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Red quinoa hydrolysate as a plant-based
therapeutic alternative for damage induced by
high cadmium concentrations to the vascular
system in rats
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Cadmium (Cd) is a highly toxic, non-essential element associated with cardiovascular dysfunction
through oxidative stress, endothelial impairment, and inflammatory activation. Identifying plant-based
dietary strategies, including quinoa, a low-cost pseudocereal with recognized bioactive properties, may
offer a sustainable approach to mitigate these effects. This study aimed to characterize a bioactive red
quinoa hydrolysate (RQH) and to investigate whether RQH prevents vascular damage induced by Cd
exposure. Male Wistar rats were exposed to Cd with or without RQH treatment for 14 days. Co-treatment
with RQH prevented the increase in systolic blood pressure (SBP) induced by Cd exposure. In the aorta
and mesenteric resistance artery (MRA), RQH protected from increased contractile response while preser-
ving nitric oxide (NO) bioavailability for vascular function. Additionally, RQH effectively mitigated oxidative

Received 7th November 2025, stress and prevented the inflammatory cascade (COX-2 and TNF-alpha) resulting from Cd exposure. RQH
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1. Introduction

Living beings are continuously exposed to environmental con-
taminants from multiple sources, including cadmium (Cd), a
toxic and non-essential element with a long biological half-life
(25-30 years)." Human exposure to Cd occurs through con-
taminated water, soil, and food, in addition to occupational
activities, cigarette smoke, etc.>> In Brazil, environmental dis-
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could be used as a potential therapeutic dietary alternative for Cd-induced vascular damage. RQH exhibi-
ted antihypertensive, antioxidant, and anti-inflammatory properties, protecting against Cd-induced

asters have resulted not only in human casualties but also in
severe ecological damage, with Cd concentrations in rivers and
sediments reported to reach up to 70 times above regulatory
limits.*

The deleterious effects of Cd impact multiple organ
systems, including the respiratory, renal, metabolic, nervous,
reproductive, and cardiovascular systems." In the cardio-
vascular system, Cd has been associated with arterial hyperten-
sion, atherosclerosis, myocardial infarction, stroke, and heart
failure, ultimately contributing to increased cardiovascular
disease mortality.>® These effects are primarily attributed to
Cd-induced vascular damage, which is highly dependent on
dose and exposure duration. Cd exposure reduces endothelial
nitric oxide availability, enhancing arterial vasoconstriction
and sustaining a cycle of oxidative stress and inflammation in
vascular tissue, as previously demonstrated in exposure to
high doses of Cd.”™*?

Given the human population’s susceptibility to this metal
contamination, the search for new therapeutic alternatives to
mitigate cardiovascular damage induced by Cd is crucial. The
side effects and limited accessibility of conventional treat-
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ments highlight the importance of exploring accessible, func-
tional, and sustainable food alternatives that minimize
environmental impact and preserve biodiversity.'*'*
Pseudocereals, a group of underexploited foods, are nutri-
tion-rich and have the potential to confer functional benefits
due to their bioactive components, yet they remain underuti-
lized in global markets." Quinoa (Chenopodium quinoa) is one
of the principal representatives of pseudocereals, especially in
Latin America, characterized by notable resistance to various
abiotic stresses, including salinity, extreme temperatures,
drought and nutrient-poor soils.’® Hydrolysis of quinoa pro-
teins enhances their beneficial properties by generating bio-
active peptides, and several studies have reported antioxidant,
antihypertensive, and other bioactive properties for quinoa
hydrolysates."”'® However, in vivo evidence linking hydrolyzed
quinoa to anti-inflammatory properties remains limited.
Recently, Lopez-Moreno et al. (2023) demonstrated the anti-
hypertensive and antioxidant properties of a red quinoa hydro-
lysate with alcalase (RQH) in spontaneously hypertensive rats
(SHR).™ Considering the toxicity of Cd, and the need for
natural therapeutic alternatives, RQH represents a promising
natural bioactive agent for protecting against Cd-induced vas-
cular damage. Therefore, this study aimed to investigate
whether RQH treatment could protect the vascular system
from damage caused by exposure to high doses of Cd, target-
ing key oxidative and inflammatory pathways activated by the
metal. Additionally, peptide characterization of RQH was also
performed, and potentially bioactive sequences were identified.

2. Methods

2.1. Animal care and protocols

Three-month-old male Wistar rats (~350 g) were used. The
animals were obtained from the Animal Facility of the Federal
University of Pampa (UNIPAMPA) and maintained in an
environment with constant temperature, humidity, and a
12 hour light-dark cycle, with free access to food and water in
a dedicated enclosure. The experiments were conducted in
accordance with the guidelines for biomedical research
defined by the Brazilian Societies of Experimental Biology and
approved by the Ethics Committee on the Use of Animals
(CEUA) of the Federal University of Pampa, with protocol
number 010/2023.

The animals were randomly divided into 4 experimental
groups (n = 10 per group) and treated for 14 days. During treat-
ment, the animal’s weight was monitored weekly, and daily
feed and water intake were measured: (a) control: tap water via
gavage + distilled water via intraperitoneal (i.p.); (b) cadmium
(Cd): tap water via gavage + CdCl, - 1 mg kg™* i.p.?° (c) red
quinoa hydrolysate (RQH): 1 g kg™" day ' via gavage + distilled
water i.p. (Lopez-Moreno et al., 2023);'® and (d) cadmium + red
quinoa hydrolysate (CARQH): CdCl, - 1 mg kg ™" i.p. + RQH 1 g
kg™ day ' via gavage. For daily administration via gavage in
the experimental animals, the hydrolysate was resuspended in
tap water.
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2.2. Preparation of red quinoa hydrolysate (RQH)

Red quinoa seeds were purchased from Legumbres Astorga
(Burgos, Spain). To obtain RQH, the quinoa was ground in a
stone grinder (Conasi, Jaén, Spain), and the resulting flour was
diluted in distilled water in a ratio of 1:12.5 (w/v).
Subsequently, hydrolysis was performed with Alcalase 2.4 LFG
(Subtilisin (E.C. 3.4.21.62) 2.4 AU-A g™'), a protease enzyme
produced by the bacterium Bacillus licheniformis (Novozymes —
Copenhagen, Denmark). This process lasted 2 h in a thermo-
static bath, regulated at a temperature of 55 °C, with constant
stirring. For enzymatic inactivation, the sample was brought to
a temperature of 90 °C for 15 minutes. Afterwards, the hydroly-
sate was centrifuged at 4500 rpm for 15 minutes, and the
supernatant was collected and frozen at —20 °C for later lyo-
philization.'® The lyophilized hydrolysate was stored under
vacuum and frozen at —20 °C.

