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argues that nLCA must evolve beyond nutrients to incorpo-
rate health effects, aligning more closely with contemporary 
nutrition science and public health priorities.

2  Integrating nutrition science into LCA

Over time, LCA studies of food products and diets have 
evolved from relying mainly on mass- or volume-based 
functional units (FUs) to adopting nutrition-based FUs 
that incorporate metrics such as protein or caloric content 
(McLaren et al. 2021). More recent work has expanded this 
approach by considering multiple nutrients simultaneously, 
recognizing that the nutritional contribution of foods cannot 
be adequately captured by single-nutrient indicators alone 
(Katz-Rosene et al. 2023; McLaren et al. 2021). Aggregated 
nutrient-based scores, traditionally used in nutrition science 
to classify foods by their nutritional composition, have been 
proposed as useful metrics for nutrient-based FUs on nLCAs 
(Hallström et al. 2018; McLaren et al. 2021; Reguant-Closa 
et al. 2024). Such metrics have been tailored to specific 
food groups (Kårlund et al. 2024; Kyttä et al. 2023), cross-
category assessments (Bianchi et al. 2020; Katz-Rosene et 
al. 2023), and adapted for specific populations and regional 
contexts (Bianchi et al. 2020; Torán-Pereg et al. 2025). To 
improve the reliability of nutrient-based assessments, some 
researchers have proposed also accounting for nutrients 
quality and bioavailability (Beal et al. 2025; Berardy et al. 
2019; Kyttä et al. 2023; McAuliffe et al. 2023; Sonesson et 
al. 2017; Stubbendorff et al. 2025; Tukiainen et al. 2025), 
bioactive components such as antioxidants (McLaren et al. 
2021), and dietary context (Sonesson et al. 2019).

Nutritional data are widely available in official food com-
position databases, and nutrient profile characterization is 
therefore feasible for researchers and food producers seek-
ing to apply nLCA to food products (Strid, Johansson, et al. 
2021b). However, their practical application remains lim-
ited due to difficulties in interpreting and communicating 

1  Introduction

Over the past century, nutrition science has undergone a 
significant transformation (Moughan 2020; Mozaffarian et 
al. 2018). Initially focused on identifying essential nutrients 
and preventing deficiencies, the field gradually expanded 
to consider whole foods, meals and, more recently, dietary 
patterns. As chronic diseases have emerged as the lead-
ing public health challenge, their complex and multifacto-
rial etiology underscores the limitations of a reductionist, 
nutrient-centric approach. This evolution reflects a growing 
recognition that health outcomes are shaped not only by the 
amount of nutrients consumed but also by their source, the 
food matrix in which they are embedded, and the broader 
dietary context.

In parallel, Life Cycle Assessment (LCA) has emerged 
as a key methodology for evaluating the environmental 
impacts of foods (Clark et al. 2022; Gephart et al. 2021; 
Poore et al. 2018), diets (Aleksandrowicz et al. 2016; Fre-
san et al. 2019) and food systems (Crippa et al. 2021, 2022; 
Cucurachi et al. 2019). The integration of nutritional dimen-
sions into LCA—known as nutritional LCA (nLCA)—rep-
resents an important step toward assessing the sustainability 
of foods and diets (Bianchi et al. 2020; Hallström et al. 
2018; McLaren et al. 2021). However, many nLCA models 
continue to rely on nutrient profiling systems that fail to cap-
ture the complexity of food-health relationships (McAuliffe 
et al. 2020; Reguant-Closa et al. 2024). This commentary 
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aggregated nutritional scores as FUs in nLCAs (McLaren et 
al. 2021; Reguant-Closa et al. 2024; Strid, Hallström, et al. 
2021a). Furthermore, a recent review of nutrient intake rec-
ommendations—often used in aggregated scores to compare 
nutrient provision against requirements—highlight the need 
for additional research to enhance their accuracy (Bajaj et al. 
2025). Beyond this, the usefulness of aggregated nutrient-
based scores as FUs in nLCA is fundamentally constrained: 
they fail to account for food matrix effects or capture inter-
actions among foods within dietary patterns—factors that 
ultimately shape health outcomes (Guo et al. 2022; Strid, 
Hallström, et al. 2021a; Weidema et al. 2020). Notably, 
superior nutritional composition does not necessarily equate 
greater healthiness (Cardinaals et al. 2024).

Building on the limitations of nutrient-based approaches 
as FUs, some researchers have moved toward explicitly 
incorporating the healthfulness of foods and diets into 
nLCAs like an impact category. Two main approaches 
have emerged (Guo et al. 2022). One complements envi-
ronmental data with estimated health risks and benefits 
derived from primary observational cohort studies (Fresán 
et al. 2019, 2020a, b; Peruvemba et al. 2025), while the 
other relies on meta-analyses of epidemiological evidence 
to model disease burden (Rockström et al. 2025; Spring-
mann et al. 2020). Leveraging population-level data on food 
healthiness could indeed facilitate broader implementation 
of health-oriented nLCAs (Scherer et al. 2024; Stylianou et 
al. 2021). Nevertheless, this emerging framework has faced 
considerable criticism. Key weaknesses include (Guo et al. 
2022; Jolliet 2022; Ortenzi et al. 2023; Scherer et al. 2024): 
(i) the exclusion of certain foods (e.g., beverages, discre-
tionary items) from analyses, which implicitly assumes 
these foods have neutral health effects; (ii) a tendency to 
draw strong conclusions about the health impacts of aggre-
gated food categories (e.g., nuts) without addressing varia-
tion between specific products (e.g., walnuts vs. hazelnuts); 
and (iii) a general lack of discussion regarding the quality 
and uncertainty of underlying data and analyses.

