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Introduction

Effect of long-term moderate red wine
consumption in CD1 female mice

*® Nereida Jiménez de Oya,
a

Emilia Garcia-Moruno, (2 ** Ana-Belén Blazquez,
Ana Esteban, (2 ° Silvia Motta, (2@ Antonella Costantini,
Pedro J. Sdnchez-Cordon, (2 € Eva Pericuesta, (2 ¢ Miguel A. Martin-Acebes, (0 °
Alfonso Gutiérrez-Adan 2 9 and Juan-Carlos Saiz ©°

In the early 80s, the so-called "French paradox” was proposed, that is, a correlation between wine con-
sumption, a diet rich in fats, and low mortality from coronary disease. Conversely, it is well established
that excessive alcohol consumption increases the risk of cirrhosis and cancer, but few studies have inves-
tigated the effects of moderate alcohol consumption. However, all these conclusions were derived from
epidemiological population studies that may be subject to distortions due to multiple factors. Here, the
effect of moderate consumption of red wine on health throughout life was examined in a murine model.
Different variables were evaluated in groups of female animals that were fed a standard or a fat diet
throughout their adult life and given water, or wine or alcohol diluted in water in proportions similar to
what is considered moderate consumption in humans. Our results showed few differences in most of the
analyzed variables (body weight, liver profile and survival rate) between the different female mouse
groups. The most remarkable findings were observed in the fat-diet groups that showed more frequent
and severe liver lesions and a lower average ovarian weight. Moreover, moderate and prolonged ethanol
consumption significantly affected telomere length only when the diet was high in fat, whereas wine con-
sumption showed no difference compared to water, pointing to a possible predominant role of the com-
pounds, particularly polyphenols present in wine. On the other hand, wine-drinking mice fed a fat diet
had more oocytes than those in the ethanol-drinking group. Overall, our data suggest that long-term
moderate red wine consumption does not substantially influence the health of female mice.

polyphenol content,>™ which plays a crucial role in health due
to its antioxidant and anti-inflammatory properties.®’

After 1979, when it was observed that the French population,
which usually consumes a diet rich in saturated fats, had a
lower mortality rate due to coronary diseases than other popu-
lations studied, a hypothesis was put forward, the so-called
French paradox,” that correlated this lower mortality with wine
consumption. Since then, it has been speculated whether this
protection could be due to moderate alcohol drinking in
general or to the specific ingestion of red wine due to its high
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However, it is also well known that excessive alcohol con-
sumption increases the risk of cirrhosis, cancer and other
diseases.* " Furthermore, recently, a population study
suggested that even lower levels of drinking could increase the
risk of cancer."”

This ongoing debate on alcohol consumption®® has been
deepened by a recent publication evaluating the health risks
associated with its consumption and the amount of alcohol
that could minimize some health risks.'* Setting guidelines
and defining an acceptable level of risk will be desirable, but
is unlikely to be universal, as several factors influence policy-
makers’ decisions (easy and widespread availability, wine
growers, alcohol industry interests, etc.).

Despite all these considerations, the effect of moderate
wine consumption, considered as a limit of 20 g per day and
30 g per day (2 and 3 standard drink units) for women and
men, respectively,’> has not yet been analysed in depth. In
fact, human population studies carried out on the effects of
alcohol are epidemiological studies that could be biased due

This journal is © The Royal Society of Chemistry 2025
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to multiple confounding factors (geographic location, lifestyle,
diet, etc.).">"”

In this context, the mouse model has been used for years to
investigate the effects of alcohol on the progression of alco-
holic liver disease.'®2° Nevertheless, it should be noted that
these studies have been mainly undertaken with a high
alcohol intake and over a relatively short period.>'>?

The aim of this work was to address, in the murine model,
whether moderate consumption of red wine throughout life
had any effect on health. To do so, different variables were
evaluated in groups of animals that were fed throughout their
adult lives (2 to 20 months) with a standard or a fat diet. The
animals were given water as a drink, or wine or alcohol diluted
in water in proportions similar to what is considered moderate
consumption in humans.