2.3. Systolic blood pressure (SBP) and vascular experiments

Systolic blood pressure (SBP) analysis was performed weekly
(days 0, 7 and 14) indirectly using the caudal plethysmography
method (LE 5002/V03/200L, Panlab S.L., Barcelona, Spain),
according to the protocol described by Bufiag (1973).>' The
animals were acclimated to the procedure for one week prior
to the first measurement. For each final SBP value, 10 consecu-
tive recordings were obtained per animal, and their mean was
used for analysis.

At the end of the treatment (15th day), the animals were
anesthetized (ketamine - 87 mg kg™*, i.p., and xylazine 13 mg
kg™, i.p.) and then euthanized by exsanguination. Whole
blood was collected by direct puncture of the abdominal
aorta for analysis of Cd content and after centrifugation at
3500 rpm for 10 minutes at a temperature of 4 °C, plasma
was obtained and stored at —20 °C for biochemical analyses.
In addition, the aorta and third order branches of the mesen-
teric resistance arteries (MRA) were extracted for the vascular
reactivity experiments, and biochemical and immunofluores-
cence analyses.

Both arteries were carefully dissected, and rings of 2-4 mm
were cut and mounted on their respective systems. Vascular
reactivity in the aorta was assessed using an organ bath system
(TSD125BX8 - Biopac Systems, Inc.; CA) connected to a data
acquisition system (MP150WSW-SYS - Biopac Systems, Inc.;
CA), and a basal tension of 1.5 g was applied to the aortic
rings. MRA were mounted on a small-vessel dual chamber wire
myograph (Powerlab 8/35 ADInstruments Pty Ltd, Castle Hill,
Australia). Isometric tension recording was performed accord-
ing to the method described by Nielsen & Owman (1971)** and
Mulvany & Halpern (1977),>® respectively. After a 30-min stabi-
lization period, the preparations were maintained in Krebs-
Henseleit solution (KHS in mM: 115 NaCl, 25 NaHCO;,
11.1 glucose, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO, 7H,0, 1.2 KH,POy,,
and 0.01 Na,EDTA, pH 7.4), and continuously bubbled with a
carbogenic mixture (95% O, and 5% CO,). The segments
underwent an assessment of functional integrity and were con-
tracted with potassium chloride (KCl, 75 mM - aorta and

This journal is © The Royal Society of Chemistry 2026
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120 mM - MRA), and the maximum contraction was recorded.
Then, the arteries were pre-contracted (at 50% of the
maximum contraction performed with KCl) with phenyl-
ephrine (Phe - (R)-(-)-phenylephrine hydrochloride - Sigma-
Aldrich Cod. P6126) in the aorta and noradrenaline (NE - NE-
norepinephrine bitartrate salt - Cod. A0937) in MRA.

A relaxation curve to acetylcholine (ACh - acetylcholine
chloride - Sigma-Aldrich Cod. A6625 - 0.1-1 mmol L") was
plotted, and when the segments were able to relax at least 80%
of the pre-contraction, the integrity of the endothelium was
verified. Afterwards, concentration-response curves to Phe or
NE were plotted and, to investigate the possible pathways
involved, drugs such as a non-selective inhibitor of nitric oxide
synthase (.--NAME - N-Nitro-L-arginine methyl ester - Sigma-
Aldrich Cod. RV04 - 100 pM), a non-selective inhibitor of reac-
tive oxygen species — ROS (Tiron - 4,5-dihydroxy-1,3-benzenedi-
sulfonic acid disodium salt monohydrate — Sigma-Aldrich Cod.
172553 - 1 mmol L"), an enzyme that converts the superoxide
anion into hydrogen peroxide (SOD - superoxide dismutase -
Sigma-Aldrich Cod. $5395 - 150 U mL™") and the selective
inhibitor of cyclooxygenase-2, COX-2 (NS 398 - Sigma-Aldrich
Cod. N194 - 1 puM) were incubated. The independent endo-
thelium relaxation was evaluated through a concentration—
response curve to sodium nitroprusside (SNP - acetylcholine
chloride - Sigma-Aldrich Cod. 71778 — 1-30 pmol L™").

2.4. Cd content in the blood

Cd levels in blood were measured using inductively coupled
plasma mass spectrometry (ICP-MS), according to the method-
ology described by Batista et al. (2009).>* Briefly, samples were
diluted in a 1:50 ratio into a 15 mL polypropylene Falcon®
tube (Becton Dickinson) with a solution containing 0.01% (v/v)
Triton® X-100, 0.5% (v/v) nitric acid and 10 pg L™" of each one
of the internal standards, Rh and Ir. In order to verify the accu-
racy and precision of the proposed method, the reference
materials (RM) of human blood from the L’Institut National
de Santé Publique du Quebec (Canada) were analyzed.

2.5. Immunofluorescence for detection of NOX1, p47-phox,
eNOS, COX-2 and TNFx

Briefly, segments of the aorta and MRA were fixed in 4% paraf-
ormaldehyde, washed in PBS and 30% sucrose, embedded in
Tissue Tek O.C.T., frozen in liquid nitrogen, and stored at
—80 °C. Then, 14 pm sections were made using a cryostat
(Leica - CM1860), mounted on gelatinized slides, and sub-
jected to washings with PBS and permeabilization with heated
sodium citrate buffer for protein reactivation. After blocking,
the slides were incubated with primary antibodies (1 :400)
(NOX-1 - Sigma-Aldrich Cod. SAB 2108601, eNOS - Sigma-
Aldrich Cod. SAB4502016, p47-phox - Sigma-Aldrich Cod.
SAB4502809, COX-2 - Sigma-Aldrich SAB 5700721, and TNF-a
- Sigma-Aldrich SAB5700627) for 24 h in a cold chamber. Next,
they were incubated with Alexa Fluor (aorta 1:400 and MRA
1:500 - Sigma-Aldrich Cod. A11001) 488 nm secondary anti-
body and stained with DAPI (4',6-diamidino-2-phenylindole -
1:1000 - Sigma-Aldrich MBDO0015) for nuclear staining.