Despite this important and necessary progress toward 
focusing on the health impact of foods and diets, the short-
comings identified have not consistently driven method-
ological improvements. Instead, critiques have reinforced 
the persistence of a narrow approach: most nLCAs still 
assess healthiness primarily through selected nutrient met-
rics as FUs. Moreover, even when health impact is assessed, 
many applications evaluate the health effects of foods and 
nutrients simultaneously, with little or no attention to medi-
ation effects and food sources of such nutrients (Reguant-
Closa et al. 2025; Stylianou et al. 2021; Walker et al. 2019).

3  Gaps in nutrient-based nLCAs

A key limitation of nutrient-based approaches is the implicit 
assumption that nutrients are equivalent across food sources, 
an assumption that neglects the contextual health effects of 
foods and diets. The food matrix -the physical and chemical 
structure in which nutrients are embedded- plays a central 
role in shaping metabolic responses and nutrient bioavail-
ability (Weaver et al. 2025). Yet even when bioavailabil-
ity of nutrients is considered, it is insufficient to capture 
the healthiness of foods. Several examples illustrate these 
complexities.

Evidence indicates that identical dietary components can 
have distinct health effects depending on their food sources. 
For instance, the increased prostate cancer risk associated 
with calcium appears to be linked primarily to dairy prod-
ucts, whereas calcium from plant sources has not shown 
the same association (Aune et al. 2015; Xiong et al. 2025). 
Bioactive compounds further illustrate the limitations of 
such a reductionist approach. Naturally occurring nitrates in 
vegetables may support cardiovascular health by promoting 
nitric oxide production, thereby improving vascular func-
tion and lowering blood pressure (Lidder et al. 2013). In 
contrast, nitrates and nitrites added to processed meats to 
increase food safety and shelf-life can lead to the forma-
tion of carcinogenic N-nitroso compounds, such as nitro-
samines, particularly in the presence of heme iron, which 
catalyzes their formation (Xie et al. 2023).

Sugars offer a clear illustration of the influence of the 
food matrix. Intrinsic sugars in whole fruits are not associ-
ated with adverse health effects; on the contrary, fruits are 
associated with notorious health benefits (Hay et al. 2025). 
However, when fruits are juiced, cooked, or otherwise pro-
cessed, the matrix is disrupted and intrinsic sugars become 
free sugars. This structural change, combined with reduced 
satiety due to lower chewing requirements and the frequent 
removal of fibre, may contribute to the lack of health ben-
efits observed for processed fruit (Della Corte et al. 2025; 
Mavadiya et al. 2025).

The effect of the food matrix is also evident in the energy 
provision of nuts. Although nuts are often classified as highly 
caloric based on gross energy content and are frequently 
excluded from diets due to concerns about weight gain, 
epidemiological evidence does not support this assumption. 
On the contrary, regular nut consumption is associated with 
healthier body weight profiles (Jackson et al. 2014; Nishi 
et al. 2021). This discrepancy arises because, due to their 
complex matrix and incomplete digestibility, the metabo-
lizable energy absorbed from nuts is substantially lower 
than predicted, challenging simplistic interpretations based 
solely on caloric values (Tan et al. 2014). Furthermore, their 
high satiety effect helps regulate subsequent energy intake, 
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thereby contributing to overall energy balance throughout 
the day (Tan et al. 2014).

Dietary iron occurs in two forms: heme and non-heme, 
with the former generally exhibiting higher bioavailability. 
This differentiation has to some extent been accounted for in 
nLCAs studies (Katz-Rosene et al. 2023; Kyttä et al. 2023). 
However, greater bioavailability does not necessarily trans-
late into health benefits. Heme iron is more readily absorbed 
but possesses pro-oxidant properties that may increase oxi-
dative stress and elevate chronic disease risk. In contrast, 
non-heme iron lacks this pro-oxidative capacity and is not 
associated with increased risk (Aglago et al. 2023; Chang et 
al. 2019; Sil et al. 2025; Ward et al. 2019). Moreover, non-
heme iron absorption, while generally considered lower, is 
strongly influenced by both dietary and physiological fac-
tors. For example, non-heme iron absorption is inhibited by 
phytates but enhanced when consumed with vitamin C-rich 
foods (Heffernan et al. 2017), and is up- or down-regulated 
according to the body’s iron stores (Aglago et al. 2023; 
Chang et al. 2019; Ward et al. 2019). Therefore, using theo-
retical bioavailability proportion of non-heme iron may not 
necessarily reflect its actual absorption.