Materials and methods
Experimental design

Hsd:ICR(CD1) female mice were housed in an animal facility
in a controlled environment of temperature and photoperiod
(23 £ 2 °C and 14 h light:10 h dark cycle) with ad libitum
access to food and drink and daily monitored. Animals were
handled in strict accordance with the guidelines of the
European Community 86/609/CEE, and the procedures were
approved by the Ethical Committee of Animal Experimentation
of INIA-CSIC and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 191.8/24).

L
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Animals were weaned one month after birth and, after a
four week acclimatization period (equivalent to about 18 years
in humans), in which they were fed a standard diet
(SAFE®150, Scientific Diet, Rosenberg, Germany) and water,
they were randomly assigned to two groups (60 mice per
group) (Fig. 1). One group continued to be fed standard food
(12.6% energy content from lipids, 21% from proteins, and
66.4% from nitrogen free extract of starch and sugars), and the
other with high-Fat food (44.4% energy content from lipids,
15.3% from proteins, and 40.3% from nitrogen free extract of
starch and sugars, SAFE®US8955 v. 2, Scientific Diet). Each
group was subdivided into three subgroups (20 mice per sub-
group) that were given water, or ethanol or wine diluted in
water, as a drink for the remainder of the experiment, until
they were 20 months old, corresponding to a human age of
approximately 70 years.** Beverage and food consumption was
measured weekly and biweekly, respectively, by subtracting the
mass (g), or volume (mL), of remaining food and drink from
the initial food and drink mass, or volume, provided to each
cage. Body weight was measured at 2 weeks and then every 6
weeks until the end of the experiment (72 weeks).

The amount of wine (or ethanol) provided to the mice was
proportional to what is considered moderate alcohol consump-
tion in humans,'® that is, 20 g per day for an adult female.
Here, considering an average weight of 60 kg for an adult
female and 30-40 g for a female mouse (which drinks 4-5 ml
per day), the animals in the wine and alcohol groups were
given, as a drink, water with 25 ml of wine per L (14%
alcohol), or water with 3.5 ml of pure ethanol per L (ethanol
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Fig. 1 Schematic representation of the experimental design.
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absolute pharma grade, PanReac Quimica, Barcelona, Spain),
respectively.

Three red wines, representing the three main European pro-
ducing countries (Barbera d’Asti 2020, Italy; Bordeaux 2019,
France; and Rioja 2018, Spain) with similar alcohol content
(14% vol.) reported on the label and reasonably priced for con-
sumers (6-9 € per bottle of 750 mL), were purchased from
local supermarkets. Each month, a bottle of wine from a
different origin was opened, aliquoted and, after dilution,
used as a drink for the animals of the wine-drinking groups.

At the end of the experiment (18 months after ethanol and
wine were added to the diet), surviving mice were anesthetized
using isoflurane and humanely sacrificed. Tissue samples
(liver, ovaries, hearts, and tails) were collected for histopatho-
logical, oocyte and telomere analyses.

Wine analysis

The main chemical-physical parameters and polyphenolic
content of the three wines were determined as described,** %’
a posteriori, to ensure that the choice of wines for the experi-
ment was not influenced in any way.

Biochemical analyses

Blood from the submandibular vein was collected at 9 and
18 months. Plasma was separated using a micro-sample tube
serum CAT (Sarstedt, Niimbrecht, Germany) by centrifugation
(10 000g, 5 min at 20 °C) and then frozen at —80 °C until ana-
lyses. The levels of alkaline phosphatase, alanine transamin-
ase, aspartate aminotransferase, gamma-glutamyl transferase,
creatinine, triglycerides and cholesterol were analyzed using a
Cobas® c¢503 analytical unit (Roche Diagnostics, Basel,
Switzerland), following the equipment instructions.

Glucose tolerance test

The glucose tolerance test (GTT), the most commonly used
method for assessing glucose homeostasis in rodents,*® was
performed (10 mice per group) 6 months after the start of the
experiment. Briefly, overnight-fasted mice were given an intra-
peritoneal glucose dose (1.5 g glucose per kg body weight),
and blood glucose levels were measured at different time
points: before injection and 15, 30, 60, 90, and 120 min after
glucose load. Blood glucose was measured with a standard
glucose meter (Glucomen Areo; Menarini, Naples, Italy) on
blood samples collected from the tip of the tail vein, and the
area under the curve (AUC) was calculated for each group.

