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Review Article

Critical Reviews in Food Science and Nutrition

Overview: the food matrix and its role in the diet

Connie M. Weavera  and D. Ian Givensb 
aSchool of Exercise and Nutritional Sciences, San Diego State University, San Diego, California, USA; bInstitute for Food, Nutrition and Health, 
Earley Gate, University of Reading, Reading, UK

ABSTRACT
The food matrix which includes the physiochemical structure and interaction with chemical 
constituents is a focus of investigation that is revealing potentially important influences on diet and 
health. This paper, the first in an article collection titled, The Important Role of the Dairy Matrix in 
Diet and Health, serves as an introduction to the food matrix to put into context the subsequent 
articles specific to the matrix effects of dairy milk, cheese and yogurt on human health. This 
introductory article describes the effects of processing on the food matrix and implications for diet 
and health, examines the contribution of nutrients compared to whole foods and food patterns, 
and characterizes examples of the complexity of the food matrix including current controversies of 
dairy fat and ultra-processed foods. The gaps in knowledge and research identified in this overview 
may help guide researchers and funding entities moving forward. Current knowledge indicates that 
translating research on the food matrix to the consumer through recommendations for the intake 
of whole foods and food patterns is prudent at this time.

Introduction: what is the food matrix?

Understanding the role of diet in health has moved past the 
nutrient profile of the food, meal, or diet. Advances in tech-
nologies have allowed us to think in the broader context of 
food patterns and the food matrix. The food matrix is not 
only the composition of nutrients, bioactive constituents, 
and other compounds present but also how they are pack-
aged and compartmentalized. It reflects the processing that 
the product has undergone, including changes in physical 
state of the product, altered endogenous constituents, and 
addition of inert and live chemicals or microorganisms 
(Aguilera 2019). This overview, an introduction to the spe-
cial article collection titled, “The Important Role of the 
Dairy Matrix in Diet and Health” will explore how the com-
plex nature of the food matrix influences diet and health 
outcomes in various ways and how we can understand 
health benefits through the lens of the food matrix. The 
food matrix that has been the most studied is dairy and 
several papers have already been written on this particular 
food matrix (Weaver 2021; Thorning et  al. 2017). This spe-
cial article collection includes papers that provide deeper 
insights into the milk, yogurt and cheese matrices and their 
potential impact on consumer health. To give context to the 
subsequent articles focused specifically on the dairy matrix, 
this overview will introduce the many nutritional compo-
nents in food where the matrix may influence diet and ulti-
mately health. This overview is not meant to be 

comprehensive. Indeed, the evidence for matrix effects on 
health outcomes is still developing. A few examples of cur-
rently hot topics of debate will be elaborated upon to illus-
trate the importance of investing in research on the food 
matrix to better understand the role of food and processing 
in diet and health.

Effects of processing on nutrient content, 
bioavailability of nutrients and bioactive 
components, and implications for health

The food matrix: the importance of physical form and 
structure

Whilst it has been known for a long time that foods are 
complex mixtures of nutrients sitting within a range of phys-
ical structures, knowledge on the impact of these matrices 
on the nutritional and subsequent health characteristics of 
the food has been limited. Because of this Mulet-Cabero 
et  al. (2024) described the need for harmonizing definitions 
to assist in understanding the literature on the food matrix 
and its impact. They proposed a definition for the dairy 
matrix as “describing the unique structure of a dairy food, 
its components (e.g., nutrients and non-nutrients), and how 
they interact.” They also defined dairy matrix health effects 
as “referring to the impact of a dairy food on health that 
extends beyond its individual components.” It is likely that 
these statements could equally apply to many nondairy 
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foods. Examples of the importance of form and structure of 
the matrix in relation to fruit were given by Haber et  al. 
(1977) and recently by Crummett and Grosso (2022).  
Haber et  al. (1977) fed test meals containing 60 g of carbo-
hydrates to healthy subjects based on intact apples, 
fiber-disrupted apple purée and apple fiber-free juice. 
Postprandial plasma glucose increased to similar concentra-
tions in all three treatments, but serum insulin rose to a 
higher concentration following the juice and purée than the 
intact apples. It was concluded that physical disruption of 
the fiber can lead to disturbed glucose homeostasis due to 
inappropriate insulin release.

Crummett and Grosso (2022) highlighted that whilst 
increased dietary fiber intake is associated with reduced 
postprandial glycemic response, less is known whether phys-
ically disrupted fiber modifies this response. They compared 
the glycemic response in healthy students of consuming 
whole fruit (190 g apple, core and seeds removed, and 148 g 
of blackberries) compared with blended fruit. They found 
that the postprandial maximum glucose concentration (whole 
42.5 ± 4.6; blended 28.8 ± 2.4 mg/100 ml, p = 0.004) and glu-
cose incremental area under the curve (whole 1269 ± 124; 
blended 850 ± 109 mg*min, p = 0.005) were significantly lower 
in blended fruit compared to whole fruit and glucose con-
centration at 60 min tended to be lower (p = 0.057) in 
blended fruit compared to whole fruit. Unfortunately, the 
study was unable to measure insulin since this may have 
explained the lower glycemic response of the blended fruit 
as shown by Haber et  al. (1977). The authors suggested that 
the reduced glycemic response in the blended fruit might be 
associated with the release of dietary fiber and components 
from ground blackberry seeds. Further that fruit smoothies 
without added sugar could be a healthy way of consuming 
the daily recommended amount of fruit.

Carotenoids in carrots are present in either crystalline 
form or bound to proteins within the chromoplasts. Hedrén, 
Diaz, and Svanberg (2002) examined the degree to which 
the physical structure of carrots needed disruption to allow 
carotenoids to be released from the chromoplasts and 
become bioaccessible as assessed by in vitro digestion. They 
showed that raw bitesize chunks, cooked bitesize chunks, 
raw pulped and pulped carrots cooked with 20 g rapeseed 
oil/100g carrot dry matter released 3, 6, 21 and 39% (P raw 
vs cooked < 0.05) of β-carotene respectively. The release of 
α-carotene was similar. The overall conclusion was that for 
carotenoid release, pulping was more effective than cooking, 
reflecting the need for cell wall disruption and the impor-
tance of the physical form of the food matrix.

Whilst the physical structure of a food’s matrix can affect 
its impact and it is known that in dairy foods the calcium 
present can undergo saponification reactions in the digestive 
tract with food-derived fatty acids to produce inert soaps 
which may increase fat excretion and moderate blood lipid 
responses (see more below), there has been less study of any 
interaction between physical food form and the susceptibility 
for saponification to occur. This was examined by Lamothe 
et  al. (2017) in a simulated gastrointestinal environment. They 
assessed the proportion of fat initially in various dairy food 
matrices that led to calcium soaps at the end of the digestion 

period. They used liquid (milk: three combinations of homog-
enization or not and heat treatment), semi-solid (yogurt: three 
types) and solid (cheese: made from four combinations of 
homogenized or not milk and pH) dairy matrices. Figure 1 
shows the proportion of calcium soaps at the end of digestion 
and the calcium to lipid ratio of the various dairy foods.

Figure 1 shows that the liquid and semi-solid matrices gave 
rise to the lowest calcium soap formation and whilst there was 
some increase in soap formation in the milks and standard 
yogurt with higher calcium to lipid ratios, the gradient of the 
response was much less than seen for solid cheese matrices 
which also produced much more soap at the similar calcium 
to lipid ratios. The authors suggest this may be the result of 
the high calcium concentration from the cheese matrix parti-
cles in close proximity with the lipid droplets. Overall, calcium 
soap synthesis was much more efficient with the solid cheese 
matrices again indicating that the physical form of the matrix 
is important for its functionality. However, as the authors say, 
this work needed replication in human studies but is sup-
ported by the recent study of O’Connor et  al. (2024). This 
randomized parallel human study compared the 6-week con-
sumption of ~40 g of dairy fat as either unmelted Cheddar 
cheese, melted Cheddar cheese or a ‘deconstructed’ cheese 
(made up from butter, calcium caseinate and calcium carbon-
ate) on changes in blood lipids, glucose and insulin concentra-
tions. Comparisons of body weight, body mass index, body fat 
content and blood pressure were also made. There was no 
effect of dietary treatments on anthropometrics, blood pres-
sure, fasted blood glucose and serum insulin but melted 
cheese increased total cholesterol concentration by 
0.20 ± 0.15 mmol/L (p = 0.008) and triacylglycerol concentrations 
by 0.17 ± 0.08 mmol/L (p = 0.016) compared to unmelted cheese. 
No significant differences were seen for HDL-C, LDL-C and 
VLDL-C although the trend for LDL-C matched that of total 
cholesterol (Figure 2). These few examples illustrate the influ-
ence of the food matrix with respect to physical form on 
potential health impacts, some that are positive and some that 
are negative. Despite this improved knowledge, it remains 
unclear how this information can be incorporated into diet 
formulation and dietary guidelines that will account for 
matrix-related nutrient supply and effects on health.