The need to consider meals and overall dietary pat-
terns—rather than isolated foods—is also evident in the 
case of protein quality. While protein quality metrics have 
traditionally been applied as FUs to individual food prod-
ucts (McAuliffe et al. 2023), it has been suggested that 
incorporating them into multi-nutrient indices offers little 
or no additional benefit (Tukiainen et al. 2025). Moreover, 
amino acid complementarity within meals, and even across 
the day, largely mitigates the suboptimal protein quality of 
individual foods (Young et al. 1994). Importantly, replacing 
high-quality animal protein sources with plant-based alter-
natives—often individually characterized by incomplete 
amino acid profiles—can yield health benefits (Fernández-
Fígares Jiménez et al. 2025; Neuenschwander et al. 2023).

These examples highlight that the health effects of nutri-
ents depend not only on their content or bioavailability, 
but also on their source, the food matrix in which they are 
embedded, and their interactions within foods and across 
dietary patterns.

4  Advancing LCA methods to capture health 
impact

To address these limitations, nLCA must evolve toward 
a framework that integrates food source differentiation, 
dietary pattern contextualization, and health impact inte-
gration. Food source differentiation requires recognizing 
that nutrients from different foods can have distinct health 
effects. Considering the food matrix implies accounting for 

the structural and compositional characteristics of foods that 
influence nutrient bioavailability and metabolic responses. 
Dietary pattern contextualization entails evaluating foods 
within realistic consumption patterns rather than in isola-
tion, acknowledging that health effects arise from interac-
tions among multiple foods and nutrients over time within 
a broader dietary context. This step moves beyond nutrient 
profiling FU toward assessing the actual health impact of 
foods and diets, offering a meaningful basis for sustainabil-
ity and public health decision-making.

Importantly, this does not imply that nutrient-based 
FUs has no role in nLCA; rather, methods capturing health 
impact and nutritional quality can complement one another 
and serve different purposes (Cardinaals et al. 2024; Fresán 
et al. 2020a, b). Nutrient-based FUs could be used when 
comparing the same product produced under different pro-
duction techniques (Montgomery et al. 2022). Additionally, 
it is especially useful in contexts where nutrient deficiencies 
are prevalent or where specific nutritional targets are rele-
vant (Beal et al. 2025; Katz-Rosene et al. 2023; Torán-Pereg 
et al. 2025). Examples include fortification programs, spe-
cialized diets for vulnerable populations, or product refor-
mulation to meet public health goals. In these cases, nutrient 
composition can provide valuable insights into the potential 
of foods to support nutrition objectives, provided it is inter-
preted within an appropriate food and dietary context.

Transitioning from a nutrient-centric to a health-focused 
nLCA framework presents several methodological and prac-
tical challenges. One central issue is data availability and 
quality. While nutrient-composition databases are widely 
accessible, comprehensive datasets linking specific foods 
to health outcomes remain scarce and difficult to interpret 
(Hay et al. 2025; Ortenzi et al. 2023). This gap is especially 
pronounced for processed and composite foods, where evi-
dence on the health effects of additives, degree and intensity 
of processing, and food matrix degradation is still emerg-
ing (Mendoza et al. 2025). Moreover, health outcomes can 
vary among individuals and populations due to differences 
in nutritional status, health conditions, and genetic factors, 
and they are further influenced by the amount of food con-
sumed according to established dose–response relationships 
(Guo et al. 2022). Another challenge lies in the substitu-
tive nature of dietary choices: adding one food typically 
displaces another. As a result, the health impact of a food 
cannot be assessed in isolation but must be interpreted rela-
tive to what it replaces (Chiu et al. 2025; López-Moreno et 
al. 2025; Sonesson et al. 2019). Moreover, the combined 
effects of foods are often multiplicative rather than additive, 
a consideration that is essential when applying nLCA to 
whole diets (Hay et al. 2025). These dynamics further com-
plicates the integration of health impacts of individual foods 
into LCA methodologies and reinforces the need for dietary 
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pattern-based modeling. It should be noticed, however, that 
methodological challenges are not unique to dietary health 
impacts but reflect a broader issue across many LCA impact 
categories: balancing simple, practical models against more 
complex and contextually relevant approaches that are 
harder to implement.

Addressing these challenges requires interdisciplin-
ary collaboration among nutrition scientists, epidemiolo-
gists, and LCA practitioners, alongside the development of 
robust databases linking food items to health impacts across 
diverse population groups. It also calls for methodologi-
cal innovation to integrate epidemiological data, account 
for confounding variables, and translate relative risks into 
meaningful health impact indicators that can be compared 
across foods, dietary patterns, and populations.

