Table 1. There are 14 volatile and 11 non-volatile types of NOC.
Among the N-nitrosamines reported most frequently in meat products,
N-Nitrosodimethylamine (NDMA), and N-nitrosomethylethylamine
(NDEA) are considered the most dangerous in terms of carcinogenicity
and genotoxicity (De Mey et al., 2017; Ferysiuk and Wojciak, 2020).
However, recent studies have identified N-nitroso-diisopropylamine
(NDIPA) in sausages and ham using a new gas chromatography-tandem
mass spectrometry method (Yang et al., 2019). According to NDIPA’s
safety description, it is a group 1B carcinogenic chemical, and more
toxic than NDMA and NDEA. This discovery suggests that there might be
other undetected toxic NOCs in meat or meat products, and therefore,
developing new methods to identify the compounds is very important
for the timely discovery and monitoring of NOCs in meat or meat
products.

3. The origin and safety implications of NOCS

The addition of nitrite to meat or meat products may induce the
formation of NOCs (Ferysiuk and Wojciak, 2020). The World Cancer
Research Fund stated that eating red or processed meat was likely to
increase the risk of colorectal cancer (CRC) in 2007 (Rajkovic et al.,
2017). Given the higher cancer risk associated with eating red and
processed meat (Crowe et al., 2019), the IARC classified all types of
mammalian muscle meat, such as beef, veal, pork, lamb, mutton, horse,
and goat, as probably carcinogenic (Group 2A), and processed meat
(treated with salting, curing, fermentation, smoking, or other processes
to enhance flavor or improve preservation) as carcinogenic to humans
(Group 1) (IARC, 2018).

Exposure to nitrite or nitrate may occur via many sources besides red
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Fig. 1. The proposed mechanism for the conversion of nitrite and nitrate
to NOGCs.
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meat and its related products. Table 2 indicates that consumption of
vegetables is responsible for approximately 80% of nitrite exposure and
85% of nitrate exposure, while the consumption of meat and meat
products accounts for only about 5% of nitrite exposure (Ferysiuk and
Wojciak, 2020). Although these exposure ratios may be only approxi-
mate, they demonstrate that vegetables, nitrate reduction, and water are
the three major sources of nitrite exposure in humans. Further investi-
gation is needed into the contributions of consuming meat or meat
products treated with nitrite to cancer risks in humans. In order to
promote the healthy development of the meat industry and ensure
human health, the purpose of this review is to evaluate the recent de-
velopments and current knowledge concerning nitrite and nitrate in
meat processing and alternative methods to reduce the residual amount
of nitrite and nitrate in meat or meat products.

4. Functionality of nitrite and nitrate on meat quality
4.1. Color formation effect

Nitrite or nitrate can produce a pinkish-red color via interaction with
the myoglobin in muscle. In addressing the food safety concerns, most
researchers have, in recent years, focused on finding replacement color
formation ingredients containing natural nitrite or nitrate, such as
vegetable extracts and bacteria. Jarulertwattana et al. (2021) found that
4 x 1075 g/g of nitrite was suitable for chicken meat marination when it
was used with ginger paste, whereas more than 4 x 107 g/g of nitrite
will produce pink color defect in the drumsticks. Zhu et al. (2020) used
Lactobacillus plantarum to partially replace standard nitrite in pork
sausages, finding that 50 mg/kg NaNO, combined with 7 log CFU/g
L. plantarum produced similar effects to 100 mg/kg NaNO; alone. Ozaki
et al. (2020) added radish powder (0.5% or 1.0%) and oregano essential
0il (100 mg/kg) to fermented cooked pork and beef sausage, and found
that both treatments could improve the red color of these products.
Higuero et al. (2020) found that 75 mg/kg nitrate or 37.5 mg/kg nitrite
produced a similar color to that seen following 150 mg/kg nitrate or
150 mg/kg nitrite treatment. This research suggests that, in terms of red
color formation, there is an optimal amount of nitrite or nitrate.
Therefore, appropriate process optimization may be an advisable
method for controlling the amount of nitrite or nitrate added. Typical
process optimization methods are orthogonal experiment design and
response surface experimental design (Zhang et al., 2012). The latter, in
particular, has been successfully used in the optimization of processes
involving meat or other food products (Zhang et al., 2014, 2015, 2019,
2021; Zhao et al., 2017a). Recently, Kim and Chin (2021) evaluated the
effects of paprika oleoresin, sunflower seed oil, and sodium nitrite on the
storage quality of emulsified pork sausage, and the results indicated that
this combination, given as 7.5 x 10> NaNOa+ 0.1% paprika oleoresin
solution (1% paprika oleoresin +99% sunflower seed oil or 5% paprika
oleoresin +95% sunflower seed oil) could increase redness.

4.2. Antimicrobial properties

The antimicrobial effects of nitrate and nitrite are considered very
important in meat and meat products. The minimum concentration of
nitrite that inhibits the outgrowth of Clostridium botulinum is 4 x 10~>
8 x10°° g/g (Rivera et al., 2019). Patarata et al. (2020) investigated
the effects of red wine and garlic on the behavior of C. sporogenes (used
as a substitute for C. botulinum) and Salmonella in a dry-cured chourico
sausage, and found that red wine (7.5%) and red wine + garlic (7.5% +
1%, respectively) could destroy Clostridium sporogenes and Salmonella
during the processing of chourico. Khatib et al. (2020) used hop com-
ponents to replace nitrite in the preparation of cooked beef sausage by
means of lupulon—xanthohumol-loaded nanoliposomes (XLN) used in
the production process; the results indicated that 1.5 x 10"* XLN and 3
x 107 nitrite could produce bacteriostasis during 30 days of storage at
4 °C. Radish powder and oregano essential oil can produce nitrite in
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Table 1
NOCs generated in meat and meat products.
Category Substance CAS no. Carcinogenicity TDLo" (dose/  Genotoxicity® DNA damage References
b duration) dose(pg/kg
bw)
volatile N-nitroso-diisopropylamine (NDIPA) 601-77-4 1B 14 mg/kg Genotoxic in vitro and in vivo No data (Mortensen et al.,
NOCs bw/110W-C 2017; Yang et al.,
2019)
N-nitrosodimethylamine (NDMA) 62-75-9 2A 23 mg/kg Genotoxic in vitro and in vivo 22 (FAOSTAT, 2021;
bw/2Y-1 Mortensen et al.,
2017)
N-nitrosomorpholine (NMOR) 59-89-2 2B 320 mg/kg Genotoxic in vitro and in vivo 400 (Asioli et al., 2017;
bw Mortensen et al.,
2017)
N-nitrosomethylethylamine (NMEA) 10595- 2B 600 mg/kg Positive in vitro (DNA 25 Mortensen et al.
95-6 bw/15W-1 binding) (2017)
N-nitrosopyrrolidine (NPYR) 930-55-2 2B 476 mg/kg Genotoxic in vitro and in vivo 5 x 10° (FAOSTAT, 2021;
bw/3.3Y-C Mortensen et al.,
2017)
N-nitrosodiethylamine (NDEA) 55-18-5 2A 119 mg/kg Genotoxic in vitro and in vivo 67 (FAOSTAT, 2021,
bw/3.3Y-C Mortensen et al.,
2017)
N-nitrosopiperidine (NPIP) 100-75-4 2B 350 mg/kg Genotoxic in vitro 2220 Mortensen et al.
bw/2Y-1 (2017)
N-nitroso-di-n-propylamine (NDPA) 621-64-7 2B 660 mg/kg Genotoxic in vitro 310 Mortensen et al.
bw/60W-I (2017)
N-methyl-N-phenylnitrous amide 614-00-6 No data 61 mg/kg No data No data (Asioli et al., 2017;
(NMPHA) bw/29W-C Yang et al., 2019)
N-ethyl-N-phenylnitrousamide 612-64-6 No data No data No data No data Yang et al. (2019)
(NEPHA)
N-nitrosodiphenylamine(NDPhA) 86-30-6 No data 140 mg/kg No data No data Zhao et al. (2017b)
bw/2Y-C
N-nitrosodihexylamine(NDHA) 6949-28- No data No data No data No data Xing (2010)
6
N-nitrosomethylaniline (NMA) 614-00-6 No data 61 mg/kg Limited positive data in vitro No data Mortensen et al.
bw/29W-C (Ames test) (2017)
Non- N-nitrosohydroxyproline (NHPRO) 30310- 3 No data No data No data Mortensen et al.
volatile 80-6 (2017)
NOCs N-nitrosoproline (NPRO) 7519-36- 3 770 mg/kg Limited negative data (Ames No data Mortensen et al.
0 bw/8W-1 test) (2017)
N-nitrososarcosine (NSAR) 13256- 2B 29 mg/kg Limited negative data (host- No data Mortensen et al.
22-9 bw/41W-C mediated assay) (2017)
N-nitrosodibutylamine (NDBA) 924-16-3 2B 140 mg/kg Genotoxic in vitro and in vivo 83 Mortensen et al.
bw/4W-C (Ames test, V79/hprt, in vivo (2017)
comet and SCE)
N-nitrosodiisobutylamine (NDiBA) 997-95-5 No data 1750 mg/kg Limited positive datain vitro No data Mortensen et al.
bw/30W-1 (Ames, V79/hprt) (2017)
N-nitrosodibenzylamine (NDBzA) 5336-53- No data No data Limited positive data in vitro 5 x 104 Mortensen et al.
8 (Ames test) (2017)
N-nitroso-2-hydroxymethyl- 99452- No data No data No data No data Mortensen et al.
thiazolidine-4-carboxylic acid 46-7 (2017)
(NHMTCA)
N-nitroso-thiazolidine-4-carboxylic 88381- No data No data No data No data Mortensen et al.
acid (NTCA) 44-6 (2017)
N-nitroso-2-methyl-thiazolidine 4- 103659- No data No data No data No data Mortensen et al.
carboxylic acid (NMTCA) 08-1 (2017)
N-nitrosopipecolic acid (NPIC) 4515-18- No data No data No data No data Mortensen et al.
8 (2017)
N-nitroso-N,N-di-(7-methyloctyl) 643014- No data No data No data No data Ma et al. (2020)
amine(NDiNA) 99-7

41B represents the agent is carcinogenic to humans; 2A represents the agent is probably carcinogenic to humans; 2B represents the agent is possibly carcinogenic to
humans; 3 represents the agent is not classifiable as to its carcinogenicity to humans.

2 TDLo means lowest published toxic dose.

b Carcinogenicity date from IARC (The International Agency for Research on Cancer) group in monographs supplement 7, 1987 (http://www.iarc.fr/en/publication
s/list/monographs/index.php) and Globally Harmonized System of Classification and Labelling of Chemicals (https://www.sigmaaldrich.cn/CN/en/sds/supelco

/y0002263).

¢ Genotoxicity of each NOCs was from hazardous substances Data Bank (http://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm).
4 Carcinogenicity TDLo and DNA damage dose of each NOCs was from Chemical Toxicity Database (https://www.drugfuture.com/toxic/search.aspx), the test

system was rat, the route of exposure was oral.

fermented cooked pork and beef sausages, thus inhibiting mesophilic
bacteria (Ozaki et al., 2020). Kim and Chin (2021) found that the
addition of paprika oleoresin, sunflower seed oil, and sodium nitrite
(7.5 x 107° NaNOy + 0.1% paprika oleoresin solution [1% paprika
oleoresin +99% sunflower seed oil or 5% paprika oleoresin +95%

sunflower seed 0il]) could decrease the total plate counts of emulsified
pork sausage samples. Vegetable extracts alone or in combination with
other ingredients thus show promising abilities to control microorgan-
isms in meat or meat products, but the specific chemicals that result in
the antimicrobial effect are not well understood. Therefore, more
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Table 2
The nitrite and nitrate sources and their exposure status to human.
Sources Ways to enter human body Human exposure status References
Vegetable and Fresh vegetables, cooked vegetables, vegetable products, approximately 80% nitrite exposure, 85% nitrate (Karwowska and Kononiuk, 2020;

its products
Oral reduction

of nitrate
Water

Meat and meat
products

Fish and fish
products
Dairy products
Fruit and its
products
Herbs

Cereals
Medicine

Food additives

vegetable extracts

Nitrate-reducing bacteria can trandser about 5-7% of all
ingested nitrate to nitrite at the base of the tongue
Drinking water, beverage, aquatic products, liquid
condiments, agriculture products fertilized with natural
organic wastes or overused fertilizers

Fresh meat, chilled meat, freezing meat, cured meat
products, sauced and stewed meat, roasting meat burning
smoke, dried meat, fried meat products, sausage meat
products, prepared meat products, ham sausage, others
Fresh fish, chilled fish, freezing fish, fish products,
overcooked fish

Liquid milk, milk powder, other dairy products

Fresh fruits, fruit juice beverage, canned fruit, dried fruit
slices, jam, fruit powder, pickle fruit

Herbal medicine, plant seasoning, functional foods,
beverage,

Fertilizer, irrigation water

Therapeutic medicine, patient, therapeutic treatments for
angina and digital ischemia

L-arginine, decarboxylase and amino acid

exposure
approximately 70-80% of the human total nitrite
exposure

approximately 5-40% dietary nitrate intake, if the
nitrate level in drinking-water is more than 50 mg
L1, it wiil be the main source of exposure to nitrates
approximately 5% nitrite exposure, it depends the
category of meat and meat products

No data. It depends the amount of consumption

No data. It depends on the amount of consumption.
No data. It depends on the amount of consumption.

