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Abstract: Being a great source of protein, B-vitamins and minerals, meat and fish are staple foods in 
many cultures. However, cooking at high temperatures can produce chemicals associated with an 
increased risk of developing cancer. This review investigates the possible carcinogenic activity of 
chemicals formed during the cooking of meat and fish including heterocyclic amines (HCAs), 
polycyclic aromatic hydrocarbons (PAHs), and advanced glycation end products (AGEs). High-
temperature cooking methods for meat, including grilling or frying, result in the formation of HCAs. 
Meat that has been smoked, grilled, or cooked over an open flame produces PAHs whereas, dry 
heat methods including roasting, grilling, and frying results in formation of AGEs. In vitro studies 
have shown that these compounds can damage DNA, cause mutations, and promote the growth of 
cancer cells. Research shows that thoroughly cooked meat increases the risk of cancer, particularly 
colorectal, pancreatic, and prostate cancer. Alternative cooking techniques, marinades, and 
incorporating fruits and vegetables can help to mitigate this risk. For determining the efficacy of 
these measures, additional studies are required. For the purpose of lowering the potential 
carcinogenic activity of chemicals formed during the cooking of meat and fish, mitigation 
techniques must be understood and put into practice. Cancer can be avoided by informing people 
about the dangers of eating meat and fish that have been cooked at high temperatures and by 
encouraging better diets and cooking styles. In order to lessen the possible health concerns related 
to the eating of meat and fish, further studies are required. 
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1. Introduction 

Meat and fish serve major protein and nutritional sources in the human diet. Grilling, frying, 
and roasting, on the other hand, might create potentially carcinogenic substances such as heterocyclic 
amines (HCAs), polycyclic aromatic hydrocarbons (PAHs), and advanced glycation end products 
(AGEs) [1]. AGEs are a diverse category of chemicals [2] which occur spontaneously or under 
hyperglycemia and oxidative stress, are linked to chronic diseases like diabetes, cardiovascular 
disease, and Alzheimer’s disease [3]. 

The chemical structures of AGEs are complex and can vary depending on the reactants involved. 
For example, the interaction between glucose and lysine produces N(epsilon)-carboxymethyllysine 
(CML) [4]. It has a carboxymethyl group linked to the epsilon amino group of lysine. Pentosidine is 
another example of an AGE, which is formed from the reaction between glucose and arginine [5]. Its 
structure includes a cross-linking between two lysine residues. Methylglyoxal-derived AGEs are also 
common and are formed from a reactive intermediate called methylglyoxal, which can react with a 
variety of biomolecules, including proteins and DNA [6]. A variety of methods, including mass 
spectrometry and nuclear magnetic resonance spectroscopy, can be used to investigate the structures 
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of AGEs [7]. By understanding the chemical structures of AGEs, researchers can better understand 
their biological effects and develop strategies for preventing or mitigating their formation [8]. This 
review analyzes HCAs, PAHs, and AGEs in meat and fish, focusing on their formation, properties, 
and sources. It also suggests potential mitigation strategies to reduce their carcinogenic activity. 
These strategies may include modifying cooking methods, such as reducing cooking time or 
temperature, marinating meat in antioxidant-rich substances, and incorporating herbs and spices 
known to have anti-glycation properties [9,10]. This review also explores the benefits of consuming 
antioxidant-rich foods like fruits, vegetables, and whole grains to reduce health risks from meat and 
fish consumption. It provides a comprehensive overview of these risks and potential mitigation 
strategies, aiming to inform public health policies and dietary recommendations for healthy, safe 
food consumption. 

Carcinogens and their effects on human health 

Carcinogens are substances or agents that can cause cancer in living tissues, found in natural or 
synthetic sources like tobacco smoke, air pollutants, and certain foods [11]. Carcinogens damage 
DNA and disrupt cellular processes, causing uncontrolled cell growth and division, leading to tumor 
formation while, their health effects vary based on exposure, genetics, and lifestyle [12]. The types of 
cancer that can be caused by carcinogens also vary, with some agents being more strongly associated 
with certain types of cancer than others [13]. Carcinogens cause immediate and long-term health 
effects, increasing cancer risk and chronic health conditions like heart disease, lung disease, and 
neurological disorders [14]. Carcinogens cause environmental and food contamination, posing long-
lasting public health concerns due to their indirect impact [15]. Toxic compounds known as 
carcinogens can result in cancer even after brief exposure [16]. Tobacco smoke, containing 
carcinogens, is the leading cause of lung cancer and other types, and can indirectly impact human 
health through environmental contamination [17]. Exposure to PCBs, synthetic chemicals banned in 
the 1970s, can occur from contaminated fish consumption, affecting electrical equipment and 
industrial applications [18]. Along with other health issues including immune system malfunction 
and developmental delays, PCBs have been linked to an elevated risk of cancer. It is essential to 
remember that not all carcinogens are created by humans or are artificial [19]. Many naturally 
occurring substances, such as ultraviolet radiation from the sun and certain chemicals found in plants 
in addition to some lifestyle choices, such as a poor diet and inactivity, might raise the possibility of 
cancer by carcinogens building in the body [20]. Carcinogens’ impacts on human health are 
complicated and multifaceted. While total avoidance of these drugs is not always practicable, there 
are several methods that people and communities may take to lower their chance of cancer along 
with other health concerns [21]. These include practicing safe sun exposure, quitting smoking, eating 
a healthy and balanced diet, and taking steps to reduce exposure to environmental toxins.  