Despite the difficulties, the potential for advancing 
nLCA is considerable. As the urgency to address climate 
change, environmental degradation, resource overuse, and 
diet-related diseases intensifies (Rockström et al. 2025), 
nLCA could become a cornerstone methodology for driv-
ing systemic transformation. Developing approaches that 
deliver reliable and practical assessments of both nutri-
tional value and health impacts represent not only a scien-
tific breakthrough but also a strategic opportunity to align 
human and planetary health objectives. A more nuanced, 
health-informed perspective can enhance the relevance 
of LCA for public health and sustainability policy. By 
integrating nutrient-based FU and health-impacts, nLCA 
can inform educational tools—such as dietary guidelines 
and food labeling—that are environmentally sustainable, 
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5  Conclusion

The evolution of nutrition science from nutrients to foods 
and dietary patterns has profound implications for nLCA. 
To remain relevant and scientifically robust, nLCA must 
move beyond a reductionist nutrient-centric approach and 
embrace the complexity of food context and health effects. 
This shift will enable more accurate, meaningful, and action-
able assessments that support the dual goals of human and 
planetary health. By integrating epidemiological evidence, 
food matrix effects, and realistic dietary patterns, nLCA can 
become a more powerful tool for guiding sustainable and 
health-promoting food system transformations.

Acknowledgements  UF acknowledges support from the Daniel and 
Nina Carasso Foundation through the Daniel Carasso Postdoctoral 
Fellowship; the Ramón y Cajal grant (RYC2023-044634-I) funded by 
the Spanish Ministry of Science and Innovation; AGAUR (Generalitat 

1 3

2  Page 4 of 6

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41416-023-02164-7
https://doi.org/10.1371/journal.pone.0165797
https://doi.org/10.1371/journal.pone.0165797
https://doi.org/10.3945/ajcn.113.067157
https://doi.org/10.3945/ajcn.113.067157
https://doi.org/10.1016/j.lanplh.2025.101308
https://doi.org/10.1016/j.lanplh.2025.101308
https://doi.org/10.21203/rs.3.rs-3443927/v1
https://doi.org/10.21203/rs.3.rs-3443927/v1
https://doi.org/10.3390/su11102747
https://doi.org/10.3390/su11102747


The International Journal of Life Cycle Assessment (2026) 31:2

Hay SI, Ong KL, Santomauro DF et al (2025) Burden of 375 dis-
eases and injuries, risk-attributable burden of 88 risk factors, and 
healthy life expectancy in 204 countries and territories, including 
660 subnational locations, 1990–2023: a systematic analysis for 
the Global Burden of Disease Study 2023. Lancet. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​S​0​​1​4​0​-​6​7​3​6​(​2​5​)​0​1​6​3​7​-​X

Heffernan A, Evans C, Holmes M, Moore JB (2017) The Regulation of 
Dietary Iron Bioavailability by Vitamin C: A Systematic Review 
and Meta-Analysis. Proc Nutr Soc 76(OCE4) E182, Article E182. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​2​9​6​6​5​1​1​7​0​0​3​4​4​5

Jackson CL, Hu FB (2014) Long-term associations of nut consumption 
with body weight and obesity. Am J Clin Nutr 100(1):408s–411. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​1​1​3​.​0​7​1​3​3​2. s

Jolliet O (2022) Integrating Dietary Impacts in Food Life Cycle 
Assessment. Front Nutr 9–2022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​u​t​.​2​0​
2​2​.​8​9​8​1​8​0

Kårlund A, Kyttä V, Pellinen T et al (2024) Validating nutrient selection 
for product-group-specific nutrient indices for use as functional 
units in life cycle assessment of foods. Br J Nutr 131(12):2049–
2057. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​2​4​0​0​0​7​0​9

Katz-Rosene R, Ortenzi F, McAuliffe GA, Beal T (2023) Levelling 
foods for priority micronutrient value can provide more meaning-
ful environmental footprint comparisons. Commun Earth Environ 
4(1):287. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​3​2​4​7​-​0​2​3​-​0​0​9​4​5​-​9

Kyttä V, Kårlund A, Pellinen T et al (2023) Product-group-spe-
cific nutrient index as a nutritional functional unit for the Life 
Cycle Assessment of protein-rich foods. Int J Life Cycle Assess 
28(12):1672–1688. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​2​3​-​0​2​2​1​7​-​2

Lidder S, Webb AJ (2013) Vascular effects of dietary nitrate (as found 
in green leafy vegetables and beetroot) via the nitrate-nitrite-
nitric oxide pathway. Br J Clin Pharmacol 75(3):677–696. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​1​2​5​.​​2​0​​1​2​.​0​4​4​2​0​.​x

López-Moreno M, Fresán U, Marchena-Giráldez C, Bertotti G, 
Roldán-Ruiz A (2025) Industry study sponsorship and conflicts of 
interest on the effect of unprocessed red meat on cardiovascular 
disease risk: a systematic review of clinical trials. Am J Clin Nutr. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​j​c​n​u​t​.​2​0​2​5​.​0​2​.​0​3​0

Mavadiya HB, Roh D, Ly A, Lu Y (2025) Whole Fruits Versus 100% 
Fruit Juice: Revisiting the Evidence and Its Implications for US 
Healthy Dietary Recommendations. Nutr Bull 50(3):411–420. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​b​​u​.​7​0​0​0​9

McAuliffe GA, Takahashi T, Lee MRF (2020) Applications of nutri-
tional functional units in commodity-level life cycle assessment 
(LCA) of agri-food systems. Int J Life Cycle Assess 25(2):208–
221. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​1​9​-​0​1​6​7​9​-​7