This journal is © The Royal Society of Chemistry 2026
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Negative controls omitted the primary antibody. Slides were
mounted with Fluoromount-G and images were captured on
the EVOS® Floid® Cell Imaging Station (40x). Fluorescence
quantification was performed using Image], with at least N =
06 captures per group. Merged images (MERGE) represent
nuclei (blue/DAPI) and primary-secondary antibody binding
(green).”

2.6. Biochemical analysis of oxidative stress parameters

Plasma samples were diluted with 50 mM Tris-HCI (pH 7.4) at
a concentration of 1:10. Aortic rings and MRA were homogen-
ized with 50 mM Tris-HCI (pH 7.4) at a ratio of 1:10 (weight -
tissue : volume - Tris) and centrifuged, and the supernatant
was diluted with 50 mM Tris-HCI (1:10) and frozen at —20 °C
for use in the following biochemical analyses of oxidative
stress parameters.

Reactive oxygen species (ROS) levels in homogenates from
aorta and mesenteric resistance artery (MRA) samples were
measured using the fluorimetric method described by
Loetchutinat et al. (2005).® We also measured lipid peroxi-
dation levels in plasma and arteries by quantifying thio-
barbituric acid reactive substances (TBARS) using the colori-
metric method described by Ohkawa et al. (1979).%” Finally,
the total antioxidant capacity (FRAP - ferric reducing anti-
oxidant potential) in plasma and arteries was assessed by the
ability of the samples to reduce ferric ions (Fe**) to ferrous
ions (Fe*"), following the method described by Benzie & Strain
(1996).>®

2.7. Characterization of RQH

2.7.1. Obtention of fraction lower than 3000 Da of RQH
and preparation for peptide analysis. For the characterization
of RQH, the supernatant obtained after hydrolysate centrifu-
gation was ultra-filtered using a protein concentrator (Pierce™
PES, 3K MWCO - Thermo Fisher, Spain) by centrifugation at
5000g for 60 min. The fraction lower than 3000 Da (F < 3000
Da) was then stored at —20 °C. A 1 mL portion of the ultrafil-
trate was further concentrated to 500 pL using a vacuum con-
centrator (SpeedVac). Before mass spectrometric analysis, both
concentrated and unconcentrated samples were subjected to
18% SDS-PAGE with protein markers (Sigma Aldrich, Spain)
and stained with Coomassie blue to confirm the absence of
proteins or large peptides. Additionally, concentrated samples
underwent desalting using ZipTip C18 pipette tips (Millipore,
Spain) to ensure effective hydrolysis.

2.7.2. Reversed-phase high-performance liquid chromato-
graphy coupled with tandem mass spectrometry (RP-HPLC-
MS/MS) analysis in RQH. Proteomic analysis was conducted at
the Severo Ochoa Molecular Biology Center (ProteoRed, CSIC -
Madrid, Spain). Peptides were desalted, dried, resuspended in
10 pL of 0.1% formic acid, and analyzed by RP-LC-MS/MS
using an Easy-nLC 1200 system coupled to an LTQ-Orbitrap-
Velos-Pro mass spectrometer (Thermo Scientific). Peptides
were concentrated on a 0.1 mm x 20 mm C18 RP precolumn
and separated on a 0.075 mm X 250 mm bioZen 2.6 mm
Peptide XB-C18 RP column at 0.25 pL min~". Elution followed
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a 60 min gradient: 5-25% solvent B (45 min), 25-40%
(15 min), 40-100% (2 min), and 100% (18 min). Ionization was
performed using a nano-bore emitters interface at 2.1 kV with
an S-Lens at 60%. The Orbitrap resolution was 30 000, with
survey scans (400-1600 amu) followed by twenty data-depen-
dent MS/MS scans (Top 20) using a 2 u isolation width, 35%
normalized collision energy, and a 60 s dynamic exclusion.”

2.7.3. Identification of peptides in RQH. Peptide identifi-
cation from raw data was performed using PEAKS Studio v11.5
(Bioinformatics Solutions Inc., Canada) with the uniprot-cheno-
podium-quinoa.fasta database (33 949 entries; UniProt 07/2024,
decoy-fusion). Searches were conducted in the nonspecific
digestion mode, allowing up to two missed cleavages, with
mass tolerances of 20 ppm for precursor ions and 0.6 Da for
MS/MS fragments. False discovery rates (FDRs) were set at 0.01
for peptide spectrum matches (PSMs) and proteins. Only pro-
teins with at least two unique peptides identified via LC-MS/
MS were considered.*®

Peptide identification began with the selection of molecular
ions in the hydrolysate. Precursor ions, either singly or doubly
charged, were fragmented, generating a series of fragments
that allowed amino acid sequence determination. The
obtained masses and partial sequences from ESI-MS/MS were
matched against the Chenopodium quinoa protein database,
considering enzyme specificity. Peptides were classified based
on the agreement between theoretical and experimental data.
Each identified peptide was assigned to its source protein with
a confidence score. This study identified several RQH peptide
sequences, selecting those with potential antioxidant activity
based on structural analysis.

2.8. Statistical analysis

The results are expressed as mean + standard error of the
mean (SEM). Aorta vasoconstrictor responses are expressed as
a percentage of the contraction induced by KCl, and MRA vaso-
constrictor responses were expressed as mN mm".
Vasodilator responses to ACh or SNP were expressed as a per-
centage of relaxation of the pre-contraction induced by Phe or
NE. Two-way analysis of variance (ANOVA) for repeated
measures was performed to analyze the results. When the
ANOVA showed statistical significance, the Bonferroni post-hoc
test was used. The results were considered statistically signifi-
cant for p-values <0.05. Statistical analyses were performed
using Prism Graph 8.0 software (GraphPad Software, San
Diego, CA, United States).

