Pre prints.org

Article Not peer-reviewed version

Bioavailability of Lycopene and 3-
Carotene from gazpacho (Freshly
Prepared, High-Pressure Processed,
Pulsed Electric Field Treated and
Commercial Low-Temperature
Pasteurised) in a Crossover Study of
Healthy Individuals

Begoiia Olmedilla-Alonso ot , Fernando Granado-Lorencio * , Begona de Ancos i ,

Concepcion Sanchez-Moreno , Olga Martin-Belloso , Inmaculada Blanco-Navarro * ,

Carmen Herrero-Barbudo , Pedro Elez-Martinez , Lucia Plaza § , M. Pilar Cano I

Posted Date: 25 September 2025
doi: 10.20944/preprints202509.2104 v1

Keywords: Gazpacho; LP; low-temperature pasteurisation;HPP; high-pressure processing; PEF; pulsed
electric field; FP; freshly prepared

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/191743
https://sciprofiles.com/profile/1538030
https://sciprofiles.com/profile/2257813
https://sciprofiles.com/profile/1158730
https://sciprofiles.com/profile/64966
https://sciprofiles.com/profile/4767971
https://sciprofiles.com/profile/567120

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2025 d0i:10.20944/preprints202509.2104.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Bioavailability of Lycopene and f3-Carotene from
gazpacho (Freshly Prepared, High-Pressure
Processed, Pulsed Electric Field Treated and
Commercial Low-Temperature Pasteurised) in a
Crossover Study of Healthy Individuals

Begoiia Olmedilla-Alonso **, Fernando Granado-Lorencio 4, Begofia de Ancos %>*, Concepcion
Sanchez-Moreno 2, Olga Martin-Belloso 34 Inmaculada Blanco 4, Carmen Herrero-Barbudo ?,
Pedro Elez-Martinez 34, Lucia Plaza »$ and M. Pilar Cano 2!

! Hospital Universitario Puerta de Hierro, Unidad de Vitaminas, Majadahonda, Madrid, Spain

2 Institute of Food Science, Technology and Nutrition (ICTAN-CSIC), Department of Characterisation,
Quality and Safety, Madrid, Spain

3 Food Technology, Engineering and Science Department, University of Lleida, Lleida, Spain

4 Agrotecnico Center, Lleida, Spain

* Correspondence: BOlmedilla@ictan.csic.es (B.O.A.), ancos@ictan.csic.es (B.d.A.)

t Present address: Institute of Food Science, Technology and Nutrition (ICTAN-CSIC), Department of
Metabolism and Nutrition. Madrid, Spain

t Currently retired.

§ Present address: Cinca Group, Research & Development Department. Huesca, Spain

I Present address: Institute of Food Science Research (CIAL) (CSIC-UAM), Department of Biotechnology and
Food Microbiology, Madrid, Spain

Abstract

The effect of consuming freshly prepared gazpacho (a Mediterranean vegetable soup) or gazpacho
processed by low-temperature pasteurisation (LP), high-pressure processing (HPP) or pulsed electric
field (PEF) on the serum lycopene and 3-carotene concentrations of 12 healthy subjects aged 20-32
years enrolled in a crossover study was assessed. Participants were instructed to consume 500 ml of
gazpacho per day for 14-day periods. Carotenoid concentrations in fasted serum samples on days 7
and 14 of the study, as well as in the gazpacho, were analysed by HPLC. The degree of change in
the serum responses varied according to the processing method applied to the gazpacho
consumed. After adjusting for the lycopene and [3-carotene concentrations in the gazpacho-
FP intake, a significant increase in serum lycopene was observed only with freshly prepared
and consumed sample, FP (p=0.043, CI: 0.96, 44.3). As there was no interaction with time,
the serum responses were assessed using combined data from three time points for each
gazpacho group. Serum lycopene concentrations were significantly highest with FP and
HPP, followed by PEF and LP. Gazpacho-LP intake induced the lowest lycopene response,
with significant differences observed compared to PEF (p=0.002, CI: -17.5, -3.5), HPP
(p=0.000, CI: -24.1, -14.0) and FP (p=0.000, CI -31.3 — 10.9). Similar serum [-carotene
concentration responses (ug/dL) were observed for FP [36.40 + 16.45 (23.45, 49.35)] and HPP
[30.55 + 3.81 (22.82, 38.28)], both of which were higher than the responses for LP (p=0.019,
p=0.007, respectively). It appears that the processing technologies used for pasteurising
gazpacho affect serum carotenoid concentrations differently, with commercial LP having
the least impact. Due to the high variability observed in serum carotenoid concentrations,
the effect of different technologies on these concentrations should be verified in a large
number of subjects.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Gazpacho is a traditional Mediterranean dish from southern Spain. It is a cold vegetable soup
traditionally made with tomatoes, cucumbers, peppers, onions, garlic, vinegar and olive oil. Due to
regional and /or personal preferences, this soup has many variations and is part of the Mediterranean
diet. Recognised as an intangible cultural heritage of humanity by UNESCO [1], it is mainly
associated with the prevention of cardiovascular disease, type 2 diabetes, breast cancer, and
antitumour activity [2-5]. The main component of the gazpacho is tomato, and consuming a diet rich
in tomatoes diet is associated with a range of health benefits [6]. The health benefits of gazpacho are
likely to be due to the synergistic effects of its constituents, including nutrients such as vitamins C
and A, folate, and minerals including sodium, potassium, magnesium, iron, copper, zinc, and
manganese) [7,8], as well as bioactive compounds including carotenoids and phenolic compounds.
Lycopene is the carotenoid present in the highest concentration in gazpacho, followed by {3-carotene,
phytoene, phytofluene, lutein and zeaxanthin [9]. The intake and serum concentration of lycopene
has been studied in relation to reducing the risk of several diseases [e.g. 10]. Of these carotenoids,
only -carotene exhibits provitamin A activity.

