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Consumption of animal-derived foods (ADFs), particularly red meat, is declining in

high-income countries because of concerns over health and the effects on climate

change but is increasing in low- andmiddle-income countries. As a group of foods,

ADFs are high in good-quality protein and several key vitamins and minerals

(notably vitamin B12, iron and zinc). There is evidence, though, that processed

redmeat poses risks of cardiovascular disease (CVD) and colorectal cancer and the

same risks, although not so strong, are apparent for unprocessed red meat. Milk

and milk products generally have a neutral disease risk and there is evidence of

reduced risks of CVD and colorectal cancer. Similarly, whitemeat (chicken and fish)

is not associated with disease risk whilst eggs have been linkedwith increased CVD

risk because of their cholesterol content. The risks of chronic disease seem higher

in high-income than in low- and middle-income countries, possibly due to

different levels of consumption. Production of ADFs results in high greenhouse

gas emissions per unit of output compared with plant proteins. Ruminant meat

production has particularly high costs but wide variation between farms in different

regions of the world suggests costs can be significantly lowered by changes to

production systems. Reducing ADF consumption to benefit health and the

environment has been proposed but in low-income countries, current levels of

consumption of ADFs may be compatible with health and climate targets.
KEYWORDS

red meat, white meat, fish, eggs, milk, milk products, global warming,
cardiovascular disease
1 Introduction

Animal-derived foods (ADFs) (meat and meat products, milk and milk products, fish

and seafood, and eggs) have been important constituents of the diets of people around the

world for millions of years and are part of the culture of many ethnic groups. They provide

high-quality protein and a range of nutrients important for the maintenance of health and
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fanim.2024.1332694/full
https://www.frontiersin.org/articles/10.3389/fanim.2024.1332694/full
https://www.frontiersin.org/articles/10.3389/fanim.2024.1332694/full
https://www.frontiersin.org/articles/10.3389/fanim.2024.1332694/full
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fanim.2024.1332694&domain=pdf&date_stamp=2024-03-01
mailto:jeff.wood@bristol.ac.uk
https://doi.org/10.3389/fanim.2024.1332694
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/animal-science#editorial-board
https://www.frontiersin.org/journals/animal-science#editorial-board
https://doi.org/10.3389/fanim.2024.1332694
https://www.frontiersin.org/journals/animal-science


Wood et al. 10.3389/fanim.2024.1332694
they contribute unique tastes and flavours to meals and dishes.

However, since the 1950s, their consumption has been linked with

the incidence of chronic diseases and more recently with climate

change. In low- and middle-income countries, the production and

consumption of ADFs have increased rapidly in recent years and

are expected to increase further in the next 10 years. In high income

countries consumption may have reached a peak and there are calls

to reduce consumption for health and environmental reasons.

Alternative forms of dietary protein based on plants and microbes

are now widely available and others are emerging (e.g., cell-cultured

meat and insects). There are therefore many questions surrounding

the future of ADFs and this overview aims to summarise the current

state of thinking.
2 Trends in consumption of ADFs

Although plants provide most (57%) of the protein in diets

globally (Henchion et al., 2017), ADFs provide a high percentage of

the dietary protein in many countries, for example 59% in the 19-64

age group in the UK (Public Health England, 2020). Of this, 34% is

from meat and meat products, 13% from milk and milk products,

7% from fish and seafood and 5% from eggs. Individual countries

vary in the relative contributions of the different ADFs, depending

on historical and cultural factors (Auestad et al., 2015).

In the last 50 years (1961-2020), global production of ADFs has

greatly increased: meat and meat products by 403% to 352 Mt, milk

and milk products by 167% to 918 Mt, fish and seafood by 355% to

176 Mt and eggs by 513% to 92 Mt (FAO, 2021). Low- and middle-

income countries, particularly in Asia, have shown the greatest

growth, driven by population increases and per capita

consumption, the latter explained by increasing incomes. There

were wide variations in the growth of per capita consumption

between countries and regions of the world (Table 1). Per capita

consumption of all ADFs increased markedly in China, milk and

milk products by 956% and meat by 1747%. Increases were much

smaller in Europe and North America and consumption of milk fell
Frontiers in Animal Science 02
by 23% in the latter. Africa had the lowest levels of consumption

and consumption of milk declined in the 50-year period. In China,

consumption of all meat types increased, beef by 7388%. In Europe

and North America, consumption of beef fell by 13% and 20%,

respectively but levels were still higher than in China in 2020. In

Africa, sheepmeat and beef consumption declined. Poultry showed

the biggest increase among meat types in all regions and increased

by 467% in the world as a whole.

According to the agricultural outlook published by OECD/FAO

(2023), global meat production is expected to increase by a further

12% between 2022 and 2032, with most of the growth occurring in

Asia. Poultry production will show the greatest growth globally

(13%), poultry accounting for half of the additional meat

production in the next 10 years. Pigmeat production will outstrip

poultry production in China as the country recovers from the

African Swine Fever outbreak in 2018. Beef production will show

the least growth (9%). Meat consumption per capita is predicted to

increase by 2% globally in the next 10 years with most of the growth

occurring in low- and middle-income countries. Poultry will show

the greatest increase and will provide 41% of protein from meat

sources in 2032. The Outlook notes that concerns about some

aspects of meat production (animal welfare, environmental costs

and human health) is now global and is partly responsible for the

switch from beef to poultry consumption in many countries,

poultry having lower feed and environmental costs and white

meat perceived as having less harmful effects on human health

than red meats (see sections 4-6 in this review). These consumer

concerns are causing moves towards veganism and vegetarianism in

some countries. In UK, a recent poll by YouGov (2023) showed that

3% of adults now consider themselves vegan, 5% vegetarian and

71% meat-eaters. Consumers can now purchase a variety of non-

meat protein foods including plant-based and microbial proteins

and foods from non-traditional animal sources such as insects and

cell-cultured meat (Frank et al., 2022).

World milk production is expected to grow by 15% between

2022 and 2032 (OECD/FAO, 2023). India is the largest milk-

producing country and production will increase by 30% in this
TABLE 1 Consumption (kg/person/yr) of a. ADFs and b. Meat types, for World, Europe, China, North America and Africa in 1961 and 2020 (FAO, 2021).