3. Results

At the beginning of the treatment, the animals in all groups
studied exhibited similar body weights. By the end of the treat-
ment, rats exposed to high doses of Cd had significantly
reduced body weights compared to the beginning of the treat-
ment and compared to the control group. Furthermore,
cotreatment with RQH did not prevent the weight loss induced
by the metal (initial body weight — control: 432.8 + 18.2; RQH:
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440.8 + 11.9; Cd: 469.1 + 20.3; CARQH: 483.7 + 19.3; final body
weight - control: 467.0 + 15.3; RQH: 455.6 + 9.8; Cd: 379.4 +
20.8*; CARQH: 398.6 + 15.9*%, *vs. control - in g).

Exposure to Cd for 14 days significantly increased blood Cd
levels in the exposed animals. Cotreatment with RQH signifi-
cantly reduced Cd levels when compared to the group that
only received the metal; however, the levels remained elevated
relative to the controls (control: 0.36 + 0.01; RQH: 0.34 + 0.02;
Cd: 245.03 + 11.02*%; CARQH: 199.21 + 12.47*" ug L™, *p < 0.05
vs. control; p < 0.05 vs. Cd).

Water and feed consumption were reduced in rats exposed
to Cd, and cotreatment with RQH (CdRQH group) significantly
improved the water and feed intake (final mean daily feed con-
sumption over the 14 day period - control: 27.1 + 0.8; RQH:
26.0 + 1.1; Cd: 8.4* + 1.2; CARQH: 16.2 + 1.0%, in g day™, *vs.
control, #vs. Cd; final mean daily water consumption over the
14 day period - control: 56.0 + 1.7; RQH: 50.5 + 1.5; Cd: 18.9 +
2.0%; CARQH: 31.2 + 2.0", in mL day™*, *vs. control, "vs. Cd).

The initial SBP levels were similar between the groups and
remained similar during the first 7 days of the experimental
period (SBP day 0 - control: 124.5 + 2.0; RQH: 123 + 1.6; Cd:
123.3 + 1.6; CARQH: 124.8 + 1.3 - in mmHg) (SBP day 7 -
control: 123.6 + 1.2; RQH: 122.7 + 0.9; Cd: 123.7 + 2.3; CARQH:
120.3 + 2.0 - in mmHg). However, at the end of the treatment,
the animals of the Cd group exhibited a significant increase in
SBP. Nevertheless, cotreatment with RQH prevented the
increase of SBP induced by the metal, maintaining a level
similar to the control group (SBP - control: 124.1 + 1.0; RQH:
123.8 + 1.5; Cd: 140.8 + 2.6%; CARQH: 122.9 + 2.2%, *ps. control,
#ys. Cd - in mmHg).

The contractile response to KCI in the aorta and MRA was
similar in all groups (aorta — AKCl 75 mM - Ct: 2.0 + 0.0; RQH:
2.0 + 0.0; Cd: 1.9 + 0.0; CARQH: 2.1 + 0.0 g and MRA - KCl
120 mM - Ct: 4.4 + 0.3; RQH: 4.0 + 0.2; Cd: 3.5 + 0.3; CARQH:
4.0 + 0.2 mN mm™'). No differences were observed in the
internal diameters of MRA among the groups (MRA - Ct: 258.9
+ 6.9; RQH: 282.1 + 8.1; Cd: 255.1 + 6.7; CdRQH: 259.2 +
7.4 pm). There were no changes in the vasodilatory response,
both endothelium dependent (ACh) and independent (NPS),
in either artery, aorta, and MRA, of all experimental groups, as
demonstrated by the absence of differences in maximal
responses or sensitivity in both curves (SI Table). In contrast,
the contractile response of both vessels of animals exposed
only to Cd presented a significant increase in the maximal
contractile response to Phe or NE, demonstrating vascular dys-
function promoted by Cd exposure. However, co-treatment
with RQH prevented the increase in reactivity promoted by the
metal, normalizing the contraction curve to control group
levels (Fig. 1 and SI Table).

The possible pathways involved in the RQH vascular protec-
tion were investigated, focusing on the endothelium, which
plays a key role in releasing substances that regulate vascular
smooth muscle, primarily nitric oxide (NO). Vessels were incu-
bated with 1-NAME, a non-selective NO synthesis inhibitor. In
both vascular beds, there was a significant reduction in the
participation of NO in the contractile response to Phe/NE of

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Effects of RQH co-treatment on the vasoconstrictor response of the aorta and MRA arteries in rats exposed to Cd. Concentration—response
curve for phenylephrine (Phe) in aortic artery rings and concentration—response curve for norepinephrine (NE) in mesenteric artery rings (MRA).
Data are presented as mean + SEM (n = 10 per group) and expressed as a percentage of contraction induced by 120 mm KCl for the aorta and as an
absolute value of contraction in mN mm™ in MRA. *p < 0.05 vs. control group and #vs. Cd group (ANOVA-2 way, followed by the Bonferroni post-

hoc test).

animals exposed only to Cd (Cd group), indicating impairment
of the nitric oxide (NO) pathway. Notably, co-treatment with
RQH (CdRQH group) preserved the maintenance of NO bio-
availability in both arteries, preventing dysfunction of this
important vasorelaxant product derived from the endothelium
(Fig. 2 and SI Table). To corroborate these functional findings
and knowing the important participation of NO in the
responses of the aorta, we investigated the expression of eNOS
(endothelial nitric oxide synthase). In the aorta artery of Cd-
exposed animals, a significant reduction in fluorescence was
observed, indicating lower bioavailability of NO. In the arteries
of the animals treated concomitantly with RQH, the fluo-
rescence for eNOS was maintained, suggesting any impairment
in the bioavailability of NO, reinforcing the functional finding
(Fig. 2 - inferior panel).

One of the main factors that reduces NO bioavailability in
the vascular bed is the increased production of reactive oxygen
species (ROS). Considering that the vascular damage caused
by Cd exposure is directly associated with increased oxidative
stress, and RQH has demonstrated antioxidant activity, we
investigated the participation of ROS in the contractile
response to Phe/NE. Incubation of aortic rings with Tiron, an
ROS scavenger, reduced the contractile response to Phe in all
groups studied. This reduction was significantly greater in the
rings of animals exposed only to Cd, as clearly demonstrated
in the graph of the area under the curve - dAUC (Fig. 3A and
SI Table). In MRA, Tiron significantly decreased the maximum
response to NE only in the Cd group, while no effect was
observed in the other groups. Co-treatment with RQH provided
vascular protection by preventing the increased participation
of these reactive species in the contractile response of the
vessels, reinforcing the potential antioxidant power for RQH
(Fig. 3C and SI Table).