Meat and fish based carcinogens 

Meat and fish are both major sources of protein and key elements in the human diet. However, 
research has revealed that some molecules created during cooking procedures may be carcinogenic, 
or cancer-causing [22]. Concerns have arisen about the safety of meat and fish consumption, 
especially when cooked using high-temperature methods like grilling, frying, and broiling. 
Heterocyclic amines (HCAs) are implicated in potential carcinogenic activity [23]. High-heat 
exposure to amino acids and creatine in meat and fish creates HCAs, which can damage DNA and 
cause cancer-causing mutations. Additionally, polycyclic aromatic hydrocarbons (PAHs) are another 
potentially carcinogenic compound found in cooked meat and fish [24]. PAHs, formed from high 
heat and open flames, are found in meat and fish fats and juices. Other compounds with carcinogenic 
activity include acrylamide, nitrosamines, and advanced glycation end products (AGEs) [22]. 
Acrylamide is a chemical compound produced during high-temperature cooking of carbohydrates-
rich foods [25]. It was first discovered in 2002, and since then, extensive research has been conducted 
to understand its formation, distribution, and potential health effects [26]. Acrylamide is formed 
through the Maillard reaction, where carbohydrates are heated with amino acids, peptides, or 
proteins in moisture [27]. 
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Several variables influence acrylamide generation, including food type, cooking temperature, 
and duration. Potato items such as French fries and potato chips, as well as bread, crackers, and some 
types of coffee, are typically connected with high amounts of acrylamide [28]. High cooking 
temperatures, such as those used for frying or baking, have been shown to increase the formation of 
acrylamide. Additionally, longer cooking times and extended storage periods can also lead to higher 
levels of acrylamide in foods [29]. Research on acrylamide’s health effects has led to debates, with 
studies showing exposure to high levels in animals causing neurological and reproductive damage, 
and increasing cancer risk [29]. While various epidemiological studies have revealed a probable 
relationship between acrylamide intake and cancer, the data is not solid, and additional study is 
required to establish a clear association [30,31]. 

Nitrosamines are chemical compounds formed when nitrites are exposed to high heat, like in 
meat processing and cooking [32]. Nitrites are used as preservatives in processed meats like bacon, 
ham, and hot dogs to prevent bacterial growth and spoilage. High temperatures cause nitrites to react 
with amino acids, forming nitrosamines [33]. The formation of nitrosamines is highly dependent on 
several factors, including the type of meat, cooking method, and the presence of other chemicals. 
Certain meats, such as bacon and sausage, are particularly high in nitrites and are therefore more 
likely to form nitrosamines during cooking [34]. Cooking methods that involve high heat, such as 
frying and grilling, have also been shown to increase the formation of nitrosamines. In addition, the 
existence of certain chemicals, like ascorbic acid, can aid in the inhibition of nitrosamine production 
[35].  Excessive nitrosamine exposure has been demonstrated in experimental animals to induce 
cancer, notably in the liver, bladder, particularly the gastrointestinal system [36]. However, the true 
harm presented by nitrosamines in human diets is unknown. While various epidemiological studies 
have revealed a probable relationship between nitrosamine intake and cancer, the data is 
inconclusive, and additional study is required to establish a clear association [37]. 

Laboratory research has proven carcinogenic activity in chemicals, but the actual danger from 
eating cooked meat and fish is less apparent. Individual metabolism, heredity, and meat or fish type 
can affect the amount and type of carcinogenic chemicals produced [38]. Limiting high-temperature 
cooked fish and meat intake may reduce cancer risk, including colon cancer, by promoting healthier 
eating habits [39]. To reduce exposure to carcinogenic compounds, cook meat and fish at lower 
temperatures, marinate meat before cooking, and incorporate plant-based protein sources. These 
strategies minimize the risks associated with consuming cooked meat and fish, ensuring a healthy 
diet [40]. 

A. Heterocyclic Amines (HCAs) 

Formation and properties 

Heterocyclic amines (HCAs) are formed in meat and fish through pyrolysis, a process where 
high temperatures cause the breakdown of amino acids and creatine, which are naturally present in 
these foods [41]. They are heat-stable and resistant to cooking and food processing methods [42]. 
HCAs are present in cooked meat and fish products, including grilled, broiled, and fried options, as 
well as processed meat products like bacon, ham, and sausages [43].  

