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Abstract: A functional product obtained from beet molasses vinasse (V) was supplemented to hy-
pertensive rats (SHR) to assess its preventive effects against high blood pressure and endothelial
dysfunction. Fifteen potential bioactive compounds (including phenolic acids, flavonoids and ter-
penoids, and glycosylated) were identified and quantified in V by HPLC-MS. The most notable find-
ing of the study was that the blood pressure values remained similar to those at the beginning of
the study in the SHR+V group. At the same time, they increased progressively in the SHR control
group, reaching a significant difference of 16% (p < 0.05) after 5 weeks of supplementation. Quanti-
tative PCR and Western blot analyses in the aorta demonstrated that V ingestion by hypertensive
rats led to decreased ACE mRNA levels and higher SOD2 and eNOS gene expression via promotion
of Nrf2 transcriptional activity and down-regulation of the NF-kB pathway. These results are asso-
ciated with an increased antioxidant, anti-inflammatory, and vasodilatory response. In conclusion,
the intake of vinasse-derived products could mitigate hypertension and associated endothelial dys-
function.

Keywords: hypertension; endothelial dysfunction; oxidative stress; condensed molasses solubles;
functional foods; antioxidants; polyphenols; redox regulation

1. Introduction

The relationship between arterial hypertension and oxidative stress has been exten-
sively studied, both factors being involved in endothelial dysfunction [1]. Endothelial dys-
function is responsible for key processes in the vasculature. These include vasocon-
striction, leukocyte infiltration, increased vascular permeability, and smooth muscle pro-
liferation in the vascular wall. Such events have been implicated in developing hyperten-
sion and cardiovascular disorders [2]. Several redox signaling mechanisms are involved
in developing oxidative stress and hypertension. In this regard, oxidative stress modu-
lates the expression of antioxidant and pro-oxidant enzymes through Nrf2/NF-«B tran-
scription factors and decreases NO bioavailability [3].

According to various studies, foods with a high polyphenol content can improve vas-
cular function and reduce arterial pressure [4]. Polyphenols can act through several anti-
oxidant and anti-hypertensive mechanisms, such as regulation of Nrf2/NF-kB pathways
and radical scavenging. Vinasse is a liquid by-product of the sugar and ethanol industry.
The vinasses of beet molasses are obtained after distilling the alcohol and concentrating
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the solution. They contain large amounts of inorganic salts, amino acids, humic acids, be-
taine, and other organic compounds. Phenolic, terpenoids, alkaloids, and melanoidins
have been described as important bioactive compounds present in molasses [5,6] and,
from the perspective of circular economy, those compounds that remain in vinasse may
favor its valorization as a functional food and feed ingredient.

This study aimed to evaluate the preventive effect against endothelial dysfunction in
hypertensive rats (SHR) of the daily intake for 5 weeks of a functional product obtained
from beet molasses vinasse with antioxidant properties.

2. Material and Methods
2.1. Functional Product Obtained from Beet Molasses Vinasse (V)

Vinasse was produced in the Azucarera del Guadalfeo S.A (Lobres, Granada, Spain)
from beet molasses. It was submitted to a pasteurization treatment (100 °C for 10 min) to
generate a safe and stable functional product (V). The proximal composition (p/p wet mat-
ter) of V was 87% water, 4.6% protein, 7.1% total carbohydrates, <0.9% fat, 0.4% soluble
fiber, 0.3% insoluble fiber, and 1,6% ashes (0.9% K, 0.3% Na).

2.2. HPLC-MS Analysis of Polar Bioactive Compounds

Diluted samples of the V product were analyzed using an Agilent RRLC 1200 series
liquid chromatograph equipped with a diode array detector and an Agilent Zorbax
Eclipse Plus C18 column (4.6 x 150 mm, 1.8 um particle size). The mobile phases used were
water with 0.1% formic acid as phase A and acetonitrile as phase B, with the following
optimized gradient: 5% phase B, 20 min. 45% B, 30 min. 95% phase B, 2 min. 5% B. The
flow was 0.8 mL/min, and the column temperature was maintained at 40 °C. Compounds
were detected with a Bruker Daltonics microTOF II time-of-flight mass detector equipped
with an ESI interface from Agilent Technologies (positive ionization mode, mass range of
50-1000 m/z). Ultrapure nitrogen was used as ionization and drying gas (2 bar and 9 L/min
flow, 190 °C, 4500 V capillary voltage, and -500 V End Plate Offset). To perform the quan-
tification, 9 calibration levels were prepared from commercial standards (gallic acid, p-
coumaric acid, ferulic acid, schaftoside, and an acetylneuramic acid derivative, Sigma-Al-
drich).