Figure 1. R elationship between the calcium soap % at the end of digestion 
and calcium to lipid ratio of the dairy matrices. H = homogenized, NH = not 
homogenized (from Lamothe et  al. 2017).
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Effects of processing on nutrients and bioactive 
compounds

Lipids
There has been a large amount of research on the impact of 
dietary lipids particularly on cardiovascular diseases (CVD) 
with many controversies remaining. Much of this work has 
focused on fat type and particularly the perceived need to 
reduce intake of saturated fats to reduce the risk of CVD 
(e.g., reviews of Forouhi et  al. 2018; Givens 2023). It is how-
ever known that the food matrix can influence the bioacces-
sibility of lipids in the food and subsequently the amount 
absorbed.

In plant sources of lipids, cell wall disruption is needed 
to enable lipid bioaccessibility for lipase activity in densely 
packed foods such as almonds. Grundy, Lapsley, and Ellis 
(2016) highlighted that the lipids in almonds are predomi-
nantly triaclyglycerols (TAG) and are stored within oil bod-
ies in the almond kernels and it is predominantly the outer 
layer of cells of almond particles that fracture during 
mechanical processing or chewing in the mouth leading to 
much of the encapsulated lipid remaining intact and largely 
inaccessible to the lipases as shown by Grundy et  al. (2015). 
A similar effect has been seen in relation to degradation of 
the cheese matrix during digestion being influenced by the 

physical characteristics of the cheese. Lamothe et  al. (2012) 
compared the rate of free oil release (an index of matrix 
degradation) during gastric and duodenal digestion in vitro 
and rate of free fatty acid release during the duodenal phase 
of in vitro digestion of mild Cheddar, aged Cheddar, light 
Cheddar and Mozzarella cheese. During the gastric phase, 
the mean loss of free oil was three times greater for aged 
Cheddar cheese than the other cheeses (Figure 3). The 
authors suggested that this was likely due to the lower elas-
ticity and cohesiveness of the aged Cheddar than the others 
which all showed similar matrix degradation characteristics 
in the gastric phase. The duodenal phase of digestion sub-
stantially increased the matrix degradation rate for all 
cheeses especially in the first 30 min (Figure 3).

During duodenal digestion the release of free fatty acids 
was highest for Mozzarella which agreed with its greater rate 
of matrix degradation and consequently increased the acces-
sibility of lipase to the lipid. The overall conclusion was that 
the physical cheese matrix characteristics can substantially 
influence the ability of lipase to gain access to the lipid and 
thus affect the rate and extent of fatty acid release and 
absorption.

The study of Thorning et  al. (2015) also examined the 
possibility that cheese ripening could lead to compositional 
changes to the cheese matrix which might influence meta-
bolic responses after consumption. They used Cheddar 
cheese ripened for 4, 14 and 24 months and showed a posi-
tive relationship between ripening period and both amino 
acid and peptide concentrations, likely due the authors sug-
gested, to the progressive proteolysis of casein. Using a pig 
model, they showed that whilst cheese ripening time had no 
significant effect on blood lipids apart from plasma 
non-esterified fatty acids which were significantly lower 
(p = 0.01) with the 14- and 24-month ripened cheese than 
the 4-month ripened. The 24-month ripened cheese also 
improved insulin sensitivity compared with the shorter rip-
ening periods as indicated by lower serum insulin concen-
trations (p = 0.008) and reduced HOMA-IR (p = 0.04). There 
was no effect on plasma glucose. The increased concentra-
tions of peptides and amino acids after an extensive ripening 
period are likely to have been accompanied by some changes 
in the cheese structure but whether this influenced the 
improvements in insulin function is not known.

Clearly there are several ways in which processing and 
the subsequent food matrix can influence lipid release and 
absorption but there remain uncertainties. As discussed in 
detail later in this overview, there is increasing evidence that 
the food source of saturated fat influences its impact on 
CVD with those from dairy foods having little or no effect 
yet those from red and particularly processed meat associ-
ated with increased CVD risk (e.g., Bechthold et  al. 2019; 
Vogtschmidt et  al. 2024). To what extent the processing and 
subsequent matrices of the two food groups influence this 
outcome is as yet unknown.

Carbohydrates
There is good evidence that dietary carbohydrates with a 
low glycemic index (GI) are beneficial for control of fasting 

Figure 2. E ffect of unmelted, melted and deconstructed cheese on changes in 
blood lipids (from O’Connor et  al. 2024).

Figure 3. R ate of free oil release during digestion of aged Cheddar (red circle), 
mild Chedder (blue circle), light Cheddar (purple square) and Mozzarella (green 
square); 1, at start of gastric and 2, duodenal digestion (from Lamothe et  al. 
2012).  2012. Lamothe, S., M.-M. Corbeil, S. L. Turgeon, and M. Britten All 
Rights Reserved. Reproduced with permission from Royal Society of Chemistry.
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blood glucose and particularly glycated hemoglobin in dia-
betics (Ojo et  al. 2018). Foods with high GI rapidly increase 
blood glucose and insulin responses whilst those with a low 
GI have a slower impact on blood glucose levels and insulin 
response. Broadly, GI can be regarded as the relative rate of 
digestibility of the available carbohydrates of the food com-
pared with glucose or a reference food. Despite this evidence 
there remains uncertainty about the impact of GI and glyce-
mic load (GL) for reducing cardiometabolic diseases. 
Vega-López, Venn, and Slavin (2018) reported that results 
from studies over the last decade have not shown a clear 
clinical benefit for the use of GI, in part they suggest, since 
most data are from observational studies with limited dietary 
assessments not validated for assessment of GI and GL. 
Similarly, Jenkins and Willet (2024) reported that a recent 
WHO series of meta-analyses concluded that increases in 
dietary fiber and whole grains but not a reduction of GI or 
GL were needed for chronic disease reduction. With the 
increased rise in type 2 diabetes in many countries, 
approaches to enhance glycemic control are increasingly 
important both for prevention and treatment regimes. It is 
therefore vital that carbohydrates in diets are adequately 
characterized.

Except for dietary sugars, starch is the major contributor 
to carbohydrate intake in typical Western diets. Most of the 
starch is provided by cereals or foods they contribute to, 
notably bread. The GI of cereals and particularly their prod-
ucts is highly variable and dependent on intrinsic food 
matrix factors and extrinsic factors such as heat since cereal 
grains are usually thermally processed. The most important 
food matrix effect is the nature of the starchy endosperm 
including the proportion of RS type 1 starch which is iso-
lated in intact endosperm cells which physically limit amy-
lase access to the starch granules (Taylor, Naushad 

Emmambux, and Kruger 2015). Another matrix issue relates 
to the type of endosperm starch. Some cereals such as maize 
have genetically controlled two forms of endosperm, a dense 
outer vitreous layer and a less dense inner floury form. 
Correa et  al. (2002) showed in vitro that the rate of starch 
digestion was negatively related to endosperm degree of 
vitreousness.

Another important factor is the presence of prolamin 
proteins embedded into the endosperm. There is evidence 
that this protein-starch matrix limits expansion of the starch 
granule during cooking which would normally enhance the 
digestibility of the starch (Chandrashekar and Kirleis 1988). 
In a RCT, Jenkins et  al. (1987) examined postprandial blood 
glucose increase following consumption of 50 g of carbohy-
drate as white bread, gluten-free white bread and gluten-free 
white bread plus added gluten to match the white bread. 
The glycemic responses are shown Figure 4. The moderation 
of blood glucose increase due to the gluten protein in the 
white bread endosperm matrix is clear as is the fact that 
simply adding gluten does not reproduce this effect.

