
HAL Id: hal-03701438
https://hal.univ-lorraine.fr/hal-03701438

Submitted on 22 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The Future of Meat: Health Impact Assessment with
Randomized Evidence

João Pedro Ferreira, Abhinav Sharma, Faiez Zannad

To cite this version:
João Pedro Ferreira, Abhinav Sharma, Faiez Zannad. The Future of Meat: Health Impact Assess-
ment with Randomized Evidence. The American Journal of Medicine, 2021, 134 (5), pp.569-575.
�10.1016/j.amjmed.2020.11.007�. �hal-03701438�

https://hal.univ-lorraine.fr/hal-03701438
https://hal.archives-ouvertes.fr


1 
 

The future of meat: health impact assessment with randomized evidence 

Running head: The future of meat  

 

Authors:  

João Pedro Ferreira, MD, PhD1; Abhinav Sharma, MD, PhD2; Faiez Zannad, MD, PhD1  

 

Affilliations:  

1 Université de Lorraine, INSERM, Centre d'Investigation Clinique et Plurithématique 1433, 

INSERM U1116, CHRU de Nancy, F-CRIN INI-CRCT (Cardiovascular and Renal Clinical 

Trialists), Nancy, France. 

2 Division of Cardiology, McGill University Health Centre, Montreal, QC, Canada. 

 

Contact to:  

Dr. João Pedro Ferreira 

Centre d'Investigation Clinique 1433 module Plurithématique, CHRU Nancy - Hopitaux de 

Brabois, Institut Lorrain du Coeur et des Vaisseaux Louis Mathieu 

4 rue du Morvan, 54500 Vandoeuvre les Nancy 

Tel : +33 (0) 3 83 15 73 15 

Fax : +33 (0) 3 83 15 73 24 

Mail: j.ferreira@chru-nancy.fr  

 

The first author drafted the first version and subsequent revisions of the manuscript. The 

other authors performed critical revisions and edited the manuscript. All authors had access 

to the data presented in the manuscript. 

mailto:j.ferreira@chru-nancy.fr


2 
 

 

 

  



3 
 

Abstract 

Massive animal farming for meat production poses major problems in terms of resource 

use, environmental impact, and biodiversity. Furthermore, excessive meat consumption has 

been associated with multiple deleterious health consequences. However, more and better 

designed randomized trials are needed to increase the level of evidence on the health 

impacts of meat. Novel meat alternatives, such as plant- and cell-based meat are much less 

impactful to the environment and might replace traditional animal meat in the future, but, 

despite promising early data, the health consequences of these novel products need further 

study. This manuscript focuses on the health impacts of meat over three main sections: 1) 

overview of the evidence highlighting the association of meat consumption with health; 2) 

novel alternatives to meat, including plant-based and cell-based alternatives; and 3) 

examine the rationale for randomized studies to evaluate the effects of the novel meat 

alternatives compared with the standard animal meat.  

 

Key-words: animal meat; plant-based meat; cell-based meat; environmental impact; health 

impact; randomized controlled trials.  

 

  



4 
 

Introduction 

The incorporation of meat (muscle obtained from an animal carcass) and marrow from large 

animals in the human diet occurred about 2.6 million years ago. The introduction of animal 

meat in the diet of early hominis expanded on a previously mainly vegetarian diet, as 

suggested by the tooth morphology of these hominis1. The reason(s) why these early 

hominis started eating meat remains debatable. A possible explanation was the scarcity of 

grassland across African habitats that placed selective pressure and forced our predecessors 

to find new alternatives to their diet2. The consumption of meat also increased the amount 

of proteins in the diet, which may have helped to increase the body size without loss of 

mobility, agility, or sociality. Throughout time, meat consumption might have also helped to 

select those more capable to eat and digest these sources of nutrients3. Ever since these 

early hominis, meat consumption has not stopped, and evidence supporting the association 

between large-animal extinction and human expansion exists4. Along with the agricultural 

“revolution”, around 9000 to 11000 years ago, the paradigm shifted from hunter-gathering 

to animal domestication for human consumption5. Fast-forward to the last few hundred 

years, technological advances enabled major increments in meat production and 

transportation supplying a fast-growing world population. However, it was in the last 50 

years that the total meat production quadrupled. During the 60s and 70s Europe and North 

America were the dominant meat producers, but currently Asia is the main meat producer 

accounting for more than 100 million tons of meat produced every year for a world total of 

nearly 300 million tons, with poultry and pig dominating the current meat production6. The 

per capita meat consumption has also greatly increased, with the average person 

consuming around 43 kilograms of meat in 2014 compared with 20 kilograms in 1961, 

globally7. Meat production uses nearly half of the habitable land and accounts for over a 
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quarter of global greenhouse gas emissions, while it produces less than 20% of the total 

calories and less than 40% of the total protein; therefore, it is highly inefficient8, 9.  

