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Dietary oxidized sterols (DOxS) are cholesterol-like molecules known to exert pro-inflammatory, pro-
oxidant, and pro-apoptotic effects, among others. We present the FooDOXxS database, a comprehensive
compilation of DOxS content in over 1680 food items from 120 publications across 25 countries, aug-
mented by data generated by our group. This database reports DOxS content in foods classified under
the NOVA and What We Eat in America (WWEIA) systems, allowing a comprehensive and statistically
robust summary of DOxS content in foods. Notably, we evaluated the efficacy of using NOVA and WWEIA
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classifications in capturing DOXS variations across food categories. Our findings provide insights into the
strengths and limitations of these classification systems, enhancing their utility for assessing dietary com-
ponents. This research contributes to the understanding of DOxS in food processing and suggests refine-

rsc.li/ffood-function ments for classification systems, holding promise for improved food safety and public health assessments.
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1. Introduction

Consumer awareness of food ingredients is a fundamental
pillar in the quest for healthier eating habits and maintaining
overall well-being. Consumers conceptualize ‘healthy’ foods
based on food characteristics, specifically food groups, nutri-
ents, production or processing, or lack of specific ingredients.
This awareness has the potential for individuals to make
informed decisions, navigate dietary preferences, and take
control of their health.>* Nutrient databases serve as an
invaluable tool in enhancing both consumer awareness and
nutritional interventions. Such databases aid in dietary ana-
lysis for individuals and groups, intervention material develop-
ment, and menu planning for studies.”® Above all, the accu-
racy of food composition information within the database is
paramount.” Comprehensive nutrient databases, mainly focus-
ing on macronutrients, are relatively widespread.” However,
databases for essential micronutrients, particularly those with
established nutritional and biological significance, remain
scarce.® In the context of food safety, public health, and regu-
latory oversight, establishing comprehensive food contaminant
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databases is of paramount importance. These databases play a
pivotal role in monitoring and mitigating potential risks
associated with contaminants entering the food supply chain.*
For example, databases specifically addressing compounds
like acrylamide have driven the development and implemen-
tation of strategies aimed at controlling its formation and
reducing its presence in a variety of food products.® Our lab-
oratory has extensively studied dietary oxysterols (DOxS), a
group of molecules derived from their parent compound -
cholesterol or phytosterol - with an additional hydroxyl,
ketone, or epoxy group.”'° Oxysterols can be enzymatically pro-
duced in the body by the cytochrome P450 enzyme family,
serving as intermediaries and activators of cell-signaling path-
ways.” Alternatively, non-enzymatic production of DOXS can
occur due to oxidative stress.” In humans, DOXS are known to
exert pro-inflammatory, pro-oxidant, pro-fibrogenic, and pro-
apoptotic toxic effects, contributing to the onset of chronic dis-
eases like atherosclerosis, hypertension, Huntington’s disease,
Parkinson’s disease, multiple sclerosis, Alzheimer’s disease,
and some cancers, among others.”''™** Cytotoxicity of DOxS
has been tested in several cellular systems, including macro-
phages, vascular and cancer cells.” 7-ketocholesterol, con-
sidered a biomarker of food cholesterol oxidation,”'* has
shown cytotoxicity in brain cells with a lethal dose (LD50) of
30-60 uM depending on the neuronal cell type.'> Similar
LD50s have been reported for stem cells derived from bone
marrow'® and adipose tissue."”” We have previously reviewed
the biological activity of food-derived DOxS.” DOxS derived
from phytosterols are suspected to have a similar effect due to
the structural similarity of phytosterol and cholesterol,"®>°
although the literature is scarcer compared to cholesterol-
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derived oxysterols. In vitro and animal studies have demon-
strated that DOxS originating from phytosterols possess
cytotoxic'®?! and pro-atherogenic properties®® and can inter-
fere with cholesterol absorption.”® Overall, these findings
underscore the potential for DOxS - both of animal and plant
origin - to exert well-documented biological effects in both
in vitro and animal models. However, despite the substantial
evidence from experimental studies, the long-term effects of
DOxXS exposure in humans remain incompletely documented.
There is significant evidence that DOxS formation in foods is
induced by processing, primarily due to temperature and the
presence of radical species, which undeniably influence their
formation kinetics."® Light exposure, radiation, excessive
storage, and other agents that lower the activation energy of
the reaction unintentionally contribute to DOXS’ generation.
Consequently, the prevalence of DOXS in processed foods has
become a significant concern.®***> The high levels of proces-
sing facilitate DOxS formation, thereby increasing consumer
exposure to them. For instance, our laboratory has conducted
assessments of DOxS dietary exposure in infants fed with
various milk formulas, revealing that exposure levels are con-
tingent on the extent of food processing applied to the
formula. Thus, the relationship between processing and
DOxS formation underscores the need for improved control
measures and awareness in food production to mitigate poten-
tial health risks.