The superoxide anion (0,"7) is a primary ROS that plays a
central role in vascular oxidative stress in cadmium exposure

This journal is © The Royal Society of Chemistry 2026

models.” To investigate its participation in the contractile
response of the aorta and MRA, we incubated the arteries with
SOD. SOD significantly reduced the contractile response in both
vascular beds of animals exposed only to Cd and partially in the
co-treated group (CARQH) in the aorta, indicating the increased
participation of O, . Co-treatment with RQH completely pre-
vented the participation of O, in the contractile response in
MRA and partially in the aorta, evidencing its antioxidant effect
through O, ™ neutralization (Fig. 3B, D and SI Table).

The NADPH oxidase enzyme complex is a major source of
ROS in the vascular endothelium. Under exposure to Cd, this
complex is overactivated, as previously demonstrated in this
high-exposure model.” Accordingly, we used immunofluores-
cence to evaluate the presence of NOX-1 and observed that co-
treatment with RQH prevented the Cd-induced increase in
NOX-1 fluorescence in both arteries (Fig. 4). Furthermore, p47-
phox, a key regulatory subunit of the NADPH oxidase complex,
expressed in aortic endothelial cells, was upregulated in Cd-
exposed animals. Co-treatment with RQH significantly reduced
the fluorescence emission of this subunit, supporting its anti-
oxidant role (Fig. 4).

The biochemical parameters of oxidative stress corrobo-
rated the vascular functional findings. ROS levels were signifi-
cantly elevated in the Cd group, and co-treatment with RQH
prevented the increase of these harmful reactive species in the
aorta and MRA. Lipid peroxidation, assessed by malondialde-
hyde (MDA) levels, was significantly increased in both arteries
and in the plasma of animals exposed only to Cd. However,
those co-treated with RQH efficiently maintained MDA levels
similar to those of the control group. Evaluation of total anti-
oxidant capacity revealed a significant increase in animals
exposed only to Cd, while animals co-treated with RQH
showed no increase in total antioxidant capacity in the aorta
and MRA. No significant differences were observed in plasma
between groups (Table 1).
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Concentration—response curves for Phe in the aorta and for NE in MRA, curves represented as control rings (E+, represents the intact endothelium
vessel, filled symbols) and incubated with L-NAME (100 pm) (.-NAME, empty symbols) in the following groups: control (Control), treated with red
quinoa hydrolysate (RQH), exposed to Cd (Cd), and both treatments (CdRQH). The bar graph represents the differences in the experimental groups’
area under the curve (dAUC). Data are presented as mean + SEM (n = 10 per group) and expressed as a percentage of contraction induced by
120 mm KCl for the aorta and as an absolute value of contraction in mN mm™ in MRA. The lower panel shows the effects of co-treatment with RQH
on eNOS expression, which was reduced in animals exposed only to Cd. Representative images (40x magnification and 50% brightness) of eNOS
expression in the aorta. The images correspond to the merging of the nuclei staining by DAPI in blue and eNOS in green. *p < 0.05 vs. control group

and #vs. Cd group (ANOVA-2 way, followed by Bonferroni post-hoc test) (n = 8 per group).

Given RQH’s vascular protection against Cd-induced
damage, attributed to its antioxidant properties and the well-
established link between oxidative stress and inflammatory
signaling (COX-2 and cytokines), we assessed whether this
pathway was also modulated by RQH treatment. The incu-
bation of aorta and MRA rings with the selective COX-2 inhibi-
tor, NS398, significantly reduced the contractile response of
both arteries, indicating an increased participation of COX-2
and its derivatives in aorta and MRA vasoconstriction. Notably,
co-treatment with RQH (CdRQH group) prevented the
increased participation of COX-2 in the contractile response in
both vessels, demonstrating, for the first time, vascular anti-
inflammatory properties of this hydrolysate (Fig. 5).

Immunofluorescence analysis of COX-2 directly in the vas-
cular bed revealed a significant increase in fluorescence in the
Cd group, and co-treatment with RQH prevented the increase
and activation of this inflammatory cascade in the aorta and
MRA, corroborating the functional data observed. Once we
identified that oxidative stress and the inflammatory pathway

Food Funct.

are the main mechanisms of Cd-induced damage, and that
COX-2 induction may be due to the activation of inflammatory
cytokines such as TNF-alpha, we also investigated the
expression of this factor in the aorta and MRA. Fluorescence
for TNF-a was increased in the Cd group, and the co-treatment
with RQH prevented the exacerbation of this factor in the vas-
cular bed of the aorta and MRA, further supporting the poten-
tial RQH anti-inflammatory effects (Fig. 6).

As a final step of this study, we aimed to demonstrate that
RQH contains peptide sequences with biological properties
capable of explaining the effects observed in our study. Several
peptide sequences from RQH treated with alcalase for 2 hours
were identified in this study. Based on studies of structure-
activity reported in the literature, twelve peptide sequences
with potential antioxidant, anti-inflammatory, and/or chelat-
ing activity were selected (Table 2). The predicted effects of
each peptide are inferred from their amino acid composition,
structure, and positioning of its amino acids, particularly the
terminal residues.®® The antioxidant potential extensively