2.3. Animals, Experimental Groups, and General Procedures

All procedures with animals followed the Spanish and European laws and were ap-
proved by the Ethics Committee for Experimental Animal Care at the University of Burgos.
In this study, 12-week-old male spontaneously hypertensive rats (SHRs) and Wistar-
Kyoto (C) control rats were assigned to 4 groups: normotensive (C, n = 4), normotensive
supplemented (C+V, n = 4), hypertensive (SHR, n = 6), or hypertensive supplemented
(SHR+V, n = 6) groups. The animals were maintained at 21 + 2 °C and humidity at 40 +
10%, with a 12:12-h light:dark cycle and free access to food (LASQCdiet® Rod14-H, Sodis-
pan) and water. Rats were supplemented daily with V product (0.5 mL = 62.5 mg solid
product dissolved in 2 g of yoghourt) or a salt-equivalent yoghourt with 3.87 mg of salt
for 5 weeks.

2.4. Blood Pressure Measurement

The blood pressure was recorded every week before supplementation in conscious,
pre-warmed, restrained rats by the tail-cuff plethysmographic method using a LE 5001
Pressure Meter (Panlab) and a pulse transducer for rat model LE160R (Panlab).

2.5. Quantitative Real-Time Polymerase Chain Reaction (JPCR) Analysis

Total RNA was isolated from aortic tissue using TRI Reagent solution (Applied Bio-
systems, Foster City, CA, USA), treated with DNase I and reverse-transcribed (1 pg of
total RNA; First Strand cDNA Synthesis kit, Thermo Fisher Scientific), and amplified
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using SG qPCR Master Mix (EURx) and qPCR conditions: 95 °C, 3 min; 45 cycles of 95 °C
15's, 60 °C 30 s and 72 °C 30 s. The sequences of primer sets (forward and reverse) were:
Nrf2, 5'-AGAAGTACCTGTGAGTCC-3" and 5'-CTCTCCTGCGTATATCTC-3"; NF-kB, 5'-
ACGATCTGTTTCCCCTCATCT-3" and 5-TGCTTCTCTCCCCAGGAATA-3’; eNOS, 5'-
TATTTGATGCTCGGGACTGC-3" and 5-AACGAAGATTGCCTCGGTTT-3’; SOD2, 5'-
AAGGTCGCTTACAGATTGCC-3" and 5-CTCCCACACATCAATCCCC-3; ACE, 5-
TGGAGCATCTCTACCACCAA-3" and 5'-TGTATTTGTCCCCATAGCGG-3’; GAPDH, 5'-
ACTCCCTCAAGATTGTCAGC-3" and 5-CTTCCACGATGCCAAAGTTG-3". Results
were obtained using the 2(-Delta Delta C(T)) method. Relative gene expression was ex-
pressed as folds of change compared to the control group (C).

2.6. Western Blot Analysis

A Western blot was performed to analyze the expression of phosphorylated forms of
Nrf2 and NF-«B. Briefly, aortic tissue was homogenized and total protein was extracted
using Laemmli buffer (100 °C, 5 min) and then resolved by 10% SDS-PAGE, transferred to
PVDF membranes, and incubated overnight with rabbit-specific primary antibodies
(1:1000) against Nrf2 [EP1809Y], phospho-Nrf2 (540) [EP1809Y], NF-kB-p65, phos-phor-
NF-kB-p65 (Cell Signaling Technology) and (-actin (Sigma-Aldrich). Then, the mem-
branes were incubated with a horseradish-peroxidase-labeled secondary antibody anti-
rabbit (1:3000, Anti-rabbit IgG-HRP-linked). Inmunodetection was performed with an en-
hanced chemiluminescence kit (Clarity Western ECL substrate, Biorad) and developed us-
ing autoradiography. Using Image] software, protein bands were quantified by densitom-
etry, and their relative amounts were normalized to the housekeeping protein 3-actin.

2.7. Statistical Analysis

Statistical analyses were conducted using the Statgraphics Centurion 19 software
(Statgraphics Technologies Inc., VA, USA). Results were reported as the mean + standard
deviation. Results were subjected to an analysis of variance (ANOVA) followed by the
Tukey post hoc test to establish statistical differences among mean values. The statistical
significance level was set up at p <0.05.

3. Results and Discussion
3.1. Characterization of Polar Bioactive Compounds in V Functional Product

Table 1 shows the main compounds identified in the V product by HPLC-TOF-MS
analysis proposed for each chromatographic peak along with their retention time, m/z,
error, molecular formula, description, and concentration in the liquid product. Eleven dif-
ferent phenolic compounds (both phenolic acids and flavonoids, several of them glycosyl-
ated), an amino acidic derivative of sialic acid, an iridoid terpene, and two fatty acids (or
an auxin derivative) were found, with feruloyl-methyldopamine and the three derivatives
of gallic acid being the most abundant.

Table 1. Identification and quantification of polar compounds in V product by HPLC-TOF-MS.

