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Red wine consumption activates the
erythropoietin—erythroferrone—hepcidin
erythropoietic pathway in both apparently healthy
individuals and patients with type 2 diabetes¥
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Alcohol consumption is associated with reduced expression of hepcidin, a key iron-regulatory hormone,
which may lead to accumulation of iron in the body. Although polyphenols from wine may have effects
on hepcidin expression and iron absorption contrary to that of alcohol, we recently showed that con-
sumption of 300 ml of red wine for 3 weeks, after an alcohol-free lead-in period of 2 weeks, resulted in
decreased serum hepcidin in apparently healthy individuals (n = 13) and subjects with type 2 diabetes
(T2D) (n = 18). To determine the mechanism of decrease in hepcidin after wine intervention, additional
biochemical analyses of spare serum samples from the same subjects were performed. The decrease in
hepcidin was accompanied by increased erythropoietin levels in both groups, while the increase in ery-
throferrone reached statistical significance only in the T2D group. These results suggest activation of the
erythropoietin—erythroferrone—hepcidin pathway by red wine consumption. As an indicator of the acti-
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vation of the erythropoietin—erythroferrone—hepcidin pathway we observed an increase in the red cell
distribution width in both groups and in the reticulocyte count in the T2D group, while serum ferritin
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Introduction

It is well known that alcohol consumption facilitates the
accumulation of iron in the body."”* Depending on the circum-
stances, this can be beneficial or harmful to human health.
For example, the risk of iron deficiency anemia is 40% lower in
people who consume alcohol.? On the other hand, alcohol in
combination with the accumulation of iron in the liver pro-
motes inflammation, fibrinogenesis and carcinogenesis.*
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decreased. Our study reveals a novel biological effect of wine that may be important in conditions
influencing iron homeostasis and functions of hepcidin in general.

Alcohol-induced gastric acid secretion was proposed to be
the mechanism of alcohol-induced facilitation of iron absorp-
tion from food." Newer findings suggest that alcohol increases
iron absorption indirectly, by reduction of hepcidin expression
in the liver.>®

That mechanism was confirmed in animal models,”® and
in people with alcoholic liver disease it was observed that they
have lower levels of hepcidin.’

Hepcidin is a peptide hormone predominantly secreted by
hepatocytes and plays a crucial role in iron homeostasis.'”
Hepcidin reduces iron bioavailability by triggering the intern-
alization and degradation of ferroportin, the sole known cellu-
lar iron exporter.'’ Since erythropoiesis is by far the largest
consumer of iron in the body, various conditions influencing
erythropoiesis can affect the kinetics of hepcidin as well.'>"*

Different types of alcoholic beverages may have different
effects on iron absorption and indicators of iron
homeostasis.>**** In this context, the effects of red wine con-
sumption may be of particular interest. Namely, polyphenols
that are abundantly present in red wine may have effects on
the expression of hepcidin and on the absorption of iron con-
trary to that of alcohol.>**"”

This journal is © The Royal Society of Chemistry 2025
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In our recent publication, we showed that moderate con-
sumption of red wine for 3 weeks was accompanied by a
decrease in serum hepcidin levels in both apparently healthy
individuals and type 2 diabetic patients.'"® However, the
mechanism of decrease of hepcidin levels associated with red
wine consumption remained unclear. We hypothesized that
the reduction in hepcidin could be the result of activation of
the erythropoietin-erythroferrone-hepcidin  erythropoietic
pathway. Therefore, we performed post hoc biochemical ana-
lyses of spare serum samples from the same subjects, primar-
ily focusing on the levels of erythropoietin (EPO) and erythro-
ferrone (ERFE) before and after wine consumption. This paper
presents and discusses integrated measurement results from
both studies.

Materials and methods
Study design

The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the
University of Split School of Medicine, Croatia (No. 2181-198-
03-04-13-0042). Participants were divided into 2 groups: appar-
ently healthy subjects and patients with type 2 diabetes.
Inclusion criteria for both groups were: (1) males, (2) aged
between 40 and 65 years, (3) non-severely obese (BMI < 35 kg
m~?), (4) non-smokers, and (5) willing to give consent and
carry out all study-related procedures.