The consumption of gazpacho is strongly seasonal, with peak demand in spring and summer.
Compared to the homemade production of fresh gazpacho, the demand for packaged or prepared
gazpacho has increased progressively over the last decade [11]. Fresh tomatoes and processed tomato
products, such as tomato sauces and gazpacho, account for the 86.3% of the lycopene in the Spanish
diet [12], and they are also a major contributor to the provitamin A carotenoids intake [13]. However,
there is no data on the bioavailability of carotenoids from gazpacho. Meanwhile, evidence suggests
that the daily consumption of 500 ml of commercial gazpacho soup significantly modifies the
bioavailability of certain bioactive compounds, increasing plasma vitamin C concentrations in
healthy humans [14,15].

The bioavailability of carotenoids depends on their bioaccessibility. Various factors can affect
carotenoid bioaccessibility, including the food matrix, concentration, deposition and distribution
within chromoplasts, chemical structure, and linkage to other food constituents (e.g. dietary fibre,
carbohydrates and proteins). Previous studies have shown that weakening or disrupting the cell wall
and the chromoplasts is essential to increase carotenoid bioaccessibility [16]. Therefore, food
processing has become a valuable means of improving the bioaccessibility of carotenoids [17].

Commercially available gazpachos are typically processed using traditional thermal
technologies (e.g. pasteurisation and sterilisation) to deactivate microorganisms and naturally
present enzymes, thereby preserving and extending their shelf life. However, there is much evidence
that thermal treatments negatively affect the nutritional and bioactive content, as well as the sensorial
characteristics (colour, flavour and texture) of fruit- and vegetable-derived products. Nevertheless,
numerous studies show that thermal treatments promote the release of carotenoid compounds from
the matrix containing them, thereby improving their bioaccessibility and bioavailability [18,19].

To reduce the negative effects of conventional thermal treatments, respond to consumer
requirements, and implement the global circular economy and sustainability in food processing, the
fruit and vegetable processing industry is committed to low-temperature treatments and non-thermal
technologies (e.g. pulsed electric fields and high-pressure processing) that enhance food safety and
shelf life without compromising the sensory qualities or health benefits of fresh fruit and vegetable
[20-22]. These non-thermal technologies also enable sustainable food production by reducing
processing costs, energy consumption and waste, while improving resource utilization [23].

High-pressure processing (HPP) and pulsed electric field (PEF) treatments are the most studied
non-thermal technologies for controlling microbial growth and enzymes related to food quality,
while preserving the nutritional, functional, and sensory food properties [24-26]. Furthermore,
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certain HPP and PEF treatments can result in the permeability or breakage of cellular structures,
enabling the release of bioactive compounds into the extracellular medium. This can enhance their
extraction, absorption, bioaccessibility, and bioavailability [18,27-30].

As bioaccessibility and, consequently bioavailability can be affected by food processing and the
bioavailability of carotenoids in gazpacho has not yet been studied, this study aimed to evaluate the
impact of consuming various types of gazpacho (a commercially low-pasteurized gazpacho [LP],
freshly prepared gazpacho [FP], high-pressure processed gazpacho [HPP] and pulsed electric field
treated gazpacho [PEF]) on the serum lycopene and 3-carotene levels of individuals in good health.

2. Materials and Methods

2.1. Gazpacho

The following recipe was used to prepare one litre of gazpacho (FP): tomatoes (var. Daniela,
very ripe) 500 g, cucumber (short cucumber from Spain) 150 g, green pepper (Italian variety) 100 g,
onion (var. Barbosa from Valencia, Spain) 30 g, garlic (white garlic from Alicante, Spain) 7.5 g, oil
(olive oil, Carbonell®, 0.4°%) 20 m], salt (8 g), vinegar (Ibarra®) 20 mL, sugar 0.5 g, water 164 mL. The
gazpacho was obtained using a domestic squeezer (Lomi model 4, Madrid, Spain).

2.1.1. High-Pressure Processing (HPP)

Two bags of gazpacho-FP were introduced into a pressure unit containing water as the pressure-
transmitting medium. The unit was then treated at 400 MPa at 40 °C for 1 min. The hydrostatic
pressure unit (Gec Alsthom ACB 900 HPP, type ACIP 665, Nantes, France) was located at the ICTAN-
CSIC pilot plant in Madrid, Spain, and consisted of a 2350 mL vessel. The compression and
decompression rates were both 2.5 MPa/s. Due to adiabatic compression, the maximum temperature
inside the vessel was 40 °C at 400 MPa. Pressure, time and temperature were controlled by a computer
program and constantly monitored and recorded during the process.