HCAs’ properties vary depending on their type, with some being more potent and carcinogenic 
than others. For example, PhIP (2-Amino-1-methyl-6-phenylimidazo[4,5-b] pyridine), a potent HCA, 
has been linked to increased cancer risk in various types, including breast, prostate, and colon cancer, 
according to studies [44]. Other HCAs, such as 2-Amino-3,8-dimethylimidazo[4,5-f] quinoxaline 
(MeIQ) and 2-Amino-3,4,8-trimethylimidazo[4,5-f] quinoxaline (MeIQx), are also potent and have 
been linked to cancer in animal studies. They form when amino acids and creatine in meat and fish 
are exposed to high heat during cooking processes like grilling, frying, and broiling. [45]. HCAs’ 
potential carcinogenic activity remains unclear, as their exact mechanisms for cancer remain 
unexplored [46]. Studies suggest HCAs can damage DNA, interfere with cellular processes, and 
promote cancer growth, potentially reducing immune system effectiveness and causing cancer [47]. 

Cooking at lower temperatures and for shorter periods can reduce HCA exposure by preventing 
HCA generation in meat and fish [48]. Avoid charring meat or fish to minimize HCA formation, and 
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marinate meat before cooking to reduce HCA formation with marinade-based ingredients [49]. 
Understanding HCAs’ formation and properties is crucial for informed dietary choices and reducing 
health risks from meat and fish consumption [50]. Moreover, it is crucial to note that the properties 
and carcinogenicity of HCAs can vary depending on the specific type of HCA. Therefore, it is 
important to be aware of the types of HCAs that are most abundant and potent, such as PhIP, and to 
take steps to minimize exposure to these compounds [51]. 

Types of HCAs and their carcinogenicity 

There are different types of heterocyclic amines (HCAs), each with varying levels of 
carcinogenicity. Here are some of the most common HCAs and their potential impact on human 
health: 

• PhIP: a potent HCA found in cooked meat products, has been linked to increased cancer risk in 
breast, prostate, and colon cancer.[52]. 

• MeIQ: a potent HCA, has been linked to cancer in animal studies, including breast, colon, and 
prostate cancer [53]. 

• 2-Amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline (DiMeIQx): Although less effective than PhIP 
or MeIQ, it has been proven in animal tests to raise the risk of cancer [54]. 

• 2-Amino-9H-pyrido[2,3-b]indole (AαC): This HCA is produced during the cooking of meat, 
poultry, and fish. It has been demonstrated in animal experiments to be carcinogenic, although 
its potential impact on human health is currently being investigated [55]. 

• 2-Amino-1,6-dimethylfuro[3,2-e]imidazo[4,5-b]pyridine (IFP): This HCA is generated during the 
cooking of beef and has been proven in animal experiments to be mutagenic and potentially 
carcinogenic [56]. 

Over 20 types of hydrogen peroxide (HCAs) have been identified in cooked meat and fish, with 
properties varying based on factors like meat or fish type, cooking method, and cooking degree. Table 
1 summarizes these types and their potential carcinogenicity based on previous studies. 

Table 1. Types of HCAs and their potential carcinogenicity. 

HCA Type Potential Carcinogenicity References 

2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) 
Most abundant and potent HCA; 
linked to breast, prostate, and colon 
cancer 

[57] 

2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) 
Potent HCA; linked to colon, liver, 
and lung cancer 

[58] 

2-Amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline (DiMeIQx) 
Potent HCA; linked to colon and liver 
cancer 

[59] 

2-Amino-9H-pyrido[2,3-b]indole (AαC) 
Potent HCA; linked to colon and lung 
cancer 

[42] 

2-Amino-6-methyldipyrido[1,2-a:3’,2’-d]imidazole (Glu-P-1) 
Potent HCA; linked to colon and liver 
cancer 

[58] 

2-Amino-3-methylimidazo[4,5-f]quinoline (IQ) 
Moderate HCA; linked to colon and 
liver cancer 

[50] 

2-Amino-3,7,8-trimethylimidazo[4,5-f]quinoxaline (MeIQx) 
Moderate HCA; linked to colon and 
liver cancer 

[33] 

2-Amino-6-heterocyclic-4-alkylamino-3-methylimidazo[4,5-f]quinolines 
Moderate HCA; linked to colon 
cancer 

[41] 

Potential Carcinogenicity: 

Table 1 displays HCAs’ potency and carcinogenicity, with PhIP being the most abundant and 
potentially increasing cancer risk in breast, prostate, and colon cancer [59]. Potent HCAs like MeIQ 
and MeIQx cause cancer in animal studies, while moderate HCAs like IQ and MeIQx are linked to 
colon and liver cancer [60]. 
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Mechanisms of Carcinogenicity: 

HCAs cause cancer through DNA damage, interference with cellular processes, and cancer cell 
growth, potentially reducing immune system effectiveness. The exact mechanisms remain unclear 
[61]. PhIP is the most potent and carcinogenic HCA, followed by MeIQ and DiMeIQx. 
Carcinogenicity varies based on dose, exposure time, and individual susceptibility [62]. 