No data. It depends on the amount of consumption.

No data. It depends on the plant management.
No data. It depends on the patient’s conditions.

No data. It depends on the addition amount and
process.

Ranasinghe, 2018)

(Chan, 2011; Gassara et al., 2016; Leth
et al., 2008)

(Addiscott, 2005; Elias et al., 2020;
Karwowska and Kononiuk, 2020)

(Colla et al., 2018; Ferysiuk and
Wojciak, 2020; General Administration
of Quality Supervision et al., 2011)

Tammarino et al. (2013)

Gangolii et al. (1994)

(Ding et al., 2018; Ferysiuk and Wojciak,
2020)

Colla et al. (2018)

(Karwowska and Kononiuk, 2020)
(Cross et al., 2011; Karwowska and
Kononiuk, 2020)

(Flores and Toldra, 2021)

investigations should be performed to identify the underlying processes
responsible for the antimicrobial effect of vegetable extracts on meat or
meat products.

4.3. Flavor improvement

The effect of microbial starters on the curing flavor of meat products
has become a hot research topic. Perea-Sanz et al. (2020) investigated
the effect of Debaryomyces hansenii inoculation on the aroma chemicals
of dry fermented sausage and found that D. hansenii could induce the
generation of potent aroma compounds such as ethyl ester and 3-meth-
ylbutanal. TIAN et al. (2020b) used Lactobacillus fermentum RC4 to
decrease the nitrite level in salted meat, and the results indicated 73
volatile substances were identified in the fermented group, while there
were 67 volatile substances in the control. Zhao (2020) investigated the
effects of lactobacillus helveticus TR1-1-3 and ZF22 on the flavor chem-
icals of mutton sausages, and found that 1-pentene-3-ol, 1-octene-3-ol,
and 3-hydroxy-2-butanone were typical flavor chemicals in fermented
sausages. Huang et al. (2021) investigated the effects of Lactobacillus
starter culture (Lactobacillus fermentum RC4, L. plantarum B6) on the
volatile flavor elements in cured meat. The results indicated the key
volatile components included D-limonene and nonanal, (E,E)-2, 4-deca-
dienal, 1-octene-3-ol, and anethole. Nitrite can inhibit the growth of
bacteria like Clostridium botulinum, Bacillus cereus, Staphylococcus aureus,
Clostridium perfringens, and others (Dong and Tu, 2006). This effect of
nitrite can assist some fermentative bacteria in cured meat products to
produce fermented flavor ingredient by the metabolism of themselves or
the hydrolysis of proteases and lipases in them (Chen et al., 2021; Wang
et al., 2021). Therefore, nitrite may indirectly affect development of
cured meat flavor via its impact on the activity of microorganisms and
endogenous enzymes.

4.4. Antioxidant effect

The NO engendered by nitrite can competitively deplete oxygen by
self-oxidation, bind to the iron ion in hemoglobin and thus prevent its
oxidization, and destroy the radical chain reactions of lipid oxidations
(Jo et al., 2020). These indirect effects of nitrite may explain the anti-
oxidant effects of nitrite. Ji et al. (2020b) found that sodium nitrite can
effectively inhibit lipid oxidation at 1 x 10~* in mutton marinating
process. Khatib et al. (2020) used L-X-NL (lupulon-xanthohumol loaded
nanoliposome) to replace nitrite in the preparation of cooked beef

sausage, and found that these nanoliposomes could prevent lipid
oxidation. Ma et al. (2021) compared the antioxidant effects of phos-
phorylated nitrosohemoglobin (PNHb) and sodium nitrite on emulsified
sausage; the results indicated that the thiobarbituric acid values of the
PNHb group and NaNO, group were 0.62 mg/kg and 0.67 mg/kg,
respectively, suggesting that PNHb has a stronger antioxidant effect than
NaNO,. Despite the results, nitrite is still widely accepted as a color
formation and antiseptic agent in most countries.

4.5. Shelf-life extension

The improvement in shelf life is actually a combination of many
factors delaying the loss of quality, including the hygiene of raw meat,
processing treatments, storage temperature and relative humidity,
packaging method, etc (Singh et al., 2011). For nitrite and nitrate, they
can extend the shelf-life of meat and meat products by inhibiting the
outgrowth of pathogenic and spoilage bacteria (Rivera et al., 2019).
Recently, Chatkitanan and Harnkarnsujarit (2020) combined thermo-
plastic starch, sodium nitrite, and low-density polyethylene to develop a
starch-based, nitrite-containing film. They used it to vacuum-package
pork, and the results indicated that the film not only increased the
redness of pork by more than 30% during chilled storage, but also
inhibited microbial growth and lipid oxidation. Khatib et al. (2020)
found that the addition of XLN to cooked beef sausage could extend its
storage life via bacteriostasis and prevent fat oxidation during 30 days of
storage at 4 °C.

5. Regulation of nitrite and nitrate use

The multiple functions of nitrite and nitrate in meat and meat
products cannot be fully replaced by other food additives at present
(Karwowska and Kononiuk, 2020). Complete restriction of their use in
this context may not be acceptable to producers and consumers. In order
to regulate the application of nitrite and nitrate in meat or meat prod-
ucts, many countries have established directives and regulations
(Table 3) (Gassara et al., 2016).

Germany is the fourth largest meat producer in the world (Fig. 2),
and cured meat products are popular there. It was the first to propose
limits to the addition of nitrite to meat and meat products, restricting the
nitrite content in curing salt to between 0.5% and 0.6% (Ferysiuk and
Wojciak, 2020). The United Nations only limits residual nitrite levels
according to the category of meat product (Table 3). The United States is
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Table 3
Addition limit of nitrite and nitrate in meat and meat products in different countries.
Country or Meat and meat products Limit of Nitrite Limit of Nitrate References
organization
The United Cured ham and cooked cured pork Residual nitrite level<8 x 107° / (Additives and C. C. C. o. F., 2015)
Nations shoulder
Heat-treated processed meat, Residual nitrite level<8 x 107> / (Additives and C. C. C. o. F., 2015)
poultry, and game products in
whole pieces or cuts
Processed comminuted meat, Residual nitrite level<8 x 107> / (Additives and C. C. C. o. F., 2015)
poultry, and game products
Luncheon meat, cooked cured Residual nitrite level<8 x 10~° / (Additives and C. C. C. o. F., 2015)
chopped meat
corned beef Residual nitrite level <3 x 107> / (Additives and C. C. C. o. F., 2015)
The United Pumped and/or massaged bacon The ingoing level of sodium nitrite ~ / (USDA and Agriculture, 1995)
States <1.2x 10 * (or 1.48 x 10°*
potassium nitrite)
limmersion-cured bacon The ingoing level of sodium nitrite ~ / (USDA and Agriculture, 1995)
<1.2x 10" (or 1.48 x 10°*
potassium nitrite)
Comminuted meat and poultry The ingoing level of sodium (or / (USDA and Agriculture, 1995)
products potassium) nitrite<1.56 x 104
Massaged or pumped meat and The ingoing level of sodium (or / (USDA and Agriculture, 1995)
poultry products potassium) nitrite<2 x 10~
Immersion cured meat and The ingoing level of sodium (or / (USDA and Agriculture, 1995)
poultry products potassium) nitrite<2 x 10~%
Dry cured bacon The ingoing level of sodium (or / (USDA and Agriculture, 1995)
potassium) <2 x 1074 (or 2.46 x
10~* potassium nitrite)
Dry cured meat and poultry The ingoing level of sodium (or / (USDA and Agriculture, 1995)U
products potassium) nitrite<6.25 x 10~
European Canned meat products The ingoing level of nitrite<1.5 x  / Liu et al. (2019)
union 107*
Meat products The ingoing level of potassium / Wei et al. (2009)

Cured meat products

Other cured meat products

Cured bacon

Dry cured bacon

Non-heat-treated processed meat

Heat-treated processed meat,
except sterilised meat products (3
min heating at 121 °C for C.
botulinum)

Sterilised meat products(3 min
heating at 121 °C for C.
botulinum)

Other traditionally cured meat
products (number of products)

Only sterilised meat products (3
min heating at 121 °C for C.
botulinum)

Traditional immersion cured meat
products (number or products)

nitrite<1.5 x 104 (expressed as
NaNO,)
/

The ingoing level of sodium nitrite
<1.5 x 10~ % Residual amounts
(Sodium nitrite)<1 x 10~*

The ingoing level of sodium nitrite
<1.5 x 10~* Residual amounts
(Sodium nitrite)<1.75 x 10~*
Residual amounts (nitrites and
nitrates) 4.25 x 1074

Maximum added amount (sodium
or potassium nitrite) during
manufacturing (expressed as
NaNO,) <1.5 x 10~* Residual
amounts (Potassium nitrite)<5 x
10°°

Maximum added amount (sodium
or potassium nitrite) during
manufacturing <1.5 x 10~*

The ingoing level of sodium nitrite
<1 x 10~* (expressed as NaNO,)

Maximum amount of sodium
nitrite that may be added during
manufacturing (expressed as
NaNO,) <1.8 x 10~ Maximum
residual sodium nitrite level
(expressed as NaNO) <5 x 107°

Maximum added amount (sodium
or potassium nitrite) during
manufacturing <1 x 10~*
Maximum residual sodium nitrite
level (expressed as NaNO5) 5 x
107°-1.75 x 107*

The ingoing level of sodium or
potassium nitrate <3 x 10’4;
Residual amounts (sodium or
potassium nitrate)<2.5 x 10~*
/

/

Maximum added sodium or
potassium nitrate amount
((expressed as NaNO,)) during
manufacturing <1.5 x 1074

Maximum sodium nitrate amount
that may be added during
manufacturing (expressed as
NaNO,) is 2.5 x 107%-3 x 107*
(without nitrite added) Residual
sodium nitrate amounts
(expressed as NaNOy) 1 x 107°-
25x 107"

/

Maximum added sodium nitrate
amount (expressed as NaNO,)
during manufacturing <3 x 107%
Residual sodium nitrate amounts
(expressed as NaNO,) is 1 x

Honikel (2008a)

Honikel (2008a)

Honikel (2008a)

Gassara et al. (2016)

(Ahn et al., 2002; Honikel, 2008a)

Ahn et al. (2002)

Wei et al. (2009)

(Honikel, 2008a; Wei et al., 2009)

Ahn et al. (2002)

Wei et al. (2009)