2.1.2. Pulsed Electric Field Treatment (PEF)

The gazpacho-FP was treated with PEF technology in a continuous-flow bench-scale system
(OSU-4F, Ohio State University, Columbus, OH), which was located in the University of Lleida’s
(Lleida, Spain) plant pilot. PEF processing conditions involved an electrical field of 35 kV/cm, applied
in square-wave pulses with a width of 4 us, in a bipolar mode at a pulse frequency of 800 Hz, with a
total treatment time of 750-us. The temperature never exceeded 50 °C. The PEF-treated gazpacho was
packaged under aseptic conditions in low-permeability plastic bags (Doypack), light vacuum-sealed,
and transported under refrigerated conditions (4 °C) to Hospital Universitario de Puerta de Hierro
in Madrid, Spain, within two days of processing.

The gazpacho (HPP and PEF) was stored at 4 °C for a maximum of two days until they were
delivered to the volunteers.

2.1.3. Low-Temperature Pasteurised Gazpacho (LP)

The gazpacho low-temperature pasteurised (LP) was a refrigerated pasteurised commercial
gazpacho (Don Simén, Murcia, Spain) packaged in a one-liter tetra brick. This soup was purchased
halfway through its six-month shelf life.

2.1.4. Freshly-Prepared Gazpacho (FP)

The participants in the crossover study prepared gazpacho-FP at home using the same recipe
(FP) employed for HPP and PEF treatments.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2. Participants and Study Design

Twelve apparently healthy free-living volunteers (six males and six females) aged 18 — 31 years
were selected from a total of 23 subjects who were contacted. Eighteen of them agreed to be informed
and interviewed in person, and finally, 12 met the following inclusion criteria: age (20-32 years), body
mass index (BMI) within the healthy range, and serum cholesterol and triglyceride concentrations
within the normal range. Subjects were excluded if they took vitamin/mineral supplements, took
regular medication, were pregnant or lactating, had a chronic disease or smoked tobacco products.
Subjects were excluded if they had biochemical parameters outside the normal range, were taking
medication that could alter absorption capacity (e.g. antibiotics), or were unable to participate in the
study due to work commitments.

The participants received oral and written information about the study and provided written
consent. The study was conducted in the Vitamins Unit at the Hospital Universitario Puerta de Hierro
(HUPH) in Madrid, and was approved by the HUPU Clinical Research Ethics Committee (Madrid,
Spain).

The volunteers were instructed to consume 500 mL of gazpacho per day for three consecutive
14-day periods, with one- to one-and-a-half-month washouts between each period. Four types of
gazpacho were assayed: freshly-prepared (FP), commercially available low-temperature pasteurised
(LP), high-pressure processed (HPP) and pulsed electric field treated (PEF). Twelve volunteers
participated in the study involving LP and HPP gazpachos. However, due to limited production at
the pilot plant, the gazpacho-PEF study was carried out with six subjects, while the gazpacho-FP
study involved the remaining six.

On the first day of the study, after blood was collected, the subjects drank 500 mL of gazpacho
in one go and were asked to drink 250 mL of gazpacho twice a day (morning and afternoon) for two
consecutive weeks. Blood samples were taken after a 10-hour fast at the beginning of the study and
on days 7 and 14 to analyse lycopene and (3-carotene levels in the serum. The serum samples were
stored at — 80 °C and analysed within six months of collection. The subjects were carefully instructed
not to change their diet or lifestyle during the experimental period. Diet was not controlled during
the intervention study, with the only a restriction being not to eat tomatoes, other fruit (bananas were
not permitted, but pears and apples could be eaten, provided they were peeled) or juices and
vegetables the previous day to the blood extraction (days 0, 7 and 14).

On the day of the blood draw, they were given the ingredients needed to make 500 mL of
gazpacho per day for the following six days. To prepare 500 mL of gazpacho according to the recipe
(FP), they received the following ingredients: tomatoes (two), cucumber (half), green pepper (1 big o
Y if small), onion (1/8), garlic (1/4 clove), olive oil (15 mL), water (80 mL), sugar, salt and a pinch of
vinegar to taste. The gazpacho should be prepared at night, with 250 mL consumed freshly made and
the remaining 250 mL kept in the refrigerator for consumption the following morning.

2.3. Carotenoid Analysis in Gazpacho and Serum

The lycopene and (3-carotene content was analysed in both gazpacho and blood samples using
a high-performance liquid chromatography (HPLC) system consisting of an ALC/GPC
chromatograph (Model 201, Waters Associates, Milford, MA, USA) an M45 pump, a manual injector
(Rheodyne), and a data acquisition system (Millenium Station, Waters Assoc., Milford, MA, USA).
The system was equipped with a Spheri-5-ODS column (Brownlee Applied Biosystems, San José, CA,
USA) and an RP-18 guard column. The column was used with a mobile phase in gradient elution at
a flow rate of 1.8 mL/min: acetonitrile:methanol (85:15, v/v) for the first 5 min, followed by
acetonitrile:dichloromethane:methanol (70:20:10, v/v/v) for the remaining 20 min. Ammonium
acetate (0.2 g) was added to the methanol. Analytes were detected using a photodiode array detector
(PDA 996, Waters Assoc., Milford, MA, USA) set to 425 nm for carotenoids. The carotenoids were
identified by comparing their retention times and online ultraviolet (UV) spectra with those of
authentic standards, and were quantified against standard calibration curves [31].
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The accuracy and precision of the carotenoid analytical method in serum were periodically
verified by participating in the Quality Assurance Programme conducted by the National Institute of
Standards and Technology. The carotenoids were extracted from the serum using the method
described previously [31]. In brief, 800 puL of serum and 800 puL of an ethanol solution containing
retinyl acetate (0.4 mg/L), and tocopheryl acetate (0.1 g/L) were added as internal standards. After
vortexing for 45 seconds, the serum was extracted twice with hexane (2 mL, stabilised with 0.1 g/L
butylated hydroxytoluene) by vortexing the extracts twice for three and two minutes, respectively.
The organic phases were then removed and pooled before being evaporated under a nitrogen
atmosphere. The resulting solution was reconstituted with 300 puL of a tetrahydrofurane:ethanol
solution (1:1) before being injected (7.5 uL) into the HPLC system. Serum samples from each
participant were analysed in duplicate.