 This massive production of animals for human consumption poses major problems in 

terms of resource use, environmental impact, and biodiversity. Moreover, excessive meat 

consumption can also have deleterious effects on human health. Innovation in novel food 

and meat alternatives may provide an opportunity to explore the impact of health and 

dietary interventions on health outcomes. 

This manuscript focus on the health impacts of meat in three main sections: 1) 

overview of the available evidence highlighting the association of meat consumption with 

human health; 2) novel alternatives to meat, including plant-based and cell-based 

alternatives; and 3) examine whether there is a rationale for randomized studies to evaluate 

the effects of the novel meat alternatives compared with the standard animal meat.  

 

Health impacts of animal meat consumption 

The evidence linking animal meat consumption - mostly red (e.g., beef, pork, and lamb) and 

processed (i.e., transform through processes that enhance taste or improve preservation) 

meats - with human health is extensive, yet generally classified as “low grade” evidence, 

simply due to the fact that most diet studies are observational; thus, the straightforward 

application of the Grading of Recommendations, Assessment, Development, and Evaluation 

(GRADE) criteria generally classifies observational studies as “low grade” evidence10. 

Notwithstanding, alternatives for evaluating and grading evidence on nutritional and 

lifestyle interventions have been developed11, 12. The study of the impact of diet on health 

has specific particularities that cannot be overlooked. For example, diet patterns may 

change with time, diet questionnaires are self-reported, prone to measurement errors and 
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often not consistent across studies, and factors such as income and area of residence play a 

major role on the quality of the diet (and health overall)13. It should be also noted that the 

feasibility of randomized controlled trials (RCTs) assessing morbidity and mortality is also 

challenging with dietary interventions, because such studies would require a large sample 

size, with a long follow-up period, and more importantly, blinding the “treatment” 

allocation, keeping “treatment” adherence, and avoiding “treatment” group “cross-overs” 

would be practically impossible. Furthermore, the socio-cultural context of food 

consumption makes conducting RCTs challenging; for example, does the entire family unit 

have to be randomized or can only one person in a family be a part of a dietary intervention. 

Where there are cultures where certain foods are integrated as cultural norms, is 

replacement of these foods acceptable or ethical? That is why many RCTs evaluate short-

term dietary interventions on surrogate markers of disease (e.g., LDL cholesterol); such 

studies  provide important information and knowledge regarding the health effects of 

certain diets, but ultimately have not provided robust evidence on clinical outcomes such as 

cancer, major adverse cardiovascular events, or death14. Notwithstanding, the totality of 

evidence with extensive replication of findings in multiple settings points towards a 

detrimental health effect of excessive red meat and processed meat consumption15.  

Several long-term prospective cohort studies have studied the association between 

red and processed meat consumption with cardiovascular disease (including stroke and 

myocardial infarction), type 2 diabetes, cancer (colorectal cancer in particular), and 

mortality. Overall, these studies consistently show that the consumption of red and 

processed meat are associated with a higher risk of cardiovascular disease, type 2 diabetes, 

cancer, and mortality16-20. For example, a meta-analysis studying the health effects of diets 

with lower content of red and processed meat compared with diets with higher content of 
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red and processed meat, found that lower red and processed meat consumption was 

associated with a 13% relative decrease in all-cause death (HR 0.87, 95%CI 0.82-0.92), 14% 

decrease in cardiovascular death (HR 0.86, 95%CI 0.79-0.94), and a 24% decrease in new-

onset type 2 diabetes (HR 0.76, 95%CI 0.68-0.86)20. Another meta-analysis which included 

over 6 million people found that a reduction of red and processed meat intake was 

associated with a 7% decrease in overall cancer mortality (HR 0.93, 95%CI 0.91-0.94)19, 21-23. 

Moreover, higher plant protein intake and replacement of red meat or processed meat with 

plant protein has been consistently associated with lower all-cause, cancer-related and 

cardiovascular mortality21, 24,25.  A recent meta-analysis of RCTs on red meat and 

cardiovascular risk factors, comparing diets with red meat with diets that replaced red meat 

with a variety of foods, showed that replacing red meat by high-quality plant protein 

sources leads to more favorable lipid profile14, and increasing the consumption of whole 

nuts (or extra virgin oil) decrease the rate of major adverse cardiovascular events26. 