(continued on next page)
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Table 3 (continued)
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Country or Meat and meat products Limit of Nitrite Limit of Nitrate References
organization
107°-2.5 x 10~* (some without
added)
Traditional dry cured meat Maximum residual sodium nitrite Maximum added sodium nitrate Wei et al. (2009)
products (number of products) level (expressed as NaNOy) is 5 x amount (expressed as NaNO3)
107°-1.75 x 10~* during manufacturing <3 x 107%
Residual sodium nitrate amounts
(expressed as NaNO,) is < 5 x
10~° (some without added)
China Cured meat products (such as Maximum addition amount Maximum addition amount National Health and Family Planning
bacon, cured meat, salted duck, (sodium (potassium) nitrite) < 0.5 (sodium (potassium) nitrate) < Commission (2015)
Chinese ham and sausage) g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 107° (potassium) nitrite, the residue is
<3x10°
sauced and stewed meat products ~ Maximum addition amount Maximum addition amount National Health and Family Planning
(sodium (potassium) nitrite) < 0.5 (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 107> (potassium) nitrite, the residue is
<3x10°°
Smoked and roasted meat Maximum addition amount Maximum addition amount National Health and Family Planning
products (sodium (potassium) nitrite) < 0.5  (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 107° (potassium) nitrite, the residue is
<3x10°
Fried meat products Maximum addition amount Maximum addition amount National Health and Family Planning
(sodium (potassium) nitrite) < 0.5 (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 107> (potassium) nitrite, the residue is
<3x107°
Western style ham (smoked and Maximum addition amount Maximum addition amount National Health and Family Planning
roasted, smoked, stewed) (sodium (potassium) nitrite) < 0.5 (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 7 x 107 (potassium) nitrite, the residue is
<3x107°
Sausage meat products Maximum addition amount Maximum addition amount National Health and Family Planning
(sodium (potassium) nitrite) < 0.5 (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 107> (potassium) nitrite, the residue is
<3x107°
Fermented meat products Maximum addition amount Maximum addition amount National Health and Family Planning
(sodium (potassium) nitrite) < 0.5  (sodium (potassium) nitrate) < Commission (2015)
g/kg; Based on sodium nitrite, the 0.5 g/kg; Based on sodium
residue is < 3 x 10~ (potassium) nitrite, the residue is
<3x10°
Canned meat products Maximum addition amount National Health and Family Planning
(sodium (potassium) nitrite) < 0.5 Commission (2015)
g/kg; Based on sodium nitrite, the
residue is < 5 x 107>
Canada Cured meat and meat by-products Residual levels of nitrites <2 x Residual levels of nitrate <2 x Gassara et al. (2016)
(except bacon) 1074 1074
bacon Residual levels of nitrites <1 x Residual levels of nitrate <1 x Gassara et al. (2016)
10 1074
Korean Meat products, meat extract Residual nitrite level <7 x 107> / Safety (2013)
processed products, edible beef
tallow, and edible pork
Fish sausages Residual nitrite level <5 x 107> / Safety (2013)
Salted pollack roe and salmon roe  Residual nitrite level <5 x 107° / Safety (2013)
Japan Meat products Residual nitrite level <7 x 107> / Cui et al. (2010)
India Fermented nonheated treated Maximum level<8 x 107> / Government (2011)
processed meat and poultry
products in whole pieces or cuts
Heat-treated processed meat and Maximum level<8 x 107> / (FSSAI), 2011)
poultryproducts in whole pieces
or cuts (canned chicken, canned
mutton and goat meat)
Processed comminuted meat and Maximum level<8 x 107> / (FSSAI), 2011)
poultry products
Mexico Cooked meat product Maximum addition<1.56 x 10~* Maximum addition<1.56 x 10~* Government (2012)
Raw cured meat product Maximum addition<1.56 x 1074 Maximum addition<1.56 x 1074 Government (2012)
Cured and matured meat product Maximum addition<1.56 x 10~* Maximum addition<1.56 x 10~* Government (2012)
Smoked fishery products Maximum addition<1.56 x 10~* Maximum addition<1.56 x 10~* Government (2012)
Emulsified fishery products Maximum addition<1.5 x 1074 Maximum addition<1.5 x 1074 Government (2012)
Argentina Cured, mixed and semi-cured Residual sodium nitrite level<1.5 Residual sodium nitrite level<3 x Salud (2021)

meat, Sausages: fresh or not dried,
aged and/or not matured;
Slaughter: fresh, cold or not dried,

x 1074

107

(continued on next page)
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Table 3 (continued)
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Country or Meat and meat products Limit of Nitrite Limit of Nitrate References
organization
ripe or unripe; cooked or
uncooked sausages
Brazil Meat products Maximum residual nitrite is 1.5 x Maximum amount of NaNO3 and Della Betta et al. (2014)
1074 KNO3 that may be added during Della Betta et al. (2016)
manufacturing 3 x 10~*
Turkish Meat products Maximum residual nitrite ions <5 Maximum residual nitrate and Biiyiikiinal et al. (2016)
x 107° ions <2.5 x 10°*
Sudan Meat products Maximum residual nitrite ions <1 / Adam et al. (2016)
x107*
Denmark Meat products Maximum amount of NaNO, that / (Ferysiuk and Wojciak, 2020;
may be added during Ministerium:-Miljg-og-Fgdevareministeriet,
manufacturing <6 x 10°° 2018)
100 6. Nitrite and nitrate in meat and meat products

@2016

02017 B2018 282019 82020

Production (million tons)

1. Date from Food and Agriculture Organization of the United Nations (https://www.fao.org/faostat/zh/#data/QCL).

Fig. 2. Top 10 countries in meat production quantity.

the second largest meat producer globally (Fig. 2), and its cured meat
and meat products are frequently consumed as hotdogs or other con-
venience foods (Table 3). The maximum nitrite level for pumped and/or
massaged bacon (the ingoing level of sodium nitrite <120 (or 148 ppm
potassium nitrite) ppm) and other meat products were restrictedly
limited (Table 3).

More specific restrictions have been imposed by the European Union
and European countries (Table 3). They have restricted the levels of
nitrite and nitrate in treatments and the residue levels in different meat
products (Table 3). China is the world’s largest meat producer (Fig. 2),
cured meat products being widely-consumed traditional foods. To
regulate the application of nitrite and nitrate in meat or meat products,
similar limits have been proposed within Chinese additive standards
(Table 3) (National Health and Family Planning Commission, 2015).
Canada, Korea, Japan and other countries are all restricting input and
residue levels of nitrite and nitrate in meat or meat products (Table 3).

Restricting input and residue levels is beneficial, in that it prevents
the overuse of nitrite and nitrate in meat or meat products, but it is also
essential to ensure that directives or regulations are implemented
appropriately. Although most countries have established food inspection
agencies to supervise the use of nitrite and nitrate in meat or meat
products, there will be some omissions. Abd Hamid et al. (2020)
investigated the nitrite intake of school children in Brunei Darussalam,
and found that more than 20% of children exceeded the Acceptable
Daily Intake (ADI) of nitrite (<0.07 mg/kg b. w/day). Therefore,
frequent market sampling inspections are necessary to ensure the
implementation of directives or regulations concerning nitrite or nitrate
levels.

Meat production is an important index within global agriculture. The
top ten meat-producing countries from 2015 to 2019, according to the
Food and Agriculture Organization of the United Nations (FAO), are
shown in Fig. 2. China and the USA are the two largest meat producers,
jointly accounting for more than 60% of total world output. As such,
their classification systems and data for meat products are the most
detailed, and are reviewed below. These countries categorize meat and
meat products into 11 types.

Two categories cover meat: raw meat and cooked meat; the
remaining nine categories cover processed meat products (Table 4).
Based on the categories listed in Table 4, the residual nitrite and nitrate
in sausages (12) and ham (7) are the most frequently reported, while
other types of meat products, in decreasing order of frequency, are
roasted and burning smoked meat products (5), raw meat (4), cured
meat products (4), dried meat products (2), other meat products (2), and
sauced and stewed meat products (1). Few reports have been published
concerning the residual nitrate or nitrite in fried meat products. The
residual levels of nitrite and nitrate in sausage were 0-1.39 x 10~% and
1.88 x 10~* or less, respectively (Table 4). The residual levels of nitrite
and nitrate in ham were 5.76 x 107> and 1.94 x 10~ or less, respec-
tively (Table 4). According to the European Commission’s former Sci-
entific Committee for Food and the Joint FAO/WHO Expert Committee
on Food Additives, the ADIs for nitrite and nitrate are important for the
health of consumers (Karwowska and Kononiuk, 2020). The recom-
mended ADI for nitrite is less than 0.06 mg/kg bw/day; that for nitrate is
3.7 mg/kg bw/day (Santamaria, 2006). Taking the maximum amounts
of nitrite (1.39 x 10’4) and nitrate (1.88 x 1074) in sausage as exam-
ples, if an adult weighing 60 kg consumes 60 g of sausage, their nitrate
intake will be below its ADI (0.188 mg/kg bw/day <3.7 mg/kg
bw/day), but their nitrite intake will be above the daily acceptable level
(0.139 mg/kg bw/day >0.06 mg/kg bw/day). Therefore, stricter
application of regulatory restrictions and more frequent sampling sur-
veys are required in countries where the ADIs for nitrite and nitrate are
greater than 0.06 and 3.7 mg/kg bw/day, respectively.

To avoid indiscriminate use of nitrite and nitrate in meat or meat
products, the scope for their addition is rigorously restricted in most
countries. However, the data in Table 4 indicate that nitrite or nitrate
have been added to raw meat materials, such as minced meat, beef,
lamb, chicken meat, and fish. As ingredient or hazardous compound
levels are not monitored by regulation in raw meat materials in some
countries, and considering that nitrite overuse in processed meat prod-
ucts has occurred (Abd Hamid et al., 2020; Neri and Patalinghug, 2021),
the application of nitrite or nitrate in raw meat materials may be a su-
pervisory blind spot that increases the risk of overuse. Therefore, it is
vital to strengthen the sampling regime for meat and meat products,
especially raw meat where it is not currently included.

Fried meat products comprise one of the most widely consumed meat
categories, but there are not many reports on their residual levels of
nitrite or nitrate (Table 4). This may be because fried meat products are
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Table 4
Recent investigations of nitrates or nitrites in meat or meant products.
Category Area Mean nitrite Mean nitrate References
(mg kg™ (mg kg™
Raw meat Khartoum, Minced meat / Adam et al.
Sudan 42 (2016)
Iran Beef 38.7 Beef 83.5 Bahadoran
Lamb 49.6 Lamb 74.3 et al. (2016)
Ground mixed Ground mixed
meat 37.2 meat 124
Chicken meat Chicken meat
41.8 133
Fish 33.9 Fish 55.6
Finland Poultry 22.4 / Suomi et al.
Reindeer 12.0 / (2016)
Sydney/ Minced beef 0 Minced beef Hsu et al.
Australian 18.7 (2009)
Beef medallion  Beef medallion
0 38.5
Cooked Henan/ Boiled beef 63.  / Liang et al.
meat China 91 (2016)
Cured Turkey Pastirma Pastirma Biiyiikiinal et al.
meat 4.26-46.28 64.12-187.66 (2016)
products Chengdu/ cured meat / Ji et al. (2020a)
China products
4.0-8.7
Philippines Dumingag / (Neri and
Chorizo Patalinghug,
0.76-1.02 2021)
Molave
Chorizo
0.15-1.73
Pagadian
Chorizo
4.59-39.07
Molave
Longaniza
0.55-2.54
Pagadian
Longaniza
3.40-32.8
USA Meat products Meat products Keeton et al.
0.64-7.31 14.81-78.81 (2009)
Sauced Finland Marinated / Suomi et al.
and pork 11.0 (2016)
stewed
meat
products
Roasted Korea Bacon <31.3 / (Choi et al.,
and 2016
burning Finland Bacon 11.8 / Suomi et al.
smoked (2016)
meat Italian Bacon 7.7 Bacon 178 Roila et al.
products (2018)
South Bacon 15.8 / (Institute),
Korea 2015)
Sydney/ Bacon 15.7 Bacon 23.3 Hsu et al.
Australians (2009)
Dried meat  Korea Dried meats / (Chen et al.,
products <37.0 2016)
Italian Bresaola 25.67 Bresaola 188 Roila et al.
Capocollo 0.76 ~ Capocollo 69 (2018)
Guanciale 8 Guanciale 142
Sausage Khartoum, Sausage 51.8 / Adam et al.
Sudan Mortadella 28 / (2016)
Poland Traditional Traditional Halagarda et al.
sausages sausages (2018)
5.79-14.78 12.51-34.64
Conventional Conventional
sausages sausages
9.72-79.21 13.79-27.80
Iran Sausages 139 Sausages 188 Bahadoran
et al. (2016)
Korea Sausage <55.1 / (Choi et al.,
2016)
South Sausage 4.6 / (Institute),
Korea 2015)