There is a gap of knowledge regarding the correlation
between DOXS accumulation and foods categorized under the
NOVA food classification system, which is a widely accepted
framework used for classifying foods based on the nature and
extent of their processing.® This classification method, intro-
duced in 2009 by Monteiro’s group, has gained widespread
attention for investigating the health impacts of food proces-
sing on various chronic diseases. While NOVA has revolutio-
nized our perspective on food by emphasizing the level of
processing involved, it has also faced critiques from various
quarters, particularly in its characterization of ultra-pro-
cessed foods (UPFs).>”*® This research aims to address the
existing gaps in knowledge by constructing FooDOXS, a com-
prehensive database detailing the content of dietary oxidized
lipids (DOxS) based on a meta-analysis of more than 1680
food items, each meticulously classified under the NOVA and
What We Eat In America (WWEIA) systems. Drawing on data
from 120 publications across 25 countries and supplement-
ing it with information from the Food and Health
Engineering Lab’s (FHEL) internal database, the resulting
FooDOXxS database provides a better understanding of DOxS
accumulation stratified across different food sources—
whether plant-based or animal-based. This holistic approach
not only contributes to our understanding of the link
between DOxS accumulation and food processing but also
facilitates a critical examination of NOVA’s and WWEIA’s
effectiveness in capturing variations in DOXS content across
different food categories. By shedding light on the strengths
and limitations of these classification systems, the research
underscores the potential for refining and optimizing them
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to better serve as tools for assessing dietary components and
their implications for public health.

2. Materials and methods

2.1. Literature search, data collection and meta-analysis

DOxS data was obtained from an extensive literature search
using the terms “cholesterol oxidation products”, “COPs”,
“oxysterols”, “phytosterols oxidation products”, and “dietary
oxysterols”. COPs and oxysterols are terms used interchange-
ably to define the molecules derived from the oxidation of
cholesterol. The word ‘oxysterol’ is also used to define com-
pounds generated during the enzymatic oxidation of chole-
sterol in biological systems.’ Data search and entry were con-
ducted from 2018 to 2022, with studies performed between
1984-2022. The database also includes data previously pub-
lished by our group.'*?° In the FooDOXS database, we included
studies that specifically analyzed (a) foods from animal and
plant sources; (b) commercially available foods, and (c) experi-
mentally prepared samples. We took into consideration
studies published in 3 languages (English, French, and
German), performed in 27 countries including Australia,
Austria, Belgium, Brazil, China, Denmark, Finland, France,
Germany, Hungary, India, Ireland, Italy, Japan, Jordan,
Mexico, Poland, South Korea, Spain, Sweden, The Netherlands,
Switzerland, Taiwan, United Kingdom, and the United States.
Excluded studies from this database consisted of (i) literature
reviews; (ii) those reporting DOxS amounts without providing
the amount of total cholesterol and/or total fat present in the
food; (iii) papers reporting concentrations as a graph only (not
quantitative amounts); (iv) papers reporting DOxS concen-
trations as a range.