Consistent with the totality of the evidence, current guidelines recommend dietary 

patterns low in red and processed meats and high in minimally processed plant-based 

foods27-31. Also consistently, the International Agency for Research on Cancer of the World 

Health Organization (WHO) classified processed meats (e.g., bacon and sausages) as 

carcinogenic to humans, and unprocessed red meats, such as beef and pork, as “probably 

carcinogenic”30. Knowing that most cardiovascular diseases and deaths attributable to 

cardiovascular risk factors can be modified, including by dietary change, there is strong 

rationale to explore dietary changes as a strategy to reduce future cardiovascular disease 

risk32.    

Beyond the health impact of red meat consumption, its environmental impact 

should also be taken under consideration. Climate-related issues including air and water 
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pollution, greenhouse gas emissions, loss of forests and other important carbon sinks, and 

extreme weather events pose a serious threat to human health, and animal farming is one 

of the major contributors to these environment-related problems33, 34. These factors should 

also be taken into account in dietary recommendations and guidelines35. 

 

Alternatives to meat 

The development of innovative companies that are aiming to compete with traditional 

meat-based industries has the potential to impact large scale changes in health and 

environment33,36,37. Meat alternatives may have a plant- or cell-based origin, and usually 

provide a meat-like sensorial experience to the consumer. Technological advances allowed 

the creation of food products that taste and smell exactly like meat, but do not result from 

the killing of animals and have much less environmental impact. For example, a study 

funded by Beyond Meat® based on a comparative assessment of a plant-based burger 

production system with the beef life cycle assessment, identified that the plant-based 

burger generates 90% less greenhouse gas emissions, uses 46% less energy, and has almost 

no impact on water resources and land use38. Some estimates find cell-based meat even less 

detrimental to the environment39. Despite these potential advantages, in a survey study 

conducted in the USA, most consumers (>70%) still prefer traditional farm raised animal 

beef, and even if plant- and cell-based beef price would decrease by half, most people still 

would prefer traditional meat. Features that predicted preferences to red meet alternatives 

included being vegetarians, males, younger, and higher levels of education. Furthermore, 

more participants did not support taxing conventional beef for environmental and animal 

welfare objectives. Whether individuals were more open to substitute limited quantities of 

red meat with plant-based meats remains to be explored. These results might be related to 
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the relative novelty of these products and the lack of evidence on their impact on human 

health40. A thorough comparison of plant- and cell-based meat with traditional farm meat 

based on randomized evidence, to demonstrate the safety and efficacy of meat alternatives, 

could be important to change the dietary guidelines and the view of the consumer. 

Plant-based  

Plant-based meat alternatives are designed to look, smell, and taste like animal meat to 

attract traditional meat consumers, beyond vegetarians and vegans. However, plant-based 

meat is produced using purified plant extracts, rather than whole plant protein. Important 

differences also exist between manufacturers. For example, the Beyond Meat® burger uses 

proteins of multiple vegetables, fats from vegetable oils, colour and taste from beet and 

apple juice extracts, plus sodium, potassium, iron and calcium as minerals. The Impossible 

Foods® burger uses protein form genetically modified soy and potatoes, and taste from 

iron-containing heme from genetically modified soy yeast (soy leghemoglobin), to look, 

smell and taste like animal blood (hemoglobin). The comparison of the ingredients and 

nutritional facts of these two products in depicted in Table 1.  

 These details are relevant, because food processing may lead to the loss of nutrients 

and fibers naturally present in plants, and processed foods may be higher in saturated fats 

that are linked to metabolic derangements (even if coming from vegetable sources)41,42. The 

Beyond Meat® and Impossible Foods® burger have no cholesterol, less total fat, similar 

protein and calory content, and more salt than a grass-fed beef burger (Table 1). The heme 

content in exclusive to the Impossible Foods® burger, which is slightly higher than that of a 

grass-feed beef burger.   