Table 4 (continued)
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Category Area Mean nitrite Mean nitrate References
(mg kg™") (mg kg™
Finland Five types of / Suomi et al.
sausages (2016)
8-97.6
Brunei Meat products Meat products Abd Hamid
14.0 20.4 et al. (2020)
Korea / Meat products Chae et al.
31.8 (2017)
Turkey Sucuk Sucuk Biiyiikiinal et al.
6.41-90.02 28.10-174.62 (2016)
Sydney/ Salami 0 142 Hsu et al.
Australian Frankfurt 83.9 Frankfurt 54.9 (2009)
Italian "Ciauscolo" "Ciauscolo" Roila et al.
salami 0 salami 43 (2018)
Dry fermented Dry fermented
salami salami
“Salame” 7.8 “Salame” 69
Dry fermented Dry fermented
sausage sausage
“Salsiccia” “Salsiccia” 46
5.03
Tartu, Frankfurters Frankfurters Elias et al.
Estonia 20.2 27.1 (2020)
Dinner Dinner
sausages 22.7 sausages 25.4
Boiled Boiled
sausages 29 sausages 18.1
Other boiled Other boiled
sausages 25.8 sausages 26.7
Semi-smoked Semi-smoked
sausages 18.9 sausages 28.7
Fully smoked Fully smoked
sausages 14.4 sausages 37.2
Salami type Salami type
sausages 30.3 sausages 45.3
Liver paté and Liver paté and
paté 26.7 paté 20.8
Uncooked raw Uncooked raw
sausages 17.8 sausages 21.1
Ham Iran Ham 57.6 Ham 194 Bahadoran
et al. (2016)
Italian Cured ham 0 Cured ham 21 Roila et al.
(2018)
Australian Ham 34.2 Ham 19.0 Hsu et al.
(2009)
Tartu, Hams 22.8 Hams 12.7 (! INVALID
Estonia CITATION !!)
South Ham 16.6 / (Institute),
Korea 2015)
Korea Ham <57.4 / (Choi et al.,
2016)
Finland Ham 15.1 / Suomi et al.
Marinated / (2016)
pork 11.0
Prosciutto <8 /

Prepared Khartoum, Meat ball 51.9 / Adam et al.
meat Sudan (2016)
products Tartu, Meat patties Meat patties Elias et al.

Estonia and meatballs and meatballs (2020)
9.7 10.8
Brunei Meatballs 14.0 ~ Meatballs 25.9 ~ Abd Hamid
et al. (2020)
Korea Meatballs 0 Meatballs 38.0 Chae et al.
(2017)
Iran Meatballs 37.2 Meatballs Bahadoran
124.0 et al. (2016)
Brunei Meatloaves Meatloaves Abd Hamid
14.0 25.9 et al. (2020)

Fried meat / / / /
products

Others Iran Canned fish Canned fish Bahadoran

29.3 60.9 et al. (2016)
Egypt Meat products Meat products Abdel-Moemin
23-120 55-200 (2016)
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prepared meat products, which are readily consumed mixed with other
foods, and usually eaten immediately after cooking. These features make
them popular among adults or children and they are widely consumed in
snack bars and homes. An investigation of nitrite intake in school chil-
dren in Brunei indicated that more than 20% exceeded their nitrite ADI
(0.06 mg/kg bw/day) by eating cured meat products (Abd Hamid et al.,
2020). Therefore, in order to evaluate the safety hazards of eating fried
meat products, more surveys of the residual nitrite or nitrate in fried
meat products should be conducted, especially in products consumed by
infants or children.

7. Reducing the addition of nitrite and nitrate to meat and meat
products

7.1. Alternative additives

Following the classification of nitrite-cured meat as a Group 1
carcinogen by IARC (IARC, 2018), many researchers have tried to find
alternative additives to replace nitrite or nitrate. Vitamins, vegetable
extracts, spices, herbs, and fruits have all been investigated as alterna-
tives (Flores and Toldra, 2021; Gassara et al., 2016), as these materials
or their ingredients had shown antioxidant and/or bacteriostatic prop-
erties, preventing the formation of nitrosamines. Bamboo leaf extracts
were found to prevent nitrite from transforming into N-nitrosamines by
Pan et al. (2019), who added it to pork ham; the addition of 0.2%
bamboo leaf extract could effectively stop the transformation of nitrite
to N-nitrosamines. Wang et al. (2020) used rose extract to substitute for
nitrite in the preparation of semi-dried fermented sausage, the resulting
sausage quality was significantly improved over that of the sausage with
150 mg/kg sodium nitrite; the optimal combination was 10% rose
extract and 80 mg/kg sodium nitrite. Khatib et al. (2020) prepared XLN
and used them to replace nitrite in the preparation of cooked beef
sausage, finding that this treatment can partially replace nitrite (50%) in
the preparation of cooked beef sausage without impairing its sensory
quality. Ozaki et al. (2020) added radish powder (0.5% or 1.0%) and
oregano essential oil (100 mg/kg) to fermented cooked pork and beef
sausages, and found that this mixture could improve their color and
inhibit mesophilic bacteria, but it could not prevent lipid oxidation.
Alirezalu et al. (2020) mixed plant extracts (stinging nettle, olive leaves,
and green tea) with nisin or nisin nanoparticles, and compared their
effects on color, fat oxidation, and the microorganism content of
frankfurter sausages, finding that the mixture of plant extracts and nisin
nanoparticles could prevent fat oxidation and inhibit the increase of
bacteria, molds, and yeasts. They considered that the use of 2 x 10~ g/g
nisin nanoparticles and 5 x 10~* g/g of mixed plant extract could enable
production of nitrite-free frankfurter sausages of good quality with a
stable shelf life. Recently, the addition of 25% guava epicarp flour
extract in the production of frankfurters (Velasco-Arango et al., 2021),
0.2% Flos Sophorae and 1% chili pepper in Chinese sausages(Tang et al.,
2021), 0.3% white kimchi powder and 0.5% lemon extract powder in
naturally cured sausages (Bae et al., 2021), extracts of wild thyme
by-product and potassium bixinate were all found effective to replace
nitrite (Sojic et al., 2022). Other extracts from cruciferous vegetables as
sources of nitrate in meat were reviewed by (Munekata et al., 2021).

7.2. Microbial degradation

Beyond the addition of vegetable juice or extracts to reduce the re-
sidual nitrite in meat or meat products, some microbes also showed
nitrite reduction and conversion effects (Table 5). Microbial enzymes
can convert metmyoglobin to NO-Mb, thereby making the cured meat
pink. Huang et al. (2019) added Lactobacillus fermentum RC4 and
L. plantarum B6, without any nitrite, during preparation of cured meat,
producing a bright color and low nitrite content. Huang et al. (2020b)
adopted three staphylococcal species (S. vitulinus, S. carnosus, and
S. equorum) to induce the production of NO-Mb through nitric oxide

Table 5
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Major bacterial species that demonstrate nitrite reduction effect.

Microorganisms

Source of
microorganisms

References

Lactobacillus plantarum
CMRC6

Lactobacillus plantarum
CMRC 3

Lactobacillus plantarum
CMRC 19

Lactobacillus plantarum RC4

Lactobacillus plantarum B6

Lactobacillus fermentum

Lactobacillus fermentum RC4

Lactobacillus fermentum
AS1.1880

Lactobacillus fermentum
JCM1173 (generated nitric
oxide myoglobin)

Kurthia sp. K-22 (converted
metmyoglobin to more
desirable color derivatives)

Chromobacterium violaceum
K-28 (converted
metmyoglobin to more
desirable color derivatives)

Lactobacillus curvatus LAB26

Lactobacillus sakei CMRC15

Staphylococcus vitulinus

Staphylococcus .equorum

Staphylococcus xylosus

Staphylococcus xylosus

Staphylococcus carnosus

Staphylococcus saprophyticus

Staphylococcus simulans

Staphylococcus .carnosus

Staphylococcus strains (S.
simulans, S. carnosus subsp.
carnosus)

Pediococcus acidilactici

Pediococcus pentosaceus

Pediococcus pentosaceus
SWU73571

Pediococcus pentosus CMRC 7

Chromobacterium violaceum
Kurthiasp

Complex strains PRO-MIX5
(Staphylococcus xylose +
Lactobacillus sakei +
Lactobactillus plantarum)

Fermented pork sausage

Guizhou Fermented
Meat ( Nanx Wudl )
Guizhou Fermented
Meat ( Nanx Wudl )
Cured meat

Cured prok sausage
Smoked fermented
sausages; Chinese style
sausage; Harbin red
sausage

Cured prok sausage;
salted meat
Fermented pork meat

Horse heart myoglobin

Horse heart myoglobin

Horse heart myoglobin

Sour meat

Fermented pork sausage
Dry sausage model

Dry sausage model

Raw pork meat batters;
broth medium, raw meat
batters

Raw pork meat batters;
broth medium, raw meat
batters

Sausages

Sausages

Sausages

Dry sausage model
Fermented pork sausage

Broth medium
Raw pork meat batters
Sour meat

Guizhou Fermented

Meat ( Nanx Wudl )
Horse heart myoglobin

Bacon

Chen et al. (2016)
Chen et al. (2018)
Chen et al. (2018)

Huang et al. (2019)
Huang et al. (2020a)
(Alahakoon et al.,
2015; Moller et al.,
2003; Xue et al., 2007;
Zhang et al., 2007)
(Huang et al., 2020a;
Tian et al., 2020a)
Luo et al. (2020)

Arihara et al. (2010)

Arihara et al. (2010)

Arihara et al. (2010)

Zhang et al. (2020b)
Chen et al. (2016)
Huang et al. (2020b)
Huang et al. (2020b)
Li et al. (2013)

(Alahakoon et al.,
2015; Li et al., 2013;
Morita et al., 2010)
(Alahakoon et al.,
2015; Gotterup et al.,
2008a)

(Alahakoon et al.,
2015; Gotterup et al.,
2008a)

(Alahakoon et al.,
2015; Gotterup et al.,
2008a)

Huang et al. (2020b)
Gotterup et al. (2008b)

Giindodu et al. (2006)
Li et al. (2013)
Zhang et al. (2020b)

Chen et al. (2018)

(Alahakoon et al.,
2015; Arihara et al.,
1993)

Liu et al. (2021)

synthase catalysis, which, in all three species, increased the a* value of
the dry sausage model. Zhang et al. (2020b) inoculated Lactobacillus
curvatus LAB26 and Pediococcus pentosaceus SWU73571, isolated from
the sour meat of the Dong minority in China, into sour meat. Both
bacteria decreased the nitrite content of sour meat and increased the a*
value significantly. Luo et al. (2020) added Lactobacillus fermentum
AS1.1880 into pork batters and confirmed that the species increased
their redness by producing nitric oxide synthase. Tian et al. (2020a)
found that Lactobacillus fermentum RC4 significantly reduced the nitrite
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content of salted meat. They combined Lactobacillus fermentum RC4 and
L. plantarum B6 with beet red, Monascus red, and nisin to produce
Chinese bacon, and found that the combined agents not only improved
the cured meat quality, but also decreased the nitrite content. Liu et al.
(2021) used the commercial starter PRO-MIX5 (Staphylococcus xylose,
Lactobacillus sakei, Lactobacillus plantarum) to prepare bacon and found
that the starter resulted in significantly lower NDMA and total
N-nitrosamine levels.

7.3. Cooking method

Nitrite is easily oxidized in high-temperature aerobic environments,
such as cooking. Therefore, cooking can decrease the nitrite content of
meat or meat products. Nitrate reduction and nitrite accumulation were
observed in the uncooked sausage models, but Waga et al. (2017) found
that nitrate inhibits nitrite auto-decomposition in pork ham cooked in a
water bath at 75 °C. Asioli et al. (2017) investigated the effects of
dry-frying temperatures (100, 150, 200, and 250 °C) on the residual
nitrite and N-nitrosamine levels in smoked bacon, and found that the
residual nitrite content initially increased (from unheated control to
150 °C) and then sharply decreased between 150 °C and 250 °C. Sallan
et al. (2020) investigated the effects of cooking extent on volatile
nitrosamine formation in the heat-treated semi-dry fermented sausage
sucuk, and found that higher temperature and higher heat intensity
induced more nitrite controverted into nitrosamines, the content of ni-
trite and cooking levels influenced the content of N-nitrosopiperidine
(NPIP) more than other nitrosamines, well done and very well done
cooking levels combining with higher nitrite contents (100 and 150
mg/kg) resulted in significant increases in NPIP content. Recent in-
vestigations into the effects of cooking in this context recommend it for
the reduction of residual nitrite in meat and meat products.