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04828a

Open Access Article. Published on 20 March 2026. Downloaded on 4/10/2026 11:38:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
A Control RQH Cd CdRQH
5107 E+ =17 4 B+ =7 e 1009+ E+ TIRON
£ s0{o TIRON g 80 & TIRON € 940 TRON g s0{® TIRON 100
s 5 5 H
g 60 £ 60 S 60 S 60 - .
g g g g g
Tt 40 * € 40 * 5 40 s 40 . O 50
o Q < . g =] #
) S 20 8 20 38 20 3
3 9 o 7
) ) ) Of
0 0 0 0 %
| B B R E— — | B S — —
< 12 10 8 -6 -4 -2 12 110 -8 6 -4 -2 12 10 -8 6 -4 -2 12 10 -8 -6 -4 -2 k@\ Q-& & Q.c;b
e Phe (log M) Phe (log M) Phe (log M) Phe (log M) & &
14 B SOD
o 1007 o g+ 1004 4 E+ 100w E+ 1009 , g+ o
< C so{° SOD g s0{a sop S go{o sop S so{o sop
§ 60 § 60 § 60 . § 60 9
S k] ° k] o .
a0 £ a0 £ 4 £ 40 ER
s 5 s s 3
S 20 S 20 S 20 S 20
= = = = #
0 0 0 0 0 = am— ——
| I . e — — | o e p— — —| - T T T T
42 10 -8 -6 4 -2 12 40 -8 6 -4 -2 42 10 8 6 4 -2 12 10 -8 6 4 -2 S & & &
& & &
Phe (log M) Phe (log M) Phe (log M) Phe (log M) & &
Control RQH cd CdRQH TIRON
100
C 514 E+ 574 E+ 51 m E+ 57 ¢ E+
4o TIRON 4] & TIRON 4] o TIRON 4] o TIRON g
£ Q s0 *
£ 3 g3 g3 . g3 g
z E £ E ®
E 2 Z 2 2 2 Z 2
[5 [5 € #
1 1 1 1 0 e =
0 0 0 0 S & P ®
—_— ——— —_— —— & € &
s 40 8 6 4 -2 10 8 6 4 -2 0 0 -8 -6 -4 -2 10 -8 -6 -4 2
Phe (log M) NE (log M) NE (log M) NE (log M) sob
D s o E+ 57 4 Ex 51n B+ 51 E 100
440 SOD 44 & SOD 440 SOD 44 © SoD
£ £ 9
£ ® g3 £ * * g3 E 5
H £ H £ S
£ 2 Z2 £ 2 Z 2 I #
€ £ £}
1 1 1 1 ° — — @
0 o000 0 0 []
— ———— ———— > & & &
40 8 -6 4 2 0 8 6 4 -2 0 -8 -6 4 2 0 8 6 4 =2 oee“D & °Gs&°
NE (log M) NE (log M) NE (log M) NE (log M)

Fig. 3 Effects of co-treatment with RQH on the increased participation of ROS in the contractile response induced by Cd in the aorta and MRA.
Concentration—response curves for Phe in the aorta and for NE in MRA in control rings (E+, represents the intact endothelium vessel, filled symbols)
and incubated with Tiron (1 mmol 1Y) (Tiron, empty symbols) (a and c) or with superoxide dismutase (150 U per ml) (SOD, empty symbols) (b and d)
in the following groups: control (control), treated with red quinoa hydrolysate (RQH), exposed to Cd (Cd) and both treatments (CdRQH). The bar
graph represents the differences in the experimental groups’ area under the curve (dAUC). Data are presented as mean + SEM (n = 10 per group) and
expressed as a percentage of contraction induced by 120 mm KCl for the aorta and as an absolute value of contraction in mN mm™ in MRA. *p <
0.05 vs. control group and *vs. Cd group (ANOVA-2 way, followed by the Bonferroni post-hoc test).

reported for other hydrolysates is primarily associated with the
presence of histidine (H), tyrosine (Y), and phenylalanine (F).*?
Additionally, anti-inflammatory effects have been linked with
aspartate,®® while the metal-chelating potential is associated
with glutamate.®® Interestingly, none of the selected peptides
had been previously described in the literature.

4. Discussion

Our findings suggested that co-treatment with RQH prevented
Cd-induced cardiovascular damage by reducing the increase in
systolic blood pressure. In the aorta and MRA exposed to Cd,
RQH protected against heightened vascular reactivity while
preserving NO bioavailability for vascular function. Moreover,

This journal is © The Royal Society of Chemistry 2026

RQH effectively mitigated oxidative stress and inhibited the
inflammatory cascade (COX-2 and TNF-alpha) resulting from
Cd exposure. RQH offering antihypertensive, antioxidant, and
anti-inflammatory properties could be used as a potential
therapeutic dietary alternative for Cd-induced vascular
damage.

Although RQH demonstrated cardiovascular protection, it
did not prevent the body weight loss induced by Cd, corrobor-
ating previous findings using this Cd model.”™"" Weight loss
due to Cd exposure may be linked to oxidative stress and
inflammation in the gastrointestinal tract, with additional con-
tributions from kidney and liver damage.'®*> Despite not pre-
venting weight loss, RQH treatment significantly improved
water and food intake in animals exposed to Cd, an effect
potentially related to its enhanced organoleptic properties,
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Fig. 4 Effects of co-treatment with RQH on the expression of markers of oxidative stress induced by Cd in the aorta and MRA. Representative
images (40x magnification and 50% brightness) of the expression of NOX-1 in the aorta and MRA (14 um sections) and p47-phox in the aorta. The
images correspond to the merging of the labeling of the nuclei by DAPI in blue and NOX-1 and p47-phox in green. *p < 0.05 vs. control group and

*#vs. Cd group (n = 8 per group).

Table 1 Effects of co-treatment with RQH on biochemical oxidative
stress parameters in the aorta, MRA and plasma: reactive oxygen species
(ROS), lipid peroxidation (TBARS) levels, and total antioxidant capacity
(FRAP)

Control RQH Ccd CdRQH
Aorta
ROS 66.5 £ 3.5 65.3 £5.5 97.2 + 6.8% 64.1+7.7°
TBARS 0.249 + 0.0 0.229 + 0.0 0.372 + 0.0% 0.221 + 0.0”
FRAP 71.2 £17.3 132.5 £16.2 221.1 + 20.4¢ 97.1+ 20.4b
MRA
ROS 85.3 £3.5 81.4 +£3.8 149.0 + 15.0¢ 87.9  6.8”
TBARS 0.073 £ 0.0 0.081 + 0.0 0.168 + 0.0% 0.102 + 0.0”
FRAP 74.4 £ 8.0 45.0 + 5.6 162.0 + 10.3¢ 60.2 + 6.7°
Plasma
TBARS 0.090 + 0.0 0.093 + 0.0 0.161 + 0.0% 0.076 = 0.0”
FRAP 10.4 +£1.3 12.4+1.1 9.5+1.6 9.5+2.0

Data are presented as mean + SEM (N = 10). Reactive oxygen species
(ROS) are expressed as fluorescence units (FU), thiobarbituric acid
reactive substances (TBARS) as nM per MDA, and ferric reducing
antioxidant power (FRAP) as nM Trolox equivalents. “vs. Control ?vs.
Cd (ANOVA-2 way, followed by the Bonferroni post-hoc test).