Carotenoid extraction from the gazpacho was performed in triplicate using a method previously
described [31]. In brief, the carotenoids were extracted using a mixture of tetrahydrofuran
(THF):methanol (50:50), which was then mixed at 12,000 rpm for three minutes before being
partitioned into a mixture of water and petroleum ether. This mixture was then evaporated until dry.
Samples were analyzed in duplicate.

2.4. Statistical Analysis

The results are expressed as the mean + standard deviation (SD). The normal distribution of the
data was assessed using the Kolmogorov-Smirnov test. Not all carotenoid concentrations in the
serum and gazpachos met the criteria for normal distribution, primarily due to outliers in the serum
samples. Differences in serum carotenoids in gazpacho at the start of the study were examined using
Student’s t-test. There were no statistically significant differences (p > 0.05) in mean serum
concentrations at the start of each study period.

As the carotenoid content of the four types of gazpacho in the study differed, the gazpacho-FP
concentration was used as the reference point for the LP-, HPP- and PEF-gazpachos. The effect of
consuming the different types of gazpacho were compared to gazpacho-FP concentrations and
calculated as follows (e.g., lycopene):

Serum lycopene in each group x lycopene intake supplied by FP gazpacho / lycopene intake in
each group.

As carotenoid intake at baseline was not assessed in these participants mean carotenoid intake
for the adult Spanish population was used instead: 1,458 ug/day of p-carotene and 3,056 ug/day of
lycopene [12,13]. The dietary intake at 7 and 14 days was calculated as the sum of the baseline intake
and the concentrations supplied by each type of gazpacho.

A mixed model of repeated measures (gazpacho * time) was used alongside a two-way model
(gazpacho, time, gazpacho * time). As there was no time effect, the mean of the data from the three
times points was obtained, and a one-way model (gazpacho) and a Bonferroni posthoc test were used
to assess the statistical differences between the types of gazpacho. A Kruskall-Wallis test (gazpacho)
and a Mann-Whitney non-parametric posthoc test were used for each time point. As no time effect
was observed, the mean of the three time points for each on the gazpacho intervention was used. All
statistical analyses were performed using IBM SPSS Statistics for Windows, version 29.0.

3. Results

This study was carried out using four types of gazpacho: a commercially produced, low-
temperature pasteurised gazpacho (LP), a freshly prepared gazpacho (FP); and two types of gazpacho
treated using high-pressure processing (HPP) and pulsed electric field (PEF), obtained by processing
the gazpacho-FP using the corresponding technology. Table 1 shows the lycopene and [3-carotene
concentrations of in each types of gazpacho used, as well as the daily ingestion of these carotenoids
by the participants during the study. The commercial gazpacho (LP) purchased from a local
supermarket for this study had much higher total lycopene (between 2.6 and 1.3 times) and total -
carotene (between 1.9 and 1.7 times) content than the FP, HPP and PEF gazpachos prepared at the
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pilot plant with the same ingredients (see Table 1). Conversely, gazpacho-FP exhibited the lowest
content of lycopene and f3-carotene. The increase in the cis-isomers of lycopene and -carotene in the
three treated gazpachos compared to the FP is also noteworthy.

Table 1. The lycopene and p-carotene content of each of the four types of gazpacho (LP, FP, HPP, FP) and the
concentrations supplied to the dairy during the study.

trati lied
Concentrations in gazpacho (ug/100 dL) Concentrations supplie

(ug/day)
Type of Cis- o o
h s _ s o _ (] (]
gazpach Lycope Trans- isomer B Cis-p Lycope B frans- trans-B-
o* ne lycopen lycopene carotene caroten caroten1 coben caroten
(total) e (1and2 (total) e yeop
e e
peaks)
Gazpach 183.4 /
o-LP 2176.6 1678.6 302.6 360.3 108.1 10883 1802 77.12 70.05
h
Gfi;‘f 8254 6877 70.0/668 2099 174 4127 1050 8332 917
Gazpach 141.9
o-HPP 1263.2 991.4 1130.0 206.9 32.6 6316 1035 78.48 84.24
Gazpach 128.2/
o-PEF 1671.7 1306.7 236.8 186.0 32.9 8359 930 78.17 8231

The values represent the mean of three determinations of each sample. *LP, low pasteurisation (commercial);

HPP, high-pressure processing; PEF, pulsed electric fields.