RT Error Molecular Proposed .. Standard Used for ~ Concentra-
; mlz Description e e .
(min) [ppm]  Formula Compound Quantification tion (mg/L)
2-Deoxy-2,3-dehydro-
316 2900881 01  CuHyNOQs 2 Deoxy-23-dehydro-N-acetylneu- . o 4 2mino acidic der. N-acet};lneurani’inic 179+12
raminic acid acid

550 331.069 -6.1 C13H16010 6-O-Galoylglucose Gallic acid glycosylated der. Gallic acid 44116
8.13  461.131 -1.2 C19H26013 Saccharumoside isomer Co D  Phenolic acid glycosylated der. - NQ
8.63 297.112 44 CisH1s04 Enterolactone Lignan - NQ
9.46  163.040 -1.5 CoHsOs p-Coumaric acid Hydroxycinnamic acid p-Coumaric 62.7 5.6
10.37  417.106  -3.9 C17H2012 Citrifolin B epimer A iridoid terpene - NQ
12.68 349.059  -8.3 C16H1409 Ethyldigallate isomer 1 or 2 Ester of two gallic acids Gallic acid 275 +22
12.84 349.059 5.1 C16H1409 Ethyldigallate isomer 1 or 2 Ester of two gallic acids Gallic acid 274 +12
13.76  563.143 4.8 CasH2s014 Schaftoside Flavonoid glycosylated der. Schaftoside 13.5+0.7
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16.14 253.082 183 C17H1603 Phenethyl coumarate Coumaric acid phenethyl ester - NQ
19.13  312.124 13 C1sH1sNO4 N-t-Feruloyltyramine Ferulic acid der. Ferulic acid 1182
1958 342135 -1.3  CwH2NOs  N-t-Feruloyl-methyldopamine Ferulic acid der. Ferulic acid 845+ 92
220 372178 -02  CyHyOs  rnydroxyoctadecadienoic Fatty acid/Auxin der. - NQ

acid/Auxenetriolic acid
2339 3292348 44 CisH30s Trlhydroxyocta‘de.ceno.lc acid/Aux- Fatty acid/Fatty acid hydrox- ) NQ
enetriolic acid ylated
25.05 221.1182 03 C13H1s03 Hexyl hydroxybenzoate Hydroxybenzoic acid der. - NQ
Sum of individual polar bioactive compounds identified 2208 + 163

NQ: identified in V, but not quantified.

3.2. Systolic Blood Pressure Levels in SHR during the 5-Week of V Supplementation

Figure 1 shows the effects on systolic blood pressure (SBP) of supplementing the diet
of hypertensive (SHR) and control (C) rats for 5 weeks with the functional product derived
from vinasses (V) or an equivalent amount of salt as a control of supplementation. Blood
pressure at the beginning of the study was significantly 1.3 times higher in the hyperten-
sive rat groups than in the controls. The control groups remained unchanged throughout
the study, with no effect of the functional ingredient observed. In contrast, blood pressure
in the hypertensive control rats (SHR) group increased significantly from 171 to 199
mmHg. At the same time, it remained stable in the SHR+V group throughout the 5 weeks
of supplementation, being at the end of the study 16% significantly lower compared to the
SHR control group. Other authors observed reduced SBP in SHR rats supplemented with
polyphenol-rich dietary by-products [7,8].
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Figure 1. Blood pressure of hypertensive (SHR) and control (C) rats supplemented daily with salt
or with the vinasse-derived product (V). Results are mean + SD of n = 4 (control groups) and n = 6
(hypertensive groups). The asterisk indicates statistical differences between hypertensive groups
and control. Number sing indicates the statistical difference between SHR and SHR+V groups.

3.3. Gene and Protein Expression of Transcription Factors and Enzymes Implicated in
Endothelial Dysfunction and the Antioxidant and Anti-Inflammatory Response

There is a close relationship between hypertension and oxidative stress. The main
mechanism of endothelial dysfunction is an imbalance between the production of nitric
oxide (NO) by vascular endothelial cells and the generation of reactive oxygen species
(ROS), resulting in a decrease in NO bioavailability and an excessive accumulation of ROS,
leading to oxidative damage to lipids, proteins, and DNA. In this context, the transcription
factor Nrf2 is an important regulator of the gene expression of antioxidant enzymes (SOD2,
CAT, HO), whereas the factor NF-kB modulates the expression of genes involved in in-
flammation [1].

Another important factor in the development of oxidative stress in hypertension is
the over-activation of the renin-angiotensin-aldosterone system (RAS). Angiotensin-
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converting enzyme (ACE) plays an important role in the RAS, converting angiotensin I to
angiotensin II, which is responsible for the increase in blood pressure through its vaso-
constrictive effect and stimulating the production of ROS by endothelial cells via several
pathways, one of the most important being the enzyme NADPH oxidase, which generates
the superoxide radical. In both humans and experimental animals, hypertension has been
associated with increased oxidative stress mediated by NADPH oxidase and activation
and/or overexpression of ACE [9].