World Europe China N. America Africa

1961 2020 1961 2020 1961 2020 1961 2020 1961 2020

a. ADF

Meat 22.92 42.26 47.24 75.82 3.35 61.89 74.24 100.72 13.32 16.46

Milk 75.04 70.19 171.2 182.3 2.37 25.02 220.80 169.13 29.96 27.22

Fish 8.96 20.25 13.85 21.77 4.33 40.33 11.33 18.28 4.57 9.58

Eggs 4.52 10.33 8.96 13.90 2.06 21.97 14.44 15.78 1.24 2.14

b. Meat

Sheepmeat 1.91 1.96 3.61 1.65 0.15 3.80 1.78 0.64 2.58 2.35

Beef 9.32 8.98 15.58 13.54 0.09 6.74 34.38 27.38 6.91 5.15

Pigmeat 7.97 14.45 21.63 33.65 2.06 35.70 23.52 24.04 0.72 1.53

Poultry 2.86 16.21 4.61 25.29 0.95 15.13 13.42 47.93 1.36 6.21
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period. Production in Europe and North America will remain static.

Per capita consumption will increase by 7% globally, India having

the highest per capita consumption at 52kg per year, most of which

is liquid milk. Europe and North America consume more than half

of their milk as processed products (butter and cheese) and the

share of processed products is also increasing in other regions. As

with meat, there is increasing availability of plant-based milk-

like products.

Global fish production is expected to increase by 17% between

2022 and 2032 (OECD/FAO, 2023). Aquaculture will account for

54% of fish production in 2032, with production from capture

fisheries not expected to increase. China continues to dominate

world aquaculture production and will have a 56% share of global

production in 2032. Per capita consumption of fish is expected to

increase by 4% in the 10-year period with the greatest level of

consumption (24.5 kg/year) occurring in Asia.

Global egg production is expected to increase by 12% between

2022 and 2032 (OECD/FAO, 2023) and by 2032, 76% of production

will occur in low- and middle-income countries, 35% in China. Per

capita consumption is expected to increase by 5% globally, with

China having the highest level of consumption in 2032 (24.7

kg/year).

In conclusion, global production and consumption of all ADFs

are expected to increase in the next 10 years, particularly in low- and

middle-income countries where populations and incomes are

increasing. There are downward trends in consumption in high-

income countries, particularly for red meat, but per capita

consumption levels are still relatively high.
3 Environmental effects of production
of ADFs

The climate of the Earth is changing, with temperatures

increasing and rainfall and weather events becoming more

extreme (Henry et al., 2018). It is now recognised that the

production of ADFs contributes significantly to climate change by

increasing greenhouse gas emissions (GHGEs), the main cause of

climate change and increasing pressure on other environment

indicators such as land use, biodiversity loss, depletion of

freshwater resources and pollution of aquatic and terrestrial

ecosystems (Springmann et al., 2018; Scarborough et al., 2023).

Production of ADFs in many parts of the world is negatively

affected by climate change, for example production from

ruminants in tropical and sub-tropical regions where people

depend on livestock for income and nutrition (Henry et al., 2018).

It is estimated that globally the food chain from farm to retail is

responsible for around 30% of anthropogenic GHGEs (Crippa et al.,

2021; Scarborough et al., 2023), with meat, dairy, fish and eggs

contributing about 56% of these emissions (Poore and Nemecek,

2018). The farm stage dominates the production of GHGEs, with

post-farm gate activities, including processing, making negligible

contributions in comparison. Estimates of GHGEs from the farm to

retail stages per kg food product, based on data from 38,700 farms

in 119 countries in Table 2 show that animal products are associated

with much higher emissions than plant products, the lowest-impact
Frontiers in Animal Science 03
animal products typically exceeding those of vegetable substitutes

(Poore and Nemecek, 2018). The biggest emissions are from

ruminant production, with beef and cattle milk production

estimated to account for 41% and 20% respectively of the

livestock sector’s emissions (Gerber et al., 2013). Beef production

from dairy herds is associated with about 30% of the GHGEs of

those from beef herds because the costs are shared between both

meat and milk production. The main source of emissions (44% of

livestock emissions) is methane from enteric fermentation and

manure handling. Atmospheric amounts of methane have

increased rapidly over the last decade and although methane

remains in the atmosphere for a much shorter time than CO2 it

has approximately 30 times the climate-warming effect when

measured over a 100-year period (UN, 2021).

ADFs are major sources of protein in the diet and when

expressed per 100g protein, the difference in emission intensity

between animals and plants, when expressed per kg, narrows but is

still substantial (Table 2). It is argued that expressing GHGEs per

100g protein still overestimates emissions from ADFs compared

with plant foods and the unit of comparison should allow for the

ideal balance of amino acids in ADFs, their inclusion of all the

essential amino acids and their higher digestibility (McAuliffe et al.,

2023). Others have suggested that emissions from ruminants should

take account of the other valuable nutrients provided in their

products such as calcium and iodine in milk (Hobbs et al., 2020)

and B vitamins, iron, selenium and zinc in meat (Lee et al., 2021).

The global analysis by Poore and Nemecek (2018) (Table 2)

showed that among the 38,700 farms studied, there was wide

variation in GHGEs. It was estimated that for beef production

from beef herds, 25% of producers were responsible for 56% of

GHGEs. There is therefore much scope for mitigation of emissions

through changes in practices on farms. In ruminant production

there is a strong correlation between productivity and emission

intensity so the greatest potential for mitigation is in systems

operating at low productivity in areas such as South Asia, South

America and Africa (Gerber et al., 2013; Rivero et al., 2021). Better

feeding, herd management, animal health and genetics can all

improve productivity and reduce emission intensity. An

important characteristic of ruminants is their ability to utilise

grass-based (forage) diets although production from grain-based

(concentrate) diets results in greater productivity and lower GHGEs

per kg. Improvements are also possible through changes in feed

constituents which reduce methane production (e.g., ionophores,

plant bioactive compounds, condensed tannins and fatty acids),

changes to manure handling and carbon sequestration in which

land use change is reduced and depleted pastures are replenished.