This study is a good example of a food matrix effect 
involving the need to consider the combination of two mac-
ronutrients. Jenkins and Willet (2024) concluded that whilst 
dietary fiber and whole grain-containing foods are likely to 
provide health benefits, increased GI and GL will increase 
risk of chronic diseases. They recommended that all three 
characteristics, fiber/whole-grain, GI and GL, should be used 
in combination. This suggests it is important to understand 
the diet matrix rather than that of an individual food. 
Clearly more work is needed to further develop this concept.

Protein, protein quality
Protein quality assessment, the relationship to health, and 
implications for requirements are currently receiving much 
attention (Carbone et  al. 2024). A report from the Agency 
for Healthcare Quality and Research has been released in 
advance of a study to reconsider protein requirements for 
North America by the National Academy of Medicine 
(Burstad et  al. 2024). Expert panels will consider newer evi-
dence on protein quality in revising requirements. Protein 
quality and functionality can be influenced by 
processing-induced changes in the food matrix. Dietary pro-
tein quality is primarily determined by the indispensable 
amino acid (IAA) content of a food as these amino acids 
cannot be synthesized and must be obtained from the diet. 
Traditionally, the protein quality of foods has been com-
pared by their Protein Digestibility Corrected Amino Acid 
Score (PDCAAS). The PDCAAS is based on the profile and 
relative amounts of IAA in the food corrected for true fecal 
crude protein digestibility, relative to a profile of amino acid 
requirements with a value of 1 being the highest value. 
Table  1 shows PDCAAS scores for several foods, and 
because, the upper end is truncated, all complete proteins 
have a value of approximately 1. In 2013, the Food and 
Agriculture Organization of the United Nations recom-
mended replacing PDCAAS with the Digestible Indispensable 
Amino Acid Score (DIAAS) to quantify dietary protein qual-
ity (Food and Agriculture Organization of the United 

Figure 4. T ime course increase (mean ± SEM) of postprandial blood glucose 
after consumption of 50 g carbohydrate in three forms. Difference from white 
bread: *p < 0.01, +p < 0.05 (from Jenkins et  al. 1987).  1987. Jenkins, D. J., M. 
J. Thorne, T. M. Wolever, A. L. Jenkins, A. V. Rao, and L. U. Thompson All Rights 
Reserved. Reproduced with permission from Elsevier.
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Nations/World Health Organization 2013). The DIAAS is 
based on the relative digestible content of the IAAs and the 
amino acid requirement pattern with digestibility coefficients 
for each IAA based on the disappearance of amino acids 
from the gastrointestinal tract as measured at the end of the 
ileum (true ileal digestibility) in a pig model. In the case of 
lysine and processed food, digestibility is based on that of 
reactive lysine. This more demanding method offers advan-
tages over PDCAAS including discriminating amongst high 
quality proteins (Wolfe et  al. 2016). However, only a limited 
number of foods have DIAAS values. Examples of DIAAS 
scores are given in Table 1. In this scoring system, casein 
has a higher DIAAS value than egg or whey and corn has a 
lower value than wheat or rice. A new scoring system has 
been developed and validated, the Essential Amino Acid 9 
(EAA-9) score (Forester et  al. 2023). This system allows 
evaluation of each IAA individually based on amino acid 
requirements of an individual rather than on generalized 
protein patterns determined by analysis of previous scoring 
systems. Authors intend this system to be more consumer 
friendly. This system allows protein quality scores to be 
additive across multiple foods in a diet.

Processing can alter the quality of proteins from the gen-
eralized PDCAAS and DIAAS values. A good example is 
with cereals, an important source of dietary protein for 
humans. The limiting amino acid in children is lysine. 
Lysine contains a reactive side chain that can form unavail-
able lysine products with sugars during heating or storage 
through the Maillard reaction. Rutherfurd, Torbatinejad, and 
Mough (2006) evaluated 20 breakfast cereals for their digest-
ible lysine content. The true ileal reactive lysine digestibility 
ranged from 53 to 108%. This three-fold difference was 
likely due to the different proportions of lysine in the cereal.

Heating can disrupt protein structures through denatur-
ation, thereby altering the function of proteins and their 
digestibility. Protein can provide structure to more fragile 
structures like foamy desserts or gels to more substantive 
structures, like in gluten or meat.

Hydrated wheat gluten provides the viscoelastic matrix in 
baked products. In a dough, the high-molecular weight gluten-
ins provide the elastic properties while gliadins act as a plasti-
cizer. The formation of a viscoelastic protein network is crucial 
for gas retention during rising of the dough, and when baked, 
it provides the porous structure of bread and cakes (Aguilera 

2019). The importance of gluten is obvious in gluten-free prod-
ucts. Gluten-free baked products lack the appearance, taste, 
aroma and texture of their all-wheat counterparts.

Cooking meat promotes the shrinkage and solubilization 
of the collagen matrix into gelatin (a process starting at 
around 60 °C) which tenderizes the meat, but heating also 
denatures myofibrillar proteins in meat fibers, leading to 
toughening and drip loss, that takes place between 52.5 and 
60 °C (Zielbauer et  al. 2016). Collagen crosslinks become 
stronger with aging of an animal which leads to progressive 
toughening of meat and increased flavor (Nishimura 2010).

Even a light heat treatment as occurs in pasteurization of 
milk alters the in vitro rates of protein hydrolysis and lipid 
release during digestion compared to raw milk  (Ye et al., 
2017). Using a sensitive nitrogen labeled milk in humans, 
Lacroix et  al. (2008) found ultra-high temperature (UHT) 
pasteurization (140 °C for 5 s) increased protein digestibility 
and use compared to traditional pasteurization (72 °C for 20 s) 
or microfiltration. Differences in postprandial deamination 
losses were 25.9 +/– 3.3% of ingested nitrogen for the UHT 
group, 18.5 +/– 3.0% for the microfiltered group, and 18.6 
+/– 3.7% for the traditional pasteurized group (p ≤ 0.0001). 
When casein micelles partially disaggregate with heating, 
whey proteins such as β-lactoglobulin can be more rapidly 
hydrolyzed by pancreatic enzymes. The benefit of increased 
protein digestibility and utilization may be different for differ-
ent individuals, i.e., obese or diabetic individuals may benefit 
from a lower nutrient-release rate whereas, elite athletes or 
older adults may benefit from an increased release rate.

Many other processes influence matrix effects on constit-
uent functionality and digestibility. For example, digestibility 
of proteins and starch are improved due to their partial 
hydrolysis during sprouting of cereal grains (Lorenz and 
D’Appolonia 1980). Protein allergens in liquid matrices may 
be hydrolyzed so that individuals with intolerance can con-
sume them safely.

Protein functionality: muscle protein synthesis
It is important to recognize that milk proteins have certain 
functionalities such as hypotensive effects which are not 
readily explained by traditional nutrition. An example is the 
hypotensive effects of milk proteins (e.g., Fekete et  al. 2018) 
and the anabolic effect of whey protein in particular, for 
muscle protein synthesis. Aspects of the dairy matrix are 
involved in this.

One key feature of aging is the gradual loss of skeletal 
muscle mass and strength which if not moderated can lead 
to sarcopenia. Sarcopenia is associated with increased risk of 
bone fracture with potentially reduced mobility and 
self-dependence. Skeletal muscle also has a critical role in 
maintaining glucose homeostasis and is responsible for met-
abolic disposal of 70–90% glucose postprandially (Hulett, 
Scalzo, and Reusch 2022). Thus, reduced muscle mass, espe-
cially if associated with reduced ability to exercise and/or 
sarcopenic obesity, enhances insulin resistance and increases 
risk of type 2 diabetes (Hunter et  al. 2019).

There has been much work on the relative anabolic effects 
of different protein types aimed at reducing muscle loss with 

Table 1.  PDCAAS and DIAAS scores for selected isolated proteins and foods for 
adolescents and adults (derived from Phillips 2017).

Food PDCAAS DIAAS Limiting AA

Whole milk 1.00 1.43 Met + Cys
Milk protein concentrate 1.00 1.18 Met + Cys
Whey protein isolate 1.00 1.09 Val
Soy protein isolate 0.98 0.90 Met + Cys
Pea protein concentrate 0.89 0.82 Met + Cys
Tofu 0.70 0.98 Met + Cys
Cooked rice 0.62 0.59 Lys
Rice protein concentrate 0.58 0.82 Met + Cys
Chickpeas 0.52 0.67 Trp
Rice protein concentrate 0.42 0.37 Lys
Almonds 0.35 0.40 Lys
Corn-based cereal 0.08 0.01 Lys
Hydrolyzed collagen 0.00 0.00 Trp
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an early review by Wall, Cermak, and Van Loon (2014). 
Broadly, the degree of muscle protein synthesis stimulated by 
dietary protein depends on its delivery of available amino 
acids and on the amino acid profile. Critically, it has been 
confirmed that the branched-chain amino acid leucine pro-
vides the key trigger for muscle protein synthesis (Zaromskyte 
et  al. 2021). As a result, the role of whey protein, high in 
leucine, has been extensively studied in relation to effects on 
muscle protein synthesis. The role of leucine is complex 
with its effect being influenced by the food matrix pro-
viding it.