7.4. Irradiation

Food irradiation includes treatment with gamma rays, X-rays, or
electron beams. Among these methods, gamma irradiation has the
highest potential. However, its development and commercialization
have been hampered by unfavorable public perceptions. The endorse-
ment of food irradiation by many international food and health orga-
nizations has counteracted this perception to some degree; thereby
increasing consumers’ confidence and raising food industry interest.
Gamma irradiation is effective in reducing the residual nitrite and N-
nitrosamines in meat products. A model sausage that was irradiated with
y-irradiation found that high dose irradiation (>10 kGy) could decrease
the residual nitrite levels significantly (Ahn et al., 2002). A dose of 5 kGy
y-irradiation significantly decreased residual nitrite in Chinese Rugao
ham before ripening (Wei et al., 2009). In recent years, limited in-
vestigations on effect of irradiation on reduction of the residual nitrite
were reported.

7.5. Plasma-treated water

The interaction of plasma with water can result in the generation of
nitrate and nitrite, as well as reactive oxygen species (Chen et al., 2021;
Moutiq et al., 2020). Therefore, plasma-treated water can be used as a
substitute for nitrite or nitrate. Moutiq et al. (2020) used atmospheric
cold plasma to treat chicken breast meat and found that levels of natural
microflora were approximately 2 log CFU/g lower following treatment
with 100 kV atmospheric cold plasma for 5 min, and that the shelf life of
the chicken breast was extended by sterilization of the mesophiles,
psychrotrophs, and Enterobacteriaceae in the meat. Dong and Tu (2006)
used atmospheric nonthermal plasma to treat roasted lamb, and found
that 45 min plasma treatment resulted in 30% lower residual nitrite
compared with the lamb treated with added nitrite, while the overall
sensory scores were similar in both groups.
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7.6. Other technologies

As the food industry develops, clean labels are widely preferred and
demanded by consumers. Therefore, natural food additives, non-
destructive technologies, and minimally harmful processing technolo-
gies will be developed to reduce or replace the addition of nitrite or
nitrate (Ferysiuk and Wojciak, 2020; Fraqueza et al., 2018; Ranasinghe,
2018; Zhang et al., 2016; Zhang et al., 2020a). In terms of naturally
sourced additives, there are more than 2000 edible vegetables, extracts
of most of which remain to be evaluated for nitrite reduction. Among
non-destructive technologies, ohmic heating and its combination with
other non-destructive technologies have not yet been investigated.
Minimally harmful processing technologies with potential include
bio-preservation methods, bacteriocinogenic cultures, and genetically
modified fermentation strains, all of which need to be investigated.

The advantages and disadvantages of ten alternative methods are
listed in Table 6. Among them, the use of alternative additives, bacterial
fermentation, improved packaging, and high hydrostatic pressure
methods have all been frequently investigated in recent years; the
replacement of nitrite and nitrate with vegetable extracts has been
industrialized, and some natural additives have been commercialized.
Meat quality improvement methods have been evaluated and tried in
meat production, but the resulting products are expensive and are not
accepted by most consumers. Cooking and storage condition methods
are used in food processing and storage. Irradiation, plasma-treated
water, and UV light methods are emerging technologies, and their
main function is to sterilize spoilage bacteria and pathogens in meat or
meat products. However, their effects on color, flavor, and oxidation of
meat or meat products remain to be further investigated.

8. Conclusions

Nitrite is a vital additive in meat and meat products. To date, the
multiple functions of nitrite in meat processing cannot be completely
replaced by other additives. To ensure that the use of nitrite or its oxide
nitrate is safe for humans, regulations and directives have been adopted
by various countries and regions, and 6 alternative methods of reducing
or partially replacing nitrite in meat processing have been described in
this review. Among these methods, alternative additives may be the
most successful methods of replacing nitrite in meat processing, because
there were many recently investigations focused on this direction. The
analysis and comparison of recent investigations into nitrite and nitrate
in meat and meat products have found that there are many unanswered
questions that require further investigation. We suggest that the corre-
lation between the risk of cancer and consumption of cured meat should
be systematically researched. In particular, the main contributors to CRC
among vegetables, water, red meat, and meat products should be clar-
ified. The sampling survey by regulators should pay more attention to
raw and fried meat products. Ohmic heating and other alternative
methods or additives, which can improve the cleanliness of labels and
are conducive to the production of high-quality meat or meat products,
should be further studied and developed.
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Table 6

Advantages and disadvantages of the alternative methods.

Alternative
methods

Advantages

Disadvantages

Meat quality
improvement

Alternative
additives

Bacteria
fermentation

Cooking

Storage
conditions

High
hydrostatic
pressure

Irradiation

Plasma-treated
water

Package
method

Illumination
method

Reduce or partially replace
nitrite or nitrate, improve the
flavor of meat

Reduce or partially replace
nitrite or nitrate, enrich
nutrients of meat products,
improve the flavor of meat
products

Reduce or partially replace
nitrite or nitrate, produce
unique flavor, extend shelf
life, improve product texture
and protein absorption rate;
reduce the pH and moisture
content

Reduce or partially replace
nitrite or nitrate, saves cost, it
can make the product produce
good flavor, the cooked meat
or meat products are
convenient to eat

Reduce the residual nitrite
content, low operation cost,
easy to implement, it is not
easy to cause deterioration of
meat or meat products
Reduce or partially replace
nitrite or nitrate, it can kill
microorganisms, reduce
nutrient loss caused by heat
treatment, it can be used to
process food materials with
new functional
characteristics, it can be
carried out at room
temperature or even lower,
the processing procedure is
simple; there are no strict
requirements on the size and
shape of meat or meat
products

Reduce or partially replace
nitrite or nitrate, it can
prevent and control food-
borne pathogenic bacteria
and spoilage bacteria and
keep the quality of meat
products

Reduce or partially replace
nitrite or nitrate, fast
sterilization speed, high
sterilization efficiency,
pollution-free, efficient and
environmental protection
Reduce or partially replace
nitrite or nitrate, It can
maintain the quality, color,
flavor and nutrition of meat
and meat products, It can
prolong the shelf life of meat
and meat products

Reduce or partially replace
nitrite or nitrate, high
sterilization efficiency and
simple equipment, no toxic
and harmful substances will
be produced, it has a certain
odor removal effect, the
equipment covers a small area
and is easy to maintain

Storage intolerance, high
feeding cost, the meat price is
high

Effect is not as good as adding
nitrite, need a variety of
additives, increased safety
control risk,

The production process is
complex, there is the risk of
harmful bacteria pollution, the
production cost is high, some
products tastes sour

It is mainly applicable to ready
to eat products, long-term
steaming will lead to the
increase of nitrite content in
sausage and cured meat,
require heat energy

Sensory quality of meat or meat
products will be influenced, it
takes a long time, prolonged
exposure to oxygen can easily
lead to fat or protein oxidation
High equipment cost, not
applicable to the processing of
large meat products, the meat
products should be vacuum
packed before processing, ultra
high pressure process requires
intermittent operation, there is
a risk of cross contamination
between pressure medium and
meat and meat products

Long time irradiation will
produce peculiar smell, not
suitable for raw meat and its
products, it will cause the loss
of nutrients to a certain extent,
it is harmful to human body
and requires special protection
It is suitable for sterilization of
unpacked meat and meat
products, for surface
sterilization only, it damage
protein structure

It is not suitable for irregular
bone meat and its products,
vacuum packaging can lead to
the accumulation of juice on
the surface of meat products,
packaging materials pollute the
environment

It is only applicable to the
surface sterilization of meat
and meat products, there is no
continuous disinfection ability,
there may be a problem of
microbial photoreactivation, it
cannot sterilize spores, cysts
and viruses

11

Current Research in Food Science 6 (2023) 100470
Data availability
Data will be made available on request.
Acknowledgments

The authors thank the financial support provided by the Sichuan
Innovation Team Project of National Modern Agricultural Industry
Technology System (No. sccxtd- 2023-15); the Science and Technology
Department of Sichuan (2019YFN0172), and the Science and Technol-
ogy Department of Chengdu (2019-YFYF-00023-SN).

References

Abd Hamid, N.F.H., Khan, M.M., Lim, L.H., 2020. Assessment of nitrate, nitrite and
chloride in selected cured meat products and their exposure to school children in
Brunei Darussalam. J. Food Compos. Anal. 91 (8), 1-10. https://doi.org/10.1016/j.
jfca.2020.103520.

Abdel-Moemin, A.R., 2016. Analysis of the content, colourants, fats, nitrate and nitrite in
advertised foods and biological fluids of Egyptian children. Br. Food J. 118 (11),
2692-2709. https://doi.org/10.1108/bfj-03-2016-0125.

Adam, A., Mustafa, N., Rietjens, L., 2016. Nitrite in processed meat products in Khartoum
Sudan and dietary intake. Food Addit. Contam. B 10 (2), 79-84.

Addiscott, T.M., 2005. Nitrate, Agriculture and the Environment. CABI Publishing,
Wallingford, Oxfordshire: UK.

Additives, C. C. C. o. F.,, 2015. GENERAL STANDARD FOR FOOD ADDITIVES, CODEX
STAN vols. 192-1995. Food and Agriculture Organization of the United Nations,
Rome, Italy.

Ahn, H., Kim, J., Jo, C., Lee, C., Byun, M., 2002. Reduction of carcinogenic N-
nitrosamines and residual nitrite in model system sausage by irradiation. J. Food Sci.
67 (4), 1370-1373.

Alahakoon, A.U., Jayasena, D.D., Ramachandra, S., Jo, C., 2015. Alternatives to nitrite in
processed meat: up to date. Trends Food Sci. Technol. 45 (1), 37-49. https://doi.
org/10.1016/j.tifs.2015.05.008.

Alirezalu, K., Hesari, J., Besharati, M., Yaghoubi, M., Malayeri, H., 2020. The effects of
nisin and nisin-nanoparticles as nitrite replacement on physicochemical,
microbiological, sensory properties and shelf life of frankfurter type sausage. The
Journal of Research and Innovation in Food Science and Technology 9 (2), 221-236.

Arihara, K., Kushida, H., Kondo, Y., Itoh, M., Cassens, R.G., 1993. Conversion of
metmyoglobin to bright red myoglobin derivatives by chromobacterium violaceum,
kurthia sp., and lactobacillus fermenturn JCM1173. J. Food Sci. 58 (1), 38-42.

Arihara, K., Kushida, H., Kondo, Y., Itoh, M., Cassens, R.G., 2010. Conversion of
metmyoglobin to bright red myoglobin derivatives by chromobacterium violaceum,
kurthia sp., and lactobacillus fermenturn JCM1173. J. Food Sci. 58 (1), 38-42.

Asioli, D., Aschemann-Witzel, J., Caputo, V., Vecchio, R., Annunziata, A., Nes, T.,
Varela, P., 2017. Making sense of the “clean label” trends: a review of consumer food
choice behavior and discussion of industry implications. Food Res. Int. 99 (1),
58-71.

Bae, S.M., Gwak, S.H., Yoon, J., Jeong, J.Y., 2021. Effects of lemon extract powder and
vinegar powder on the quality properties of naturally cured sausages with white
kimchi powder. Food Science of Animal Resources 41 (6), 950-966.

Bahadoran, Z., Mirmiran, P., Jeddi, S., Azizi, F., Ghasemi, A., Hadaegh, F., 2016. Nitrate
and nitrite content of vegetables, fruits, grains, legumes, dairy products, meats and
processed meats. J. Food Compos. Anal. 51 (8), 93-105. https://doi.org/10.1016/j.
jfca.2016.06.006.

Bedale, W., Sindelar, J.J., Milkowski, A.L., 2016. Dietary nitrate and nitrite: benefits,
risks, and evolving perceptions. Meat Sci. 120 (10), 85-92. https://doi.org/10.1016/
j-meatsci.2016.03.009.

Biiyiikiinal, S.K., Sakar, F.S., Turhan, i, Erginbas, C., Sandikci Altunatmaz, S., Yilmaz
Aksu, F., Kahraman, T., 2016. Presence of Salmonella spp., Listeria monocytogenes,
Escherichia coli 0157 and nitrate-nitrite residue levels in Turkish traditional
fermented meat products (sucuk and pastirma). Kafkas niversitesi Veteriner
Fakiiltesi Dergisi 22 (3), 233-236.