All values were carefully converted into uniform units to
facilitate comparison: pg ¢~ " of sample for DOXS and mg g~
of sample for phytosterols. These units were the most encoun-
tered in the considered studies, but some studies also reported
DOXS concentrations per gram of lipids or per gram of chole-
sterol. In this case, the reported quantity of lipids used, or the
concentration of cholesterol measured, was used for homogen-
izing the unit of measurement, respectively.

2.2. Application of NOVA criterion

The FooDOxS database follows the NOVA classification as
shown in Fig. 1. The NOVA classification categorizes foods
into four groups: (1) unprocessed or minimally processed
foods, (2) processed culinary ingredients, (3) processed foods,
and (4) ultra-processed foods.*®*' Compared to the original
NOVA decision flowchart*>** our criterion (a) highlights indi-
vidual unit operations as they contribute to processing level
and (b) distinguishes between group 2 additives and indus-
trial additives in the classification of processed vs. ultra-pro-
cessed foods. One of the key questions pertains to the categ-
orization of food as ‘convenience foods’. This category
encompasses any food item in which, as per Scholliers, ‘the
degree of culinary preparation has been taken to an advanced
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FYES D centrifuging, extracting, mining,

churning)? Eg. oils, salt, butter or
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\
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by moulding (e.g. chocolate,
cheese), pre-frying (eg. fried

chicken, french fries),
fractionation, hydrogenation,
inter-esterification (eg. oils),
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separation (eg. meat sausage
and burgers)?

NO
Y
Contains ingredient(s) that are
canned, bottled, smoked, cured,
pickeld, salted, or baked

vegetables, meats, fish, or bread?
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- ! ; ! - YES-
WESH and salt made by pressing, YES)@(—

refining, centrifuging, extracting,
mining, churning of natural
foods? Contains cheese with no
industrial additives?
1
NO
\4
All ingredient(s) are either
unaltered, cut, crushed, dried,
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chilled, frozen, vacuum packaged,
or non-alcoholic fermented

ves > Q) < ves:
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boiled, roasted, pasteurized, [ YES> <YES-
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Industrial additives

Contains any flavours, flavour
enhancers, colours, emulsifiers,
emulsifying salts, artificial
sweeteners, thickeners, and
foaming, anti-foaming, bulking,
carbonating, gelling and glazing
agents, fructose, high-fructose
corn syrup, fruit juices concentrates,
inverted sugars, maltodextrin,
dextrose, lactose,
soy protein isolate, gluten,
casein, whey protein?

NO

¥

Contains culinary ingredients like
salt, sugar, oil, or lard?

Contains added vitamins and
minerals or bacterial cultures?

with NO additives?

|
NIO

Fig. 1 NOVA classification. Flowchart for classifying food items according to the NOVA classification criteria.

stage, and these items are typically purchased as labor-saving
alternatives to less highly processed products’.>® This initial
step facilitates the distinction between homemade and indus-
trial foods.

2.3. Assignment of food categories according to what we eat
in America (WWEIA)

Additionally, we categorized foods based on the What We Eat
in America (WWEIA) food categorization scheme, utilizing it
as a reference to assign each food item to a specific category.
This scheme is designed to be applied to foods consumed in
the American diet.** Since the FooDOxS database contains
foods from all around the world, the specific WWEIA codes
did not accommodate every food item. However, the main and
sub-categories served as an adequate general search criterion
for the user and were thus implemented. All items are categor-
ized by source (animal- or plant-based), WWEIA food group,
and WWEIA’s main food category. WWEIA codes pertaining to
sub-food categories are assigned to each item.

6326 | Food Funct, 2024, 15, 6324-6334

2.4. Navigating the FooDOXS database

The FooDOXS database is organized as a spreadsheet in which
rows represents an individual food item, and columns rep-
resent either a group variable or dependent variable (i.e., DOXS
species). Specifically:

» Column A: a detailed description of each item including
processing time and/or temperature, storage time and/or temp-
erature, and any other relevant details reported by the original
study.