Gerber et al. (2013) concluded that because of the high current costs

to the environment of ruminant production, even modest

improvements in systems can yield substantial gains in emission

intensities and food security. Rivero et al. (2021), using data from a

global network of farms, showed that key changes in genetic and

nutritional approaches can make important contributions to the

sustainability of global ruminant livestock production.

Efforts to reduce GHGEs in the production of ADFs has mainly

focussed on ruminants, especially beef, because of the evidence that

emissions from this group are so high (Table 2). Pigs, poultry and
frontiersin.org
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aquaculture are each responsible for about 7-10% of emissions from

the livestock sector, mainly in the form of CO2 (from the

production, processing and transport of feed) and N2O (from

fertilizers and manure) (Gerber et al., 2013; MacLeod et al., 2020).

Mitigation in these sectors involves the adoption of better practices,

including reducing land use change (e.g., in the production of

cereals and soyabeans) and improving efficiency (MacLeod et al.,

2020; UN, 2021).

Springmann et al. (2018) modelled the effects of different

mitigating influences on GHGEs from agriculture. The results

showed that GHGEs could be reduced by 6% if food waste was

halved, 10% if technological improvements were introduced on

farms and by 29-56% if consumers changed their diets. The much

lower environmental cost of vegetarian and vegan diets compared

with meat-based diets was shown by Scarborough et al. (2023) in a

UK study of 55,504 participants which linked food consumption

and nutrient composition data with the environment indicators

database of Poore and Nemecek (2018) (Table 2). The analysis

accounted for variations in sourcing and production within each

food group. The results for global warming potential (GWP), which

accounts for emissions from CO2, N2O and methane are in Figure 1.

They show that vegan diets had 24% of the GWP of the diets of high

meat eaters (140g/d meat and meat products). The diets of low meat

eaters (28.3g/d meat and meat products) had 52% of the GWP of

those of high meat eaters. The emissions from the diets of low meat
Frontiers in Animal Science 04
eaters were only slightly greater than those from fish eaters (who

also consumed 2g meat and meat products per day).

Examples of diets modified to reduce GHGEs are given in

WHO/FAO (2003), USDA (2020) and Willett et al. (2019). Groups

in several countries have established ‘food-based dietary guidelines’

which call for substantial reductions in the consumption of ADFs,

particularly in ruminant products (Steenson and Buttriss, 2021;

Scarborough et al., 2023). Green et al. (2015) found in a modelling

study that a reduction of 30% in GHGEs from UK diets was possible

by reducing the contributions from some ADFs and switching

between others. Reductions of more that 30% risked impairing

nutritional value or required ‘non-trivial’ dietary shifts. Action at

government level will be required to bring about these large changes

in consumption and in UK, the Committee on Climate change has

called for a 20% reduction in the consumption of beef, sheepmeat

and dairy products by 2050 to help meet the UKs commitment to

achieving ‘net zero’ (where emissions produced and removed from

the atmosphere are in balance) by 2050 (CCC, 2020; Stewart

et al., 2021).

Calls for reductions in the production and consumption of

ADFs in high-income countries contrast with the projections that

both production and consumption of ADFs in low- and middle-

income countries will increase in the coming years as incomes and

demand grow (OECD/FAO, 2023). There are also social

considerations which suggest that strategies for dealing with
TABLE 2 Estimates of greenhouse gas emissions (kg CO2 equivalents) from production to retail of some agricultural products.

Animals Plants

10th pc Mean 90th pc 10th pc Mean 90th pc

a. per kg product

Beef (beef herd) 40.4 99.5 209.9 Wheat 0.8 1.6 2.3

Beef (dairy herd) 17.9 33.3 50.9 Tomatoes 0.4 2.1 6.0

Pigmeat 7.4 12.3 22.3 Peas 0.6 1.0 1.7

Poultry meat 4.2 9.9 20.1 Bananas 0.9

Milk 1.7 3.2 4.8 ‘Other vegetables’ 0.2 0.5 1.0

Cheese 10.9 23.9 39.3 Potatoes 0.2 0.5 0.6

Farmed fish 5.7 13.6 26.5 Root vegetables 0.2 0.4 0.6

Eggs 2.9 4.7 8.4 Nuts -3.7 0.4 3.8

b. per 100g protein

Beef (beef herd) 20 50 105 Wheat 0.3 0.6 0.9

Beef (dairy herd) 9.1 17 26 Tomatoes 0.4 2.1 6.0

Pigmeat 4.6 7.6 14 Peas 0.3 0.4 0.8

Poultry meat 2.4 5.7 12 Bananas 0.6 0.9 1.2

Milk 1.7 3.2 4.8 ‘Other vegetables’ 0.2 0.5 1.0

Cheese 4.9 11 18 Potatoes 0.2 0.6 0.9

Farmed fish 2.5 6.0 12 Root vegetables 0.2 0.4 0.6

Eggs 2.6 4.2 7.6 Nuts -2.2 0.3 2.4
Results (mean, 10th and 90th percentiles) expressed in relation to a. kg retail product and b. 100g protein (Poore and Nemecek, 2018).
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climate change will differ between countries. In some low- and

middle-income countries, livestock are required for income,

transport and draught power and their ownership increases social

inclusiveness (Parlasca and Qaim, 2022). The plant foods available

in these countries are deficient in key nutrients such as iron, zinc

and vitamin B12 which are provided in meat, milk and fish

(Adesogan et al., 2020). It is also probable that the low levels of

production and consumption of ADFs in some of these countries

results in emissions which are compatible with climate targets

(Springmann et al., 2018). Scarborough et al. (2023) suggested

that the UK could meet its emissions reduction targets if

consumption of ADFs fell to a level above that currently

consumed in low-income countries.

In all countries, production from ruminants often occurs in

areas which are unsuitable for other forms of agriculture because of

topography and soil type. Lee et al. (2021) showed that land use

suitable for human-edible food production was much lower for

ruminant production than for the production of pigmeat and

chicken when expressed in relation to the nutrients produced.

Ruminants can also utilise forages (e.g., hay and silages), crop

residues (e.g., cereal straw) and food industry by-products (e.g.,

sugar beet pulp and brewers grains) which are not suitable for other

types of animal production or indeed for human food. These

benefits of ruminant production are often not accounted for

when assessing the overall costs (Van Kernebeek et al., 2016).