Therefore, in this study, we evaluated by q-PCR the effect of supplementation with a
vinasse product (V) in thoracic aortas of control (C) and hypertensive (SHR) rats on gene
expression of the transcription factors Nrf2 and NF-«B and the enzymes SOD2, eNOS, and
ACE. In addition, the activation of the transcription factors Nrf2 and NF-«B was assessed
by Western blot by evaluating the ratio of the protein concentration of their active (phos-
phorylated) and total forms.

Gene expression results (Figure 2) indicated that consumption of product V in control
animals did not alter the expression of the NF-«B factor. In contrast, it significantly in-
creased the expression of Nrf2 mRNA. An increase in NF-kB gene expression and a de-
crease in Nrf2 expression were also observed in the SHR group compared with their C
control. In contrast, ingesting the vinasse-derived product in hypertensive rats modulated
the expression of both transcription factors by significantly reducing NF-«xB and increas-
ing Nrf2. Therefore, the results indicate that consuming the functional vinasse-derived
product for 5 weeks induces changes in transcription factors of aortic cells that induce an
antioxidant (control and hypertensive groups) and anti-inflammatory response (only in
the hypertensive group).
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Figure 2. Gene expression (qQPCR) of NF-«B (a), Nrf2 (b), SOD2 (c), eNOS (d), and ACE (e) in thoracic
aorta of hypertensive (SHR) and control (C) rats supplemented daily with salt or with the vinasse-
derived product (V). Results were represented as relative fold-change concerning the normotensive
non-supplemented (C) rats. Results are mean + SD of n =4 (control groups) and n = 6 (hypertensive
groups). Different letters indicate significant (p < 0.05) differences between groups.

The gene expression of the three enzymes analyzed is also shown in Figure 2. As
mentioned above, these three enzymes play an important role in the regulation of oxida-
tive stress and hypertension: superoxide dismutase 2 (SOD2) is involved in the modula-
tion of superoxide levels, exerting an antioxidant effect; the enzyme eNOS acts as a regu-
lator of endothelial nitric oxide levels, the main vasodilator; and the enzyme ACE, whose
product angiotensine II is a potent vasoconstrictor and inducer of free radical generation
in endothelial cells. No effect of V supplementation was observed in control rats. However,
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hypertensive rats had significantly reduced levels of SOD2 and eNOS gene expression and
overexpression of ACE. In contrast, V supplementation modulated the changes associated
with oxidative stress, endothelial dysfunction, and hypertension, and the mRNA levels of
these enzymes in the SHR+V group were more similar to those in the control groups.
These results agree with other authors who observed the antioxidant effect of sugarcane
molasses vinasse in vitro [10].

Lastly, Figure 3 shows the effect of V supplementation on NF-kB and Nrf2 transcrip-
tion factor protein activation in control and hypertensive rat aortas by Western blot. V
intake did not alter the expression of any transcription factors in control rats. Hyperten-
sion significantly increased the expression of NF-kB, a regulator of pro-inflammatory pro-
cesses, and decreased the levels of Nrf2, a regulator of antioxidant mechanisms, compared
to the control group. In hypertensive rats, it was observed that the supplementation with
V modulated the pro-inflammatory factor NF-«B, reducing its activation levels to the same
level as in the control group. However, the activity of the phosphorylated active form (p-
Nrf2) was modulated but remained lower than in controls. Other authors observed these
antioxidant and anti-inflammatory effects for some polyphenols such as ferulic acid
[11,12], a phenolic acid that derives some of the major potential bioactive compounds in
the V product.
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Figure 3. Activation of NF-kB (a) and Nrf2 (b) transcription factors in thoracic aorta of hypertensive
(SHR) and control (C) rats supplemented with salt or with the vinasse-derived product (V). The
graphs represent the densitometry results of the phosphorylated factors concerning the total. Re-
sults are mean + SD of n =4 (control groups) and n = 6 (hypertensive groups). Different letters indi-
cate significant (p < 0.05) differences between groups.

Therefore, 5 weeks of vinasse-derived functional product (V) intake could modulate
aortic cell transcription factor gene expression and protein activation, inducing an antiox-
idant (in both control and hypertensive groups, by increased/normalized Nrf2 mRNA lev-
els) and anti-inflammatory response (observed only in hypertensive rats, by reduced NF-
kB gene expression and protein activation in supplemented groups).

4. Conclusions

The ingestion of a functional product extracted from beet molasses vinasse for a 5-
week period led to a reduction in blood pressure in hypertensive rats. This improvement
was accompanied by notable changes in the redox state with modifications in the expres-
sion of enzymes associated with an increased in antioxidant, anti-inflammatory, and vas-
odilatory response in the rats aortas.
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