Chae, H.S., Park, Y.J., Kim, J.E., Kim, D.K., Jung, K., 2017. Nitrate and nitrite
concentrations in the processed meat products sold in food markets. Journal of
Preventive Veterinary Medicine 41 (1), 34-38.

Chan, T.Y.K., 2011. Vegetable-borne nitrate and nitrite and the risk of
methaemoglobinaemia. Toxicol. Lett. 200 (1-2), 107-108. https://doi.org/10.1016/
j.toxlet.2010.11.002.

Chatkitanan, T., Harnkarnsujarit, N., 2020. Development of nitrite compounded starch-
based films to improve color and quality of vacuum-packaged pork. Food Packag.
Shelf Life 25, 1-11.

Chen, X., Li, J.P., Zhou, T., Li, J.C., Yang, J.N., Chen, W.H., Xiong, Y.L.L., 2016. Two
efficient nitrite-reducing Lactobacillus strains isolated from traditional fermented
pork (Nanx Wudl) as competitive starter cultures for Chinese fermented dry sausage.
Meat Sci. 121 (11), 302-309. https://doi.org/10.1016/j.meatsci.2016.06.007.

Chen, X., Zhou, T., Xu, S., Li, J., Yang, J., Li, J., Chen, W., 2018. Selection and
identification of lactic acid bacteria with reduction and tolerance capability against
nitrite from guizhou fermented meat ( nanx wudl ) . J. Chin. Inst. Food Sci. Technol.
18 (2), 256-264.


https://doi.org/10.1016/j.jfca.2020.103520
https://doi.org/10.1016/j.jfca.2020.103520
https://doi.org/10.1108/bfj-03-2016-0125
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref3
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref3
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref4
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref4
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref5
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref5
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref5
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref6
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref6
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref6
https://doi.org/10.1016/j.tifs.2015.05.008
https://doi.org/10.1016/j.tifs.2015.05.008
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref8
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref8
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref8
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref8
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref9
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref9
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref9
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref10
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref10
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref10
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref11
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref11
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref11
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref11
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref12
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref12
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref12
https://doi.org/10.1016/j.jfca.2016.06.006
https://doi.org/10.1016/j.jfca.2016.06.006
https://doi.org/10.1016/j.meatsci.2016.03.009
https://doi.org/10.1016/j.meatsci.2016.03.009
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref15
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref15
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref15
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref15
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref15
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref16
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref16
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref16
https://doi.org/10.1016/j.toxlet.2010.11.002
https://doi.org/10.1016/j.toxlet.2010.11.002
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref18
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref18
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref18
https://doi.org/10.1016/j.meatsci.2016.06.007
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref20
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref20
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref20
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref20

Y. Zhang et al.

Chen, L., Wang, Z.L., Ji, L.L., Zhang, J.M., Zhao, Z.P., Zhang, R., Wang, W., 2021. Flavor
composition and microbial community structure of mianning ham. Front. Microbiol.
11 (6), 1-9. https://doi.org/10.3389/fmicb.2020.623775.

General Administration of Quality Supervision, L. a. Q. o. t. P. s. R. 0. C., China, S. A. o. t.
P.s. R. 0., 2011. In: Classify for Meat Products, GB/T vols. 26604-2011. State
Administration for Market Regulation CN-GB.

Choi, S.H., Suh, H.J., 2016. Determination and estimation of daily nitrite intake from
processed meats in Korea. Journal of Consumer Protection and Food Safety 12 (1),
1-8.

Chris, D., 2020. Red meat republic: a hoof-to-table history of how beef changed America.
Histories of economic life. By joshua specht. West. Hist. Q. (2), 1-2.

Colla, G., Kim, H.J., Kyriacou, M.C., Rouphael, Y., 2018. Nitrate in fruits and vegetables.
Sci. Hortic. 237 (7), 221-238. https://doi.org/10.1016/j.scienta.2018.04.016.

Cross, A.J., Freedman, N.D., Ren, J.S., Ward, M.H., Hollenbeck, A.R., Schatzkin, A.,
Abnet, C.C., 2011. Meat consumption and risk of esophageal and gastric cancer in a
large prospective study. Am. J. Gastroenterol. 106 (3), 432-442. https://doi.org/
10.1038/ajg.2010.415.

Crowe, W., Elliott, C.T., Green, B.D., 2019. A review of the in vivo evidence investigating
the role of nitrite exposure from processed meat consumption in the development of
colorectal cancer. Nutrients 11 (11), 1-17. https://doi.org/10.3390/nul1112673.

Cui, H.Y., Gabriel, A.A., Nakano, H., 2010. Antimicrobial efficacies of plant extracts and
sodium nitrite against Clostridium botulinum. Food Control 21 (7), 1030-1036.
https://doi.org/10.1016/j.foodcont.2009.12.023.

De Mey, E., De Maere, H., Paelinck, H., Fraeye, 1., 2017. Volatile N-nitrosamines in meat
products: potential precursors, influence of processing, and mitigation strategies.
Crit. Rev. Food Sci. Nutr. 57 (13), 2909-2923. https://doi.org/10.1080/
10408398.2015.1078769.

Della Betta, F., Vitali, L., Fett, R., Oliveira Costa, A.C., 2014. Development and validation
of a sub-minute capillary zone electrophoresis method for determination of nitrate
and nitrite in baby foods. Talanta 122 (5), 23-29. https://doi.org/10.1016/j.
talanta.2014.01.006.

Della Betta, F., Pereira, L.M., Siqueira, M.A., Valese, A.C., Daguer, H., Fett, R., Costa, A.C.
0., 2016. A sub-minute CZE method to determine nitrate and nitrite in meat
products: an alternative for routine analysis. Meat Sci. 119 (9), 62-68. https://doi.
org/10.1016/j.meatsci.2016.04.011.

Dietrich, M., Block, G., Pogoda, J.M., Buffler, P., Hecht, S., Preston-Martin, S., 2005.

A review: dietary and endogenously formed N-nitroso compounds and risk of
childhood brain tumors. Cancer Causes Control 16 (6), 619-635.

Ding, Z.S., Johanningsmeier, S.D., Price, R., Reynolds, R., Truong, V.D., Payton, S.C.,
Breidt, F., 2018. Evaluation of nitrate and nitrite contents in pickled fruit and
vegetable products. Food Control 90 (8), 304-311. https://doi.org/10.1016/j.
foodcont.2018.03.005.

Dong, Q., Tu, K., 2006. Research progress on bacteriostatic mechanism of nitrite in
preserved meat. J Progress in Modern Biomedicine 2 (3), 48-52.

Elias, A., Jalakas, S., Roasto, M., Reinik, M., Nurk, E., Kaart, T., Elias, T., 2020. Nitrite
and nitrate content in meat products and estimated nitrite intake by the Estonian
children. Food Addit. Contam. Part a-Chemistry Analysis Control Exposure & Risk
Assessment 37 (8), 1229-1237. https://doi.org/10.1080/19440049.2020.1757164.

FAOSTAT, 2021. Food and agriculture data for over 245 countries and territories.
Retrieved from, from Food and Agricultrure Organization of the United Nations.
https://www.fao.org/faostat/zh/#home. https://www.fao.org/faostat/zh/#home.

Ferysiuk, K., Wojciak, K.M., 2020. Reduction of nitrite in meat products through the
application of various plant-based ingredients. Antioxidants 9 (8), 1-28. https://doi.
org/10.3390/antiox9080711.

Flores, M., Toldra, F., 2021. Chemistry, safety, and regulatory considerations in the use
of nitrite and nitrate from natural origin in meat products - invited review. Meat Sci.
171 (1), 1-12. https://doi.org/10.1016/j.meatsci.2020.108272.

Fraqueza, M.J., Borges, A., Patarata, L., 2018. Strategies to Reduce the Formation of
Carcinogenic Chemicals in Dry Cured Meat Products, vol. 16 (Food control and
biosecurity [Handbook of Food Bioengineering Series]).

Gangolii, S., Brandt, P., Feron, V., Janz-Wsky, C., Speijers, G., 1994. Assessment of
nitrate, nitrite, and N-nitroso-compounds. Eur. J. Pharmacol. Environ. Toxicol.
Pharmacol. Sect. 292 (11), 1-38.

Gassara, F., Kouassi, A.P., Brar, S.K., Belkacemi, K., 2016. Green alternatives to nitrates
and nitrites in meat-based products-A review. Crit. Rev. Food Sci. Nutr. 56 (13),
2133-2148. https://doi.org/10.1080/10408398.2013.812610.

Gotterup, J., Olsen, K., Kn, Oslash, S., chel, Tjener, K., ller, 2008a. Colour formation in
fermented sausages by meat-associated staphylococci with different nitrite- and
nitrate-reductase activities. Meat Sci. 78 (4), 492-501.

Gotterup, J., Olsen, K., Kn, Oslash, S., chel, Tjener, K., Science, 1.J.M., 2008b. Colour
Formation in Fermented Sausages by Meat-Associated Staphylococci with Different
Nitrite- and Nitrate-Reductase Activities, vol. 78, pp. 492-501, 4.

Government, 1., 2011. The Food Safety and Standards (Food Products Standards and
Food Additives) Regulations (India).

Government, M., 2012. Acuerdo por el que se determinan los aditivos y coadyuvantes en
alimentos, bebidas y suplementos alimenticios, su uso y disposiciones sanitarias
(Contintia en la Cuarta Seccion) (Mexico).

Giindodu, A.K., Karahan, A.G., akmak, M.L., 2006. Production of nitric oxide (NO) by
lactic acid bacteria isolated from fermented products. Eur. Food Res. Technol. 223
(1), 35-38.

Guo, H., Huang, D., Xue, Y., 2005. The history of meat processing in China. MEAT
RESEARCH (6), 19-24.

Halagarda, M., Kedzior, W., Pyrzynska, E., 2018. Nutritional value and potential
chemical food safety hazards of selected Polish sausages as influenced by their
traditionality. Meat Sci. 139 (5), 25-34. https://doi.org/10.1016/j.
meatsci.2018.01.006.

12

Current Research in Food Science 6 (2023) 100470

Higuero, N., Moreno, 1., Lavado, G., Vidal-Aragon, M.C., Cava, R., 2020. Reduction of
nitrate and nitrite in Iberian dry cured loins and its effects during drying process.
Meat Sci. 163 (May), 108062.108061-108062.108068.

Honikel, K.-O., 2008a. The use and control of nitrate and nitrite for the processing of
meat products. Meat Sci. 78 (1-2), 68-76. https://doi.org/10.1016/j.
meatsci.2007.05.030.

Honikel, K.O., 2008b. The use and control of nitrate and nitrite for the processing of meat
products. Meat Sci. 78 (1-2), 68-76.

Hsu, J., Arcot, J., Lee, N.A., 2009. Nitrate and nitrite quantification from cured meat and
vegetables and their estimated dietary intake in Australians. Food Chem. 115 (1),
334-339. https://doi.org/10.1016/j.foodchem.2008.11.081.

Huang, L., Sun, Z., Wu, A,, Sun, J., Zeng, Z., Zeng, X., Pan, D., 2019. Optimization of
processing technology for no-nitrite-added cured meat. JOURNAL OF NINGBO
UNIVERSITY (NSEE) 32, 21-27, 03.

Huang, L., Zeng, X.Q., Sun, Z., Wu, A.J., He, J., Dang, Y.L., Pan, D.D., 2020a. Production
of a safe cured meat with low residual nitrite using nitrite substitutes. Meat Sci. 162
(4), 1-9. https://doi.org/10.1016/j.meatsci.2019.108027.

Huang, P., Xu, B.C., Shao, X.F., Chen, C.G., Wang, W., Li, P.J., 2020b. Theoretical basis of
nitrosomyoglobin formation in a dry sausage model by coagulase-negative
staphylococci: behavior and expression of nitric oxide synthase. Meat Sci. 161 (3),
1-9. https://doi.org/10.1016/j.meatsci.2019.108022.