which had been previously observed in SHR."> RQH, derived
from quinoa, is rich in proteins, carbohydrates, fibers, and
lipids, potentially providing additional nutritional support for
physiological and metabolic functions.'®'*® Furthermore,
quinoa’s regulatory effects on the gut microbiota, even in its
hydrolyzed form, may restore intestinal balance by promoting

Food Funct.

pre- and probiotic populations and reducing pathogenic bac-
teria, which could contribute to mitigating Cd-induced intesti-
nal dysbiosis induced by inflammatory insult.?”-*

Different doses and duration of Cd exposure in humans
and in animal models have been associated with cardio-
damage the development of
hypertension,>®®?*° as demonstrated in this study. We show
that RQH cotreatment prevented hypertension induced by Cd
and protected the vasculature from metal toxicity. This effect
was previously observed in SHR rats, where administration of
1 g kg™ day™"' in drinking water for eight weeks reduced a
blood pressure of ~9.8 + 4.5 mmHg."°

Despite the recognized cardioprotective and antihyperten-
sive properties of quinoa, the specific mechanisms responsible
for the health benefits of its bioactive compounds are still not
fully understood.*® Some studies have demonstrated in vitro
that specific peptide sequences exhibit ACE inhibitory poten-
tial.** In vivo, quinoa protein from the Mengli-I variety (200
and 400 mg kg™") significantly reduced SBP in SHR animals.*>
ACE-inhibitory  peptides identified in these studies
(YRNAIMAPHYN, TRGDIIAIPPGAVH, FHPFPR, and NIFRPF)
include di- and tripeptides that are efficiently absorbed in the
intestine, enhancing their antihypertensive effects.*"*> The
peptide sequences identified in the present RQH may be
promising candidates for the antihypertensive effect observed
in co-treated animals, due to the presence of histidine (H),
leucine (L), valine (V), and proline (P). These amino acids,

vascular and arterial

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Effects of co-treatment with RQH on the increased participation of COX-2 in the contractile response induced by exposure to Cd in the
aorta and MRA. Concentration—response curves for Phe in the aorta and for NE in MRA in control rings (E+, represents the intact endothelium
vessel, filled symbols) and incubated with NS398 (1 pm — empty symbols) in the following groups: control (control), treated with red quinoa hydroly-
sate (RQH), exposed to Cd (Cd) and both treatments (CARQH). The bar graph represents the differences in the experimental groups’ area under the
curve (dAUC). Data are presented as mean + SEM (n = 10 per group) and expressed as a percentage of contraction induced by 120 mm KCl for the
aorta and as an absolute value of contraction in mN mm= in MRA. *p < 0.05 vs. control group and *vs. Cd group (ANOVA-2 way, followed by the

Bonferroni post-hoc test).

found in the sequences TETVRFF, VDHPVFL, VPIYEGY,
YIRRGEAKL, and KLYGPE, may exert a vasodilatory effect and
influence nitric oxide (NO) production,*® contributing to the
observed vascular protection.

Co-treatment with RQH significantly reduced blood Cd con-
centrations by approximately 20%, highlighting the hydroly-
sate’s potential chelating effect. Although this circulating con-
centration remains high compared to the safe levels (~0.3 pg
L™" in blood),** the observed reduction provided beneficial
effects and additional protection, possibly by decreasing Cd
binding to essential biomolecules. This chelating potential
may be related to the presence of cysteine residues, quercetin,
and hydroxyl (-OH) groups in its structure, which confer
potential chelating ability, which can form soluble complexes
and/or exert antioxidant and anti-inflammatory activities.*>*’

The identified peptide sequences contain hydroxyl groups
(-OH) from tyrosine (Y), threonine (T), aspartate (D), or glutamate
(E), which could contribute to the hydrolysate’s chelating poten-
tial. Notably, YIRRGEAKL also exhibits chelating properties due to
histidine (H), which interacts with metal cations via its imidazole
ring.*> Additionally, glutamate (E) residues in PIYEGY, TETVRFF,
VPIYEGY, YIRRGEAKL, and YTEQPL may enhance chelation
through its carboxyl group.** To our knowledge, no previous
studies have demonstrated a relationship between red quinoa
derived peptides consumption and Cd chelation in the body.
However, compounds such as cysteines, polyphenols, and flavo-
noids have been shown to reduce Cd deposition in organs.**>°

RQH demonstrated antioxidant protection against vascular
dysfunction by reducing ROS levels in the studied vessels and

This journal is © The Royal Society of Chemistry 2026

maintaining NO bioavailability effects in vascular responses,
which was impaired by Cd exposure. In addition, RQH pre-
vented the activation of the NADPH oxidase complex by redu-
cing the expression of its isoform NOX-1 and subunit p47-
phox, both of which were upregulated after Cd exposure.
Notably, we demonstrated for the first time the anti-inflamma-
tory effects of RQH; the treatment lowered the expression and
involvement of COX-2 and its derivatives in the studied
vessels.

Consequently, RQH treatment completely prevented the
increased contractile response to Phe and NE in the aorta and
MRA, contributing to its antihypertensive effect. The increase
in the vasoconstrictor response observed after exposure to Cd
has already been attributed to the reduction in endothelial
modulation.®** Moreover, considering that NO is also linked
to inflammatory signaling pathways,”" our findings suggest
that the maintenance of NO bioavailability by RQH may
expand its protective effects beyond vascular modulation,
potentially interfering with key inflammatory cascades trig-
gered by Cd exposure.

We show that co-treatment with RQH prevented Cd-induced
NO reduction in the contractile response to Phe/NE, maintain-
ing NO bioavailability and increasing eNOS expression in the
aorta. This effect is likely due to RQH’s high antioxidant
activity, reducing ROS expression in the MRA and aorta.'®
Following RQH’s improvement of NO-mediated vascular
responses in Cd-exposed arteries, we investigated the under-
lying pathways based on previous evidence that Cd promotes
vascular dysfunction through the generation of the superoxide

Food Funct.
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Fig. 6 Effects of co-treatment with RQH on the expression of inflammatory process markers in the aorta and MRA. Representative images (40x
magnification and 50% brightness) of COX-2 and TNF-a expression in the aorta and MRA (14 um sections). The images correspond to the merging of
nuclei staining by DAPI in blue and COX-2 and TNF-a in green. *p < 0.05 vs. control group and *vs. Cd group (n = 8 per group).