+ Column B: the group assignment according to NOVA
classification of each food item (Group 1-4).

+ Column C: Serving size, if reported in the original study.

+ Column D: WWEIA food code corresponding to sub-food
categories.

+ Column E: In text-citation of references.

+ Column F: Additional notes on the food item if present.

From Column G, DOXS concentration is reported as the
mean and standard deviation in separate columns. Users
can filter the data by a selected column to view food items

This journal is © The Royal Society of Chemistry 2024
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assigned to a specific Food Group, Main Food Category, NOVA
group, or reference. The database has been deposited in the
FHEL GitHub page: https://github.com/FHELMSU/FooDOXS.

2.5. Statistical analyses

For comparing DOXS content across group categories, a Kruskal-
Wallis ANOVA was performed, followed by a Dunn test to estimate
mean rank differences, with a significance level set at p = 0.05.
Statistical tests were performed in OriginPro v.2023 (OriginLab).

3. Results

3.1. The FooDOXS database

This study aims to establish a database of DOXS contents in
food items classified under the NOVA food -classification
system. These data were collected from various sources, com-
bining the results of these studies into a single repository, the
FooDOXxS database. This database contains DOXS data from n =
120 studies dating from 1984 to 2022. Food items were categor-
ized according to the NOVA flowchart (Fig. 1), resulting in a
total of 1676 items. These items were distributed as follows:
Group 1, 31.1%; Group 2, 19.3%; Group 3, 15.0%; Group 4,
34.6%. Seventy-three percent were of animal origin, while the
remaining 27% originated from plants (Fig. 2A). We further
classified food items using the What We Eat In America classi-
fication chart (Fig. 2B).*> The main categories included
protein-based foods (35.1%), fats and oils (26.4%), and dairy
(17.2%), reflecting the extent of DOxS research in these cat-
egories. A total of 81 different compounds were reported,
including parental sterols (i.e., cholesterol, p-sitosterol, cam-
pesterol) and DOXS (Table S17). In early studies on cholesterol
oxidation, it was often challenging to distinguish between oxy-
sterol isomers due to the limitations of analytical techniques.
For example, this challenge was evident in cases such as
70-OH/7p-OH and 5a,6a-epoxy/5p,6p-epoxy, which were fre-
quently reported as mixtures of isomers. To account for this
discrepancy, we provided an additional entry that sums the
amounts of those isomers. It is worth noting that our labora-
tory obtained DOXS content data for various food items,
including 30 infant formulas and over 60 ultra-processed
foods;***° these data are also incorporated within FooDOXS.
Finally, FooDOXS contains a summary of food processing con-
ditions (if any) and serving size; the user should refer to the
source for a detailed description of processing conditions.