Burd et  al. (2015) compared the protein digestion and 
absorption kinetics, post-prandial amino acid bioavailability 
and anabolic signaling effect on myofibrillar protein synthe-
sis following consumption of skimmed milk vs minced beef. 
The cross-over design study involved young men immedi-
ately after completion of exercise. The skimmed milk and 
the beef both provided 30 g of protein and essentially 
matched leucine (milk 2.71, beef 2.48 g). Both treatments 
gave a rapid rise in plasma leucine concentration with the 
increase in the first 30 min being higher following milk than 
beef consumption, yet the beef led to a significantly higher 
(p = 0.002) peak leucine concentration (277 ± 12 µmol/L at 
115 ± 8 mins) than the milk (231 ± 11 µmol/L at 235 ± 26 min). 
These results were reflected in a significantly higher (p < 0.05) 
myofibrillar protein synthetic rate in the first 2 h after milk 
than beef consumption (Figure 5) although the cumulative 
rates over 5 h were not significantly different despite the 
higher peak plasma leucine concentrations seen on the beef 
treatment. The results suggest that the milk matrix gave a 
more rapid release of leucine than that of the beef which 
was also accompanied by a significantly higher (p ≤ 0.05) 
response in plasma insulin at 30 min after consumption. The 
higher insulin response from the milk may have contributed 
to the increase in myofibrillar protein synthetic rate in the 
first 30 min although Burd et  al. (2015) suggest this is 
unlikely. They suggest that other factors in milk such as bio-
active peptides and endogenous release of microRNAs may 
provide an anabolic stimulus to the muscles.

Other studies have compared the matrix effects of differ-
ent milk products. Elliot et  al. (2006) compared skimmed 

milk (237 g, 8.8 g protein), whole milk (237 g, 8 g protein) and 
skimmed milk (393 g,14.5g protein) on net muscle protein 
synthesis in young volunteers 60 min after resistance exercise.  
Total exchange of phenylamine and threonine across the legs 
were measured as indicators of net muscle protein synthesis 
since neither amino acid is metabolized in muscle.

As shown in Figure 6  threonine balance  for the whole 
milk (8 g protein) was 312% greater than the skimmed milk 
(8.8 g protein) (p ≤ 0.05) and  91% higher than for skimmed 
milk (14.5 g protein) although this difference was not signif-
icant. Results for phenylalanine were of the same direction 
but were not significant. Overall, the results suggest that 
providing protein in a whole milk matrix led to greater 
muscle protein synthesis than the same amount of protein in 
skimmed milk suggesting as Elliot et  al. (2006) concluded 
that whole milk would be suitable for consumption during 
recovery from exercise.

Given that protein consumption increases the rate of 
muscle protein synthesis and the food matrix in which it is 
provided can alter the impact on muscle protein synthesis, 
Hermans et  al. (2022) assessed the relative impact of provid-
ing protein in cheese compared to milk protein. The RCT 
with young males provided them with 30 g protein as cheese 
or a milk protein concentrate during recovery from exercise. 
The amino acid profile of the two protein sources was sim-
ilar, e.g., the leucine concentration was 2.6 and 2.4 g per 30 g 
of protein for the milk protein concentrate and the cheese, 
respectively. Both sources of 30 g protein led to a significant 
increase in plasma amino acid concentration but the rise in 
that for leucine and total essential amino acids from the 
milk protein was quicker than for cheese leading to signifi-
cantly higher concentrations at times from 30 to 120 min 
after consumption. Milk proteins also led to significant insu-
lin response whereas the cheese did not. Despite these dif-
ferences, muscle protein synthesis rates both at rest, and to 
a greater extent after exercise, increased on both treatments 

Figure 5.  Mean (± SEM) myofibrillar protein synthesis rates before and after 
consumption of 30 g protein from skimmed milk or beef (from Burd et  al. 
2015).  2015. Burd, N. A., S. H. Gorissen, S. van Vliet, T. Snijders, and L. J. C. 
van Loon. All Rights Reserved. Reproduced with permission from Elsevier.

Figure 6. R atio of threonine update across the legs relative to that ingested 
during recovery from exercise (from Elliot et  al. 2006).  2006. Elliot, T. A., M. 
G. Cree, A. P. Sanford, R. R. Wolfe, and K. D. Tipton. All Rights Reserved. 
Reproduced with permission from Wolters Kluwer Health, Inc.
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by a similar amount with no significant difference between 
them. This seems to be an example of two contrasting 
matrices derived from the same primary food not leading to 
differences in outcome, at least in healthy young males. But 
as the authors conclude, it shows that protein-dense whole 
foods can be as effective as protein concentrates to support 
muscle protein synthesis.

As expert panels deliberate revising protein requirements, 
there will be much to consider. How will protein digestibility 
and functionality (e.g., muscle protein synthesis) factor into 
the recommendations? As the food matrix influences these 
properties, undoubtedly the panel will have a robust discus-
sion of the role of the food matrix. Very likely requirements 
will be determined independent of the dietary source of pro-
tein with guidance for how dietary recommendations may 
be modified to meet biological requirements by considering 
the food supply. Much is known about food matrix effects 
on protein, but much is still to be learned.

Micronutrients
Essential micronutrients include vitamins and minerals. It 
has long been recognized that the food matrix influences 
bioaccessibility and bioavailability of micronutrients and a 
strong evidence base exists for many micronutrients. 
Bioaccessibility is the proportion of ingested nutrient that is 
available for absorption following digestive processes, whereas 
bioavailability is the proportion of the ingested nutrient that 
is absorbed and utilized through normal metabolic path-
ways. A micronutrient may be physically trapped within a 
dense food matrix making its release difficult through diges-
tion, i.e., poorly bioaccessible. Or, it may be bound to an 
inhibitor that decreases absorption, i.e., poorly bioavailable. 
Alternatively, constituents may be present in the food which 
enhances absorption or utilization of a micronutrient. Iron 
bioavailability is much higher from animal sources than 
plant sources.

The most common inhibitors for mineral absorption are 
phytic acid, the storage form of phosphorus in seeds, and 
oxalic acid. The major staples in most diets which contribute 
the majority of energy intake are the cereal crops, i.e., wheat, 
corn, rice, barley, and oats, all seeds. The relative strength 
that minerals bind to phytic acid determines the relative 
inhibition of mineral absorption. Phytic acid binds more 
strongly to zinc than to calcium, and thus, the content of 
phytic acid is a stronger inhibitor of zinc absorption than 
calcium absorption. Processing that removes phytic acid 
(refining of cereals), hydrolyzes it (fermentation), or geneti-
cally reduces it improves bioavailability of bound minerals 
(Hambidge et  al. 2005). Oxalic acid it the strongest inhibitor 
of calcium absorption because it forms the nearly insoluble 
salt, calcium oxalate. A bioavailability algorithm for calcium 
or prediction equation based on calcium, oxalate, and phy-
tate content of foods was recently developed (Weaver et  al. 
2024). Prediction equations have also been proposed for zinc 
and iron (Armah et  al. 2013; Hambidge et  al. 2010; Miller, 
Krebs, and Hambidge 2007). The equation for zinc is mainly 
influenced by content of zinc and phytic acid in the food, 
whereas the equation for iron considered the iron status of 

the consumer. The poor iron absorption from plant sources 
may be a combination of lack of bioaccessibility from cellu-
lar components such as chloroplasts and mitochondria where 
iron is stored and the presence of inhibitors of iron absorp-
tion such as phytate. The relatively higher bioavailability 
from animal sources is associated with the absorption- 
enhancing effects of iron from heme and the absence of iron 
absorption inhibitors.