 Regardless of the nutritional comparisons, more important is to compare these 

products directly on health effects. For this purpose, the use of surrogate markers of 
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cardiovascular disease may be particularly useful for use in early phase RCTs by reducing 

sample size and follow-up time while providing insight on how the metabolism is changed 

with product exposure. In this regard, and beyond the more traditional risk factors like LDL 

cholesterol and blood pressure, trimethylamine N-oxide (TMAO) is a gut microbiota-

generated metabolite that has been associated with atherosclerosis, stroke, myocardial 

infarction and cardiovascular death43, 44. The association of high plasma TMAO with 

cardiovascular disease is positive and dose-dependent45. As consequence, decreasing the 

TMAO levels has become a potential therapeutic target for reducing cardiovascular risk46,47. 

TMAO is generated via gut microbiota-dependent formation of trimethylamine (TMA) from 

phosphatidylcholine, the major dietary source of choline48. Carnitine is enriched in red 

meat, and, consequently, higher total choline content is found in beef (and other meats), 

liver, and egg yolks48,49,50. In some observational studies, plasma levels of TMAO were 

increased in omnivores compared to vegans/vegetarians, and in recent clinical challenge 

studies, TMA and TMAO generation from oral carnitine was observed to be substantially 

reduced with a vegetarian diet51-53.  

Recently, a randomized crossover trial on the effect of plant-based compared with 

animal-based meat on TMAO and cardiovascular disease risk factors in generally healthy 

adults: Study With Appetizing Plantfood - Meat Eating Alternative Trial (SWAP-MEAT) found 

that the plant-based burger (Beyond Meat®) reduced the TMAO levels compared with 

animal meat54. The SWAP-MEAT was a single-centre, randomized cross-over trial with no 

washout period comparing two or more serving a day of plant-based burger with animal 

burger for eight weeks, while keeping the rest of the diet as similar as possible between the 

study phases, in 36 health participants (67% women and 69% white), with a mean age of 

50±14 years and a mean body mass index of 28±5 Kg/m2. The mean TMAO concentrations 
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were overall significantly lower for plant-based burger than for animal (2.7±0.3 vs. 4.7±0.9; 

P =0.012), particularly among those who received animal meat first. Furthermore, there was 

a clinically meaningful LDL cholesterol decrease during the plant-based meat period with a 

mean reduction of around 10 mg/dL, and a statistically significant weight reduction. 

Importantly, the mean daily sodium intake was similar between periods and the saturated 

fat intake lower in the plant-based period. Exploratory analyses of the microbiome failed to 

reveal possible responder compared with non-responder factors. These findings support the 

health benefit of plant-based burgers compared with animal meat burgers. Another ongoing 

trial with a cross-over design and TMAO change as the primary outcome, the Plant-Based 

Meat vs Animal "Red" Meat (FOOD-1) trial (ClinicalTrials.gov Identifier: NCT04510324), 

randomly assigns 30 adults to either beef burger or plant-based burger, and may provide 

further independent replication and insight into the effects of plant-based vs. animal 

burgers.  

Cell-based 

Another line of products in the pipeline is cell-based (or cultured) meat that produces 

animal meat without the need to raise or kill the animal. These products look, smell and 

taste exactly like animal meat, because they are made with animal cells. Several companies 

are currently producing cell-based meat but as these companies are navigating uncharted 

territory, the regulatory procedures involving these products has been challenging. 

Notwithstanding, the Food and Drug Administration (FDA) and the U.S. Department of 

Agriculture (USDA) recently created a formal agreement to jointly oversee the production of 

cell-based meat in order to establish regulations and product labelling55. While barriers to 

commercialization remain, cell-based meat may soon be widely available for the consumer. 

Moreover, the price of these products has sharply decreased over the last years, and they 
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may become affordable to most consumers along with companies’ scalability and increasing 

demand.    

 To the best of our knowledge, currently there are no large-scale randomized trials 

powered for clinical outcomes, on the horizon involving these products. However, these 

may be important to assess the health impacts of cell-based meat and reassure the 

consumers about their safety and potential health benefits. Cell-based meat is produced in a 

sterile environment without antibiotics and is not handled in slaughterhouses or butcheries, 

thus has a low risk of contamination by either bacteria, viruses or prions (e.g., salmonella, 

Escherichia coli, “mad cow” disease, swine flu). Furthermore, the “fat” content of the meat 

can be controlled in the laboratory. These features are encouraging, but do not eliminate 

the need for formal testing in experimental models and RCTs to evaluate their potential 

health impacts compared with traditional and plant-based meat.   

 

Need for randomized evidence 

RCTs are the gold standard test of whether or not a treatment is beneficial56-58. The 

numerous biases and limitations of non-randomised, observational studies have been 

thoroughly documented, and also apply to food based observational studies59. However, 

with dietary interventions it is challenging to conduct large RCTs with long-term follow-up60. 