3.2. DOxS content in animal and plant-based foods under
NOVA classification

The creation of an expanded food database opens avenues for
a more comprehensive estimation of compound levels across
various food categories. Databases become particularly com-
pelling for molecules with recognized bioactive properties,
enabling in-depth toxicological and epidemiological studies.*
These studies include critical aspects like dietary exposure and
risk assessment. We examined DOxS concentrations in both
animal-based and plant-based foods (Fig. 3), stratified accord-
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ing to the NOVA flowchart (Fig. 3A) Our initial analysis
involved the concentration of all DOxS, achieved either by
aggregating all individual oxidative derivatives reported within
a food item or by utilizing the total reported DOxS, within
NOVA classification. In animal-based foods (Fig. 3B), DOxS
concentrations varied significantly, ranging from less than 1
ng g~ to over 4 mg g~'. DOxS accumulation depends on the
extent of oxidation,?* and is well correlated with the amount of
parent cholesterol.”*? There is no standard analytical method
(i.e. AOAC method) to quantify DOxS, as there is for other con-
taminants like acrylamide. The vast majority of the reports
included in FooDOxS determined DOXS using gas-chromato-
graphy (89% of included reports), often coupled with mass-
spectrometry detection (49% of included reports), as summar-
ized in Table S2.f Surprisingly, when employing a non-para-
metric ANOVA to compare food categories based on NOVA
classifications, group 4 (ultra-processed foods) exhibited lower
DOxS amounts compared to all other groups (p < 0.001). Next,
our attention turned to the 7-OH isomers, 7-keto, and 5,6-
epoxy isomers. Due to limitations in some older reports that
could not distinguish between these isomers, we opted to
combine them. Intriguingly, ultra-processed foods (group 4)
exhibited significantly lower amounts of 7-OH isomers and
7-keto compared to minimally processed foods (group 1) and
processed culinary products (group 2) (Fig. 3C and D). In the
case of 5,6-epoxy, we did not observe any significant difference
among groups (Fig. 3E). We then focused on plant-based
foods, constituting approximately a quarter of the total food
items in the FooDOxS database (Fig. 2A). Our initial explora-
tion involved mapping phytosterols’ content, the parent com-
pounds of DOxS in plants (Fig. 3F). Notably, both processed
culinary ingredients (group 2) and ultra-processed foods
(group 4) exhibited higher concentrations of phytosterols com-
pared to minimally processed foods. Unfortunately, insuffi-
cient sampling for group 3 hindered a fair statistical compari-
son among the NOVA categories. Similarly, the scarcity of data
in the literature regarding plant-based DOxS, commonly
denominated as ‘phytosterols oxidation products’ or ‘POPS’,
limits a comprehensive comparison. For the available data in
groups 2 and 4, where the majority of DOxS data exist, ultra-
processed foods exhibited higher DOXS content compared to
processed culinary ingredients (Fig. 3F, right panel). This
suggests that processing has a more pronounced impact on
DOxXS accumulation in plant-based foods than in animal-based
ones. In FooDOXS, the majority of plant-based ultraprocessed
foods are margarines,*® which are known to accumulate phy-
tosterol-oxidation products.>® Thus, the limited data avail-
ability could explain our findings. This observation further
stresses the need for further research to better understand
DOXS accumulation in plant-based foods.

3.3. DOxS content in animal and plant-based foods under
WWEIA classification

This initial assessment demonstrates that, when large datasets
are considered, ultra-processed foods contain a lower amount
of DOxS compared to other NOVA groups. We, therefore, strati-

Food Funct., 2024, 15, 6324-6334 | 6327
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Il Animal-based

= Plant-based

Food Groups

Formulas

4.0%
Condiments
& sauces
0

1%
\
Fats and Oils
26.4%

Snacks & Sweets
3.8%

Beverages
0.4%

Vegetables 1.2%

Grains 4.4%

Mixed Dishes
4.7%

Fig. 2

Other
2.4%

Milk and Dairy
17.2%

Protein Foods
35.1%

Insights into the FooDOXS database. (A) Percentage distribution of food items according to NOVA classification and source (animal vs. plant).

Group 1: Unprocessed and minimally processed foods; Group 2: processed culinary ingredients; Group 3: Processed foods; Group 4: Ultraprocessed

foods. (B) Percentage distribution of food items according to food source.

fied animal-based foods according to the food source as per
the WWEIA classification (Fig. 4). In WWEIA there are more
than 160 unique categories assigned by a 4-digit number and
description.’” The Dietary Guidelines Advisory Committees
(DGAC) has regrouped WWEIA categories into major categories
according to the contributions of food category intake to

6328 | Food Funct, 2024, 15, 6324-6334

energy, nutrient, and food group intakes®® (see Appendix E-2.7
in DGAC 2015 Advisory Report) (Fig. 4A). The FooDOxS data-
base allows the stratification of DOxS data according to both
grouping strategies. For this analysis, we focused on animal-
based foods, since we have a higher number of reported data
(Fig. 2A). Groups 6 (vegetables) and 3 (mixed dishes) showed