It must also be recognised that the alternative forms of protein

production suggested to replace production from ruminants and

other ADFs (e.g., plant-based foods, microbial protein, cell-cultured

meat and insects) are at a relatively early stage of development and

have not been fully evaluated regarding their environmental costs

and chemical/nutritional profiles (Henchion et al., 2017). Steenson

and Buttriss (2021) concluded that the environmental benefits of

some meat and milk alternatives have been overstated, for example

by underestimating their energy, water and land use costs.
4 Nutrients in ADFs and daily intakes

The different types of ADFs contain nutrients important for the

maintenance of health as shown in Tables 3–5. Many databases
Frontiers in Animal Science 05
exist and the data in the Tables 3–5 are from the UK database

McCance and Widdowson’s Composition of Foods (Public Health

England, 2021). The foods shown are chosen to represent the range

of ADFs: lean muscle from red (beef) and white (chicken) meat,

liver from beef and chicken representative of organ meats, white

(cod) and oily (mackerel) fish, chicken eggs and whole and semi-

skimmed milk. The amounts per 100g are compared with the

reference intake and ‘significant amount’ figures published by the

European Food Safety Authority (EFSA) (EU, 2011) for the

purposes of food labelling and making nutrient claims. All the

foods are ‘high in protein’ (Table 3) because they contain more than

20% of the energy as protein, ranging from 22% in whole milk to

93% in cod. The UK rolling National Diet and Nutrition Survey

(NDNS) (Public Health England, 2020) shows that ADFs contribute

about 59% of dietary protein intake in men and women aged 19-64.

The protein is of high nutritional value, having a favourable balance

of amino acids, including the nine essential amino acids and has

high bioavailability from the diet in contrast to plant proteins

(McAuliffe et al., 2023).

Fat is a major source of energy in foods but over-consumption

has been linked with obesity, coronary heart disease and some

cancers (USDA, 2020). The samples of chicken muscle, chicken

liver, cod and semi-skimmed milk in Table 3 are ‘low in fat’ (defined

as <3g/100g for solids and <1.5g/100g for liquids). These same foods

are ‘low in saturated fat’, saturated fat (SFA) being a risk factor for

cardiovascular disease (CVD), the leading cause of mortality and

morbidity worldwide (USDA, 2020), although the role of SFA in the

aetiology of CVD is being increasingly challenged (Givens, 2023;

Teicholz, 2023). The fat and SFA content of meat is greatly

increased when adipose tissue is included in the food. For

example, the sample of beef sausages listed in Public Health

England (2021) has 19.5 g/100g fat and 7.6 g/100g SFA and is

considered ‘high in fat’. The NDNS survey results show that men

and women aged 19-64 obtain 49% and 56% of their fat and SFA

intake, respectively, from ADFs (22% of fat and 21% SFA frommeat

and meat products) (Public Health England, 2020). The definition

of ‘low energy’ foods in EU (2011) is <170 kJ/100g so none of the

ADFs meet this threshold. Neither can any of the ADFs can be

described as ‘high in’ MUFA or PUFA. The foods differ in the

percentages of total fatty acids in the three main classes, beef muscle
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FIGURE 1

GHGEs (GWP 100 kg CO2 equivalents/day) associated with the diets of vegans, vegetarians, fish eaters and low, medium and high meat eaters in UK.
2.5th and 97.5th percentiles were 2.09-3.36 for vegans and 7.04-15.95 for high meat eaters (Scarborough et al., 2023).
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and milk (ruminant foods) having the highest percentages SFA and

liver and fish the highest percentages of PUFA. Mackerel had the

highest content of n-3 PUFA. About 60% of n-3 PUFA in mackerel

are the long-chain fatty acids eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) (Strobel et al., 2012) so 100g mackerel
Frontiers in Animal Science 06
provides much more EPA+DHA than the 250mg/d recommended

by EFSA (2017) or the 450mg/d recommended in UK (SACN, 2004)

to benefit cardiovascular health. Most ADFs have little carbohydrate

but both milk products contain intrinsic sugars – these do not

contribute to ‘free sugar’ intake which is higher in most UK age
TABLE 4 Mineral content of some ADFs (Public Health England, 2021).

Meat Liver Fish Eggs Milk

Beef Chicken Beef Chicken Cod Mackerel Whole Semi-
skimmed

Sodium (mg) 63 77 71 76 91 153 154 42 43

Potassium (mg) 350 380 310 260 322 335 145 157 156

Calcium (mg) 5 6 6 8 12 20 46 120 120

Magnesium (mg) 22 26 20 19 25 37 13 11 11

Phosphorus (mg) 200 160 320 280 169 220 179 96 94

Iron (mg) 2.7 0.7 11.5 9.2 0.10 0.98 1.72 0.02 0.02

Copper (mg) 0.03 0.03 20.5 0.5 0.02 0.08 0.05 Tr Tr

Zinc (mg) 4.1 1.2 14.2 3.7 0.3 0.5 1.1 0.5 0.4

Selenium (mg) 7 13 22 NR 23 42 23 1 1

Chloride (mg) 51 95 85 130 165 250 180 89 87

Manganese (mg) 0.01 0.01 0.24 0.31 0.01 0.01 0.03 Tr Tr

Iodine (mg) 10 7 NR NR 196 29 50 31 30
f

Figures in bold show food is a ‘source’ of the mineral (EU, 2011).
Description of samples as Table 3.
TABLE 3 Macronutrient content (per 100g) of some ADFs (Public Health England, 2021).