Table 2 and Figure 1 show the serum concentrations of lycopene and (3-carotene at the start and
after 7 and 14 days of consuming each of the four types of gazpacho (LP, FP, HPP and PEF), as well
as the concentrations in the total group. There were no significant differences in serum lycopene and
[-carotene concentrations at the start of each intervention period for the four types of gazpacho.
However, there was a significant increase in lycopene and [3-carotene serum concentrations (p=0.046
and p=0.051, respectively) in the whole group. Within each gazpacho group, lycopene increased only
after the intake of commercial gazpacho-LP and gazpacho-FP from day 7 onwards (p=0.034, p=0.046,
respectively).

The degree of change in the serum responses to the carotenoid concentrations varied according
to the type of gazpacho consumed, which provided different daily amounts of carotenoids (Table 1).
Serum lycopene differed between the LP (commercial) and HPP groups (p=0.000) and between LP
and FP (p=0.000) at 7 and 14 days (Table 2). These differences persisted when serum lycopene
concentrations were adjusted for lycopene intake with FP (at 7 days, p=0.008 between groups; at 14
days, p=0.012 between groups) (Table 3). However, there were no significant differences in serum (3-
carotene throughout the study in any of the four groups.

Table 2. Serum lycopene and B-carotene concentrations (pg/dL) mean + SE, [median] at baseline, 7 and 14 days

(n=36; 12 participants in LP and HPP groups, 6 in FP and PEF groups).

Gazpacho-LP Gazpacho-FP Gazpacho-  Gazpacho- Gazpacho

HPP PEF  (LP, HPP, FP,
(n=12) (n=6) (n=12) (n=6)  PEF) (n=36)
Lycopene- 242+25 A 325435 A  364+58  369+68 31.8+25 A
basal [23.6] [33.1] [31.3] [32.5] [29.5]
Lvcosene 7 q 27 1#19 20 413565 vB 433%34% 37948  367:21°
yeop [26.8] [38.4] [40.5] [34.5] [34.2]
Lycopene—14 31.7+3.62 € 485+84 B  450+29b 411459 405425 B
d [26.9] [45.6] [44.2] 35.4] 38.0]
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$3-carotene - 223+57 33.0+11.6 285+ 6.5 22.1+52 26.1+35 X

basal [17.4] [21.7] [22.6] [23.5] [20.4]
R-carotene—7 253+62  36.5+12.6 31.8+6.6 228+56  289+37
d [19.6] [25.4] [25.7] [23.7] [23.9]
B-carotene—14 30.6+62  38.9+10.0 31.8+7.3 249+60 314+36 Y
d [26.9] [31.2] [27.0] [24.4] [26.5]

In each column, superscript capital letters and, in each raw, superscript letters indicate statistically significant

variations in the concentration (p< 0.05).

Lycopene serum (pg/dL)
Pespache O B-carotene serum (ug/dL)
= g~ i PEF — Interpolation line
120
o
100 = -
o Q
Lo] lo) o
80 Q
60
B o}
q/. o
o g A A ——
o g . =B = |8 8 & 4
— g (6 g 0 |o 8 8 5 S .
— 8 S |8 8 - R S
*18 18 - gl :
8 8 o © = o o o
o ° o) o
0
0 7 14 0 7 14 0 7 14 o 7 14 Time (davs)

Figure 1. Serum concentrations of lycopene and f3-carotene at day 0, 7 and 14 of intake of each of the four
gazpachos (LP, FP, HPP and PEF).

The serum responses to lycopene and 5-carotene in the four types of gazpacho were adjusted for
lycopene and [-carotene intake from gazpacho-FP, which was considered the reference (Table 3,
Figure 2). The highest variability in serum lycopene response was observed for gazpacho-FP (7 and
14 days). This variability was not observed for 3-carotene. After adjusting for gazpacho-FP, analysing
the serum response to gazpacho intake over the study period revealed that only gazpacho-FP
increased lycopene levels (p=0.043, CI: 0.96, 0.44). In contrast, gazpacho-PEF did not significantly alter
serum lycopene levels and gazpacho-LP and gazpacho-HPP, when adjusted for FP, exhibited
decreased serum lycopene levels (p= 0.039 and 0.046, respectively). Analysis of repeated serum
responses measurements to gazpacho intake over the study period showed no interaction with time.
Therefore, the data from the three time points were are combined to assess the response of lycopene
and 3-carotene in the blood (Table 4).

Table 3. Serum lycopene and (-carotene concentrations (pg/dL) adjusted for the carotenoid concentration

supplied by gazpacho-FP (mean + SD [median]).

Gazpacho-LP Gazpacho- Gazpacho- Gazpacho-  Gazpacho (LP,

PEF HPP, FP, PEF)
=12 FP (n= HPP =12
(n=12) (n=6) (n=12) (n=6) (n=36)
Lycopene - 24.5+89[23.6] 325+85 364 +200 370x+1654 31.9+15.2
basal A [33.1] [31.3] [32.5] [29.5]
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Lycopene—- 14.0+3.442 413+16.04> 332+9.0b 238+7.3B 26.6 134

7d [13.3] [38.4] [31.0] [21.7] [24.1]
Lycopene— 163+648 485+2058 345+7.8b  258%90 29.3+15.4
14d [13.9] [45.6] [33.8] [22.3] [28.8]

B-carotene - 223 +19.8 33.0+283 285+227 221+128 26.1+£21.0

basal [17.4] [21.7] [22.6] [23.5] [20.4]

R-carotene— 19.4+165  365+307 31.7+22.8  239+143 27.1+21.4
7d [15.1] [25.4] [25.6] [24.8] [23.0]

B-carotene — 235+164 3892245 317253  26.0+154 29.2+10.1
14d [20.7] [31.2] [26.9] [25.6] [25.3]

In each column, superscript capital letters and in each row, superscript lowercase letters, indicate statistically

significant variations in concentration (p< 0.05).