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 DOxS abundance in FooDOXxS database according to NOVA classification. Data represent the content of total DOxS and individual DOxS
species as collected in our database. The measurements were converted to a uniform unit for data homogenization. (A) Definition of NOVA groups.
(B) Left: dots plot showing total DOxS content in animal-based foods according to NOVA classification. The red line represents the median. Right:
Kruskal—Wallis mean rank differences between groups at p = 0.05 significance level. (C) Left: dots plot showing 7-OH isomers content in animal-
based foods according to NOVA classification. The red line represents the median. Right: Kruskal-Wallis mean rank differences between groups at p
= 0.05 significance level. (D) Left: dots plot showing 7-keto content in animal-based foods according to NOVA classification. The red line represents
the median. Right: Kruskal-Wallis mean rank differences between groups at p = 0.05 significance level. (E) Left: dots plot showing 5,6-epoxy
isomers content in animal-based foods according to NOVA classification. The red line represents the median. Right: Kruskal-Wallis mean rank differ-
ences between groups at p = 0.05 significance level. (F) Left: dots plot showing total phytosterols content in plant-based foods according to NOVA
classification. Right: dots plot showing total DOxS content in plant-based foods for Groups 2 and 4 according to NOVA classification. The red line
represents the median.

the lowest amount of DOxS, compared to the high values the WWEIA classification) (Fig. 4B). Similar consideration can
observed for Groups 8 (condiments and dressings), Group 1 be made for 7-keto, a cholesterol derivative that has been con-
(dairy), as well as Group 7, which, for animal-based foods, con- sidered a biomarker of food manufacturing, particularly
sisted of protein-based nutritional beverages (category 7208 in  thermal processes such as pasteurization and sterilization.'*>°
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Fig. 4 DOXxS abundance in FooDOxS database according to WWEIA classification. (A) WWEIA macro-groups as simplified by the Dietary Guidelines
Advisory Committees. (B) Left: box plot showing total DOxS content in animal-based foods according to WWEIA classification. Box represents
25-75 confidence interval; red line represents median. Right: Kruskal-Wallis mean rank differences between groups at p = 0.05 significance level.
(C) Left: box plot showing 7-keto content in animal-based foods according to WWEIA classification. Box represents 25-75 confidence interval; red
line represents median. Right: Kruskal-Wallis mean rank differences between groups at p = 0.05 significance level.

Group 8 (condiments and dressings) has a significantly higher
amount of 7-keto than Group 3 (mixed dishes) and Group 5
(snacks and sweets). It is worth noting that many ultra-pro-
cessed foods fall into Groups 3 and 5 in the DGAC classifi-
cation, which includes fast foods, ready-to-eat, restaurant
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items, and snacks. In summary, our findings suggest that, con-
cerning DOxS accumulation, the influence of food processing
appears to be less pronounced compared to the impact of food
formulation. Foods belonging to NOVA Group 1 (minimally
processed) and Group 2 (culinary ingredients) contain DOXS in
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comparable amounts to processed foods (Fig. 3B). DOxS are
transferred when these foods are used as the basis for the
preparation of Group 3 and Group 4 processed foods. This
implies that the specific composition and preparation of food
play a more significant role in determining DOXS levels than
the extent of processing.

4. Discussion

4.1. NOVA classification and criticisms

Industrial processing plays a pivotal role in ensuring both food
safety and specific food characteristics. Processed foods have
been integral to the human diet since the early stages of evol-
ution, coinciding with the discovery of cooking, an original
and fundamental processing technique.’® However, in recent
years, there has been a perceptible shift in consumer attitudes
towards processed foods, with negative perceptions gaining
traction.”” This shift is influenced by several factors, including
inadequate scientific understanding of food manufacturing,
potentially misleading advertising, and recommendations
from public health officials.>”*' A defining moment in reshap-
ing consumer awareness of food processing occurred in 2009
when Monteiro’s group in Brazil introduced the NOVA classifi-
cation method.*® This method, grounded in the degree of food
processing, led to the identification of ‘ultra-processed foods’,
commonly abbreviated as UPFs. Over the years, various defi-
nitions for UPFs have emerged, with one of the latest empha-
sizing that these are formulations primarily composed of sub-
stances derived from foods and additives, with little to no
intact Group 1 foods.*""*> Monteiro’s group subsequently advo-
cated for the adoption of NOVA by the UN Sustainable
Development and its Decade of Nutrition initiative, using it as
a guide for their food and health initiatives.>®