Sources of HCAs in meat and fish 

High concentrations of heterocyclic amines (HCAs) are found in meat and fish cooked at high 
temperatures. These levels are influenced by cooking time, temperature, and cut [63]. For example, 
well-done or charred meat tends to have higher levels of HCAs than meat that is cooked to rare or 
medium-rare. Similarly, fatty cuts of meat may produce more HCAs than lean cuts [64]. HCAs are 
present in processed meat products like bacon, ham, and sausages, often treated with preservatives 
that interact with amino acids and creatine. Other factors include marinades with sugar or other 
ingredients, and high-heat cooking methods like deep-frying [65]. 

B. Polycyclic Aromatic Hydrocarbons (PAHs) 

PAHs are compounds produced during high-temperature cooking of meat and fish. They form 
when fat and juices from meat or fish drip onto hot coals or grill grates, creating smoke that sticks to 
the food. PAHs can also be formed during smoking and drying processes, like in smoked fish 
production [66]. 

Formation and properties: 

PAHs are organic compounds with multiple carbon atom rings formed when organic matter is 
burned or heated to high temperatures without enough oxygen. They are stable, persistent, and can 
accumulate in the environment and body, making them a significant concern for environmental and 
human health [67]. 

Types of PAHs and their carcinogenicity: 

PAHs have varying carcinogenicity, with some highly carcinogenic like benzo[a]pyrene linked 
to lung, liver, and skin cancer, while others, like naphthalene and anthracene, are less potent but still 
have negative effects on human health [68]. 

Sources of PAHs in meat and fish: 

High-temperature cooking methods like grilling, frying, and smoking produce PAHs in meat 
and fish, with fuel type affecting levels [69]. Charcoal grilling produces more PAHs than gas grilling, 
and meat and fish types affect their production. Fatty meats and oily fish, like salmon and trout, 
produce more PAHs than lean and non-oily fish [70]. 

Research shows high-temperature cooking methods like grilling, frying, and smoking are the 
main sources of PAHs in meat and fish [71]. A study published in Food Chemistry found significantly 
higher PAH levels in grilled meats and smoked fish as compared to uncooked meats, while a study 
published in Food Additives & Contaminants found higher levels of it in smoked fish [72]. Fuel type 
significantly impacts cooking process and PAH levels as charcoal grilling produce more PAHs than 
gas grilling [73]. Deng et al. in the Journal of Agricultural and Food Chemistry found significantly 
higher levels of polyunsaturated fatty acids (PAHs) in beef patties cooked on charcoal grills 
compared to gas grills [74]. The type of meat or fish cooked also affects the production of PAHs. Fatty 
meats like beef and pork and oily fish like salmon and trout produce more PAHs than lean meats and 
non-oily fish. This is because fat from meat or fish drips onto hot coals or grill grates, creating smoke 
containing PAHs [75]. A study in Food and Chemical Toxicology found that PAH levels were 
significantly higher in oily fish like salmon and trout compared to non-oily fish like cod and haddock 
[76]. Research shows that cooking time, temperature, and distance from heat sources affect PAH 
levels in meat and fish. A study found that beef patties cooked on charcoal grills had higher levels 
[77]. When grilled chicken breasts are put away from the heat source, PAH levels are shown to be 
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lower [78]. PAHs are formed in meat and fish when fat and fluids contact heat, releasing volatile 
chemicals. These chemicals react with each other to form PAHs [79]. 

Table 2. Examples of Polycyclic Aromatic Hydrocarbons (PAHs) Found in Cooked Meat and Fish. 

Polycyclic Aromatic Hydrocarbon Chemical Name Carcinogenicity References 

Benzo[a]pyrene Benzo[a]pyrene Carcinogenic [2] 
Dibenzo[a,h]anthracene Dibenzo[a,h]anthracene Carcinogenic [4] 
Benzo[b]fluoranthene Benzo[b]fluoranthene Possibly carcinogenic [6] 
Benzo[k]fluoranthene Benzo[k]fluoranthene Possibly carcinogenic [80] 
Benzo[j]fluoranthene Benzo[j]fluoranthene Possibly carcinogenic [21] 
Benzo[e]pyrene Benzo[e]pyrene Possibly carcinogenic [25] 
Indeno[1,2,3-cd]pyrene Indeno[1,2,3-cd]pyrene Possibly carcinogenic [28] 

High-temperature cooking methods like grilling, frying, and smoking produce PAHs in meat 
and fish. These procedures break down lipids, releasing volatile substances that can create PAHs [81]. 
The fuel used in cooking affects PAH levels, with charcoal grilling producing more PAHs than gas 
grilling due to its release of hydrocarbons during combustion [82]. The cooking type affects the 
production of PAHs. Fatty meats like beef and pork and oily fish like salmon and trout produce more 
PAHs than lean meats and non-oily fish due to their higher fat content and increased risk of breaking 
down and releasing volatile compounds [83]. PAHs can cause mutagenic and carcinogenic effects on 
human health, damaging DNA and causing cancer mutations. They also cause respiratory problems 
and skin irritation [84]. PAHs cause cancer through DNA disruption and interference with normal 
cellular processes, potentially leading to cancer formation, although precise methods remain 
unknown [85]. Minimize PAH exposure by using low-temperature, shorter cooking methods, and 
avoiding charring or burning meat or fish to reduce formation [86]. Use leaner cuts of meat and non-
oily fish to reduce fat breakdown and volatile chemicals during cooking [87]. Marinating meat before 
cooking reduces PAH formation by preventing harmful compounds formation through specific 
marinade ingredients [88]. 