Huang, L., Sun, Z., Zeng, X., Pan, D., He, J., Shen, J., 2021. Effects of multi-ingredients
for nitrite on the volatile flavor compounds in cured meat. J. Chin. Inst. Food Sci.
Technol. 21 (3), 324-333.

lammarino, M., Di Taranto, A., Cristino, M., 2013. Endogenous levels of nitrites and
nitrates in wide consumption foodstuffs: results of five years of official controls and
monitoring. Food Chem. 140 (4), 763-771. https://doi.org/10.1016/j.
foodchem.2012.10.094.

IARC, 2018. Red Meat and Processed Meat Volume 114. IARC monographs on the
evaluation of carcinogenic risks to humans, Lyon, France. Paper presented at the. htt
ps://monographs.iarc.who.int/wp-content/uploads/2018/06/mono114.pdf.

Institute, K. K. F. S. R., 2015. Nitrite and Food Safety (Wanju, Korea).

Jarulertwattana, P.P., Wanaloh, T., Charurungsipong, P., Pittarate, C., Asavasanti, S.,
2021. Influence of nitrate-nitrite contamination on pink color defect in ginger
marinated steamed chicken drumsticks. Applied science and engineering progress 14
(3), 417-424.

Ji, L.1., Wang, W., Chen, L., Bai, T., Zhang, J., Kang, J., 2020a. Processing and product
characteristics and shallow fermentation characteristics of sauce flavor preserved
meat in Chengdu. Food Sci. Technol. 45 (5), 106-112.

Ji, X., Ma, G., Chen, Y., Jin, J., Yu, Q., 2020b. Effect of sodium nitrite on fatty acid
composition and lipid oxidation of mutton in marinating process. JOURNAL OF
GANSU AGRICULTURAL UNIVERSITY 55, 195-202, 05.

Jo, K., Lee, S., Yong, H.L,, Choi, Y.S., Jung, S., 2020. Nitrite sources for cured meat
products. LWT - Food Sci. Technol. 129, 109583 https://doi.org/10.1016/j.
1wt.2020.109583.

Karwowska, M., Kononiuk, A., 2020. Nitrates/nitrites in food-risk for nitrosative stress
and benefits. Antioxidants 9 (3), 1-17. https://doi.org/10.3390/antiox9030241.
Keeton, J.T., Osburn, W.N., Hardin, M.D., S, B.N., 2009. A National Survey of the Nitrite/
nitrate Concentrations in Cured Meat Products and Non-meat Foods available at:

retail-NPB #08-124. Retrieved from.

Khatib, N., Varidi, M.J., Mohebbi, M., Varidi, M., Hosseini, S., 2020. Replacement of
nitrite with lupulon—xanthohumol loaded nanoliposome in cooked beef-sausage:
experimental and model based study. J. Food Sci. Technol. 57 (7), 2629-2639.

Kim, G.H., Chin, K.B., 2021. Evaluation of quality characteristics of low-nitrite pork
sausages with paprika oleoresin solution during refrigerated storage. Food Science of
Animal Resources 41 (3), 428-439.

Leth, T., Fa Gt, S., Nielsen, S., Andersen, R., 2008. Nitrite and nitrate content in meat
products and estimated intake in Denmark from 1998 to 2006. Food additives &
contaminants. Part A, Chemistry, analysis, control, exposure & risk assessment 25
(10), 1237-1245.

Li, P.J., Kong, B.H., Chen, Q., Zheng, D.M., Liu, N., 2013. Formation and identification of
nitrosylmyoglobin by Staphylococcus xylosus in raw meat batters: a potential
solution for nitrite substitution in meat products. Meat Sci. 93 (1), 67-72. https://
doi.org/10.1016/j.meatsci.2012.08.003.

Liang, Z., Zhang, D., Zhang, S., Zhang, R., Yuan, P., 2016. Investigation on nitrite content
in 417 cooked beef products in Henan Province. J. Hyg. Res. 45, 847-848, 005.

Liu, N., Zhu, Q., Zeng, X., Yang, B., Liang, M., Hu, P., Zhang, R., 2019. Influences of
pulsed light-UV treatment on the storage period of dry-cured meat and shelf life
prediction by ASLT method. J. Food Sci. Technol. 56 (4), 1744-1756.

Liu, L., Li, X., Chen, Y., Ma, L., Yang, H., 2021. Effects of microbial nitrosation inhibitors
on the quality of new bacon. Meat Research 35 (2), 1-8.

Luo, H.T., Li, P.J., Zhang, H.W., Diao, X.P., Kong, B.H., 2020. Nitrosylmyoglobin
formation in meat by Lactobacillus fermentum AS1.1880 is due to its nitric oxide
synthase activity. Meat Sci. 166 (8), 1-7. https://doi.org/10.1016/j.
meatsci.2020.108122.

Ma, X., Xiao, Y., Chen, Y., Zhou, L., Zhao, Q., 2020. Determination of 13 N-nitrosamines
in meat and aquatic products by gas chromatography-thermal energy analyzer with
rapid steam distillation. Food Res. Dev. 41 (20), 198-203.

Ma, X., Liu, Y., Sun, Y., Pan, D., Cao, J., 2021. Effects of phosphorylated nitroso porcine
hemoglobin as partial nitrite substitute on the quality of emulsified sausage. Food
Sci. (N. Y.). https://doi.org/10.7506/spkx1002-6630-20201201-018.

McKenna, E., 2019. Meat makes people powerful: a global history of the modern era.
Agric. Hist. 93 (1), 187-189.

Ministerium:-Miljg-og-Fgdevareministeriet, 2018. Bekendtggrelse om tilseetninger mv. til
fgdevarer. Journalnummer: miljg og Fgdevaremin, 2017-29-31-00341, 1-13.
Retrieved from. https://www.retsinformation.dk/eli/Ita/2018/1247.


https://doi.org/10.3389/fmicb.2020.623775
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref22
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref22
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref22
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref23
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref23
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref23
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref24
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref24
https://doi.org/10.1016/j.scienta.2018.04.016
https://doi.org/10.1038/ajg.2010.415
https://doi.org/10.1038/ajg.2010.415
https://doi.org/10.3390/nu11112673
https://doi.org/10.1016/j.foodcont.2009.12.023
https://doi.org/10.1080/10408398.2015.1078769
https://doi.org/10.1080/10408398.2015.1078769
https://doi.org/10.1016/j.talanta.2014.01.006
https://doi.org/10.1016/j.talanta.2014.01.006
https://doi.org/10.1016/j.meatsci.2016.04.011
https://doi.org/10.1016/j.meatsci.2016.04.011
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref32
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref32
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref32
https://doi.org/10.1016/j.foodcont.2018.03.005
https://doi.org/10.1016/j.foodcont.2018.03.005
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref34
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref34
https://doi.org/10.1080/19440049.2020.1757164
https://www.fao.org/faostat/zh/#home
https://www.fao.org/faostat/zh/#home
https://doi.org/10.3390/antiox9080711
https://doi.org/10.3390/antiox9080711
https://doi.org/10.1016/j.meatsci.2020.108272
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref39
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref39
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref39
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref40
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref40
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref40
https://doi.org/10.1080/10408398.2013.812610
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref42
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref42
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref42
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref43
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref43
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref43
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref44
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref44
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref45
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref45
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref45
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref46
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref46
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref46
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref47
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref47
https://doi.org/10.1016/j.meatsci.2018.01.006
https://doi.org/10.1016/j.meatsci.2018.01.006
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref49
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref49
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref49
https://doi.org/10.1016/j.meatsci.2007.05.030
https://doi.org/10.1016/j.meatsci.2007.05.030
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref51
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref51
https://doi.org/10.1016/j.foodchem.2008.11.081
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref53
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref53
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref53
https://doi.org/10.1016/j.meatsci.2019.108027
https://doi.org/10.1016/j.meatsci.2019.108022
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref56
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref56
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref56
https://doi.org/10.1016/j.foodchem.2012.10.094
https://doi.org/10.1016/j.foodchem.2012.10.094
https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono114.pdf
https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono114.pdf
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref59
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref60
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref60
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref60
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref60
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref61
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref61
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref61
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref62
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref62
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref62
https://doi.org/10.1016/j.lwt.2020.109583
https://doi.org/10.1016/j.lwt.2020.109583
https://doi.org/10.3390/antiox9030241
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref65
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref65
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref65
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref66
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref66
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref66
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref67
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref67
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref67
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref68
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref68
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref68
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref68
https://doi.org/10.1016/j.meatsci.2012.08.003
https://doi.org/10.1016/j.meatsci.2012.08.003
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref71
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref71
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref72
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref72
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref72
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref73
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref73
https://doi.org/10.1016/j.meatsci.2020.108122
https://doi.org/10.1016/j.meatsci.2020.108122
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref75
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref75
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref75
https://doi.org/10.7506/spkx1002-6630-20201201-018
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref69
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref69
https://www.retsinformation.dk/eli/lta/2018/1247

Y. Zhang et al.

Moller, J., Jensen, J.S., Skibsted, L.H., KnoChel, S., 2003. Microbial formation of nitrite-
cured pigment, nitrosylmyoglobin, from metmyoglobin in model systems and
smoked fermented sausages by Lactobacillus fermentum strains and a commercial
starter culture. Eur. Food Res. Technol. 216 (6), 463-469.

Morita, H., Sakata, R., Nagata, Y., 2010. Nitric oxide complex of iron(II) myoglobin
converted from metmyoglobin by Staphylococcus xylosus. J. Food Sci. 63 (2),
352-355.

Mortensen, A., Aguilar, F., Crebelli, R., Di Domenico, A., Dusemund, B., Frutos, M.J.,
Additives, E.P.F., 2017. Re-evaluation of potassium nitrite (E 249) and sodium nitrite
(E 250) as food additives. EFSA J. 15 (6), 1-157. https://doi.org/10.2903/j.
efsa.2017.4786.

Moutiq, R., Misra, N., Mendonca, A., Keener, K., 2020. In-package decontamination of
chicken breast using cold plasma technology: microbial, quality and storage studies.
Meat Sci. 159 (1), 1-9. https://doi.org/10.1016/j.meatsci.2019.107942.

Munekata, P.E., Pateiro, M., Dominguez, R., Santos, E.M., Lorenzo, J.M., 2021.
Cruciferous vegetables as sources of nitrate in meat products. Curr. Opin. Food Sci.
38 (4), 1-7.

National Health and Family Planning Commission, P., 2015. Standard for Use of Food
Additives, GB vols. 2760-2014.

Neri, E., Patalinghug, M.E., 2021. Nitrate concentration analysis using
spectrophotometry on locally processed meat products in a province in the
Philippines. Ioer international multidisciplinary research journal 3 (1), 42-47.

Ozaki, M.M., Santos, M., Ribeiro, W.O., Ferreira, N., Pollonio, M., 2020. Radish powder
and oregano essential oil as nitrite substitutes in fermented cooked sausages. Food
Res. Int. 140 (3), 109855 https://doi.org/10.1016/j.foodres.2020.109855.

Pan, J., She, X., Hu, L., Shi, L., Zhang, H., 2019. The application of bamboo leaf extracts
in cured foods. J. Bamboo Res. 38 (2), 57-61.

Patarata, L., Martins, S., Silva, J., Fraqueza, M.J., 2020. Red wine and garlic as a possible
alternative to minimize the use of nitrite for controlling Clostridium sporogenes and
Salmonella in a cured sausage: safety and sensory implications. Foods 9 (2), 1-18.
https://doi.org/10.3390/foods9020206.

Perea-Sanz, L., Lopez-Diez, J., Belloch, C., Flores, M., 2020. Counteracting the effect of
reducing nitrate/nitrite levels on dry fermented sausage aroma by Debaryomyces
hansenii inoculation. Meat Sci. 164 (6), 108103 https://doi.org/10.1016/j.
meatsci.2020.108103.

Rajkovic, A., Tomasevic, 1., De Meulenaer, B., Devlieghere, F., 2017. The effect of pulsed
UV light on Escherichia coli 0157: H7, Listeria monocytogenes, Salmonella
Typhimurium, Staphylococcus aureus and staphylococcal enterotoxin A on sliced
fermented salami and its chemical quality. Food Control 73, 829-837. Part B.