Bioavailability of micronutrients in the absence of barriers 
to bioaccessibility and inhibitors to absorption are typically 
much higher. Dairy products provide both bioaccessible and 
bioavailable micronutrients for this reason. Processing of 
milk into various dairy products does not influence calcium 
bioavailability regardless of physical form, lactose content, or 
protein aggregation as calcium absorption was not different 
from milk, yogurt, or cheese using intrinsically labeled milk 
and derived processed products with a stable calcium iso-
tope (Nickel et  al. 1996).

Unlike minerals, some vitamins need to be converted to 
an active form. For example, β-carotene, α-carotene and 
β-cryptoxanthin are dietary carotenoids that can be con-
verted to vitamin A (retinol) through central cleavage by 
β-carotene monooxygenase. β-carotene is more abundant in 
the diet and is the most efficiently converted, but the food 
matrix has a great effect on bioavailability of β-carotene. 
β-carotene in chloroplasts of green leafy vegetables has much 
lower bioavailability than β-carotene from chromoplasts in 
fruits (Melse-Boonstra 2020). β-carotene in carrots where it 
exists in crystallized form is much less absorbed than when 
present in lipid droplets as occurs in papaya. Retinol activity 
equivalents (RAE) for β-carotene have been set at 12:1 
(Institute of Medicine [IOM] 2001), though it can vary 
widely due to matrix effects  (Melse-Boonstra 2020). Fiber 
can inhibit carotenoid absorption and fat content of the food 
or diet can greatly enhance carotenoid absorption (Brown 
et  al. 2004; Goltz et  al. 2012). Addition of fat generally 
improves bioavailability of fat-soluble vitamins (Gijsbers, Jie, 
and Vermeer 1996). As reported by Uwaezuoke (2017) there 
is an interaction between iron and high vitamin D poten-
tially increasing iron status by suppressing hepcidin, a key 
hormone inhibitor of iron absorption. In addition, iron defi-
ciency may exacerbate vitamin D deficiency by reducing the 
activity of the heme-containing 25- and 1α-hydroxylase 
enzymes needed for vitamin D activation reactions (Mogire 
et  al. 2022). In addition, it is now also known that magne-
sium has a key role in both first and second stages of acti-
vation of vitamin D (Uwitonze and Razzaque 2018). There 
are thus key interdependencies of vitamins and minerals.

Processing can improve the bioavailability of bioactive 
constituents such as lycopene. In a clinical study of 36 
healthy volunteers fed tomato sauce, tomato soup, or tomato 
juice (n = 12 per group) showed a greater accumulation of 
plasma lycopene and buccal mucosal cell lycopene which 
plateaued by two weeks in the highly processed tomato 
product (Allen et  al. 2003). Compared to the two-week, 
lycopene-free run-in washout period, plasma lycopene 
increased by 192% when fed tomato sauce (p < 0.0001), 122% 
when fed the soup (p < 0.0001), and 92%, when fed the juice 
(p < 0.0001).



8 C. M. WEAVER AND D. I. GIVENS

Although there is extensive literature on the matrix effects 
of particular micronutrients, the rapidly changing food sup-
ply will need new research. Extensive disruption and dis-
placement of the matrix in traditional foods occurs as we 
move toward meat alternatives, plant-based food replacers, 
3-D printing, UPF, and more.

Examples of food matrix complexity

Cow’s milk and plant-based “milks”
Cow’s milk is the top global dietary source of calcium, 
iodine, several B vitamins (including vitamin B12 not avail-
able from plant sources), and an array of essential amino 
acids reflecting its high-quality protein (Smith et  al. 2021; 
Romulo 2022). Cow’s milk is also an important source of 
vitamin A, potassium and magnesium. Cow’s milk is consid-
ered minimally processed because the sold product appears 
as the source from the cow or other mammal. A generalized 
process is shown in Figure 7.

Plant-based milks are being selected as alternatives to 
cow’s milk by individuals who have lactose maldigestion, 
allergies to milk proteins, or concern over environment and 
animal welfare. These milks are prepared by a generalized 
process as shown in Figure 8. As the figure shows, these 
processes use a great deal of water. Unlike cow’s milk, the 
final products do not resemble the food source in appear-
ance or nutrient composition. For example, see Table 2 
which compares a 240 g serving of almond milk with 8 g of 
raw almonds, the amount contained in a serving of almond 
milk  (USDA, 2023). Almond milk is fortified in calcium 
and potassium and has more sodium than the equivalent 
mass of almonds. The almond milk selected for this table 
was unsweetened, plain almond milk; some brands have 
added sugars.

In general, plant-based beverages begin with nuts or seeds 
such as almond, soybeans, oats, coconut, and rice which are 
milled, bleached, and ground, then combined with industrial 
ingredients and additives to stabilize the mix, colors and fla-
vors, sugars to sweeten, and nutrients before further process-
ing and packaging (Figure 8). These products are considered 
ultra-processed beverages unlike cow’s milk (Drewnowski 2021).

The nutritional profile of five plant-based beverages from 
six brands were compared to cow’s milk (Moore et  al. 2024). 
Table 3, derived from that work, contrasts the nutrient 

profiles of these milks compared to cow’s milk. Plant-based 
milks are much more variable in nutrient contribution than 
cow’s milk demonstrating the lack of standardization for 
product processing, nutritional content, and quality com-
pared to cow’s milk with strict regulation. For example, 
obtaining calcium in the diet is a top expectation for people 
who choose to consume plant-based beverages rather than 
cow’s milk. However, concentration of calcium can range 
from 0 to 1,253 mg/kg compared to an average of 1,049 mg/kg  
in cow’s milk. Cow’s milk is a major source of iodine. 
Plant-based milks are a poor source of iodine. Except for 
soy milk, plant-based milks are also lower in potassium and 
have a lower protein content compared to cow’s milk. 
Furthermore, they cost consumers more than cow’s milk. 
One 240 g serving of cow’s milk may cost $0.24 compared to 
a serving of plant-based milks which range from $0.31 
to $0.50.

Little is known about the effects of these changes in 
nutrient composition and matrices due to processing on 
health outcomes. Cases of severe nutritional deficiencies 
have been reported in infants with milk protein allergies fed 
nearly exclusively plant-based beverages as an alternative to 
infant formula (Le Louer et  al. 2014; Katz et  al. 2005) and 
in toddlers (Carvalho et  al. 2001). Soymilk is the only 
plant-based beverage for which even calcium absorption has 
been measured (Zhao, Martin, and Weaver 2005). Calcium 
absorption was similar, especially if calcium was fortified as 
calcium carbonate rather than tricalcium phosphate. Soymilk 
has the most similar nutrient profile to milk. The lower pro-
tein content of the other plant-based milks compared to cow 
and soymilk can be expected to negatively affect calcium 
absorption (Kerstetter et  al. 2005). From a single rat study, 
bone mineral content and density were higher in cow’s milk 
and soymilk fed to growing rats than compared to growing 
rats fed almond milk (Cakebread et  al. 2019). On the other 
hand, only cow’s milk resulted in increased relative abun-
dance of Bifidobacteriacea in that study (Cakebread 
et  al. 2022).

Little is also known about the bioavailability of the 
nutrients in/or added to plant-based beverages despite its 
importance. The recent study of Muleya, Bailey, and Bailey 
(2024) compared the in vitro bioaccessible calcium from a 
200 ml serving of various plant-based drinks and skimmed 
milk (Figure 9). None of the plant-based drinks nor many 

Figure 7.  Generalized fluid milk processing (from Mario Ferruzzi, personal communication).
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of the plant-based foods provided as much bioaccessible 
calcium as the cow’s milk. This is likely to be a reflection 
of the casein protein micelles in milk which are supersat-
urated with calcium and deliver some 66% of total milk 
calcium which is known to be of high bioavailability (Toba 
et  al. 1999). Casein micelles have a complex matrix and 
represent a matrix within the overall dairy matrix. 
However, it is important that alternative sources of cal-
cium be tested for calcium absorption in humans beyond 
assessing only bioaccessibility for giving public health 
guidance.

Impact of foods co-consumed with olive products on 
bioavailability of key antioxidant polyphenols
It has been known for some time that consumption of 
Extra-virgin olive oil in the context of the Mediterranean 
diet is associated with reduced mortality and morbidity 
(European Union (EU)), 2012), predominantly due to the 
antioxidant functionality of several compounds present. The 
review of Servili et  al. (2013) highlighted that the evidence 
was increasing that much of the healthiness of Extra-virgin 
olive oil was attributable to phenolic compounds present, 
which reduced peroxidation of blood lipids.