Table 2 Peptides identified in fractions <3000 Da of red quinoa hydro-
lysate (RQH) obtained with alcalase (2 h); molecular mass and potential
bioactive effects according to its structure

Molecular mass

Sequence (Da) Potential effect
FDVGVK 66 336 Antioxidant, anti-inflammatory
KLYGPE 70537 Antioxidant, anti-
inflammatory, chelating
PIYEGY 74 034 Antioxidant, anti-
inflammatory, chelating
TETVRFF 89 845 Antioxidant, anti-inflammatory
VDHPVFL 82544 Antioxidant, anti-
inflammatory, chelating
VPIYEGY 83941 Antioxidant, anti-
inflammatory, chelating
YIRRGEAKL 110 464 Antioxidant, anti-
inflammatory, chelating
YPIIADPK 91551 Antioxidant, anti-inflammatory
YTEQPL 74936 Antioxidant, anti-

inflammatory, chelating

Amino acids found in the presented sequences: A: alanine; D:
aspartate; E: glutamate; F: phenylalanine; G: glycine; H: histidine; I:
isoleucine; K: lysine; L: leucine; P: proline; Q: glutamine; R: arginine;
T: threonine; V: valine; Y: tyrosine.

Food Funct.

anion (0,"7).° As expected, Cd induced an increase in O,
contributing to the enhanced contractile response in both vas-
cular beds, demonstrated by the effects of SOD and Tiron incu-
bation. In addition, elevated expression of NOX-1 and p47-
phox, and increased oxidative stress parameters (ROS, TBARS,
and FRAP) were also observed. However, co-treatment with
RQH attenuated the oxidative stress induced by Cd, preventing
not only the establishment of vascular damage, but also the
upregulation of proteins that generate vascular oxidative stress.

Therefore, increased oxidative stress and exacerbation of
ROS expression by the overactivation of NADPH oxidase, par-
ticularly the NOX-1 and NOX-2 isoforms, appear to be a central
mechanism promoting Cd-induced endothelial dysfunction by
reducing NO bioavailability.'*** Notably, in this toxicologi-
cal context, NADPH oxidase activation induced by Cd appears
to occur, at least in part, through direct redox and inflamma-
tory disturbances rather than exclusively through classical neu-
rohumoral pathways typically described in essential hyperten-
sion models.*® The antioxidant effects of RQH, by preserving
NO bioavailability and reducing ROS expression in both vascu-
lar beds, seem to be mediated by the inhibition of NADPH
oxidase (NOX-1) activation in Cd-exposed animals.

This journal is © The Royal Society of Chemistry 2026
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Consistent with findings from other plant-derived com-
pounds such as curcumin and soy casein, which showed anti-
oxidant and cardioprotective effects in Cd-exposed models,’*>*
the antioxidant effect of RQH was also confirmed in SHR rats,
reducing lipid peroxidation in the kidneys, heart, and plasma,
while increasing total antioxidant capacity in the kidneys and
glutathione levels in the liver."” Consistently, other studies have
demonstrated quinoa’s antioxidant properties using a low mole-
cular weight polysaccharide, hydrolyzed quinoa, and quinoa
extract in prostate tumor cells, human macrophages, and zebra-
fish larvae, respectively.>® >’ Peptide sequences (ASPKPSSA and
QFLLAGR) derived from hydrolyzed quinoa bran albumin using
alcalase and trypsin were identified in the literature, demon-
strating their ability to act as “scavengers” of the toxic reactive
species.”® In the present study, nine peptide sequences identi-
fied also exhibited antioxidant properties, largely attributed to
histidine (H), tyrosine (Y), leucine (L), and proline (P),>*°
which have been previously described in the literature.

In addition to its high oxidative effects on the cardio-
vascular system, Cd also exacerbates inflammatory cascades by
increasing COX-2 and proinflammatory cytokines like TNF-a,
as observed in this study and previously reported.®>'"°" In
this context, our findings provide the first evidence of the anti-
inflammatory effects of RQH, which until now had only been
associated with antihypertensive and antioxidant properties.
Specifically, RQH reduced COX-2 involvement in aortic and
MRA vasoconstriction and also decreased the expression of
COX-2 and TNF-a in both vascular beds, which were elevated
by Cd exposure.

Among the peptide sequences identified in RQH, some
exhibit anti-inflammatory potential, either independently or in
synergy with their antioxidant properties. These include
sequences containing histidine (H), proline (P), tyrosine (Y),
aspartate (D), and glutamate (E), such as PIYEGY, YPIIADPK,
YIRRGEAKL, and TETVRFFE.>*®* It is important to note that the
effects of this hydrolysate are possibly synergistic, and its
therapeutic impact cannot be attributed to a single component
alone. In fact, quinoa’s anti-inflammatory properties may also
be attributed to its content of polyphenols and flavonoids like
quercetin, saponins, phenolic acids, and amino acids.®
Supporting this, in vitro and in vivo studies with quinoa-
derived saponins and the peptide lunasin or quinoa itself
showed reduced expression of inflammatory cytokines, such as
TNF-o, IL-1B, and IL-6, suggesting an anti-inflammatory effect.**®®

Cd exposure induces interconnected cellular damage,
including oxidative stress, inflammation, and apoptosis.
Previous studies have linked increased TNF-a expression with
apoptotic marker activation.'®® In the present study, RQH
demonstrated antioxidant properties and reduced TNF-a
expression, potentially preventing the activation of the intrin-
sic apoptotic pathway and protecting the vasculature.

In conclusion, this study presents a novel therapeutic
approach for Cd-induced cardiovascular damage. RQH proved
to be a natural alternative to mitigate Cd cardiovascular
damage, demonstrating antihypertensive, antioxidant, and
newly identified anti-inflammatory properties. Given its plant-

This journal is © The Royal Society of Chemistry 2026
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based origin and bioactive peptide composition, RQH rep-
resents a sustainable and potentially translatable intervention,
offering a natural approach to prevent or reduce cardiovascular
risks associated with metal exposure in humans.
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