(o) Lycopene
100
o O Lycopene adjusted for FP
~_Lycopene
< Lycopene adjusted for FP
80
° 8
© e
50 8 °
-] o
o
(=]

40

3
o o cooammd

o

Time (days)

~ Lycopene adjusted for FP

b ) Gazpacho — Lycopens
LP HPP FP-natural PEF
Error bars: 95% CI
80
=
= -
E 60
"
c
]
=%
) / |
=
E <
3 4
7] L L
w - I
20 I |

-

Tl

-
=

|eseq

¥l
|eseq
|eseq
|eseq

time (days)

Figure 2. Serum lycopene concentrations adjusted for gazpacho-FP derived lycopene intake: a) in the whole

group, b) in each of the four types of gazpacho subgroups.
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Table 4. Serum concentrations of lycopene and {-carotene (ug/dL, mean and SE, IC, data for days 0, 7, 14
combined) adjusted for the carotenoid concentration supplied by gazpacho-FP.

Lycopene p-carotene
Gazpacho-LP 15.11+0.87 (13.28 , 16.94) 4 21.69 £ 2.83 (15.95, 27.44)
Gazpacho-HPP 34.13 +1.59 (30.86 , 37.40) ® 30.55 +3.81 (22.82, 38.28)
Gazpacho-FP 36.19 £3.04 (29.33, 43.04) ® 36.40 +16.45 (23.45, 49.35)
Gazpacho-PEF 25.62 +2.16 (20.91, 30.33) © 23.77 +3.13 (17.16, 30.39)

Capital letters in superscripts indicate statistically significant variations in concentration (p< 0.05) for lycopene.

Mix model analysis revealed that serum lycopene levels (at 0, 7 and 14 days) but not 3-carotene,
after consumption of gazpacho-LP shows significant differences with gazpacho-HPP (p=0.000, CI: -
24.1, -14.0), with gazpacho-FP (p=0.000, CI -31.3 — 10.9) and gazpacho-PEF (p=0.002, CI -17.5, -3.5).
Furthermore, there were differences between gazpacho-HPP and gazpacho-PEF (p=0.024, CI: 0.82,
16.20). Serum lycopene concentrations after intake of the various types of gazpacho were higher after
the intake of FP = HPP > PEF > LP.

Using the Kruskall-Wallis test (with subsequent correction by Bonferroni), the combined
response of (3-carotene at the three points shows differences after intake of gazpacho-LP and HPP (p=
0.019) and LP and FP (p=0.007). These differences begin 7 days after the intake of gazpacho.

4. Discussion

Due to its main component, tomatoes, gazpacho is a good source of lycopene. Other carotenoids
found in gazpacho include (3-carotene and lutein / zeaxanthin (found in tomatoes, cucumbers, green
peppers, onions and olive oil), as well as phytoene and phytofluene (provided by tomatoes) [9]. The
presence of these carotenoids may interact in the lycopene and (3-carotene absorption in response to
the gazpacho intake, as the influence of potential interactions between supplied carotenoids cannot
be ruled out [32,33].

The lycopene concentration in fresh tomatoes varies widely depending on factors such as the
tomato variety [9,34]. A typical range of 2,500 to 23,300 pg/100 g has been reported [35]. This study
used the Daniela tomato variety in gazpacho-LP, PEF and HPP. This variety has a much lower
lycopene concentration than the red pear tomato variety [36]. The red pear tomato variety is generally
used in the food industry to produce commercial gazpacho-LP, which has a lycopene concentration
more than twenty-five times higher than other tomato varieties [36]. Futhermore, thermal treatments
promote the release of carotenoid compounds from the food matrix, thereby improving their
extractability and bioaccessibility [19,37]. This could explain why the gazpacho-LP used in the
present study had a lycopene concentration that was 2.6 times higher than that of the gazpacho-FP
(Table 1).

However, the 3-carotene concentration is quite similar among tomato varieties and much lower
than the lycopene concentration [9]. Moreover, the season of the year is another source of variability
in tomato carotenoid content, and this was considered as far as possible, given that the gazpacho
preparation and the intervention study were carried out over a short period (February to April)
(Table 1).