C. Advanced Glycation End Products (AGEs) 

Advanced Glycation End Products (AGEs) are chemicals produced when sugars combine with 
proteins or lipids during glycation. They can be created naturally in the body or through high-
temperature cooking methods like grilling, frying, and broiling, especially in meat and fish. AGEs 
are heat-stable and can build in the body over time [89]. 

Formation and properties: 

AGEs form during cooking due to chemical reactions between protein amino acids and food 
sugars. These reactions create reactive compounds like glyoxal, methylglyoxal, and 3-
deoxyglucosone, which can cause protein stiffness and reduced functionality [90]. AGEs accumulate 
in the body over time, contributing to chronic illnesses like diabetes, heart disease, and cancer [91]. 
AGEs produced during cooking are influenced by factors like processing method, temperature, 
duration, and food type. Dry heat cooking methods like grilling and broiling generate more AGEs 
than wet heat methods like boiling or steaming. The longer cooking time and higher temperature 
result in higher AGEs [92].  
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Types of AGEs and their carcinogenicity: 

Some of the most prevalent forms of AGEs detected in high-temperature-cooked meat and fish 
are: 

Type of AGEs Detail  Potential Health Risk Refrence 

Nε-carboxymethyllysine 
(CML) 

Highly reactive and toxic AGE that is 
formed through the reaction of lysine 

with reducing sugars or carbonyls 

Causes oxidative stress, inflammation, DNA 
damage, and cancer development in animal 

models, highlighting its potential health risks 
[93] 

Methylglyoxal (MGO) 

 A reactive dicarbonyl compound 
formed during the Maillard reaction. 
It is capable of cross-linking proteins 

and nucleic acids, resulting in the 
creation of complex lipoxidation end-

products (ALEs).  

Linked to the development of several cancers, 
including breast cancer and stomach cancer  

[34] 

Glyoxal (GO) 

Di-carbonyl compound formed 
during the Millard reaction and may 

also cross-link nucleic acids and 
proteins and has been found in tests 
to cause oxidative stress including 

DNA damage 

 In animal studies, GO has been related to the 
formation of cancer 

[94] 

AGE carcinogenicity depends on factors like AGE type, concentration, and individual 
vulnerability to oxidative stress and inflammation. High AGE intake from cooked meat and fish has 
been linked to an increased cancer risk in studies [95]. 

Sources of AGEs in meat and fish 

AGEs are naturally produced in the body through aging, but they are also generated in food 
through high-temperature cooking techniques like grilling, frying, and roasting. Meat and fish are 
high in AGEs due to their amino acids and carbohydrates [96]. AGE production in meat and fish is 
influenced by cooking temperature, duration, and water presence. Higher temperatures and longer 
periods increase AGE development, while water presence can limit formation [97].  

AGEs are primarily found in processed meat products like sausages, bacon, and gammon, which 
are often made from lower-quality cuts and cooked high-heat. Fish, on the other hand, have lower 
AGE levels but can still be significant. The production of AGEs in fish is influenced by factors like 
type, cooking method, and lipid content. Fatty fish, like salmon and tuna, have higher AGE levels 
than lean fish like cod and haddock [98]. AGEs in meat and fish are regulated by various factors. To 
reduce exposure to these chemicals, reduce processed meat intake and choose lean cuts cooked at 
lower temperatures and for shorter periods. Grilled chicken breasts with lower PAH levels are also 
beneficial [100]. 

In vitro studies 

Exposure to meat and fish chemicals created during cooking techniques has been found in vitro 
to be carcinogenic [101]. Research presented in the journal Food and Chemical Toxicology, for 
example, discovered that HCA exposure caused DNA damage and enhanced cell proliferation within 
human colon cells, indicating their possibility to generate carcinogenic activity. Another study 
submitted in the same journal found that PAHs in smoked fish caused damage to DNA in human 
lung cells, indicating a possible relationship to lung cancer [101]. Furthermore, AGEs in grilled 
chicken caused DNA damage and alterations in human breast cells, indicating a possible involvement 
in breast cancer formation, according to a research published in the International Journal of Cancer. 
This shows that AGEs may play a role in cancer development and progression by inducing DNA 
damage and mutations in breast cells [102]. Kumar et al. [103] found that specific HCAs, like 2-amino-
3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx), are more carcinogenic than others. This indicates 
that chemical structure and characteristics can determine the carcinogenicity of certain HCAs. In 
addition, a research published in the Journal of Chromatography B discovered that HCAs in cooked 
beef caused the development of reactive oxygen species (ROS), which can damage DNA and other 
biological components. This shows that HCAs’ carcinogenic activity may be mediated by their 
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potential to cause oxidative stress and damage to cellular components [104]. Cooked beef PAHs were 
reported to produce oxidative stress and DNA damage in human liver cells, potentially affecting their 
carcinogenic activity [105]. Furthermore, an in vitro study published in the same journal found that 
HCAs in cooked meat induced DNA damage in human breast cells and led to increased expression 
of genes associated with cancer development. This shows that HCAs, through inducing DNA 
damage and abnormalities in gene expression, may contribute to the beginning as well as growth of 
breast cancer [106]. A research published in the journal Food Chemistry, on the other hand, 
discovered that marinating meat in antioxidant-rich spices decreased the development of HCAs and 
their carcinogenic activity in human colon cells. This suggests that the carcinogenic activity of HCAs 
can be reduced by using antioxidant-rich marinades to inhibit their formation and limit their harmful 
effects [107]. 