The NOVA classification, particularly its characterization of
UPFs, has faced criticism within the field of food science by
prominent scientists.””*®*"** Numerous critiques have been
put forth regarding the classification criteria. Notably, pro-
ducts such as pasteurized milk, ultra-high temperature milk,
and pasteurized juices are categorized as unprocessed or mini-
mally processed (Group 1) foods according to NOVA. However,
these items undergo high-energy-demanding processing con-
ditions, including pasteurization and homogenization, chal-
lenging the notion of being unprocessed or minimally pro-
cessed.*' Regarding the definition of UPFs, one of the promi-
nent criticisms lies in the association made by NOVA’s propo-
nents between UPFs and low nutritional quality, leading to
explicit recommendations to avoid their consumption.>” This
critique gains complexity when considering that UPFs encom-
pass traditional foods like cheese and infant formulas, which
are indispensable for infants not breastfed.*'

4.2. The FooDOXS database demystifies NOVA’s claims

The data presented in this paper challenges the prevailing notion
that food processing, particularly within the framework of ‘ultra-
processing’ as defined by NOVA, has universally negative effects
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on food components. To scrutinize this hypothesis, we intro-
duced FooDOXS, an extensive database encompassing oxidized
sterols (DOxS) data for both animal- and plant-based foods. This
is the largest database for DOxS in food products to date. The
pivotal characteristic of DOXS lies in their predominantly proces-
sing-induced accumulation.”'****%* various factors such as
heat treatment, light exposure, and exposure to radical species
derived from non-thermal processes, including light and non-
thermal technologies, can trigger the formation of DOxS.>'%**
Therefore, the accumulation of DOxXS in foods serves as a distinc-
tive signature of food processing, as extensively demonstrated by
our group over the last decade. For instance, this is notably
observed in infant formulations, where the spray-drying process
to obtain powder formulas significantly enhances the occurrence
of 7-ketocholesterol compared to liquid formulations.'*"®
Our database strongly demonstrates that, according to NOVA
classification, animal-based ultra-processed foods contain fewer
amounts of DOxS compared to all the other categories (Fig. 3).
Particularly, UPFs contain fewer amounts of 7-ketocholesterol
than unprocessed or minimally processed foods (Fig. 3C): this
result is particularly interesting considering that 7-ketocholes-
terol is one of the most studied cholesterol-derived DOXS, with
well-established bioactivity in humans.”!"1315717:43

These findings prompt the question of whether the lower
content of DOxS found in UPFs is a result of misattributed
food items due to the superficial criteria of NOVA, as pre-
viously suggested.>”*® To discern if DOxS content depends on
the food source rather than processing, we stratified food
items according to the WWEIA classification criteria, as sim-
plified by the Dietary Guidelines Advisory Committees (DGAC)
(Fig. 4). In WWEIA, processed foods are now distributed across
several categories, with Group 3 (mixed dishes), Group 5
(sweets and snacks), and Group 8 (condiments and dressings)
being the more representative. When grouped according to
WWEIA, DOxS were more abundant in Group 2 (meat and
seafood), Group 8 (condiments and dressings), and Group 1
(dairy), consistent with several reports obtained over several
decades of DOxS research.” These results strongly suggest that
the accumulation of sterols oxidative species is not strictly
dependent on processing but rather on the formulation of the
final food product. Raw food materials and culinary ingredi-
ents contain a similar amount of DOxS (Fig. 3), which are sub-
sequently transferred when these foods are utilized in the
preparation of processed and ultra-processed foods. Therefore,
despite the evidence suggesting that processing, particularly
thermal processing, enhances the formation of DOxS, the for-
mulation of the food plays a crucial role in their ultimate
accumulation in the final food products. These considerations
highlight the necessity for mitigation strategies to address the
entire food manufacturing chain, encompassing formulation
as well as processing and engineering aspects.