Various previous studies support the effect of HPP and PEF treatments on carotenoids in
tomato-derived products, which is consistent with the data obtained in Table 1. Certain PEF
conditions (35 kV/cm for 1500 ps using 4 us bipolar pulses at 100 Hz and <40 °C) applied to tomato
juice can increase lycopene concentration by 8 — 10% compared to untreated juice, due to disruption
of the cell membrane and the protein-carotenoid complex caused by the treatment [38,39] . A greater
lycopene increase of 46% has been reported in tomato juice when PEF treatment is carried out at a
higher pulse width and frequency; for example, at 35 kV/cm for 1000 us with bipolar pulses of 7 pis
at 250 Hz [37]. Additionally, the total carotenoid content in gazpacho increased by around 62% when
treated with 4-ps bipolar pulses at 35 kV/ cm for 750 ps at 800 Hz [40].
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The effect of HPP on carotenoids in tomato-derived products has been described in various
publications and reviews [37]. Generally, the effect of HPP on carotenoids depends on the treatment
conditions and the food matrix (e.g. tomato variety, ripening stage and ingredients). Various studies
have generally found an increase of 21- 60% in total lycopene content in tomato purée and juice after
HPP at 500 MPa for 2-12 minutes at 20-25 °C. In some cases, there also been a slight 13-cis
isomerisation of about 4 % [37]. It has also been described that adding ingredients such as sodium
chloride and citric acid to the tomato juice or purée can modify the extractability of carotenoids
promoted by HPP [27]. Thus, HPP at 50- 400 MPa in combination with sodium chloride (0- 2% w/w)
and citric acid (0-0.8% w/w) in tomato purée showed that the addition of these ingredients decreased
the extraction of lycopene and $3-carotene compared to untreated purée. However, HPP at 400 MPa
for 15 min at 25 °C without ingredients showed an increase of up to 20% for $-carotene, 14 % for
lycopene and 31.7% of total carotenoids in tomato puree in comparison to the untreated product [27]).
When HPP (350 MPa/15 min/60 °C) was applied to gazpacho (tomato and other ingredients), there
were no significant differences in total carotenoid or lycopene content compared to the untreated
product. However, the lutein and [3-carotene content increased by 32% and 17%, respectively,
compared to untreated gazpacho [41] .

There is very limited information available concerning the effect of PEF processing on the
bioaccessibility of carotenoids in tomato products. Zhong et al., [42] found that bioaccessibility of
lycopene was 2.5 times higher in digested PEF-treated (35 kV/cm, 6860 MJ/m?) tomato juice than in
digested raw tomato juice. This was hypothesised to occur because PEF facilitates the release of
carotenoids from the food matrix by disrupting cell walls. However, the same study also found that
PEF decreased the bioaccessibility of [3-carotene by around 50% compared to the raw product. It was
suggested that this decrease in [3-carotene bioaccessibility was due to incomplete inactivation of
lipoxygenase after PEF treatment. The bioaccessibility of lutein in tomato juice was not altered by
PEF processing. Gonzalez-Casado et al. [43] investigated the bioaccessibility of carotenoids from low-
fat tomato purées (5% olive oil) obtained from PEF-treated tomatoes (0.4-2 kV/cm; 0.02-2.31 kJ/kg).
The maximum increase in total carotenoid bioaccessibility (1.37-fold) was attained in the derived
product obtained from tomatoes treated with 2 kV/cm (0.38 kJ/kg). These treatment conditions also
led to maximal increases in the bioaccessibility of d-carotene (2%), -carotene (53%), lutein (125%)
and y-carotene (527%). The bioaccessibility of lycopene in the derived product increased by 137%
when whole tomatoes were treated at 1.2 kV/cm (0.14 kJ/kg). The authors attributed these results to
the release of carotenoid compounds from the tomato matrix, which was facilitated by PEF and thus
increased their bioaccessibility. Jayathunge et al. [44] demonstrated the benefits of PEF technology as
a pre-processing treatment to enhance the bioaccessibility of lycopene in whole tomato, as well as the
subsequent enhancement of lycopene bioaccessibility through further processing. The lowest PEF
duration treatment (4 ms) showed the highest total lycopene bioaccessibility (9.6%) after a 24-hour
holding period. The results revealed that cis-lycopene was approximately five times more
bioaccessible than trans-lycopene and that the highest levels of cis-lycopene bioaccessibility (68.67%)
and trans-lycopene bioaccessibility (8.23%) were obtained in the PEF-treated juice.

A half-litre serving of gazpacho per day provides a higher amount of lycopene (4,127 — 10,883
ug/day) than the average lycopene intake of the Spanish population (3,056 ug/day) [12]. Gazpacho-
FP provided the least (135.1% of the average intake), while gazpacho-LP provided the most (356.1%).
Gazpacho-HPP and gazpacho-PEF provided 206.7% and 273.5%, respectively. Conversely, these
types of gazpacho contributed less to the daily p-carotene intake (930 — 1,802 pg/day) than the average
Spanish population intake (1,458 ug/day) [13] with gazpacho-LP, HPP, FP and PEF contributing
24.7%, 14.2%, 14.4% and 12.8%, respectively. Although an increase in the serum lycopene
concentration has been observed even with a low concentration of bioavailable lycopene sources [45],
carotene bioavailabilities is influenced by a number of factors, including dietary factors such as
vegetable variety, culinary treatment and dose ingested, as well as subject-related factors such as age,
food component interactions and lipid profile.
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Overall, gazpacho consumption led to an increase in serum lycopene and [(3-carotene
concentrations of 27.4% and 20.3%, respectively, after a lycopene intake ranged from 4.1 to 10.9
mg/day and -carotene intake ranged from 0.9 to 1.8 mg/day. In comparison with the first European
lycopene supplementation study to be published, in which 15 mg of lycopene per day (13.3 mg of
trans-lycopene, equivalent to that provided by 600 g of raw tomato) and 15 mg of (3-carotene per day
resulted in a twofold and fivefold increase in serum lycopene and (3-carotene respectively after eight
weeks [46], the present concentration responses were lower. This different response is partially due
to the lycopene source (food vs food extract supplied as a supplement).