Ovary and oocyte analysis

Oocytes were collected from 20-month-old female mice supero-
vulated with 7.5 IU of pregnant mare serum gonadotrophin
(Folligon 500, Intervet, Spain). After 50 hours, ovaries were har-
vested and placed in M2 medium at 37 °C. Cumulus-oocyte
complexes (COCs) were retrieved by follicle puncture with a
21G needle and matured in vitro for 17 h in M199 medium
(Sigma-Aldrich, Madrid, Spain) supplemented with 10% fetal
calf serum under 5% CO, at 37 °C. Mature COCs were stripped
of cumulus cells and treated with Tyrode acid solution (Sigma-
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Aldrich) to remove the zona pellucida. Oocytes were then
washed in PBS, transferred individually to 0.1 ml qPCR tubes
(Corbett Research, Sydney, Australia), frozen in liquid nitrogen,
and stored at —80 °C for analysis.

Absolute telomere length (ATL) in oocytes

Oocytes were digested overnight at 55 °C in 9 pl of 100 mg
ml~" proteinase K solution, followed by enzyme inactivation at
95 °C for 10 min. Absolute qPCR was performed on the entire
digested sample using telomere-specific primers (telomere
forward: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT;
reverse GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT;
Rn18S forward AGAAACGGCTACCACATCCAA; reverse
CCTGTATTGTTATTTTTCGTCACTACCT).29 Genomic DNA
(Rn18S) was quantified in five samples per group to confirm
consistent DNA content across oocytes. qPCR was conducted
on a Rotor Gene 6000 Real-Time PCR system (Corbett
Research) under the following conditions: 94 °C for 3 min, fol-
lowed by 40 cycles of 94 °C for 10 s, 60 °C for 30 s, and 72 °C
for 30 s.>° Due to the limited DNA quantity, absolute qPCR
was used instead of relative qPCR. Cycle threshold (Ct) values
were compared directly to the group with the highest average
Ct (shortest telomere length, TL) without normalization to an
internal control. Fold-change in TL was calculated using the
AACt method, with the group having the shortest TL set as the
reference (fold-change = 1).

Relative telomere length (RTL) in somatic tissue samples

Somatic tissue samples were collected via tail biopsy and
digested overnight at 55 °C with 30 pl of proteinase K (1.25 pg
pl™) in Tris-NaCI-EDTA (STE) buffer. DNA was extracted by
digesting samples with 30 pl of proteinase K (1.25 pg pl™) in
STE buffer and 5 pl of 0.1 M dithiothreitol (DTT) at 55 °C over-
night. DNA was purified using phenol/chloroform, precipitated
with  isopropanol, quantified by spectrophotometry
(BioPhotometer, Eppendorf, Madrid, Spain), and diluted to 50
ng pl™'. Telomeric length was determined by qPCR using 2 ul
of diluted DNA per 20 pl reaction on a Rotor Gene 6000 Real-
Time PCR machine (Corbett Research) with the same primers
and cycling conditions described above for ATL determination.
Relative telomere length (RTL) was calculated using the real-
time qPCR method,*® normalizing telomere repeat values to
DNA content (quantified using the multicopy gene Rn18S) by
the comparative Ct method.*

Histopathological analysis

Samples from the left lobe of the liver of each animal were
fixed by immersion in 10% buffered formalin solution for 1
week. After fixation, the samples were routinely processed,
embedded in paraffin wax, sectioned at 4 microns, and stained
with haematoxylin and eosin for histopathologic evaluations.
A single veterinary pathologist performed a blind evaluation of
potential histopathologic lesions and their severity. The histo-
pathological parameters were graded following a semi-quanti-
tative scoring system as follows: (0) no lesion; (1) minimal

This journal is © The Royal Society of Chemistry 2025
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lesion; (2) mild lesion; (3) moderate lesion; and (4) severe
lesion.

Statistical analysis

PRISM GraphPad 6.0 was used to determine the statistical sig-
nificance of the data. Two-way ANOVA and Tukey’s multiple
comparison tests were performed for comparisons. Kaplan-
Meier survival analysis was performed for survival curves. For
ovarian and telomere analyses, one-way analysis of variance
(followed by multiple pair-wise comparisons using the Holm-
Sidak test) was used for the analysis of absolute or relative TL
differences between more than two groups. Statistical differ-
ences in figures are displayed as *p < 0.05.