Albeit challenging, these large studies are not impossible if they are designed as pragmatic 

trials with adequate power to accommodate the inherent variations in people`s diet. 

Furthermore, blinding of the allocation should be attempted whenever possible – for 

instance plant- or cell-based patties are similar to traditional animal meat patties in taste 

and appearance, and these could be given to participants in a double-blind fashion. Using 
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digital health technologies to facilitate the acquisition of outcomes can be leveraged to 

facilitate pragmatic acquisition of outcomes relating to such dietary RCTs61,62. 

Moreover, smaller, short-term trials, assessing surrogate markers of disease (e.g., 

TMAO, LDL cholesterol, blood pressure, body weight, insulin resistance, salt intake, gut 

microbiome or circulating “multi-omics” markers) can be conducted to compare the effects 

of the plant- and cell-based meat with traditional animal meat on cardiometabolic risk. 

Relevant considerations to take into account when designing dietary RCTs are 

described in the Table 2 and the summary of this manuscript`s content is depicted in the 

Central Illustration.  

 

Future directions  

The landscape of the meat substitutes is rapidly evolving, this it is important to ensure that 

these new products are beneficial to human health as well as the health of the planet. Long-

term behavioural change should also be assessed, to identify the factors that lead to a 

person transition (or not) toward plant-based or cell-based products and stick to these 

products in a long-term basis. A “multi-omics” approach (instead of a single marker 

approach) could find novel biomarkers reflecting pathophysiologic changes directly linked to 

meat consumption.     

 

Conclusions  

 Novel meat alternatives to meat (plant- or cell-based) may provide a similar sensorial 

experience to traditional meat, but with a potentially smaller environmental impact. 

Furthermore, plant-based alternatives showed promising short-term results on surrogate 

markers of cardiovascular disease. Cell-based alternatives are, theoretically, also very 



14 
 

promising, but studies are lacking. Well-designed randomized trials are key to a better 

understanding of the health impact of these products that might be an alternative to 

traditional meat in a near future.  
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Central Illustration. Graphical summary of the manuscript`s content
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Table 1. Comparison of the main characteristics of the plant-based burger versus a 

traditional beef burger.  

Characteristics Beyond Burger Impossible Burger Grass-fed beef burger 

Serving size 1/4 pound (113 g) 1/4 pound (113 g) 1/4 pound (113 g) 

Calories 250 240 240 

Total fat 18 g 14 g 14 g 

Saturated fat 6 g 8 g 6 g 

Cholesterol 0 0 70 mg 

Sodium 300 mg 370 mg 77 mg 

Carbohydrate 3 g 9 g 0 

Fiber 2 g 3 g 0 

Protein 20 g 19 g 22 g 

Iron 0 4.2 mg 2.7 mg 

Sources: https://faq.impossiblefoods.com/hc/en-us/articles/360018939274-What-are-the-

nutrition-facts-; https://www.healthline.com/nutrition/impossible-burger#nutrition; 

https://www.goodhousekeeping.com/health/diet-nutrition/a29074114/beyond-burger-

nutrition-ingredients/. (Accessed online on the 26th of August 2020).  

 

 

 

 

 

https://faq.impossiblefoods.com/hc/en-us/articles/360018939274-What-are-the-nutrition-facts-
https://faq.impossiblefoods.com/hc/en-us/articles/360018939274-What-are-the-nutrition-facts-
https://www.healthline.com/nutrition/impossible-burger#nutrition
https://www.goodhousekeeping.com/health/diet-nutrition/a29074114/beyond-burger-nutrition-ingredients/
https://www.goodhousekeeping.com/health/diet-nutrition/a29074114/beyond-burger-nutrition-ingredients/


21 
 

Table 2. Considerations to take into account when designing dietary randomised controlled 

trials 

Large outcome trials Small “mechanistic” trials 

Diet intervention cross-overs Underpowered to study major outcome 

events 

Change in dietary patterns with time Easier to control dietary interventions 

Self-reported diet questionnaires Effects on surrogate markers that may 

not be associated with outcomes 

Bias and confounding due to factors other than 

diet (e.g., income-inequality) 

Carry-over effects in cross-over trials 

Lost to follow-up Sample not representative of the general 

population 

Need for major adverse events that may have 

low incidence in the population 

Not possible to assess the long-term 

consequences of the dietary intervention 

 

 

 