Although polyphenols are a very small fraction of olive 
oil, evidence suggests that they are of great importance in 
relation to its health benefits. This was highlighted in the 

early work of Carrasco-Pancorbo et  al. (2005) which con-
firmed the importance of the hydroxyl groups as they 
enhance antioxidant activity with hydroxytyrosol (3, 4 
dihydroxyphenyl ethanol) and related tyrosol (2, 4, hydroxy-
phenyl ethanol) being two of the key polyphenols. 
Hydroxytyrosol has been shown to inhibit oxidative dam-
age resulting from reactive oxygen species which can be a 
substantial cause of endothelial dysfunction (Zrelli et  al. 
2011). A range of other health benefits of hydroxytyrosol 
and tyrosol have been reviewed more recently (Karković 
Marković et  al. 2019).

Olive pomace and olive pomace wastewater are residues 
from olive oil production but contain considerably higher 
concentrations of hydroxytyrosol and tyrosol than in olive 
oil and recent work has focused on developing functional 
products from olive pomace extracts (Čepo et  al. 2020). 
Clearly, the biochemical impact of hydroxytyrosol and 
tyrosol will only be expressed following intestinal absorp-
tion and there is already good evidence that the bioavail-
ability of polyphenols in olive pulp extracts is relatively 
low with values for tyrosol reported as 16.2–16.8% based 
on amounts in Caco-2 cells as a percentage of the amount 
in the test meal before in vitro digestion (Malapert et  al. 
2018). Studies with rats to estimate the bioavailability of 
radio-labeled hydroxytyrosol and tyrosol when consumed 
in olive oil have reported values of 98–99% (Tuck et  al. 
2001) and this is supported by human studies (Bender, 
Strassmann, and Golz 2023). However, the high bioavail-
ability values of hydroxytyrosol and tyrosol obtained for 
olive oil are not transferable to hydroxytyrosol and tyrosol 
in olive pomace extracts.

Bioavailability of polyphenols is dependent on their 
release from the matrix of foods present in the meal. This 
may especially be true for isolated bioactive constituents 
and reformulated food matrices. As a result of the lack of 
knowledge concerning the impact of food matrices, Čepo 
et  al. (2020) carried out a series of studies which examined 
polyphenol-food type interactions to develop products that 
would deliver optimum doses of bioavailable hydroxytyrosol 
and tyrosol. This work used a combination of in vitro gas-
trointestinal digestion to measure bioaccessibility, and 
Caco-2 cells to assess the intestinal transepithelial 

Table 2. N utrient composition of one cup of almond milk and 8 g of almonds.

Trait Almond Milk1 Almonds2

Serving (g) 240 8
Energy (kcal) 45.6 50
Total protein (g) 1.58 1.71
Fat (g) 3.74 4.09
Saturated fats (g) 0 0
Carbohydrates (g) 1.61 1.6
Fiber (g) < 2 0.86

Minerals
Ca (mg) 379 20.3
P (mg) 46 40.2
Mg (mg) 20 20.6
K (mg) 118 58.6
Na (mg) 142 < 1
1USDA, 2023  FoodData Central NDB # 100276.
2USDA 2023  FoodData Central NDB # 12061.

Figure 8.  Generalized plant-based ‘milk’ processing (from Mario Ferruzzi, personal communication). All Rights Reserved. Reproduced with permission from Elsevier.
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permeability of the two polyphenols. Dried olive pulp 
extract was co-digested with 19 different food products. 
The impact of the foods on bioaccessibility of hydroxytyro-
sol and tyrosol was expressed as relative bioaccessibility 
(RB) and was based on the outcome with and without the 
presence of the food products, i.e.,:

	 RB
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Overall, it was shown that the bioaccessibility of hydroxy-
tyrosol (78.4 to 103.9 mg/100g) and tyrosol (20.7 to 
27.4 mg/100g) increased slightly, but significantly during gas-
trointestinal digestion, due to their liberation from a com-
plex food matrix. It was also seen that the RB of 
hydroxytyrosol was significantly reduced during co-digestion 

of olive pulp extract with soya flakes, breakfast flakes, whole 
grain bread and apples whilst yogurt, milk formula, whole 
grain bread and apples particularly reduced RB for tyrosol 
(Figure 10). Interestingly, the RB of total phenols was par-
ticularly and significantly reduced by fresh low-fat cheese 
and soya flakes. Overall, protein-rich foods were particularly 
responsible for RB reductions with milk proteins in particu-
lar which supports earlier work showing that the antioxidant 
property of dietary phenolics are reduced due to their affin-
ity for proteins, milk proteins in particular (Serafini et  al. 
2009). The food matrices examined did not produce any 
cytotoxic effects but may increase bilayer permeability as 
assessed using transepithelial transport of hydroxytyrosol 
and tyrosol.

Another study with 20 human subjects examined the bio-
availability of hydroxytyrosol in a range of diverse and dif-
ferent food matrices (Alemán-Jiménez et  al. 2021). The 

Table 3. T he mean ± SD of gross composition and mineral content across brands of different plant-based beverages and cow’s milk (derived from Moore et  al. 
2024).

Trait Cow Soy Coconut Oat Almond

n. samples (n. brands) 8 (4) 12 (6) 11 (6) 12 (6) 12 (6)
Energy (kJ/100 mL) 276 8 167 19 156 82 209 34 216 156
Dry matter (%) 12.18 0.2 8.07 7.78 6.20 3.39 10.51 1.41 8.73 5.61
Ash (%) 0.72 0.02 0.46 0.09 0.19 0.04 0.18 0 0.15 0.07
Total protein (%) 3.39 0.10 3.35 0.48 0.23 0.09 0.70 0.26 0.99 0.85
Fat (%) 3.58 0.14 1.30 0.54 1.84 0.79 0.76 1.12 2.04
Saturated fats (%) 2.53 0.04 1.78 1.14 1.83 0.60 0.12 0.08 0.23 0.13
Carbohydrates (%) 4.90 0.08 1.55 64 3.18 2.36 7.95 1.28 7.80 6.02
Total Sugar (%) 4.90 0.08 1.20 1.17 2.30 3.02 4.70 1.07 7.20 5.46
Lactose (%) 4.70 0.18 0.00 0 0.00 0 0.00 0 0.00 0
Glucose (%) 0.09 0.01 0.50 0.45 0.62 0.72 1.42 1.44 1.98 2.20
Fructose (%) 0.04 0.06 0.69 1.01 0.10 0.01 0.12 0.15 1.792 196
Salt (%) 0.11 0,0 0.09 0.04 0.10 17 0.09 0.03 0.07 0.03
Fiber (%) 0.00 0 0.98 1.10 0.32 10.32 0.40 0.40 0.41 0.35
Minerals
I (µg/kg) 292 122 0 0 0 0 0 0 10 23
Ca (mg/kg) 1049 70 258 53 153 45 151 66 230 90
P (mg/kg) 926 75 499 117 54 19 155 44 147 68
Mg (mg/kg) 87 10 188 60 1672 3183 3452 4129 843 2712
K (mg/kg) 1396 81 1364 391 343 167 358 127 254 123
Na (mg/kg) 415 38 337 155 376 65 381 48 258 110
S (mg/kg) 241 30 201 47 0 0 14 17 0 23

Figure 9. R anking of the bioaccessible calcium per serving of 25 analyzed plant-based products compared with skim milk (from Muleya, Bailey, and Bailey 2024).
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subjects consumed 5 mg of hydroxytyrosol as a single dose 
within five fortified food matrices i.e., refined olive oil, flax 
oil, grapeseed oil, margarine and pineapple juice which were 
compared with extra virgin olive oil and a negative control 
of non-fortified olive oil. The relative bioavailability was 
assessed by measuring the concentration of hydroxytyrosol 
and its metabolites in peripheral blood and urine samples 
taken at intervals up to 240 min after consumption. Only the 
extra virgin olive oil and to a lower degree the fortified 
refined olive oil showed plasma concentrations of hydroxy-
tyrosol higher than the control. Bioavailability assessed by 
urinary concentrations showed extra virgin olive oil, fortified 
refined olive, flax, and grapeseed oils to have significantly 
higher urinary concentrations than the other matrices with 
again the highest values being seen from the extra virgin oil.

Clearly the metabolic impact of hydroxytyrosol is highly 
dependent on the matrix it is within. Extra virgin olive oil 
was seen to be the best matrix, but it again highlights the 
challenge that is faced by the low bioavailability of polyphe-
nols in olive pulp extracts.