Only volunteers who consumed gazpacho-LP and gazpacho-FP showed an increase in lycopene
when the different gazpachos were compared. Industrially prepared gazpacho-LP provided the
highest amounts of lycopene and p-carotene (3.6 and 1.2 times the mean population intake,
respectively). In contrast, the gazpacho-FP contained the lowest amount of lycopene and [3-carotene
(1.4 and 0.7 times the average population intake, respectively). After adjusting for serum lycopene
concentrations, only gazpacho-FP provoked a significant increase. However, greater lycopene
bioavailability could have been expected with gazpacho-LP than with gazpacho-FP, due to better
blenders being used to achieve more consistent textures than in domestic products, as well as thermal
processing.

A high degree of variability was observed in the serum responses to the different gazpacho
preparations (Figure 3), particularly among those who consumed the gazpacho-FP. This may be due
to differences in how each participant prepared the gazpacho at home, such as the crushing level and
the time between preparation and consumption, which would lead to different bioavailabilities. In
contrast, there was much less variability in serum lycopene responses among those who consumed
the commercial gazpacho LP (Figure 3).

100 Gazpacho
B2 ELp

WHFP
Qe

80 HrEF

100 -T-
o
60 53

54

2 * § ]

Serum lycopene concentration adjusted (ugldL)

basal 7 days 14 days
Time (days)

Figure 3. Serum lycopene concentrations adjusted for gazpacho-FP derived lycopene intake across the four

different types of gazpacho evaluated during the study period.

Table 4 showed very similar lycopene and (3-carotene serum concentrations in gazpacho-HPP
and gazpacho-FP perhaps because these two groups consumed a gazpacho prepared with vegetables
purchased at the same time in Madrid. However, although the gazpacho-PEF was prepared using
the same recipe and varieties of vegetables, these were purchased in a different location (Lleida).

The lycopene and [-carotene in gazpacho-FP were predominantly in the form of trans-isomers,
as is typical of raw foods [47]. The percentage of trans-isomers was higher in gazpacho-FP than in
other types of gazpacho that underwent thermal and non-thermal treatment (LP, HPP and PEF), in
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which an increase in the cis-isomers occurred (Table 1) [48,49]. However, since cis-isomers appear to
be preferentially absorbed [50,51] and carotenoids ingested from heated/processed foods are more
readily absorbed than those in their raw form [47,52], the higher response in serum carotene
concentrations observed with gazpacho-LP intake is difficult to explain. This could be because the
other carotenoids present in the gazpacho may interact with the absorption of lycopene and (-
carotene, as has been described in other studies in men. For example, a combined intake of (3-carotene
and lycopene has been shown to improve lycopene absorption [53], and the absorption of (3-carotene
has been shown to be affected by lutein when they are given simultaneously [54,55]. Furthermore,
a reduction in serum lutein and zeaxanthin concentrations has been observed following (3-carotene
supplementation in men [33,56]. Therefore, the influence of potential interactions between the
carotenoids and lycopene present in the gazpacho cannot be ruled out [33]. Also, the result could be
due to the fact that gazpacho-FP was prepared by each participant at home following domestics
procedures (e.g. different blenders, time between gazpacho preparation and consumption, blending
vegetables before or after adding the olive oil), resulting in gazpachos with different physical
properties (e.g. particle size, viscosity, etc.) that could positively modify the bioaccessibility of
lycopene and f3-carotene.

In contrast, the four gazpachos were compared using the mean of three measurements taken at
different times. Serum lycopene levels were measured following the consumption of the different
types of gazpacho, but 3-carotene levels were not. The following sequence was observed: FP ~ HPP
> PEF > LP. Therefore, it is evident that gazpacho-FP (the product with the lowest lycopene content)
results in the most significant increase in serum lycopene. Conversely, gazpacho-LP (the product
with the highest lycopene content) resulted in the least increase. The lack of a linear, dose-dependent
response in serum lycopene concentrations observed in this study is consistent aligns with the
findings of intervention studies involving lycopene at various doses, which also reported no such
response [45,50].

5. Conclusions

Overall, the daily consumption of 500 mL of gazpacho for 14 days led to an increase in serum
lycopene and {3 -carotene concentrations in healthy adults. However, the extent of these changes
varied according to the type of gazpacho consumed. Different processing technologies had different
effects on serum carotenoid concentrations.

Gazpacho-FP, the product with the lowest lycopene content, leads to the greatest increase in
serum carotene concentrations, while gazpacho-LP, the product with the highest lycopene content,
led to the least increase. While this is difficult to explain, potential reasons discussed, including the
exact gazpacho’s composition of gazpacho-LP, different preparation methods at home (for gazpacho-
FP) and the percentages of cis/trans isomers in the gazpachos.

While HPP and PEF processing significantly increased the extraction of 3-carotene and lycopene
from the gazpacho, continuous intake of the corresponding gazpacho over a period of 14 days did
not affect the serum concentration of these carotenoids. Due to the high variability observed in serum
carotenoid concentrations, the impact of different processing technologies on these concentrations
must be verified using data from a large number of subjects.
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