4.3. Usefulness and applications of a comprehensive DOxS
food database

Macro- and micronutrient food databases are highly valuable
for increasing consumer awareness and improving nutritional
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interventions. Specifically, databases that track process con-
taminants (i.e., acrylamide) or toxins (i.e., mycotoxins) have
been extensively used in dietary exposure and risk assessment
studies.*® The evidence of potential risks from dietary exposure
has led to policy interventions aimed at mitigating the popu-
lation’s exposure to such contaminants,””*® which has
resulted in discrete success, as for acrylamide.'® Dietary
exposure and risk assessment for DOXS are still in their early
stages.” Several factors contributed to this knowledge gap: (1)
variability in measurements across food samples and the
absence of a standardized analytical technique for quantifi-
cation, (2) DOxS being a family of compounds rather than a
single species, (3) limited systematic data on DOXS absorption
and distribution in humans, and (4) lack of awareness among
consumers and stakeholders regarding their potentially
harmful effects on health. Our lab has led a few efforts to
identify DOxS biomarkers in food items, including baby
foods'* and UPFs,*® as well as performed dietary exposure
modeling in selective populations using existing food con-
sumption databases.’® However, these efforts require further
support to deepen our understanding of DOxS metabolism in
humans, which remains incomplete.

4.4. The FooDOXS database unveils gaps in DOXS data for
specific food categories

We presented an extensive DOxS database featuring over 1600
food items spanning various categories (Fig. 2). However, a
notable discrepancy exists, with animal-based foods dominat-
ing, constituting over 75% of the total itemized foods (Fig. 2A).
In contrast, plant-based food data are limited, primarily focus-
ing on parental sterols, particularly phytosterols, with scarce
information on phytosterols-derived DOxS. This data gap is
surprising given the ubiquity of vegetable oils rich in phytos-
terols in various foods, including infant formulas.'® Multiple
factors contribute to this data deficiency. Traditionally, chole-
sterol oxidation products have garnered more attention due to
the prevalent belief in their significant role in human health
and potential links to chronic diseases.”** Additionally, the
vast number of phytosterols, potentially yielding hundreds of
oxidation products, poses challenges in their identification
through analytical and spectroscopic methods.>® Despite these
challenges, the authors emphasize the urgency to address this
data gap, especially considering the growing evidence of poten-
tial health effects associated with plant-based DOxXS, even at
low concentrations.’®°*2 The authors anticipate that the
availability of pure analytical standards for some of these oxi-
dation derivatives will spur new data generation, leading to a
more comprehensive understanding of their presence in
foods.

5. Conclusions

FooDOXS is an extensive dataset on oxidized sterols (DOxS) in
both animal- and plant-based foods, compiled from a litera-
ture meta-analysis and our laboratory. Using FooDOXS, we criti-
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cally examine the NOVA classification, challenging the widely
accepted notion that all processed foods, particularly ultra-pro-
cessed foods (UPFs), universally have negative effects on food
components. FooDOxS demonstrates that DOxS accumulation
is more dependent on food formulation than the degree of
processing, challenging NOVA’s claims, especially in its charac-
terization of UPFs. This is evident in the case of butter and
other animal-based ingredients, which are known to contain
high amounts of DOxS due to their intrinsic high cholesterol
content. Additionally, FooDOxS highlights a significant data
gap in plant-based foods, with the majority of the over 1600
presented food items being animal-based. This underscores
the urgency for more comprehensive data on plant-based
DOxS, especially considering the potential health effects
associated with these compounds. In conclusion, FooDOxS
serves as an open-access resource, offering valuable insights
into the impact of food processing on DOxS content. Its impli-
cations extend to guiding food industry practices, informing
policymakers, and aiding researchers in further understanding
the exposure to DOXS in our diets.
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