Meat Liverc Fish Eggsf Milkg

Beefa Chickenb Beef Chicken Codd Mackerele Whole Semi-skimmed

Water (g) 71.9 75.1 72.0 75.8 81.6 61.9 76.8 87.6 89.4

Protein (g) 22.5 22.3 18.3 17.7 17.5 18.0 12.6 3.4 3.5

Fat (g) 4.3 2.1 3.4 2.3 0.6 17.9 9.0 3.6 1.7

Energy (kJ) 542 457 437 386 320 968 547 265 195

SFA (g)h 1.74 0.60 1.00 0.70 0.16 3.85 2.52 2.29 1.07

MUFA (g)i 1.87 1.00 0.60 0.50 0.14 6.69 3.44 0.96 0.39

PUFA (g)j 0.23 0.40 0.80 0.40 0.11 4.46 1.44 0.09 Tr

n-3 PUFA (g)k 0.07 NR NR 0.11 0.08 4.05 0.13 0.02 0.01

Carbohydrates (g) 0 0 Tr Tr 0 0 Tr 4.6 4.7
aLean from 10 different joints.
bAverage of white and dark meat.
cAverage of 10 samples.
dFlesh, average of 10 samples.
eFlesh, average of 7 samples.
fChicken, whole, average 0f 12 samples.
gPasteurised, average of Summer and Winter milkings.
hSFA saturated fatty acids.
iMUFA monounsaturated fatty acids.
jPUFA polyunsaturated fatty acids.
kn-3 polyunsaturated fatty acids.
NR not recorded. Tr trace.
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groups than the government recommendations (Public Health

England, 2020).

Table 4 lists the major minerals in foods and their concentrations

in ADFs. There is concern over high intakes of sodium from salt in

the diet because this is a risk factor for high blood pressure and CVD

(Micha et al., 2012). All the raw ADFs except mackerel and eggs can

be described as ‘low in salt’ (< 120mg/100g, EU, 2011). However, the

sodium content of foods in which salt is used for curing can greatly

exceed this value, for example the sample of cured bacon listed in

Public Health England (2021) has 1140mg sodium/100g. The NDNS

results show that ADFs provide about 46% of sodium intake for UK

men and women in the 19-64 age groups, 26% from meat and meat

products (Public Health England, 2020). For the other minerals, low

intakes are of greater concern and concentrations which exceed the

‘significant amount’ or ‘source’ level, defined as 15% of the reference

intake per 100g, are shown in bold. Phosphorus is at ‘source’ levels in

seven of the nine ADFs, potassium, selenium and iodine in five, iron

and zinc in three and calcium in two. The NDNS survey results show

that ADFs make important contributions to UK intakes of several

minerals. For the 19-64 age group, meat and meat products provide

31% of zinc, 29% of selenium and 19% of iron intakes (Public Health

England, 2020). Milk and milk products provide 34% of calcium and

32% of iodine intakes. Fish and fish products provide 16% of

selenium and 10% of iodine. Intakes of some minerals are

considerably below the Lower Reference Nutrient Intake (LRNI)

level in several groups in the population, particularly in girls aged 11-

18 in which 49% had intakes below the LRNI for iron, 47% for

magnesium, 37% for potassium, 41% for selenium, 16% for zinc and

28% for iodine (Public Health England, 2020). It is probable that low

intakes of ADFs are responsible for these shortfalls (Givens, 2018)

and there is concern that this cohort will become more deficient if

ADF intakes are reduced further.
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Iron deficiency is a major public health concern in many

countries, including UK, in which 9% of girls aged 11-18 have

iron deficiency anaemia (Fairweather-Tait, 2023). The haem iron in

meat is more bioavailable than the iron in vegetables in which

phytates and polyphenols may inhibit absorption. Haem iron

concentrations in meat differ between the species. Lombardi-

Boccia et al. (2002) found values of 2.64, 2.25, 0.56 and 0.42 mg/

100g in beef sirloin, lamb chop, pork chop and chicken

leg, respectively.

Table 5 lists the major vitamins in foods and their concentrations

in ADFs. The figures in bold indicate the ADF contains a ‘significant

amount’ or is a ‘source’ of the vitamin (EU, 2011). As with the

minerals, all the ADFs have important levels of some vitamins, with

beef and chicken liver being highest in all except vitamins D and E.

Intakes of organ meats such as liver have declined in UK and other

countries but their high content of micronutrients is invaluable when

nutrient density is important, for example in young children,

especially in low-income countries with poor access to plant

sources of protein and micronutrients (Miller et al., 2023). The

NDNS survey results show that ADFs contribute 83% of cobalamin

(vitamin B12) and 70% of vitamin D intakes in the 19-64 age groups

in UK, more than 50% of riboflavin and niacin and more than 30% of

vitamin A, thiamine, pyridoxine and vitamin E (Public Health

England, 2020). The results show that intakes of some vitamins are

below the LRNI, especially in girls aged 11-18 and women aged 19-64.

For these groups, riboflavin intake is particularly low, with 12-21% of

participants below the LRNI in girls and women.

Measurement of serum 25-hydroxyvitamin D showed that in

2016-2019 in UK, 19% of children aged 11-18, 16% of adults aged

19-64 and 13% of adults over 65 had levels below which there is a

risk to musculoskeletal health (Public Health England, 2020).

USDA (2020) reported that 90% of Americans do not consume
TABLE 5 Vitamin content (per 100g) of some ADFs (Public Health England, 2021).

Meat Liver Fish Eggs Milk

Beef Chicken Beef Chicken Cod Mackerel Whole Semi-
skimmed

B1 (thiamine) (mg) 0.10 0.14 0.22 0.48 0.06 0.17 0.08 0.03 0.03

B2 (riboflavin) (mg) 0.21 0.18 2.52 2.16 0.08 0.30 0.50 0.23 0.24

B3 (niacin) (mg) 5.0 7.8 12.5 10.6 2.3 11.3 0.10 0.20 0.10

B5 (pantothenic acid) (mg) 0.75 1.16 8.4 6.1 0.25 0.63 1.35 0.58 0.68

B6 (pyridoxine) (mg) 0.53 0.38 0.48 0.82 0.14 0.40 0.13 0.06 0.06

B7 (biotin) (mg) 1.0 2.0 39.0 210.0 1.3 5.8 19.5 2.5 3.0

B9 (folic acid) (mg) 19.0 19.0 155 995 7 1.0 47 8.0 9.0

B12 (cobalamin) (mg) 2.0 Tr 68.0 35.0 1.5 8.8 2.7 0.9 0.9

A (retinol) (mg) Tr 11.0 18800 9700 2.0 54.0 126 36.0 19.0

C (ascorbic acid) (mg) 0 0 21.0 28.0 Tr Tr 0 2.0 2.0

D (cholecalciferol) (mg) 0.5 0.1 0.3 0.2 Tr 8.0 3.2 Tr Tr

E (a-tocopherol) (mg) 0.13 0.15 0.45 0.60 0.66 0.43 1.29 0.06 0.04
f

Figures in bold show food is a ‘source’ of the vitamin (EU, 2011).
Description of samples as Table 3.
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enough vitamin D. Again, low intakes of ADFs probably

contributed to the UK shortfalls (Givens, 2018).