McAuliffe GA, Takahashi T, Beal T et al (2023) Protein quality as a 
complementary functional unit in life cycle assessment (LCA). 
Int J Life Cycle Assess 28(2):146–155. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​
1​​1​3​6​7​-​0​2​2​-​0​2​1​2​3​-​z

McLaren S, Berardy A, Henderson A et al (2021) Integration of envi-
ronment and nutrition in life cycle assessment of food items: 
opportunities and challenges. Rome, FAO. Available online: ​h​t​t​
p​​s​:​/​​/​o​p​e​​n​k​​n​o​w​​l​e​d​g​​e​.​f​​a​o​.​​o​r​g​​/​i​t​​e​m​s​/​​f​1​​f​e​3​​0​6​c​-​​3​3​f​​2​-​4​​3​f​2​-​8​0​3​e​-​f​7​6​
5​e​c​f​6​f​c​d​4 Accessed on 18 December 2025

Mendoza K, Hu FB (2025) Are all ultra-processed foods created 
equal? Relevance of food processing and nutritional quality. Eur 
J Epidemiol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​6​5​4​-​0​2​5​-​0​1​3​2​7​-​5

Montgomery DR, Biklé A, Archuleta R, Brown P, Jordan J (2022) Soil 
health and nutrient density: preliminary comparison of regenera-
tive and conventional farming. PeerJ 10:e12848. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​7​​7​1​7​​/​p​e​​e​r​j​.​1​2​8​4​8

Moughan PJ (2020) Holistic properties of foods: a changing paradigm 
in human nutrition. J Sci Food Agric 100(14):5056–5063. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​s​​f​a​.​8​9​9​7

Mozaffarian D, Rosenberg I, Uauy R (2018) History of modern nutri-
tion science-implications for current research, dietary guidelines, 

Sustainability 12(21):1–18 Article 8992. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​
/​s​u​​1​2​2​1​8​9​9​2

Cardinaals RPM, Verly E, Jolliet O, Van Zanten HHE, Huppertz T 
(2024) The complementarity of nutrient density and disease bur-
den for Nutritional Life Cycle Assessment. Front Sustain Food 
Syst 8–2024. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​s​​u​f​s​.​2​0​2​4​.​1​3​0​4​7​5​2

Chang VC, Cotterchio M, Khoo E (2019) Iron intake, body iron status, 
and risk of breast cancer: a systematic review and meta-analysis. 
BMC Cancer 19(1):543. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​8​5​-​0​1​9​-​5​6​4​
2​-​0

Chiu Y-H, Wen L (2025) Identification and Estimation of the Average 
Causal Effects Under Dietary Substitution Strategies. Stat Med 
44(5):e70007. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​s​i​​m​.​7​0​0​0​7

Clark M, Springmann M, Rayner M et al (2022) Estimating the envi-
ronmental impacts of 57,000 food products. Proc Natl Acad Sci 
U S A 119(33):e2120584119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​2​1​2​0​
5​8​4​1​1​9

Crippa M, Solazzo E, Guizzardi D et al (2021) Food systems are 
responsible for a third of global anthropogenic GHG emissions. 
Nat Food 2(3):198–209. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​3​0​1​6​-​0​2​1​-​0​0​2​
2​5​-​9

Crippa M, Solazzo E, Guizzardi D, Van Dingenen R, Leip A (2022) 
Air pollutant emissions from global food systems are responsible 
for environmental impacts, crop losses and mortality. Nat Food 
3(11):942–956. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​3​0​1​6​-​0​2​2​-​0​0​6​1​5​-​7

Cucurachi S, Scherer L, Guinée J, Tukker A (2019) Syst One Earth 
1(3):292–297. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​o​n​e​e​a​r​.​2​0​1​9​.​1​0​.​0​1​4. Life 
Cycle Assessment of Food

Della Corte KA, Bosler T, McClure C et al (2025) Dietary Sugar 
Intake and Incident Type 2 Diabetes Risk: A Systematic Review 
and Dose-Response Meta-Analysis of Prospective Cohort Stud-
ies. Adv Nutr 16(5):100413. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​d​v​n​u​t​.​2​0​
2​5​.​1​0​0​4​1​3

Fernández-Fígares Jiménez MdC, Storz MA (2025) Cancer Risk and 
Mortality Following Substitution of Animal Foods with Plant 
Foods: A Systematic Review. Curr Nutr Rep 14(1):99. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​6​6​8​-​0​2​5​-​0​0​6​8​8​-​3

Fresan U, Sabate J (2019) Vegetarian Diets: Planetary Health and Its 
Alignment with Human Health. Adv Nutr 10(Suppl4):S380–
S388. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​d​​v​a​n​c​e​s​/​n​m​z​0​1​9

Fresán U, Martínez-González MA, Sabaté J, Bes-Rastrollo M (2019) 
Global sustainability (health, environment and monetary costs) 
of three dietary patterns: results from a Spanish cohort (the SUN 
project). BMJ Open 9(2):e021541. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​b​m​​j​o​p​
e​n​-​2​0​1​8​-​0​2​1​5​4​1