Results
Wine composition

The main chemical-physical parameters and polyphenolic
content of the three red wines from different geographical
origins were analyzed (Table 1). The three wines had similar
alcohol content and chemical-physical composition but, as
expected due to the different grapes and oenological tech-
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niques used, they showed differences both in the total quantity
of polyphenols and in the polyphenolic classes present.

Body weight gain

All animals gained weight throughout the experiment, which
was greater in the fat diet than in the standard diet groups
(Fig. 2). Within the same diet, there were no significant differ-
ences between the three groups. However, individual varia-
bility was high, as reflected by the standard deviations.

Food and drink intake

Drink and food consumption was measured weekly and
biweekly, respectively. In all cases, consumption was lower in
the fat diet groups compared to the standard diet groups, with
the water-drinking groups drinking and eating more, regard-
less of the diet (Table 2).

Biochemical analyses

Blood biochemical analyses were conducted at 9 and
18 months. Although the values recorded between individuals
in each group were quite variable, they were all within normal
limits for female CD1 mice.**

Table 1 Chemical-physical and polyphenolic content analysis of the three red wines. Values are presented as means + SD of three independent

determinations

RIOJA 2018 BORDEAUX 2019 BARBERA 2020
Free SO, (mg Lfl) 14.02 £ 0.18 13.59 £ 0.16 18.45 = 0.09
Total SO, (mg L) 37.78+0.34  25.17 +0.38 45.49 +1.18
Alcohol (%) 13.7 £ 0.01 14.24 + 0.07 14.02 + 0.05
Glycerol (g L™ 9.70 + 0.08 8.37 +0.05 8.24 + 0.06
Glucose (g L™ n.d 0.54 +0.01 0.52 + 0.01
Fructose (g L") n.d 0.91 + 0.01 0.26 + 0.01
Total extracts (g L") 25.95 +0.15 31.40 + 0.10 29.53 +0.15
pH 3.66 +0 3.63+0 3.55+0
Total acidity (g L™) 4.65+0 4.60+0 5.22+0
Color intensity (A0 + Aszo + Agao) 0.60 %0 117 +0 0.60 + 0
Color hue (A420/As20) 0.91+0 0.86+0 0.83+0
Total flavonoids (mg L) 1419+ 2.2 3042 + 0.06 1235+ 3.7
Total anthocyanins (mg L™") 131 +0.53 192 +0.33 154 +0.31
Total polyphenols (mg L™} 2255 +10.1 4060 + 3.40 2060 +9.75
Methyl cellulose precipitable tannins (MTC) (mg L™") (mg L™") 1290 + 10.0 3007 £ 52.87 1199 + 8.76
Polymeric pigments Large polymeric pigments (LPPs) % 0.38 £ 0.004 0.49 £ 0.01 0.33+0
Small polymeric pigments (SPPs) % 0.30 + 0.003 0.26 + 0.01 0.32+0
Gallic acid (mg L™) 42.9 +1.43 115.10 + 0.35 51.02 + 0.21
Radical scavenging capacity (DPPH inhibition %) 73.8 £1.90 93.43 + 0.05 75.25 £ 2.58
HCTA t-Caftaric acid (mg L) 21.9 + 0.27 47.44 +0.73 114.62 + 2.51
cis-Coumaric acid (mg L") 3.7 £0.045 2.86 + 0.09 5.71+0.48
trans-Coumaric acid (mg L™") 14.3 £ 0.40 11.67 +0.29 34.99 +0.76
trans-Fertaric acid (mg L") 2.6 +0.03 2.14 +0.12 5.51+0.22
Caffeic acid (mg L™ 6.6 +0.29 9.03 +0.13 8.74 £ 0.22
Coumaric acid (mg L") 3.3+0.30 6.26 £ 0.16 5.19 + 0.03
Flavonols Quercetin 3-O-glucoside (mg L") 2.30+0.14 4.19 + 0.07 9.44 +0.19
Kaempferol 3-O-glucoside (mg L) 5.81+0.78 7.96 + 0.24 6.44 + 0.31
Quercetin (mg L™Y) 1.97 +0.87 14.15 * 0.44 15.02 + 0.23
Flavan-3-ols Catechin (mg L) 26.0 +1.93 58.98 + 0.13 53.32 +0.88
epi-Catechin (mg L) 14.0 £ 1.10 62.38 +2.43 37.03 +9.38
Dimer B1 (mg L™%) 22.6 +3.76 46.53 + 2.67 46.13 + 1.89
Dimer B2 (mg LY n.d 29.78 +1.97 19.41 = 0.29
Dimer B3 (mg Lfl) 37.8+3.06 52.97 +3.74 47.00 +1.60

n.d., not detected.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Weight gain (%) of mice throughout the experiment. (A) Standard diet and (B) fat diet.