Nutrient content versus whole foods and food 
patterns

The strongest evidence for the role of diet on health and 
disease prevention is for individual nutrients with evidence 
for foods and food patterns largely based on observational 
studies. Essential nutrient dietary intakes have been devel-
oped for many regions of the world. Evidence is reviewed to 
determine target intakes to prevent deficiencies, to reduce 

risk of chronic disease, and to avoid risk of harm due to 
excess. Until the recent development of methodologies to 
handle complex datasets to consider effects of interactions 
on multiple organs, researchers focused on studying single 
nutrients for a single outcome. Evidence is evaluated using a 
hierarchy of scientific approaches with randomized con-
trolled trials providing causal links between diet and health 
outcomes and observational studies revealing associations for 
hypothesis development. Historically, the goal has been to 
guide consumers, health care professionals, and policy mak-
ers to prevent deficiencies of essential nutrients.

With the exception of dietary supplements that may pro-
vide isolated nutrients or bioactive compounds, consumers 
eat complex snacks, foods, and meals that contain an array 
of compounds that may interact to enhance or inhibit 
absorption or function. Expert panels that establish nutrient 
recommendations prioritize food over supplements first as a 
source of nutrients because the array of known and unknown 
constituents that can influence health of the consumer. 
Factors in foods including dose of constituents, chemical 
form of the compound and matrix, presence of absorption 
enhancers and inhibitors can influence bioavailability of 
nutrients.

Melse-Boonstra (2020) reviewed the importance of con-
sidering nutrient bioavailability in the context of the whole 
food. She emphasized that there is still much unknown. For 
example, fruits and vegetables are promoted for their health 
benefits, but studies have failed to identify these benefits in 
their isolated components. They contain pro-vitamin A 
carotenoids, vitamin C, folate, vitamin K-1, potassium, 

Figure 10. E ffect of different food matrices on the relative bioaccessibility of tyrosol and hydroxytyrosol.(derived from Čepo et  al. 2020).
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calcium, magnesium, iron, other trace elements, and many 
bioactive compounds including phenolics, carotenoids, glu-
cosinolates, and fiber.

The quality of individual proteins was discussed earlier. 
Meat, casein, egg, and potato proteins have an average 
DIAAS above 100 and are classified as excellent (Herreman 
et  al. 2020). Whey and soy proteins are classified as 
high-quality protein with an average DIAAS ≥75. In con-
trast, gelatin, rapeseed, lupin, canola, corn, hemp, fava bean, 
oat, pea, and rice proteins are classified in the no quality 
claim category with DIAAS <75. Yet, if consumed together, 
combinations of poor-quality proteins can provide comple-
mentary amino acids that raise the DIAAS values (Table 4); 
Herreman et  al. 2020). Of course, small amounts of 
high-quality proteins can also complement poorer quality 
plant sources to improve the nutritional value.

Most nutrient interactions relate to effects of co-ingested 
foods or ingredients. For example, co-consumption of 
fat-soluble vitamins such as provided in salads and vegeta-
bles with oils or fat-containing foods such as egg can 
improve absorption of fat-soluble nutrients and bioactives 
such as vitamin E and carotenoids (Kim et  al. 2015; Kim, 
Ferruzzi, and Campbell 2016; Goltz et  al. 2013). Inhibitors 
to trace element absorption through forming insoluble salts 
in the gut have already been discussed. In contrast, some 
interactions occur that do not depend on co-ingestion. For 
example, 1,25-dihydroxycholecalciferol enhances active cal-
cium absorption, but the benefit of vitamin D does not 
occur with calcium being consumed simultaneously. Vitamin 
D is converted to the active form when the calcium sensing 
receptors on the parathyroid gland, kidney, and bone mar-
row sense declining calcium levels and initiate the synthesis 
of the hydroxylating enzymes in the liver and kidney to con-
vert the vitamin to its active form. This takes time and will 
influence calcium absorption from a later meal.

Manufacturers often formulate, enrich, or fortify foods to 
improve their nutrient content to make the nutrition label 
more attractive or as a strategy to address deficiencies. 
Examples include iodized salt, enrichment of refined flour, 
and fortification of cereals. Food engineering can take 
advantage of natural matrices to increase the nutrient con-
tributions of ingredients and foods. An interesting example 
is the casein micelle. Casein micelles are combinations of all 
casein proteins αs1-, αs2-, β, and κ-casein and micellar cal-
cium phosphate. The power of casein micelles to bind cal-
cium in milk enables them to transport and deliver calcium 
and phosphate at concentrations significantly more than an 
order of magnitude exceeding the solubility of calcium phos-
phate. This is possible because most of the calcium and 

inorganic phosphate (Pi) in milk is in the form of micellar 
calcium phosphate held within the casein micelles. The cal-
cium phosphate is encapsulated in the casein micelles in the 
form of small nanoclusters, with a typical diameter of 
4–5 nm. A casein micelle, which contains several hundred 
calcium phosphate nanoclusters in addition to tens of thou-
sands of casein molecules, can thus be considered a 
protein-based carrier for calcium phosphate. Casein micelles 
carry approximately two thirds of the total milk calcium, 
half the inorganic phosphate, one third of magnesium, and 
smaller proportions of citrate and the other small ions. The 
milk in the stomach is somewhat diluted and slightly acidi-
fied, as a result of which, some of the calcium phosphate 
that was present in the casein micelles will solubilize. 
Researchers are using re-assembled casein micelles (r-CM) 
to encapsulate micronutrients such as vitamins A and D or 
bioactives normally in low concentration in milk or that are 
polar to protect them from precipitation or degradation 
(Loewen, Chan, and Li-Chan 2018).

Coates et  al. (2024) provides a vision of future dietary 
guidance that includes approaches using artificial intelligence 
(AI) and machine learning to analyze data from multi-omic 
and microbiome studies to inform dietary recommendations 
to population subgroups (i.e., precision nutrition) and to the 
individual level (i.e., personalized nutrition). These big data 
approaches are necessary to understand the complexity of 
dietary patterns over single nutrient effects on health.

Current controversies with a matrix implication

Good/bad saturated fat

One of the major controversies in recent times has been the 
apparent paradox that milk and dairy foods have a broadly 
neutral association with CVD risk (reviewed by Givens 
2023). For many individuals, dairy products are the major 
dietary source of saturated fatty acids (SFA) which do stim-
ulate increased concentrations of serum low density lipopro-
tein cholesterol (LDL-C). This has been the subject of several 
recent reviews (e.g., Astrup et al. 2021; Teicholz 2023; Givens 
2023) and some key issues have emerged which to a certain 
extent explain this paradox.

These include the evidence which indicates that the food 
source and by implication different food matrices that sup-
plies the SFA can influence the CVD risk. The early 
Multiethnic Study of Atherosclerosis (MESA) prospective 
study examining early, or subclinical atherosclerosis reported 
a 25% lower CVD risk (HR 0.75, 95%CI: 0.63-0.91) with the 
replacement of 2% energy intake (EI) of SFA from total 
meat by the same amount of SFA from total dairy (de 
Oliveira Otto et  al. 2012). A similar finding was reported 
with data from the EPIC Netherlands cohort by Vissers 
et  al. (2019) who showed that replacing 1% EI of dairy SFA 
by that from meat was associated with an increased CHD 
risk (HR 1.06, 95% CI: 1.02-1.10). Bechthold et  al. (2019) 
undertook a systematic review and meta-analysis of 123 pro-
spective studies on the associations between food groups 
and the risk of CHD, stroke and heart failure They reported 
that dairy food consumption was not associated with risk of 

Table 4. I mproved Digestible Indispensable amino acid Score (DIAAS) as a 
result of optimal plant protein combination (derived from Herriman, 2020).

Plant protein mixture Max. DIAAS (≤100) Ratio

Oat/lupin 76 7/93
Oat/lupin/soy 91 10/10/80
Oat/lupin/potato 100 10/20/60
Pea, wheat/potato 100 25/25/50
Soy/oat 92 90/10
Corn/potato 100 25/75
Wheat/potato 100 30/70
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CHD (RR 0.99, 95% CI: 0.92-1.07), stroke (RR 0.96, 95% CI: 
0.90-1.01) or heart failure (RR 1.00, 95% CI: 0.90-1.10) 
whilst red, and particularly processed meat, were signifi-
cantly and positively associated with increased risk of all 
three disease outcomes. This is supported by a recent SFA 
replacement analysis which used data from the EPIC-Norfolk 
study (Vogtschmidt et  al. 2024). This showed that replace-
ment of SFA from all meat by SFA from dairy was associ-
ated with a less CVD (HR 0.89, 95% CI: 0.82-0.96) and 
coronary artery disease (HR 0.88, 95% CI: 0.80-0.96). The 
impact of replacing SFA from processed meat by those from 
milk or cheese also showed a reduction in CVD (milk: HR 
0.84, 95% CI: 0.74-0.94; cheese: HR 0.77, 95% CI: 0.68-0.88). 
These findings could have substantial implications for public 
dietary guidance although they do need confirmation from 
appropriate RCTs.