Fresán U, Craig WJ, Martínez-González MA, Bes-Rastrollo M (2020a) 
Nutritional Quality and Health Effects of Low Environmental 
Impact Diets: The Seguimiento Universidad de Navarra (SUN) 
Cohort. Nutrients 12(8). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​2​0​8​2​3​8​5

Fresán U, Martínez-González MA, Segovia-Siapco G, Sabaté J, Bes-
Rastrollo M (2020b) A three-dimensional dietary index (nutri-
tional quality, environment and price) and reduced mortality: 
The Seguimiento Universidad de Navarra cohort. Prev Med 
137:106124. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​y​p​m​e​d​.​2​0​2​0​.​1​0​6​1​2​4

Gephart JA, Henriksson PJG, Parker RWR et al (2021) Environmental 
performance of blue foods. Nature 597(7876):360–365. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​6​-​0​2​1​-​0​3​8​8​9​-​2

Guo A, Bryngelsson S, Strid A et al (2022) Choice of health metrics 
for combined health and environmental assessment of foods and 
diets: A systematic review of methods. J Clean Prod 365:132622. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​p​r​​o​.​2​0​​2​2​​.​1​3​2​6​2​2

Hallström E, Davis J, Woodhouse A, Sonesson U (2018) Using dietary 
quality scores to assess sustainability of food products and human 
diets: A systematic review. Ecol Indic 93:219–230. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​e​c​o​​l​i​n​​d​.​2​0​​1​8​​.​0​4​.​0​7​1

1 3

Page 5 of 6  2

https://doi.org/10.1016/S0140-6736(25)01637-X
https://doi.org/10.1016/S0140-6736(25)01637-X
https://doi.org/10.1017/S0029665117003445
https://doi.org/10.1017/S0029665117003445
https://doi.org/10.3945/ajcn.113.071332
https://doi.org/10.3945/ajcn.113.071332
https://doi.org/10.3389/fnut.2022.898180
https://doi.org/10.3389/fnut.2022.898180
https://doi.org/10.1017/S0007114524000709
https://doi.org/10.1038/s43247-023-00945-9
https://doi.org/10.1007/s11367-023-02217-2
https://doi.org/10.1111/j.1365-2125.2012.04420.x
https://doi.org/10.1111/j.1365-2125.2012.04420.x
https://doi.org/10.1016/j.ajcnut.2025.02.030
https://doi.org/10.1016/j.ajcnut.2025.02.030
https://doi.org/10.1111/nbu.70009
https://doi.org/10.1111/nbu.70009
https://doi.org/10.1007/s11367-019-01679-7
https://doi.org/10.1007/s11367-022-02123-z
https://doi.org/10.1007/s11367-022-02123-z
https://openknowledge.fao.org/items/f1fe306c-33f2-43f2-803e-f765ecf6fcd4
https://openknowledge.fao.org/items/f1fe306c-33f2-43f2-803e-f765ecf6fcd4
https://openknowledge.fao.org/items/f1fe306c-33f2-43f2-803e-f765ecf6fcd4
https://doi.org/10.1007/s10654-025-01327-5
https://doi.org/10.7717/peerj.12848
https://doi.org/10.7717/peerj.12848
https://doi.org/10.1002/jsfa.8997
https://doi.org/10.1002/jsfa.8997
https://doi.org/10.3390/su12218992
https://doi.org/10.3390/su12218992
https://doi.org/10.3389/fsufs.2024.1304752
https://doi.org/10.1186/s12885-019-5642-0
https://doi.org/10.1186/s12885-019-5642-0
https://doi.org/10.1002/sim.70007
https://doi.org/10.1073/pnas.2120584119
https://doi.org/10.1073/pnas.2120584119
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-022-00615-7
https://doi.org/10.1016/j.oneear.2019.10.014
https://doi.org/10.1016/j.advnut.2025.100413
https://doi.org/10.1016/j.advnut.2025.100413
https://doi.org/10.1007/s13668-025-00688-3
https://doi.org/10.1007/s13668-025-00688-3
https://doi.org/10.1093/advances/nmz019
https://doi.org/10.1136/bmjopen-2018-021541
https://doi.org/10.1136/bmjopen-2018-021541
https://doi.org/10.3390/nu12082385
https://doi.org/10.1016/j.ypmed.2020.106124
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1016/j.jclepro.2022.132622
https://doi.org/10.1016/j.jclepro.2022.132622
https://doi.org/10.1016/j.ecolind.2018.04.071
https://doi.org/10.1016/j.ecolind.2018.04.071


The International Journal of Life Cycle Assessment (2026) 31:2

Strid A, Hallström E, Sonesson U et al (2021a) Sustainability Indi-
cators for Foods Benefiting Climate and Health. Sustainability, 
13(7), 3621. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​d​p​i​​.​c​o​m​​/​2​0​​7​1​-​​1​0​5​0​/​1​3​/​7​/​3​6​2​1

Strid A, Johansson I, Bianchi M et al (2021b) Diets benefiting health 
and climate relate to longevity in northern Sweden. Am J Clin 
Nutr 114(2):515–529. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​a​j​​c​n​/​n​q​a​b​0​7​3