Table 2 Average weekly food (g) and drink (ml) ingestion of the different groups (n = 20) during the experiment

Food ingestion (g per week)

Drink ingestion (mL per week)

Water Wine Ethanol Water Wine Ethanol
Standard diet 588 575 578 Standard diet 791 713 778
Fat diet 402 387 377 Fat diet 673 604 571

No significant differences were observed between any of the
groups with the same diet (standard or fat) in the liver
enzymes (alkaline phosphatase, alanine transaminase, aspar-
tate aminotransferase, and gamma-glutamyl transferase) ana-
lyzed at 9 or 18 months, nor in the creatinine levels (Table 3).
In the groups on a standard diet, the only significant differ-
ence was recorded in triglyceride levels between the group that
drank water and the group that drank wine at 18 months. In
mice on a fat diet, a significant difference was only observed in

cholesterol levels between the group that drank water and the
group that drank alcohol at 9 months.

Glucose tolerance test

Glucose tolerance tests (GTTs) were conducted at 6 months in
10 mice per group. On the standard diet, the wine group
metabolized glucose significantly (95%) better than the water
group (Fig. 3). Although not statistically significant, a similar
tendency was observed between the three groups on the fat diet.

Table 3 Serum biochemical values after 9 and 18 months of experimental diets

Standard food

High-fat food

Wine Alcohol Water Wine Alcohol Water
MONTH 9
ALP (UIL™) 64.7 £ 9.9 90.0 + 46.8 66.5+17.3 112.5 +20.3 121.6 £29.2 124.0 £ 6.1
ALT (UIL™) 12.6 +7.9 15.6 + 6.3 13.1+3.2 11.8 + 5.1 7.2+4.8 8.4+2.9
AST (UI L™ 67.0 £ 11.3 140.8 £ 71.6 281.7 £ 31.9 47.0+12.5 103.0 £ 55.0 112.0 £ 60
GGT (UIL ™) 6.8 +3.0 9.5 £3.2 9.6 +7.3 10.9 + 8.2 6.3+5.8 9.7 £ 8.2
Creatinine (mg dL™") 0.43+0.13 0.41 £ 0.27 0.47 £ 0.16 0.33 £ 0.09 0.36 + 0.10 0.44 £ 0.10
Cholesterol (mg dL™) 60.6 + 12.8 82.7 +23.8 66.2 +19.4 110.1 +13.8 124.7 + 24.1% 95.2 + 14.6
TG (mg dL™) 187.3 £ 28.7 207.8 + 58.8 237.4+77.2 86.8 £ 12.2 85.6 £ 15.0 70.1+6.2
MONTH 18
ALP (UI L) 75.6 = 20.7 72.5 +14.0 741+7.9 61.6 +12.4 77.9+19.5 72.9+18.5
ALT (UIL™Y) 25.7 £10.6 27.5+7.1 22.9+9.8 17.7 +10.4 12.2 +4.7 18.7 +12.5
AST (UI L™ 97.3 +26.2 83.3£13.1 97.5+23.2 82.6 + 32.1 106.4 + 64.5 94.6 + 14.5
GGT (UIL ™) 33.2 £13.2 24.8 £ 9.6 22.4 +11.3 33.1+21.4 27.7 £14.3 25.2 £10.2
Creatinine (mg dL™") 0.30 = 0.06 0.23 £ 0.17 0.35+0.10 0.44 + 0.20 0.32 + 0.08 0.34+0.14
Cholesterol (mg dL™) 62.7 +12.5 58.9 +11.2 66.7 +20.5 103.2 +24.9 102.9 + 36.4 101.6 + 55.0
TG (mg dL™) 128.8 + 26.9" 145.7 £41.1 196.1 + 68.6 118.0 £ 39.0 91.0 + 26.9 123.8 + 38.9

Means + SD, n = 10 for each group. *P < 0.05 vs. water. bp < 0.05 vs. water. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; GGT, gamma-glutamyl transferase; TG, triglycerides.
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Fig. 3 Glucose tolerance test (GTT) at 6 months. (A) Glucose curves. (B) Area under the curve (AUC) for the different groups. *Significant differences

based on the ANOVA test (p < 0.05).