Finally, AGEs in cooked beef caused oxidative stress including DNA damage within human 
lung cells, revealing a potential role in lung cancer formation, according to an article released in the 
journal Toxicology in Vitro [108]. In-vitro investigations revealed potential mechanisms of action for 
meat and fish chemicals during cooking, potentially causing DNA damage, oxidative stress, and 
cellular alterations linked to carcinogenic activity [109]. 

Animal Studies  

Aside from the above stated in vitro investigations, various animal experiments have been 
undertaken to evaluate the carcinogenic potential of meat and fish chemicals created during cooking 
techniques. These studies involve feeding animals with diets containing various levels of HCAs, 
PAHs, and AGEs and observing their effects on the animals’ health [110]. One such study involved 
feeding rats a diet containing a high level of HCAs for 26 weeks found that the rats had an increased 
incidence of colon and liver tumors compared to control. Similarly, mice fed a diet containing high 
levels of PAHs had an increased incidence of lung tumors in another study. In a study involving the 
feeding of AGEs to rats, it was found that the rats had an increased incidence of colon tumors [111].  
Increased risk of colorectal cancer in the US has been seen due to increased consumption of red and 
processed meat, according to a prospective cohort study [112]. Japanese study links increased risk of 
stomach cancer to grilled and barbecued meat consumption. However, these studies did not 
specifically investigate the effects of HCAs, PAHs, and AGEs produced through cooking procedures 
[113]. Overall, the available evidence suggests that meat and fish compounds produced through 
cooking procedures have the potential to increase the chances of cancer. Further research is needed 
to understand the mechanisms and develop effective measures to minimize chemical creation during 
cooking [114]. 

Epidemiological studies 

Epidemiological studies examine the link between factors and disease development in a 
population. They investigate the relationship between meat and fish consumption and cancer risk 
due to potential carcinogenic activity from cooking [115]. Epidemiological studies have investigated 
the potential link between meat and fish consumption and cancer risk, including colorectal, breast, 
prostate, and pancreatic cancer. Some studies show an increased risk, while others find no significant 
link or preventive benefit [116]. Epidemiological studies have linked higher consumption of red and 
processed meat to an increased risk of colorectal cancer and colon cancer. A European prospective 
cohort study found that excessive processed meat consumption increased the risk of colon cancer in 
both men and women. A meta-analysis of 29 studies also found a link between red and processed 
meat consumption and colon cancer [117]. However, several epidemiological studies have shown no 
link between meat eating and cancer risk. A major prospective cohort research undertaken in the 
United States, for example, discovered no connection between red meat intake and overall cancer 
risk, but a positive association between processed meat consumption and colon cancer risk. 
Epidemiological research on fish have shown conflicting findings. Some studies have linked 
increased fish consumption to a decreased risk of some forms of cancer, such as breast and prostate 
cancer. A major prospective cohort research undertaken in the United States, for example, discovered 
that a higher diet of fish was connected with a decreased risk of breast cancer. Other studies, however, 
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have shown no substantial link between fish diet and cancer risk [118]. Overall, epidemiological 
studies have shown some evidence for a possible relationship between meat and fish chemicals 
created during cooking and the risk of acquiring cancer. However, the findings of these studies are 
not totally consistent, and further study is needed to better understand the association between these 
items’ dietary consumption and cancer risk [119]. 

V. Mitigation strategies 

Mitigation strategies for reducing carcinogenic activity in meat and fish include alternative 
cooking methods, marinades, spices, increased fruit and vegetable consumption, and genetic factors. 

Alternative cooking methods: 

Alternative cooking methods like boiling, stewing, poaching, and steaming reduce HCAs and 
PAHs formation by cooking at lower temperatures and with moisture that reduces formation of such 
compounds. Microwaves also produce less HCAs and PHAs and are considered as a safer option as 
compare to traditional cooking methods [120]. Minimizing maillard reactions and fat pyrolysis by 
avoiding direct contact of hot metal surfaces with meat or fish products also reduces formation of 
these compounds [121]. 