Stubbendorff A, Ericson U, Bengtsson Y et al (2025) Balancing Envi-
ronmental Sustainability and Nutrition: Dietary Climate Impact 
in Relation to Micronutrient Intake and Status in a Swedish 
Cohort. Curr Dev Nutr 9(8):107501. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​d​
n​u​t​.​2​0​2​5​.​1​0​7​5​0​1

Stylianou KS, Fulgoni VL, Jolliet O (2021) Small targeted dietary 
changes can yield substantial gains for human health and the 
environment. Nat Food 2(8):616–627. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​
3​0​1​6​-​0​2​1​-​0​0​3​4​3​-​4

Tan SY, Dhillon J, Mattes RD (2014) A review of the effects of nuts 
on appetite, food intake, metabolism, and body weight123. Am 
J Clin Nutr 100:412S–422S. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​1​1​3​.​0​7​
1​4​5​6

Torán-Pereg P, Kyttä V, Pardo G, Saarinen M (2025) Adapting the 
product group-specific nutritional functional units to the Spanish 
context. Int J Life Cycle Assess 30(4):682–693. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​2​4​-​0​2​4​2​2​-​7

Tukiainen K, Kyttä V, Gómez-Gallego C et al (2025) Re-evaluating the 
importance of protein quality: insights on its limited role in multi-
nutrient functional units. Int J Life Cycle Assess 30(5):928–938. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​2​5​-​0​2​4​5​1​-​w

Walker C, Gibney ER, Mathers JC, Hellweg S (2019) Comparing envi-
ronmental and personal health impacts of individual food choices. 
Sci Total Environ 685:609–620. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​
v​.​​2​0​​1​9​.​0​5​.​4​0​4

Ward HA, Whitman J, Muller DC et al (2019) Haem iron intake and 
risk of lung cancer in the European Prospective Investigation into 
Cancer and Nutrition (EPIC) cohort. Eur J Clin Nutr 73(8):1122–
1132. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​3​0​-​0​1​8​-​0​2​7​1​-​2

Weaver CM, Givens DI (2025) Overview: the food matrix and its role 
in the diet. Crit Rev Food Sci Nutr 65(30):6880–6897. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​0​​4​0​8​​3​9​8​​.​2​0​2​​5​.​​2​4​5​3​0​7​4

Weidema BP, Stylianou KS (2020) Nutrition in the life cycle assess-
ment of foods—function or impact? Int J Life Cycle Assess 
25(7):1210–1216. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​1​9​-​0​1​6​5​8​-​y

Xie Y, Geng Y, Yao J et al (2023) N-nitrosamines in processed meats: 
Exposure, formation and mitigation strategies. J Agric Food Res 
13:100645. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​a​f​r​.​2​0​2​3​.​1​0​0​6​4​5

Xiong K, Lu L, Ge P et al (2025) Calcium intake and risk of prostate 
cancer: A systematic review and dose-response meta-analysis of 
prospective cohort studies. J Trace Elem Med Biol 89:127652. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​t​e​m​b​.​2​0​2​5​.​1​2​7​6​5​2

Young VR, Pellett PL (1994) Plant proteins in relation to human pro-
tein and amino acid nutrition. Am J Clin Nutr 59(5 Suppl):1203s–
1212s. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​9​3​/​​a​​j​c​n​​/​​5​9​.​5​.​1​2​0​3​S

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

and food policy. BMJ 361:k2392. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​b​m​​j​.​k​
2​3​9​2

Neuenschwander M, Stadelmaier J, Eble J et al (2023) Substitution of 
animal-based with plant-based foods on cardiometabolic health 
and all-cause mortality: a systematic review and meta-analysis of 
prospective studies. BMC Med 21(1):404. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​
6​​/​s​1​​2​9​1​6​-​0​2​3​-​0​3​0​9​3​-​1

Nishi SK, Viguiliouk E, Blanco Mejia S et al (2021) Are fatty nuts 
a weighty concern? A systematic review and meta-analysis and 
dose-response meta-regression of prospective cohorts and ran-
domized controlled trials. Obes Rev 22(11):e13330. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​1​1​1​​/​o​b​​r​.​1​3​3​3​0

Ortenzi F, McAuliffe GA, Leroy F et al (2023) Can we estimate the 
impact of small targeted dietary changes on human health and 
environmental sustainability? Environ Impact Assess Rev 
102:107222. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​i​a​r​.​2​0​2​3​.​1​0​7​2​2​2

Peruvemba S, Martinez R, Sabaté J, Fresán U (2025) Diets for Dual 
Cardiovascular and Planetary Health: A Scoping Review. Curr 
Atheroscler Rep 27(1):122. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​8​8​3​-​0​2​5​-​
0​1​3​4​4​-​5

Poore J, Nemecek T (2018) Reducing food’s environmental impacts 
through producers and consumers. Science 360(6392):987–992. 
​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​a​a​q​0​2​1​6

Reguant-Closa A, Pedolin D, Herrmann M, Nemecek T (2024) Review 
of Diet Quality Indices that can be Applied to the Environmental 
Assessment of Foods and Diets. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​6​6​8​-​0​
2​4​-​0​0​5​4​0​-​0. Curr Nutr Rep