Participants from both groups were matched for age and
BMI. Subjects from the healthy group had fasting plasma
glucose <6.9 mmol L™, while diabetic subjects were eligible if
they had controlled glycemia (HbAlc value <7.5% (58 mmol
mol ")) under treatment with metformin alone or in combi-
nation with other oral glucose-lowering medications.

Exclusion criteria were: (1) medical history of atherosclero-
tic cardiovascular disease or venous thromboembolism, (2)
current evidence of acute or chronic inflammatory or infective
disease, (3) liver disease, (4) malignancy, (5) dysregulation of
iron homeostasis (anemia or hereditary hemochromatosis), (6)
previous alcohol or substance abuse, and (7) introduction of
new pharmacological agents during the study period.

After a lead-in period of 2 weeks, in which consumption of
any alcoholic beverage was prohibited, subjects in both groups
started to drink 300 ml of red wine daily for 3 weeks. The daily
consumption amount had to be split between lunch and
dinner and taken with meals. Red wine used in this study was
produced from the Croatian autochthonous red cultivar Plavac
Mali (Vitis vinifera L.), Volarevic winery, vintage 2016. It con-
tained 14.6 vol% of ethanol, and total phenolic content was
2186 mg gallic acid equivalent (GAE) per L. Detailed infor-
mation on physicochemical properties of the wine and its phe-
nolic composition is available from our previous publication.'®

A total of 31 participants completed the study protocol: 18
subjects with type 2 diabetes and 13 apparently healthy
subjects.

This journal is © The Royal Society of Chemistry 2025
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Anthropometric assessments and blood sampling

At the end of the lead-in and intervention periods, partici-
pants’ weight, height, and body circumference were measured.
The body mass index (BMI) was calculated as the ratio of
weight and the square of height (kg m™?). Fasting blood
samples were taken early in the morning and, depending on
the type of laboratory parameter, were analyzed the same day
or stored at —80 °C for later analysis. Three types of vacutai-
ners were used: (1) one with K3EDTA, to determine the com-
plete blood count and HbAlc; (2) a container with fluoride/
EDTA, to estimate fasting plasma glucose concentration; and
(3) one with silica (clot activator)/gel, to separate serum
required for the analysis of liver and kidney function, inflam-
mation, and serum-based indicators of iron status (UIBC,
TIBC, iron, EPO, ERFE, hepcidin, ferritin, soluble transferrin
receptors) and glycemic control (fructosamine). Levels of
soluble transferrin receptors (sTfR) were measured using a
nephelometric method on a BN ProSpec analyzer (Siemens,
ProSpec, Erlangen, Germany). Serum hepcidin was quantified
by using a commercially available competitive ELISA kit
(Hepcidin 25 (bioactive) HS, DRG Instruments GmbH,
Germany). EPO and ERFE concentrations were measured using
commercially available ELISA tests: Quantikine® IVD® Human
Erythropoietin ELISA (R&D Systems Inc) and Intrinsic
Erythroferrone IETM ELISA (Intrinsic LifeSciences). Analyses
were performed according to the manufacturers’ instructions.

Statistical analysis

Depending on whether or not the distribution of values was
normal, the data were presented as a mean + standard deviation
(SD) or a median with 95% confidence interval (CI). The normal-
ity of distributions was checked by inspecting the Q-Q plots and
using the Shapiro-Wilk test. The within-group comparisons
before and after the intervention were performed using the
paired-samples ¢test or its nonparametric equivalent - the
Wilcoxon signed rank test. Between-group comparisons were
made using the two-sample ¢-test for independent samples or its
nonparametric equivalent - the Mann-Whitney test. The com-
parison of absolute parameter values between groups was per-
formed only for anthropometric measurements before the inter-
vention. All other between-group tests compared only the magni-
tude of response induced by the treatment. P-values less than
0.05 were considered statistically significant. The R program-
ming language for statistical computing version 4.2.1 was used
for statistical analyses and data visualization.