Animal-derived foods also contain many bioactive compounds

present in small amounts that have a range of physiological and

metabolic functions in the body which are not accounted for in

standard nutritional studies. These bioactive compounds include

creatine, taurine, carnitine, carnosine, choline, a-lipoic acid,

conjugated linoleic acid, glutathione, coenzyme Q10 and bioactive

peptides (Park and Nam, 2015; Kulczynski et al., 2019). The

properties of these compounds include antioxidant, lipid-

l owe r ing , an t ihype r t en s i ve , an t i - i nflammato ry and

immunomodulatory effects. Peptides derived from hydrolysis of

proteins and studied mainly in milk include the angiotensin 1-

converting enzyme (ACE) inhibitors which are antihypertensive

(Park and Nam, 2015).

Studies have shown that in some low- to middle-income

countries, ADFs provide essential nutrients that are not present in

the plant foods available (Adesogan et al., 2020; Parlasca and Qaim,

2022). ADFs, which in general are nutrient-dense, play a vital role in

the nutrition of children, especially in the complementary feeding

period (6-23 months) when nutrient requirements are high and

gastric capacity low (Ortenzi and Beal, 2021). In some parts of the

world, where diets are inadequate in several key nutrients, including

iron, zinc, folate, vitamin B12 and calcium, ADFs can address the

nutritional gaps (Miller et al., 2023). In a meta-analysis of

randomised control trials, Pimpin et al. (2019) found that animal

protein supplementation during infancy and early childhood

increased child weight and height-for-age and reduced the risk of

stunting. Nutrient deficiencies in early life can also lead to poor

cognitive development and brain-related disorders which can

influence health in adult life, increasing the risks of CVD and

type-2 diabetes (Adesogan et al., 2020).
5 Consumption of ADFs and
chronic disease

Reports from some international organisations have stated that

the diets commonly consumed in many developed countries are

associated with increased risks from obesity, CVD, type-2 diabetes

and some cancers (WCRF, 2018; Willett et al., 2019; USDA, 2020).

These bodies advocate changes in dietary patterns that address the

nutritional causes of disease in addition to the climate change costs

of food production. In many of the dietary patterns suggested, there

is an important place for some ADFs (poultry, fish, eggs and low-fat

milk) but lower intakes of red meat (beef, sheepmeat and pigmeat),

and particularly processed meat, are advocated. The most extreme

proposals are those of the EAT-Lancet Commission (Willett et al.,

2019) whose ‘healthy reference diet’ contains 14g/day red meat

(there is also 29g chicken, 13g eggs and 28g fish). This contrasts

with the 50.5g/day intake of red and processed meat currently

consumed in the UK (Public Health England, 2020). The WCRF
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(2018) report recommends ‘consumers eat no more than moderate

amounts of red meat and little, if any, processed meat’ in 3 portions

per week, amounting to 350-500g (50-71g/day).

The basis for these recommendations on health grounds is

evidence from prospective cohort studies and meta-analyses of such

studies showing that consumption of processed meat (red and white

processed meat are usually not examined separately) is associated

with mortality from CVD and all causes (Sinha et al., 2009;

Rohrmann et al., 2013; Wang et al., 2016; Zhong et al., 2020;

Iqbal et al., 2021). WCRF (2018) has concluded that processed meat

is a convincing cause of colorectal cancer. Higher consumption of

unprocessed red meat has been linked with CVD and all-cause

mortality in some studies (Sinha et al., 2009; Zhong et al., 2020) but

not others (Rohrmann et al., 2013; Iqbal et al., 2021). WCRF (2018)

have concluded that red meat consumption is probably a cause of

colorectal cancer but Lescinsky et al. (2022), noting high

heterogeneity between studies, found a weak association between

consumption of unprocessed red meat and colorectal cancer in their

meta-analysis.

A wide range of meta-analyses of prospective studies indicate

that consumption of milk and milk products has a neutral

association with CVD risk overall, although some indicate a

negative association with CVD, stroke in particular (summarised

by Givens, 2023). In addition, there is increasing evidence that

yoghurt consumption is associated with a reduced risk of type-2

diabetes (Gijsbers et al., 2016; Soedamah-Muthu and de Goede,

2018; Drouin-Chartier et al., 2019). The overall findings of a neutral

or beneficial association of dairy foods with CVD from prospective

cohort studies is counterintuitive to many, being contrary to the

long-held hypothesis of the link between SFA consumption, LDL-

cholesterol and atherosclerotic CVD. There are, however, a range of

emerging factors in dairy foods which may explain this, some of

which are independent of changes in blood lipids and some which

moderate blood lipid effects (Givens, 2023). WCRF (2018)

concluded that dairy consumption reduced the risk of colorectal

cancer but indicated that there was limited-suggestive evidence that

it increased the risk of prostate cancer.

No associations between poultry consumption and CVD or all-

cause mortality have been found (Rohrmann et al., 2013; Abete

et al., 2014; Zhong et al., 2020; Iqbal et al., 2021) and poultry

consumption is not linked with colorectal cancer (WCRF, 2018).

For fish consumption, Zhong et al. (2020) found no associations

with CVD or all-cause mortality and Mohan et al. (2021) found a

lower risk of CVD and overall mortality with a fish intake of 175g (2

servings) per week but only among people at risk of and having

CVD, not in the general population. In a study of meat-eaters, fish-

eaters and vegetarians, Key et al. (2014) found a lower risk of

incident cancers in fish-eaters and vegetarians compared with meat-

eaters. However, WCRF (2018), although noting limited evidence

that fish consumption reduced the risks of liver and colorectal

cancer, concluded that consumption of salted fish may increase the

risk of nasopharyngeal cancer. Many studies have investigated the

links between egg consumption, cholesterol consumption and the
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risk of CVD with some showing no risk except in individuals with

type-2 diabetes (Rong et al., 2013; Guo et al., 2018; Drouin-Chartier

et al., 2020) and some showing increased risks (Song et al., 2016;

Zhong et al., 2019; Zhao et al., 2022). Although it is generally agreed

that there is only a weak link between dietary and serum cholesterol,

high cholesterol intakes can lead to plaque formation and

inflammation, increasing the risk of CVD (Zhao et al., 2022).