Various proposals for the reasons why dairy and meat 
display opposite risk for CVD and related conditions have 
been made. Mozaffarian (2016) has suggested that the 
increased risk associated with red and processed meat may 
be related to the presence of pro-inflammatory and/or 
pro-oxidative compounds initiated by nitrosamines, heme 
iron, SFA and high sodium especially in processed meat. 
Others suggest that the dairy matrix may have beneficial 
characteristics which are not fully explained by single com-
ponents in the foods but may involve interactions within the 
dairy matrix (Thorning et  al. 2017).

It has also been shown that responses in blood lipids can 
vary in response to intake of different dairy foods. The 4-week 
cross-over RCT of Brassard et  al. (2017) showed that whilst 
consuming diets providing ~12.4% EI from SFA supplied by 
butter or cheese produced similar responses in HDL-C, but 
LDL-C was significantly lower (-3.3%, p < 0.05) after the 
cheese than the after the butter diet. This study is supported 
by a range of studies and reviews on the dairy food matrix 
comparing blood lipid responses to SFA from cheese vs. but-
ter (e.g., Hjerpsted, Leedo, and Tholstrup 2011; Feeney et  al. 
2018; Feeney and McKinley 2020) which show the same dif-
ferential effects. Aspects of this have been discussed earlier 
concerning the higher calcium concentration in cheese than 
butter and the related calcium saponification reactions linked 
to more solid food matrix types such as hard cheese which 
leads to increased fecal fat excretion. It is also noteworthy that 
Lorenzen and Astrup (2011) showed that the cholesterol low-
ering effect was greater than could be explained by increased 
fecal fat excretion. They did however show that there was an 
interaction between calcium and bile acids such that increased 
fecal bile acid excretion occurred and was associated with less 
bile acid recycling through entero-hepatic circulation. This 
may result in enhanced uptake of circulating cholesterol by 
the liver for synthesis of bile acids resulting in reduced LDL-C 
concentration in the blood.

Overall, there is increasing doubt about the validity of the 
traditional diet-heart hypothesis which positively links 
increased SFA consumption with increased serum cholesterol 
concentration and subsequent increased risk of CVD. Whilst 
serum cholesterol concentrations generally do increase follow-
ing SFA intake, this is without a consistent increase in CVD 
risk, despite LDL being a known causal issue in 

atherosclerotic CVD. Emerging evidence to explain this appar-
ent paradox is very relevant to dairy foods. These include the 
possible compensating role of SFA-stimulated HDL-C, hypo-
tensive effects of milk and food matrix effects which moder-
ate serum LDL-C concentrations. It is now known that SFA 
generally lead to production of the less atherogenic large 
buoyant LDL particles rather than consistently atherogenic 
small dense LDL particles (Froyen 2021) although it is not 
known if this is a feature unique to SFA in dairy fat.

Ultra-processed foods

In recent years, health concerns over industrial-processed 
foods or ingredients have led to policy recommendations in 
some countries (several Latin American countries, Israel, 
and Malaysia, among others), research activity, and great 
interest by the public. A scientific statement by the American 
Society of Nutrition over a decade ago warned to be careful 
when considering limiting processed foods as they provide 
large contributions of essential nutrients in the American 
diet, i.e., 57% of fiber, 48% of calcium, 43% of potassium, 
34% of vitamin D, 64% of iron, 65% of folate, and 46% vita-
min B1 (Weaver et  al. 2014). An update of concern over 
limiting UPF from the diet was recently published (Trumbo 
et  al. 2024). UPF can include nutrient dense and healthy 
choice foods such as yogurt, olive oil, bread, and ready-to-
eat cereal.

The scientific statement discussed above (Weaver et  al. 
2014) distinguished between processing as steps in transform-
ing food into forms consumed and formulation or recipes 
which determine the nutrient composition. A point of confu-
sion is that there is no universally accepted definition of UPF. 
Many classification systems exist and often they use a mix-
ture of extent of processing and formulations. The classifica-
tion system that has received the most attention is the Nova 
system (Monteiro et  al. 2018). The Nova system defines four 
levels of processing: minimally processed foods, processed 
culinary ingredients, processed foods, and UPF. The latter are 
defined as foods which contain “substances never or rarely 
used in kitchens, or classes of additives whose function is to 
make the final product palatable or more appealing”. 
Classification systems based on processing have no scientific 
rationale and without clearly defined categories, are subject to 
highly variable assignments even by nutrition experts (Gibney 
2023). Furthermore, the evidence does not show a relation-
ship between UPF consumption and dietary patterns that are 
low in micronutrients (Gibney et  al. 2017). The United 
Kingdom Scientific Advisory Committee on Nutrition (SACN) 
recently concluded that food classification systems based on 
processing level are inconsistent or lack clarity on the various 
food components (SACN, 2023), and the 2025–2030 Dietary 
Guidelines for Americans (DGA) considered for the first time 
a systematic literature review on the question: “What is the 
relationship between consumption of dietary patterns with 
varying amounts of UPF and growth, body composition, and 
risk of obesity?’’ They found limited evidence and could not 
justify including recommendations around UPF (Dietary 
Guidelines for Americans Advisory Committee, 2023). 
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Historically, the DGA have been based on dietary patterns 
associated with health from evidence and nutrient density via 
the Healthy Eating Index. The purpose and extent of food 
processing does not determine a food’s nutrient density and 
is not a validated tool to measure diet quality.

Food processing is critical to sustain a safe, affordable, 
and nutritious food supply. The extent of processing per se 
is not what determines the nutrient content of foods. Hess 
et  al. (2023) used the Nova classification system to select 
UPF to determine if they could meet the DGA with exclu-
sively UPF. Figure 11 shows that they could achieve a HEI 
diet score of 86 with UPF compared to the average 
American HEI score of 59. The only food category that 
could not be achieved with UPF was whole grains as most 
breads and cereals are classified as UPF by the NOVA system.

Processing can alter the food matrix as illustrated with 
the example above comparing cow’s milk and plant-based 
beverages or by transforming milk into cheese or yogurt as 
will be described in subsequent articles. There are numerous 
examples of both positive and negative consequences to 
health attributed to processing described here and elsewhere 
(Trumbo et  al. 2024). The availability of a safe, available, 
sustainable, and nutritious food supply remains a priority. To 
provide the best food supply for health will be guided more 
by the formula or recipe than the extent of processing. To 
be mindful of providing a healthful food supply should be a 
guiding principle of all involved.

Conclusions, research gaps and opportunities

Research on food matrix effects on diet and health has 
increased our understanding that the health impacts of a 
food or diet are more than their composition of nutrients. 
Processing of foods can alter the food matrix and health 
effects in both positive and negative ways. This knowledge 
can guide product development and meal planning. The 
dairy matrix is the most studied. Our understanding of the 
effects of even the dairy matrix is incomplete and the field 
is almost wide open for any other food. The most urgent 

need for safety is to understand staple food replacements in 
order to avoid disastrous consequences such as those dis-
cussed on replacing cow’s milk with plant-based beverages 
during growth. Recent achievements in food manufacturing 
that give us plant-based meat alternatives, 3-D printed foods, 
and UPF require research to understand the nutritional 
impact of drastic changes in the traditional food matrix. To 
expect consumers to understand ongoing research about the 
food matrix and how to translate it into what they should 
eat is unfeasible. Giving advice on whole foods to consume 
rather than their isolated ingredients is more achievable. 
Recommending food patterns that include dairy, fruits, and 
vegetables or to include at least small amounts of high-quality 
protein in a plant forward diet is easily translatable and 
actionable rather than giving specific advice on milk fat 
globule membrane, complementary amino acids, etc. 
Nevertheless, for those choosing restricted diets, more edu-
cation and thoughtful choices are warranted.
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