Histopathological analysis

The spontaneous non-neoplastic findings observed in the
livers of the mice were considered background changes
because of age and have not been included in the histopatho-
logical evaluation. In mice fed standard food (Fig. 4a-f), no
remarkable lesions were observed in those that drank water,
and the lesions found in the other two groups were quite
similar in both. Centrilobular and periportal hydropic
degeneration, accompanied by occasional necrotic hepato-
cytes, was recorded in five and three wine-drinking mice and in
five and one ethanol-drinking mice, respectively. Additionally,
focal lipidosis was observed in one ethanol-drinking mouse. On
the other hand, among the fat-fed groups (Fig. 4g-1), the most
characteristic lesions observed in mice drinking water were
the presence of centrilobular hydropic degeneration and
focal lipidosis in three and two mice, respectively. In the wine
group, centrilobular and periportal hydropic degeneration
accompanied by occasional necrotic hepatocytes was observed
in five and four mice, and occasional presence of focal lipidosis
in one animal, while in the ethanol group, centrilobular hydro-
pic degeneration was recorded in two mice.

Oocyte analysis

When the six experimental groups were analyzed separately,
no differences in ovarian weight were observed between
groups (Fig. 5A). However, when groups were pooled based on
whether the diet was enriched with fat or not, a lower ovarian
weight was observed in mice fed the fat diet (Fig. 5B).
Similarly, when analyzing relative ovarian weights adjusted for
mouse body weight, the results showed no significant differ-
ences, except when comparing pooled groups on a standard or
fat diet (Fig. 5C and D). Interestingly, when we analyzed the
average number of germinal vesicle (GV) oocytes recovered per
female, no differences were found among the three groups on
the standard diet, but, among the fat diet groups, the ones
that consumed wine had more oocytes than the ethanol
groups, regardless of whether the diet was standard or fat
(Fig. 5E).

This journal is © The Royal Society of Chemistry 2025

Telomere analysis

The analysis of oocyte telomere length indicates that there was
no size difference between the groups of mice fed a standard
diet. In contrast, when the diet was fat, the oocytes in the wine
group had statistically longer telomeres compared to the
ethanol group (Fig. 6A). Regarding the size of heart cell telo-
meres, again, no differences were observed between the groups
fed a standard diet. However, among those on a fat diet, the
mice from the wine group had telomeres of similar length to
those in the water group and longer than the ethanol group
(Fig. 6B). Similarly, no differences were found in the telomeres
of tail cells among groups fed a standard diet. In contrast, for
groups on a fat diet, the telomeres in the ethanol group were
significantly shorter than those in the other two groups
(Fig. 6C).

Survival

The survival rate was higher on the standard diet than on the
fat diet (Fig. 7), even though no statistically significant differ-
ences were observed.

Discussion

The association between excessive alcohol consumption and
an increased risk of various diseases, such as alcoholic liver
disease and cancer, is globally accepted.®! Despite this, mod-
erate wine consumption is very popular in people’s daily lives
around the world, and yet, until recently, little attention has
been paid to assessing the effects of long-term moderate wine
consumption on health.

The observation in the late 1970s that the French popu-
lation, which tends to maintain a diet rich in saturated fats,
showed a lower mortality rate from cardiovascular diseases
than other populations studied was associated with wine con-
sumption and led to the so-called French paradox." However,
there is still debate as to whether this supposed effect is partly
attributable to moderate alcohol consumption in general or to
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Magnification: 10x Magnification (inset): 40x