Huang et al. (2022) reported high relative risks from egg protein

in a prospective cohort study of 416,000 men and women with a

follow-up period of 16 years. These authors examined the effects of

replacing 3% protein from several animal sources (red meat protein,

white meat protein, dairy protein and egg protein) with plant

protein. Replacing white meat protein did not affect the risk of

mortality overall or from cancer or CVD. The biggest reductions in

these risks were seen by replacing egg protein.

In contrast to diets containing animal protein, diets containing

fruit, vegetables, whole grains, nuts and fibre have been shown to be

protective against the risks of cardiometabolic disease outcomes

(Huang et al., 2022; Miller et al., 2022). Shah and Iyengar (2022) in a

literature review found that a vegetarian plant-based diet was associated

with a lower cancer risk than a ketogenic diet based onmeat, dairy, fish

and eggs. The ketogenic diet had some positive outcomes such as a

reduction in obesity, inflammation and insulin levels.

Zhang et al. (2021) noted that globally, the prevalence of

dementia is increasing, especially in low- and middle-income

countries where meat consumption is also increasing. These

authors investigated associations between meat consumption and

the risk of dementia in the UK Biobank cohort and found that

higher processed meat consumption increased the risk of dementia

but increased red meat consumption reduced the risk. Trends were

non-significant for poultry and all-meat.

In conclusion, evidence from several sources shows that higher

intakes of processed meat are associated with mortality from CVD,

colorectal cancer and possibly dementia and supports the suggestion that

consumption of processed meat should be at a low level. The evidence is

less clear for red meat and Rohrmann et al. (2013), who showed no links

between red meat consumption and CVD or cancer in 448,568 people

across 10 European countries, contrasted European results with those in

the US where meat intake is higher. Also, some US studies have included

processed meat within the red meat category (Sinha et al., 2009; Huang

et al., 2022). Iqbal et al. (2021) conducted their study in 21 low-, middle-

and high-income countries and found that a high daily consumption of

red meat (>37g vs 7g) was not associated with all-cause or CVD

mortality. Hur et al. (2019) showed that a high proportion of the

evidence linking processed and red meat intake with colorectal cancer

was from Western countries and that there is no evidence of these

associations in Asian countries, including Korea, where rates of colorectal

cancer are high. Possible explanations for this discrepancy between

countries could be genetic variation and/or differences in the daily

amounts of red and processed meat consumed, which have been

higher over a long period in Western countries.

Poultry and fish consumption are not linked with CVD or

cancer risks and are seen as possible replacements for some

processed red meat protein in the diet. The general conclusion is

that milk and milk products do not impact on CVD and some

studies point to a protective effect of dairy products against
Frontiers in Animal Science 09
colorectal cancer (WCRF, 2018). The data supports advice to

maintain but not increase egg consumption but the risk of CVD

mortality from extra egg consumption differed between country

cohorts in the meta-analysis of Zhao et al. (2022). It was high in US

cohorts (RR 1.08, 95% CI, 1.02-1.14), tended to be high in European

cohorts (RR 1.05, 95% CI, 0.98-1.14) and was non-significant in

Asian cohorts (RR 0.96, 95% CI, 0.87-1.06) (Zhao et al., 2022).
6 Constituents of ADFs and roles
in disease

Several possible mechanisms underlying the effects of ADFs on

chronic disease have been investigated. For processed meat, high

concentrations of sodium, which increase blood pressure, could

partly explain the higher risk of CVD (Micha et al., 2012). Nitrite/

nitrate in cured meat can react with breakdown products of amino

acids to form N-nitroso compounds which increase the risk of insulin

resistance, CVD and cancer (Habermeyer et al., 2015). Haem iron

catalyses the formation of N-nitroso compounds and increases their

production in the gastro-intestinal tract (Sodring et al., 2022). Red

meat consumption stimulates the production of N-nitroso

compounds in the intestine but white meat, with a lower haem

content, does not (Bingham et al., 2002). Both nitrite/nitrate and

haem iron are pro-oxidants which can promote oxidative damage

and inflammation in different organs (Etemadi et al., 2017). Another

compound formed in the gut after the consumption of ADFs is

trimethylamine N-oxide. Plasma concentrations of this choline

metabolite have been shown to be positively associated with the

risk of CVD and to have adverse effects on cholesterol metabolism

and oxidative stress (Fretts et al., 2022).

The role of processed red meat in the development of colorectal

cancer has been explained by the presence of many known

mutagens including heterocyclic aromatic amines (HAA) and

polycyclic aromatic hydrocarbons (PAH) produced during

cooking (De Smet and Vossen, 2016). The N-nitroso compounds

formed from haem iron in red meat are also carcinogenic. Hur et al.

(2019) showed that the amounts and types of the N-nitroso

compounds HAA and PAH depend on cooking methods and

temperature and are sometimes found in other Korean foods at

much higher levels than in processed meat. In a review, they found

no evidence of correlations between the intakes of processed and

red meat and the incidence of colorectal cancer in Asian studies.

Since the 1950s, long-chain (C12-C18) SFA in foods have been

seen as risk factors for type-2 diabetes and CVD (WHO/FAO, 2003;

USDA, 2020). Saturated fatty acids, particularly C14:0 and C16:0,

raise total- and LDL-cholesterol levels in blood with a small HDL-

raising effect. SFA increase coagulation, insulin resistance and

inflammation, all of which increase the risk of type-2 diabetes

and CVD (Calder, 2015). These effects are countered by PUFA and

the correct balance of SFA to PUFA in the diet are considered

important for cardiovascular health (Hooper et al., 2020).