Use of marinades and spices: 

Marinades and spices can reduce harmful compounds in cooking by marinating meat and fish 
in acidic ingredients like vinegar and citrus juices, and adding herbs like rosemary and turmeric [122]. 
Acidic marinade, with lemon juice addition, significantly reduces PAHs concentrations. Significant 
reduction of 70% PAH was found in beef samples treated with acidic marinade containing 1.2% 
lemon juice [123]. Spices’ antioxidant capacity is crucial for inhibitory efficiency in reducing total 
HCA formation, with a strong negative correlation between total HCAs and antioxidants like TEAC 
and ORAC. Meatballs with no spices had the highest HCA content compared to spice-added 
meatballs. Spice powder reduced total HCA formation, with ginger powder showing the highest 
inhibition efficiency in a study by Lu et al. [124]. 

Consumption of fruits and vegetables: 

Consuming fruits and vegetables alongside meat and fish reduces carcinogenic effects by 
providing antioxidants, reducing harmful compounds formation during cooking [119]. Vegetable 
additives not only enhance the taste but also can decrease xenobiotic content, as they contain 
antioxidants and modify free radical mechanisms in food. They can also modify HCA and PAH 
synthesis [125]. Vegetables, fruits, and vegetables are rich in antioxidants and detoxifying properties, 
which can protect against cancer and improve overall health through a diet rich in natural products 
[125] 

Genetic and individual factors: 

Genetics and lifestyle factors, like smoking and alcohol consumption, increase the risk of cancer. 
It’s crucial to consider these factors when reducing the carcinogenic activity of meat and fish 
compounds [127]. Eating salted meat may be linked to alcohol and smoking, making quitting 
smoking and alcohol essential. Limiting salted meat consumption may help control and prevent 
esophageal cancer (ESCC), especially among alcoholics and smokers [127]. Dietary analyses show a 
higher risk of pancreatic cancer mortality with increased meat consumption, with men in the highest 
quartile having three times the risk. Cigarette smoking is an important risk factor for pancreatic 
cancer, and elevated alcohol and meat intake may increase the risk [128]. 
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Figure 1. A depiction of consuming meat high in carcinogens on human health. 
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Table 3. Effect of different mitigation strategies on formation of carcinogens in meat. 

Type

of 

Meat

Type 

of 

Compound

Subclass 
Cooking 

Method 

Mitigation 

Strategy 
Amount found before mitigation Amount found after mitigation Strategy 

Active 

Ingredient 
Reference 

Po
rk

 B
el

ly
 

HCA 

IQx, IQ, 
MeIQx, 7,8-
DiMeIQx, 
DiMeIQx, 

PhIP 

BBQ 

Natural Spice 

50.33 (ng/g) 

21.45 (ng/g) 
Antioxidant 
Particularly 
Vitamin C 

[120] 
Black Current 12.03 (ng/g) 

B
ee

f P
at

ti
es

 

HCA IQ, PhIP Oven 

Red Chilli 
(0.5%, 1% and 

1.5%) 10.08 (ng/g) 
5.49, 6.53, 7.62 (ng/g) 

Capsaicin [119] 
Capsaicin (2mg, 

4mg, 6 mg) 
2.03, 3.26, 5.99 (ng/g) 

Po
rk

 P
at

ti
es

 

HCA 

IQx, IQ, 
MeIQx, 7,8-
DiMeIQx, 
DiMeIQx, 

PhIP 

High 
Temperature 
(180 to 220˚C) 

Fat Replacement 
with Olive oil, 

sunflower oil and 
grapeseed oil 

(40%) 

67.56±17.29 (180˚C) 
140.57±22.03 (220˚C) 

(ng/g) 

93.90 and 85.75% reduction at 180˚C and 220 ˚C with 40% olive oil. 
91.15 and 83.01% reduction at 180˚C and 220 ˚C with 40% sunflower oil. 
100 and 98.64% reduction at 180˚C and 220 ˚C with 40% grapeseed oil. 

Antioxidant in oil 
(vitamin E, ß-
carotenes and 

phenolic 
compounds) 

[131] 

be
ef

 s
am

pl
es

 

HAAs 

IQx, IQ, 
MeIQx, 7,8-
DiMeIQx, 
DiMeIQx, 

PhIP 

Oven 
Roasting 

Artichoke 48.00 ± 1.44 ng/g at 250˚C 
35.65 ± 0.55 ng/g (25.73% Inhibition) with 0.5% and 0.98 ± 0.08 ng/g (97.96% 

Inhibition) with 1% artichoke level 

cafinulin and 
feoylquinic acid 

derivatives 
[132] 

C
hi

ck
en

 b
re

as
t 

HAAs 

IQx, IQ, 
MeIQx, 7,8-
DiMeIQx, 
DiMeIQx, 

PhIP 

Grilling 
Brown sugar and 

Honey 

16.4±0.85 (MeIQ) 29.2±0.68 (PhIP) 
46.4±0.62 (DiMeIQx) 

18.9±.56 (MeIQx) 
18.6±0.61 (IQ) 

10.1±0.78 (IQx) 
ng/g 

Brown sugar reduced level of MeIQ, PIP, DiMeIQx, MeIQx, IQ and IQx to 
6.14±0.52, 6.74±0.88, 25.4±2.0, 6.24±0.97, 8.85±0.60 and 6.99 ± 0.61 ng/g, 

respectively. 
Honey reduced level of MeIQ, PIP, DiMeIQx, MeIQx, IQ and IQx to 4.98±0.51, 

9.87±0.35, 10.2±0.50, 8.05±0.59, 4.09±0.96 and 5.48 ± 0.81 ng/g, respectively. 