Ranasinghe, S., 2018. Nitrate and nitrite content of vegetables: a review. J. Pharmacogn.
Phytochem. 7 (4), 322-328.

Rivera, N., Bunning, M., Martin, J., 2019. Uncured-labeled meat products produced
using plant-derived nitrates and nitrites: chemistry, safety, and regulatory
considerations. J. Agric. Food Chem. 67 (29), 8074-8084. https://doi.org/10.1021/
acs.jafc.9b01826.

Roila, R., Branciari, R., Staccini, B., Ranucci, D., Miraglia, D., Altissimi, M.S., Haouet, N.
M., 2018. Contribution of vegetables and cured meat to dietary nitrate and nitrite
intake in Italian population: safe level for cured meat and controversial role of
vegetables. Italian Journal of Food Safety 7 (3), 168-173.

Safety, M. o. F. a. D., 2013. Korea Food Additives Code (Cheongju, Korea).

Sallan, S., Kaban, G., Ogras, S.S., Celik, M., Kaya, M., 2020. Nitrosamine formation in a
semi-dry fermented sausage: effects of nitrite, ascorbate and starter culture and role
of cooking. Meat Sci. 159 (1), 1-7. https://doi.org/10.1016/j.meatsci.2019.107917.

Salud, M.d., 2021. Cddigo Alimentario Argentino (Argentina).

Santamaria, P., 2006. Nitrate in vegetables: toxicity, content, intake and EC regulation.
J. Sci. Food Agric. 86 (1), 10-17.

Singh, P., Wani, A.A., Saengerlaub, S., Langowski, H.-C., 2011. Understanding critical
factors for the quality and shelf-life of MAP fresh meat: a review. Crit. Rev. Food Sci.
Nutr. 51 (2), 146-177.

Sojic, B., Pavlic, B., Tomovic, V., Danilovic, B., Loncarevic, 1., Petrovic, J., Skaljac, S.,
2022. The effect of wild thyme extracts on quality and shelf-life of cooked sausages
Possibilities for the application of thyme extract as an antioxidant in sausage
manufacturing. Fleischwirtschaft 102 (5), 82-87.

Suomi, J., Ranta, J., Tuominen, P., Putkonen, T., Backman, C., Ovaskainen, M.L.,
Savela, K., 2016. Quantitative risk assessment on the dietary exposure of Finnish
children and adults to nitrite. Food Addit. Contam. Part a-Chemistry Analysis
Control Exposure & Risk Assessment 33 (1), 41-53. https://doi.org/10.1080/
19440049.2015.1117145.

Tang, R., Peng, J., Chen, L., Liu, D., Wang, W., Guo, X., 2021. Combination of Flos
Sophorae and chili pepper as a nitrite alternative improves the antioxidant,
microbial communities and quality traits in Chinese sausages. Food Res. Int. 141 (3),
1-9.

13

Current Research in Food Science 6 (2023) 100470

Tian, Q., Wang, X., Ye, C., Pan, Q., Zeng, X., Pan, D., Shen, J., 2020a. Application of
Lactobacillus fermentum RC4 on salted meat for nitrite degradation and quality
improvement. Journal of Ningbo University 33 (1), 38-44.

Tian, Q., Wang, X., Ye, C., Pan, Q., Zeng, X., Pan, D., Shen, J., 2020b. Application of
Lactobacillus fermentum RC4 on salted meat for nitrite degradation and quality
improvement. Journal of Ningbo University: Science and Technology Edition 33 (1),
38-44.

USDA, 1995. In: Agriculture, U.S. D.o. (Ed.), Processing Inspectors’ Calculations
Handbook. Food Safety and Inspection Service (Washington, DC, USA).

Velasco-Arango, V.A., Hleap-Zapata, J.I., Ordonez-Santos, L.E., 2021. Effect of adding
guava (Psidium guajava) epicarp extract flour on the physicochemical, textural,
colour and sensory properties of Frankfurters. Food Technol. Biotechnol. 59 (2),
185-193.

Waga, M., Takeda, S., Sakata, R., 2017. Effect of nitrate on residual nitrite decomposition
rate in cooked cured pork. Meat Sci. 129 (7), 135-139. https://doi.org/10.1016/j.
meatsci.2017.03.002.

Wang, Y., Huang, Y., Chai, L., 2020. The effect of substituting nitrite with rose extract on
the quality of semi-dried fermented sausage. Food Ferment. Ind. 47 (13), 219-231.

Wang, Z.L., Wang, Z.X., Ji, L.L., Zhang, J.M., Zhao, Z.P., Zhang, R., Chen, L., 2021.

A review: microbial diversity and function of fermented meat products in China.
Front. Microbiol. 12 (6), 1-8. https://doi.org/10.3389/fmicb.2021.645435.

Wei, F., Xu, X., Zhou, G., Zhao, G., Li, C., Zhang, Y., Qi, J., 2009. Irradiated Chinese
Rugao ham: changes in volatile N-nitrosamine, biogenic amine and residual nitrite
during ripening and post-ripening. Meat Sci. 81 (3), 451-455.

Xing, B., 2010. Studies on the Formation and Control of Volatile N-Nitrosamines in Dry-
Cured Meat. Nanjing Agricultural University, Nanjing (master).

Xue, Z., Kong, B., Xiong, Y.L., 2007. Production of cured meat color in nitrite-free Harbin
red sausage by Lactobacillus fermentum fermentation. Meat Sci. 77 (4), 593-598.

Yang, G., Li, B., Li, Y., 2019. Determination of 13 kinds of volatile N-nitrosamines in
sausage and ham products by gas chromatography tandem mass spectrometry.
Journal of Food Safety and Quality 10 (24), 8436-8443.

Zeng, Q., 2007. Principles of Food Processing and Storage. Chemical Industry Press,
Beijing.

Zhang, X., Kong, B., Xiong, Y., 2007. Production of cured meat color in nitrite-free
Harbin red sausage by Lactobacillus fermentum fermentation. Meat Sci. 77 (4),
593-598.

Zhang, Y., Wang, W., Zhang, J., Pu, D., 2012. Comparison of the optimized hydrolysis
processing for bone extract obtain by orthogonal and response surface design
experiments. J Food Research and Development 33 (7), 53-56.

Zhang, Y., Wang, W., Wang, X., Zhang, J., 2014. Bone soup: protein nutrition and
enzymatic hydrolysis process optimized by response surface method. Journal of food
and nutrition research 53 (1), 1-12.

Zhang, Y., Pan, Z., Venkitasamy, C., Ma, H., Li, Y., 2015. Umami taste amino acids
produced by hydrolyzing extracted protein from tomato seed meal. LWT - Food Sci.
Technol. (Lebensmittel-Wissenschaft -Technol.) 62 (2), 1154-1161.

Zhang, Y., Chandrasekar, V., Pan, Z., Liu, W., Zhao, L., 2016. Novel umami ingredients:
umami peptides and their taste. J. Food Sci. 82 (1), 16-23.

Zhang, Y., Zhang, L., Venkitasamy, C., Guo, S., Pan, Z., Ke, H., Zhao, L., 2019. Improving
the flavor of microbone meal with Flavourzyme by response surface method. J. Food
Process. Eng. 42 (4), e13040.13041-e13040.13011.

Zhang, Y., Zhang, L., Venkitasamy, C., Pan, Z., Ke, H., Guo, S., Zhao, L., 2020a. Potential
effects of umami ingredients on human health: pros and cons. Crit. Rev. Food Sci.
Nutr. 60 (13), 2294-2302.

Zhang, Y.L., Hu, P., Xie, Y.Y., Wang, X.Y., 2020b. Co-fermentation with Lactobacillus
curvatus LAB26 and Pediococcus pentosaceus SWU73571 for improving quality and
safety of sour meat. Meat Sci. 170 (12), 1-10. https://doi.org/10.1016/j.
meatsci.2020.108240.

Zhang, Y., Ke, H., Bai, T., Chen, C., Guo, T., Mu, Y., Zhao, L., 2021. Characterization of
umami compounds in bone meal hydrolysate. J. Food Sci. 6 (86), 1-12.

Zhao, Y., 2020. Study on the Antioxidative Function of Lactic Acid Bacteria and its
Application in Mutton Fermented Sausage. (Master Master of Agriculture). Inner
Mongolia Agricultural University, Inner Mongolia.

Zhao, L., Yin, Z., Venkitasamy, C., Pan, Z., Gou, X., 2017a. Preparation of umami
octopeptide with recombined Escherichia coli: feasibility and challenges.
Bioengineered 9 (1), 166-169.

Zhao, Z., Xu, Y., Liu, X., Shi, X., Lu, Y., 2017b. Rapid determination of 10 volatile N-
nitrosamines in sour meats by modified QUEChERS and gas chromatographytriple
quadrupole mass spectrometry. Chin. J. Chromatogr. 35 (10), 1086-1093.

Zhu, Y., Guo, L., Yang, Q., 2020. Partial replacement of nitrite with a novel probiotic
Lactobacillus plantarum on nitrate, color, biogenic amines and gel properties of
Chinese fermented sausages. Food Res. Int. 137, 1-9. https://doi.org/10.1016/j.
foodres.2020.109351.


http://refhub.elsevier.com/S2665-9271(23)00038-2/sref78
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref78
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref78
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref78
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref79
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref79
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref79
https://doi.org/10.2903/j.efsa.2017.4786
https://doi.org/10.2903/j.efsa.2017.4786
https://doi.org/10.1016/j.meatsci.2019.107942
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref82
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref82
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref82
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref83
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref83
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref84
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref84
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref84
https://doi.org/10.1016/j.foodres.2020.109855
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref86
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref86
https://doi.org/10.3390/foods9020206
https://doi.org/10.1016/j.meatsci.2020.108103
https://doi.org/10.1016/j.meatsci.2020.108103
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref89
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref89
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref89
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref89
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref90
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref90
https://doi.org/10.1021/acs.jafc.9b01826
https://doi.org/10.1021/acs.jafc.9b01826
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref92
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref92
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref92
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref92
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref93
https://doi.org/10.1016/j.meatsci.2019.107917
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref95
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref96
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref96
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref97
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref97
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref97
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref98
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref98
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref98
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref98
https://doi.org/10.1080/19440049.2015.1117145
https://doi.org/10.1080/19440049.2015.1117145
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref100
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref100
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref100
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref100
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref101
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref101
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref101
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref102
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref102
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref102
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref102
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref103
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref103
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref104
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref104
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref104
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref104
https://doi.org/10.1016/j.meatsci.2017.03.002
https://doi.org/10.1016/j.meatsci.2017.03.002
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref106
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref106
https://doi.org/10.3389/fmicb.2021.645435
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref108
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref108
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref108
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref109
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref109
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref110
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref110
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref111
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref111
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref111
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref112
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref112
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref113
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref113
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref113
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref114
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref114
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref114
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref115
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref115
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref115
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref116
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref116
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref116
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref117
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref117
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref118
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref118
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref118
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref119
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref119
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref119
https://doi.org/10.1016/j.meatsci.2020.108240
https://doi.org/10.1016/j.meatsci.2020.108240
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref121
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref121
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref122
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref122
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref122
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref123
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref123
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref123
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref124
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref124
http://refhub.elsevier.com/S2665-9271(23)00038-2/sref124
https://doi.org/10.1016/j.foodres.2020.109351
https://doi.org/10.1016/j.foodres.2020.109351

	Nitrite and nitrate in meat processing: Functions and alternatives
	1 Introduction
	2 NOCS in meat and meat products
	3 The origin and safety implications of NOCS
	4 Functionality of nitrite and nitrate on meat quality
	4.1 Color formation effect
	4.2 Antimicrobial properties
	4.3 Flavor improvement
	4.4 Antioxidant effect
	4.5 Shelf-life extension

	5 Regulation of nitrite and nitrate use
	6 Nitrite and nitrate in meat and meat products
	7 Reducing the addition of nitrite and nitrate to meat and meat products
	7.1 Alternative additives
	7.2 Microbial degradation
	7.3 Cooking method
	7.4 Irradiation
	7.5 Plasma-treated water
	7.6 Other technologies

	8 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References