Fat-wine Fat-water Standard-ethanol  Standard-wine Standard-water

Fat-ethanol

Fig. 4 Representative histopathological sections of the liver of mice from the different groups (haematoxylin and eosin staining). The extent of liver
lesions is shown (x10 magnification) along with selected liver areas (black boxes), including details of the most representative histopathological
findings (x40 magnification). Standard food-fed mice that drank water (a and b), wine (c and d), or ethanol (e and f). Fat fed mice that drank water (g
and h), wine (i and j), or ethanol (k and ). Black arrows: areas with mild to moderate centrilobular and periportal hydropic degeneration; green
arrowheads: necrotic hepatocytes within areas with hydropic degeneration; (CV): centrilobular vein; (PS): portal space.
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Fig. 5 Ovarian weight and average number of germinal vesicle (GV) oocytes recovered per female from the different groups. Ovarian weight of the
individual groups (A) or grouped by the type of diet (B). Relative ovarian weight of the individual groups (C) or grouped by the type of diet (D).
Average number of germinal vesicle (GV) oocytes recovered per female from the different groups (E). *Significant differences based on the ANOVA

test (p < 0.05).
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Fig. 6 Changes in telomere length induced by alcohol consumption in
oocytes and somatic cells of female mice across different groups. (A)
Relative telomere length in oocytes, (B) in somatic cells from the heart,
and (C) in somatic cells from the tail. Significant differences based on
the ANOVA test (p < 0.05).

2664 | Food Funct., 2025, 16, 2656-2668

View Article Online

Food & Function

A
_ 100
[}
2
<
® —— STAND+WINE
E STAND+EOH
o —— STAND+WATER
L
& 604
0 5 10 15 20 25
MONTH
B
- FAT+WINE
< 1004 FAT+EtOH
g - FAT+WATER
3
2 804
=
L
(&)
s
2 6o
0 5 1 1 2 25
MONTH

Fig. 7 Survival rate (%) of mice throughout the experiment. (A)
Standard diet and (B) fat diet.

the specific ingestion of red wine due to its high polyphenol
content,” higher than that found in white wines.** Subsequent
epidemiological studies reported that moderate alcohol consump-
tion was associated with reduced risks of cardiovascular events
and a decreased risk of type 2 diabetes and other metabolic-
related diseases.>*® However, it should be noted that studies
carried out on the positive or negative effects of alcohol consump-
tion on human populations are epidemiological; as such, their
conclusions could be biased due to multiple confounding factors
(geographic location, lifestyle, age, diet, etc.)."*"

In this regard, mice are a suitable model to investigate the
effects of alcohol on the progression of alcoholic liver
disease'®?® and aging,”” including telomere characteriz-
ation,*® among others. However, studies on the effect of
alcohol have been mainly undertaken with a high intake and
over a relatively short period.”'>*

Here we have addressed, in the murine model, whether
moderate consumption of red wine or ethanol throughout life
has any effect on the health of female mice. To do this, we
have compared groups of animals that were supplied with
water, wine or alcohol (in proportions similar to what is con-
sidered moderate consumption in humans)," in a free-choice
consumption model, the most widely recommended for these
types of studies.'® To avoid bias, three representative red
wines, with similar alcohol content, from the three main
European producing countries (Italy, France and Spain), were
purchased from local groceries and monthly administered
sequentially.

This journal is © The Royal Society of Chemistry 2025
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Along with the well-established relationship between high
alcohol consumption and alcoholic liver disease and cancer,
among other complications,® " a high-fat diet is also recog-
nized as an important factor in the development of diverse
metabolic and cardiovascular diseases.>**! Therefore, in this
study, the drinking groups were fed either a standard diet or a
fat diet. The standard food administered had a 12.6% energy
content from lipids and the high-Fat food had 44%, similar to
the typical American or European diet, which is considered a
tolerable fat human diet,*” and lower than what is habitually
used (over 65%) in diabetes, obesity and other metabolic dis-
order studies in rodents.*>**

In our study, all animals gained weight throughout the
experiment, this gain being greater in animals fed a fat diet
than standard food; no significant differences in weight gain
were recorded among the three drinking groups within the
same diet. However, food and drink intake was lower in the fat
diet groups, with the animals that drank water consuming the
most food and drink. A lower intake in mice fed a fat chow
compared to those on a standard diet has been previously
reported.*?

Epidemiological studies in humans have indicated that
moderate alcohol consumption may reduce mortality,>*
whereas diets rich in saturated fats are associated with higher
mortality.*® Here, the survival rate did not show significant
differences between groups, although it was lower on the fat
diet than on the standard diet.