- [133] 

C
hi

ck
en

 B
re

as
t 

HAAs 

IQx, IQ, 
MeIQx, 7,8-
DiMeIQx, 
DiMeIQx, 

PhIP 

Grilling 
Tamarind, 

Lemon and Lime 

6.99±0.61, 6.24±0.97, 8.85±0.60, 
25.4±2.0, 4.14±0.52 and 6.74±0.88 

ng/g of IQx, MeIQx, IQ, DiMeIQx, 
MeIQ and PhIP, respectively. 

Tamarind reduced level of IQx, MeIQx, IQ, DiMeIQx, MeIQ and PhIP to 
2.27±0.89, 8.17±2.73, 29.3±2.31, 35.3±3.78, 2.79±1.21, 1.20±0.80 ng/g, respectively. 

Lemon reduced level of IQx, MeIQx, IQ, DiMeIQx, MeIQ and PhIP to  
3.41±1.05, 2.38±1.09, 3.81±0.98, 16.2±1.59, 1.26±0.98, 3.63±1.60 ng/g, respectively. 

Lime reduced level of IQx, MeIQx, IQ, DiMeIQx, MeIQ and PhIP to 
2.36±1.02, 2.39±0.97, 4.50±1.09, 29.6±3.84, 2.37±0.98, 3.36±0.97 ng/g, respectively. 

 [134] 

C
hi

ck
en

 
w

in
gs

 

HCAs  Deep Frying 
Sugarcane 
Molasses 

4.51-8.04 ng/g after 2.5 mint frying. 
26.2-37.4 ng/g after 5 mint frying. 

32.5-43.9% inhibition after 2.5 minutes. 18.5-29.9% after 5 minutes frying. 
Phenolic 

compounds 
[135] 
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VI. Conclusion 

In summary, meat and fish compounds produced through cooking procedures have the 
potential to exhibit carcinogenic activity. Cooking temperature, duration, and method all influence 
the synthesis of Heterocyclic Amines (HCAs), Polycyclic Aromatic Hydrocarbons (PAHs), and 
Advanced Glycation End Products (AGEs). In animal experiments and in vitro models, these 
chemicals have been proven to produce tumours. Epidemiological studies have also revealed a link 
between eating well-done beef and an increased risk of cancer in people. Mitigation methods, on the 
other hand, can be used to limit the development of these carcinogenic chemicals. Cooking 
procedures like steaming and poaching can reduce the development of hydrogen peroxide (HCAs) 
and phenolic compounds (PAHs). Marinades and spices can also lower HCA and AGE development. 
Consuming antioxidant-rich fruits and vegetables can minimize oxidative stress and AGEs. Genetic 
and individual characteristics may impact sensitivity to carcinogenic effects. Understanding these 
variables and implementing mitigation actions can reduce cancer risks associated with cooked meat 
and fish consumption. 

Importance of awareness and implementation of mitigation strategies 

Mitigation strategies are crucial to reduce health risks associated with meat and fish 
consumption, as they may increase the risk of developing cancers like colon, stomach, and breast. 
Public education and promotion of mitigation strategies are essential. Alternative cooking methods, 
like baking, boiling, and steaming, can help reduce the formation of HCAs and PAHs [136]. 
Marinades and spices can reduce the formation of these compounds by inhibiting free radical 
formation. Consuming fruits and vegetables provides antioxidants, neutralizing free radicals. It’s 
crucial to consider genetic and individual factors affecting compound formation and metabolism. 
Genetic variations can increase individuals’ susceptibility to harmful effects of meat and fish 
compounds. Mitigation strategies and public awareness promotion are crucial for reducing health 
risks associated with these consumption. By reducing compound formation, public health can 
improve and cancer risk can be reduced. 

Future research directions 

Further research should explore the carcinogenic activity of meat and fish chemicals produced 
during cooking, focusing on the processes involved in HCAs, PAHs, and AGEs generation. Strategies 
should be developed to reduce the creation of these chemicals while maintaining sensory and 
nutritional integrity. Investigations should also examine the role of individual genetic and metabolic 
variables in the synthesis and detoxification of these chemicals, as well as the effects of cooking 
techniques on their bioavailability and absorption in the human body. In addition the future research 
should examine health concerns related to chemicals’ used in different populations, considering food 
habits, lifestyle, and environmental exposure. This can influence public health guidelines and dietary 
advice to reduce risks from eating cooked meat and fish. 
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