Reguant-Closa A, Loginova D, Mehner E, Mann S, Nemecek T (2025) 
Nutritional, health and environmental dimensions of Swiss food 
consumption trends. Front Nutr 12–2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​f​n​​u​t​.​2​0​2​5​.​1​6​7​7​9​5​1

Rockström J, Thilsted SH, Willett WC et al (2025) The EAT-Lancet 
Commission on healthy, sustainable, and just food systems. Lan-
cet 406(10512):1625–1700. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​4​0​-​6​7​3​6​(​
2​5​)​0​1​2​0​1​-​2

Scherer L, Blackstone NT, Conrad Z et al (2024) Accounting for nutri-
tion-related health impacts in food life cycle assessment: insights 
from an expert workshop. Int J Life Cycle Assess. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​2​4​-​0​2​2​9​8​-​7

Sil R, Chakraborti AS (2025) Major heme proteins hemoglobin and 
myoglobin with respect to their roles in oxidative stress – a brief 
review [Review]. Front Chem 13–2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​
f​c​​h​e​m​.​2​0​2​5​.​1​5​4​3​4​5​5

Sonesson U, Davis J, Flysjö A, Gustavsson J, Witthöft C (2017) Pro-
tein quality as functional unit – A methodological framework for 
inclusion in life cycle assessment of food. J Clean Prod 140:470–
478. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​p​r​​o​.​2​0​​1​6​​.​0​6​.​1​1​5

Sonesson U, Davis J, Hallström E, Woodhouse A (2019) Dietary-
dependent nutrient quality indexes as a complementary functional 
unit in LCA: A feasible option? J Clean Prod 211:620–627. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​p​r​​o​.​2​0​​1​8​​.​1​1​.​1​7​1

Springmann M, Spajic L, Clark MA et al (2020) The healthiness and 
sustainability of national and global food based dietary guide-
lines: modelling study. BMJ 370:m2322. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​
/​b​m​​j​.​m​2​3​2​2

1 3

2  Page 6 of 6

https://www.mdpi.com/2071-1050/13/7/3621
https://doi.org/10.1093/ajcn/nqab073
https://doi.org/10.1016/j.cdnut.2025.107501
https://doi.org/10.1016/j.cdnut.2025.107501
https://doi.org/10.1038/s43016-021-00343-4
https://doi.org/10.1038/s43016-021-00343-4
https://doi.org/10.3945/ajcn.113.071456
https://doi.org/10.3945/ajcn.113.071456
https://doi.org/10.1007/s11367-024-02422-7
https://doi.org/10.1007/s11367-024-02422-7
https://doi.org/10.1007/s11367-025-02451-w
https://doi.org/10.1007/s11367-025-02451-w
https://doi.org/10.1016/j.scitotenv.2019.05.404
https://doi.org/10.1016/j.scitotenv.2019.05.404
https://doi.org/10.1038/s41430-018-0271-2
https://doi.org/10.1080/10408398.2025.2453074
https://doi.org/10.1080/10408398.2025.2453074
https://doi.org/10.1007/s11367-019-01658-y
https://doi.org/10.1016/j.jafr.2023.100645
https://doi.org/10.1016/j.jtemb.2025.127652
https://doi.org/10.1016/j.jtemb.2025.127652
https://doi.org/10.1093/ajcn/59.5.1203S
https://doi.org/10.1136/bmj.k2392
https://doi.org/10.1136/bmj.k2392
https://doi.org/10.1186/s12916-023-03093-1
https://doi.org/10.1186/s12916-023-03093-1
https://doi.org/10.1111/obr.13330
https://doi.org/10.1111/obr.13330
https://doi.org/10.1016/j.eiar.2023.107222
https://doi.org/10.1007/s11883-025-01344-5
https://doi.org/10.1007/s11883-025-01344-5
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1007/s13668-024-00540-0
https://doi.org/10.1007/s13668-024-00540-0
https://doi.org/10.3389/fnut.2025.1677951
https://doi.org/10.3389/fnut.2025.1677951
https://doi.org/10.1016/S0140-6736(25)01201-2
https://doi.org/10.1016/S0140-6736(25)01201-2
https://doi.org/10.1007/s11367-024-02298-7
https://doi.org/10.1007/s11367-024-02298-7
https://doi.org/10.3389/fchem.2025.1543455
https://doi.org/10.3389/fchem.2025.1543455
https://doi.org/10.1016/j.jclepro.2016.06.115
https://doi.org/10.1016/j.jclepro.2018.11.171
https://doi.org/10.1016/j.jclepro.2018.11.171
https://doi.org/10.1136/bmj.m2322
https://doi.org/10.1136/bmj.m2322

	﻿Beyond nutrients: advancing nutritional Life Cycle Assessment towards food context and health effects
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Integrating nutrition science into LCA
	﻿3﻿ ﻿Gaps in nutrient-based nLCAs
	﻿4﻿ ﻿Advancing LCA methods to capture health impact
	﻿5﻿ ﻿Conclusion
	﻿References