Our analysis showed few noticeable differences in blood
biochemical metabolites between the different groups. At
18 months, in the groups on the standard diet, statistically
higher triglyceride values were recorded in the female mice
that drank water than in those that drank wine. In the fat diet
group, cholesterol values were statistically higher in the group
that drank ethanol compared to the water group at 9 months.
However, all these values were within normal limits for female
CD1 mice.*

Glucose homeostasis was assessed by the glucose tolerance
test (GTT), the most commonly used method in rodents,*® at
6 months. No significant differences were recorded among any
of the three drinking groups under a fat diet. Conversely, in
the standard diet group, significantly (95%) better glucose
metabolization was observed for the wine group in comparison
with the water-drinking group, which may be indicative of a
lower risk of diabetes. In this regard, recently, a prospective
UK Biobank study found that moderate wine consumption, as
part of Mediterranean dietary habits, was independently
associated with lower type 2 diabetes incidence.’” Other
studies have also found a U-shaped relationship between wine
intake and reduced diabetes risk.*®*°

Excessive alcohol consumption is also associated with a
higher risk of liver cirrhosis.”®>* Here, analyses of serum
metabolites at 9 and 18 months showed levels within the
normal limits for female CD1 mice,** and no remarkable
differences for any of the liver enzymes analyzed (alkaline
phosphatase, alanine transaminase, aspartate aminotransfer-
ase, and gamma-glutamyl transferase) were found among any

This journal is © The Royal Society of Chemistry 2025
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of the drinking groups. Likewise, no differences were recorded
for creatinine levels, an increase in which can be a sign of
poor kidney function.>®>* Moreover, the histological liver ana-
lysis did not show notable differences among the three drink-
ing groups with the same diet, the liver lesions being more fre-
quent in female mice fed the fat diet. Similar results have been
described in mice that drank a higher concentration (3.5% v/v)
of alcohol than used here and followed a high-Fat diet.>*

On the other hand, it is also known that the consumption
of high-Fat foods alters the weight of the ovaries and the
number of oocytes,*®™° which affects fertility and aging.
Likewise, alcohol consumption can shorten the length of
telomeres,®”®! which has implications for age-related diseases.
Therefore, regarding ovarian weight, our results are consistent
with previous studies® that analyzed the effect of a fat diet on
ovarian weight, but we did not find differences between
groups, suggesting either no influence or an insufficient
number of animals to detect it. However, we observed a signifi-
cant effect on the number of germinal vesicle (GV) oocytes
obtained when comparing animals that consumed wine and a
fat diet with those that consumed alcohol on a standard or fat
diet. Similarly, when analyzing telomere length in both
oocytes and somatic cells obtained from the heart or the tail of
mice, our results indicated that consuming the same amount
of alcohol as wine or as pure ethanol produced markedly
different effects only when the diet was high in fat. Pure
ethanol significantly affected telomere length, whereas wine
consumption showed no differences compared to the water-
drinking group. Again, this effect was observed exclusively in
groups subjected to a fat diet. The ability of moderate wine
consumption to prevent the deleterious effects of alcohol con-
sumption, specifically in fat diets, without affecting the weight
of the mice, suggests that wine could be a key regulator of
energy balance. This would also indicate that the effect of
wine consumption might arise from a combination of inter-
actions between fat diet effects and wine components. Further
studies should investigate the molecular mechanisms under-
lying these interactions.

In conclusion, our data indicate that female mice in the fat-
diet groups showed more frequent and severe liver lesions, as
well as a lower average ovarian weight. Moreover, moderate
and prolonged ethanol consumption significantly affected tel-
omere length only when the diet included fat, whereas red
wine consumption showed no difference compared to water
consumption, pointing to a possible predominant role of the
polyphenols present in wine. Beneficial effects of wine poly-
phenols on human health have been widely described, as their
ability to produce anti-inflammatory, anti-carcinogenic and
cardio-protective effects, among others, is well known.”>7%*
On the other hand, at the end of the experiment, mice on the
fat diet that drank wine had more oocytes than those in the
ethanol groups, regardless of whether their diet was standard
or fat. Finally, a positive effect on glucose metabolism was
observed in mice in the wine-drinking group. Thus, overall,
our data suggest that long-term moderate red wine consump-
tion does not substantially influence the health of female
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mice, regardless of whether the diet supplied is standard or
high in fat.
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