Despite this evidence of the harmful effects of SFA, debate

continues about their direct effects on CVD. Systematic reviews and

meta-analyses of controlled trials have concluded there is no

evidence to support the view that dietary SFA are associated with
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CVD (Siri-Tarino et al., 2010; Chowdhury et al., 2014). Others have

concluded that advice from governments to limit SFA intake is

unwarranted (Astrup et al., 2021; Teicholz, 2023). However, this

advice continues to be given. For example, current UK government

advice is to limit SFA to 10% of total dietary energy from the current

13% (Public Health England, 2020).

There is evidence that the source of SFA is important in relation

to the effects on CVD. For example, the prospective cohort studies

of de Oliveira Otto et al. (2012) and Vissers et al. (2019) showed a

positive association between CVD risk and SFA from meat but not

with SFA from dairy. These conclusions are supported by results

from the meta-analysis of prospective cohort studies by Bechthold

et al. (2019). In support of these results, Forouhi et al. (2014) and

Prada et al. (2021) showed that plasma concentrations of the odd-

chain SFA 15:0 and 17:0, which are markers for dairy fat intake, had

inverse associations with the risk of type-2 diabetes. Perna and

Hewlings (2023) showed that CVD risk was low or neutral for

dietary levels of short and medium-chain fatty acids (C4-C10),

which are also at higher concentrations in milk than meat.

Givens (2018) noted that hypertension is a risk factor for CVD

and that bioactive peptides from milk proteins have hypotensive

effects. The high concentration of calcium in dairy products may

also reduce CVD risk (Lorenzen and Astrup, 2011).

The consensus view until recently has been that dietary

cholesterol is not a factor in blood cholesterol concentrations

(USDA, 2020) but recent cohort studies have found that

increased egg consumption (0.5-1 egg/day) with its extra

cholesterol, significantly increases the risk of CVD mortality

(Zhong et al., 2019; Zhao et al., 2022).

Fish have many constituents which impact positively on health

including high quality protein, minerals and vitamins (Tables 3–5)

(Zheng et al., 2012). Their high content of long-chain n-3 fatty acids is

also important. These fatty acids benefit many CVD risk factors

including blood triglyceride levels, blood pressure, heart rate,

endothelial function and myocardial oxygen demand (Del Gobbo

et al., 2016) and have recently been associated with reduced CVD

incidence and mortality over 10- and 20-year follow-up periods

(Critselis et al., 2023). Randomised clinical trials of fish oil supplements

have found mixed effects on CVD events but a meta-analysis of 13 trials

concluded that supplementation with marine algae was associated with

lower CVD mortality (RR 0.93, 95% CI, 0.88-0.99) and total CVD (RR

0.97, 95% CI, 0.94-0.99) (Hu et al., 2019). It is of concern that farmed

salmon, the main oily fish consumed in the UK and elsewhere, has been

shown to contain considerably lower concentrations of EPA+DHA

(1.2g/100g, Henriques et al., 2014) than the value of 2.5g/100g used by

SACN (2004) to set the UK dietary guidelines which would result in an

EPA+DHA intake of 450mg/day.
7 Concluding remarks

Animal-derived foods have made important contributions to

the diets of consumers over many years and are widely enjoyed as

components of a balanced diet. However, high levels of

consumption, especially of meat, are now widely seen as a factor

in climate change and increasing levels of chronic disease.
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Ruminant meat production poses the greatest risks to the

environment, from GHGEs, water use, land use and eutrophication

of water courses, but wide variation in these indicators suggests

average costs can be lowered. The greater use of marginal land and

lower use of arable land for beef and sheepmeat production in many

countries are mitigating factors. Milk production from ruminants is

associated with lower environmental costs than meat production and

crossbred beef production from dairy herds lowers costs compared

with purebred beef production. The costs of pigmeat, chicken, fish

and egg production are lower than those of beef and sheepmeat but

still higher than plant-based alternative sources of protein.

In terms of chronic disease, meat production from ruminants,

especially when processed, poses the greatest risks. It is not clear

how processing increases the risks of CVD or colorectal cancer:

nitrites/nitrates, salt and carcinogens introduced during cooking

have been implicated. Processed meat from chicken is probably less

damaging than that from red meat but red and white processed

meats have not been studied separately in most studies. Meat

products containing low levels of nitrites/nitrates, salt and fat are

now widely available.

Milk and milk products are associated with low or negative risks

of CVD and cancer compared with beef and sheepmeat. The high

haem content of ruminant meats could explain part of the disease

risk and this poses the question why pigmeat is included in most

studies as a red meat. Apart from a low haem content, it shares

other characteristics with chicken, including a similar nutrient

profile and similar balance between SFA and PUFA (Wood,

2023). Penkert et al. (2021) noted that the separate effects of

pigmeat on health have been examined in very few studies.

The disease risks associated with chicken and fish are low but

we draw attention to the risk of CVD from high egg consumption,

with it’s extra cholesterol. Chicken has had the greatest success

among ADFs and is forecast to provide 41% of protein from meat

sources globally by 2030.

The reductions in the consumption of red and processed meat

called for in some reports to improve environmental and health

outcomes are substantial. The EAT-Lancet Commission called for a

greater than 50% reduction in the global consumption of red meat

(Willett et al., 2019). Governments respond to such advice in

different ways. The UK Government recommended consumption

of 70g/day red and processed meat in the Eatwell Guide and present

figures are around 50.5g/day (Stewart et al., 2021). The figure of 14g

red meat per day included by Willett et al. (2019) in their ‘healthy

reference diet’ would be hard to achieve. The assumption that red

and processed meat will be replaced in diets by vegetables, fruit,

beans and nuts (Willett et al., 2019) may also be problematic.

Benefits to health and the environment would not occur if

consumers switched to alternatives like ultra-processed foods,

sales of which have recently increased (Srour et al., 2019). The

use of a ‘ruminant meat tax’ to limit consumption would be difficult

politically and could result in unexpected costs (Lee et al., 2021).

Calls for lower levels of ADF consumption in high-income

countries contrast with the increases in consumption predicted in

low- and middle-income countries in the next 10 years. Some

reports have shown lower risks of CVD and colorectal cancer

associated with consumption of ADFs in these countries. This
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may be due to lower levels of consumption of ADFs and as these

increase the risks may increase.

This overview has outlined the current (2023-24) position of

ADFs as foods in our diets and has described the challenges facing

their production. This is a rapidly advancing story for society and

the agricultural industry and we await further developments.
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