Results

Anthropometric data of all participants at the baseline before
the intervention are shown in Table 1. Subjects from the
healthy group were comparable with the subjects with type 2
diabetes with regard to age, weight, height, BMI value, waist,
and hip circumference. Table 2 shows basic biochemical data
of participants in both groups in relation to parameters of
hepatic and kidney function, the grade of inflammation and
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Table 1 Anthropometric data of apparently healthy individuals and participants with type 2 diabetes at the baseline

Parameter Healthy (n = 13) T2D (n = 18) P-value
Age [years] 50.5 + 5.9 54.6 + 6.2 0.075
Age at T2D onset [years] N/A 50.6 + 6.7 N/A
Weight [kg] 100.3 (84.7, 105.5) 98.5 (87.2, 107.0) 0.617
Height [em] 186.8 + 5.6 184.5 +10.1 0.427
Waist circumference [cm] 106.0 (95.8, 109.5) 107.0 (98.8, 112.4) 0.458
Hip circumference [cm] 108.0 5.6 105.0 £ 7.5 0.237
Upper arm circumference [cm] 35.2+2.9 32.2+3.4 0.015
Neck circumference [cm] 42.0 (40.3, 44.0) 38.5(37.0, 41.2) 0.051
BMI [kg m 2] 27.2+2.7 29.8 +4.1 0.062

Normally distributed variables are presented as mean + SD, whilst non-normally distributed variables are presented as median with 95% Cls.
The P-values show the significance of between-group tests. P-values less than 0.05 were considered statistically significant. Abbreviations: BMI,

body mass index; N/A, not applicable; T2D, type 2 diabetes.

Table 2 Biochemical data of apparently healthy individuals and participants with type 2 diabetes before and after the intervention

Healthy (n = 13) T2D (n=18)

Laboratory parameter Baseline After red wine P-value Baseline After red wine P-value
AST [IU L_l] 271+£7.1 24.8£5.6 0.324 22.1+49 22.4+5.2 0.740
ALT [1U LY 25.0 (19.5, 39.2) 24 (20.0, 38.0) 0.321 25.5 (16.4, 29.6) 22.5 (20.5, 35.5) 0.868
GGT[1U LT 28.0 (23.5, 43.7) 31 (26, 50) 0.074 25.5 (20.0, 32.2) 27.5 (24.0, 34.0) 0.486
Albumin [g L] 45.0 (45.0, 46.0) 45 (42.5, 45.0) 0.012 43.0 (41.4, 44.0) 42.0 (41.0, 43.5) 0.164
Total bilirubin [umol L™"] 13.8 + 4.0 14.6 * 6.7 0.441 12.4 * 4.6 12.0 + 4.6 0.559
Urates [pumol Lfl] 328.9+43.8 346 £ 38 0.078 359.6 + 81.2 352 £ 56 0.543
hsCRP [mg L] 1.3 (0.7, 1.9) 1.2 (0.7, 2.8) 0.129 1.5 (0.8, 2.9) 1.3 (0.9, 2.5) 0.918
Urea [mmol Lfl] 58+1.1 5.7+1.4 0.250 6.2 +1.6 6.1+1.3 0.84
Creatinine [umol L™"] 78.5 + 8.1 83 +13 0.051 83.5+9.2 80 + 12 0.72
Fasting glucose [mmol L™] 5.3+0.4 5.7+0.4 0.115 7.5+1.4 73+14 0.294

Normally distributed variables are presented as mean + SD, whilst non-normally distributed variables are presented as median with 95% Cls.
The P-values show the significance of within-group tests. P-values less than 0.05 were considered statistically significant. Abbreviations: AST,
aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; hsCRP, high-sensitivity C-reactive protein; T2D,
type 2 diabetes. One participant from the healthy group was excluded from the albumin analysis and two were excluded from the total bilirubin

analysis due to lacking data for the 2nd measurement.

glucose levels at the baseline and after the wine intervention.
All parameters in both groups (except fasting glucose levels in
participants from the T2D group) were within the reference
range at the baseline and remained normal and basically
unchanged after the intervention.

Hematological and biochemical markers of the iron status
in the diabetic and healthy groups, at the baseline and post-
intervention, are presented in Table 3.

After 3 weeks of red wine consumption, a significant
decrease in hepcidin levels was observed within both groups.
It was accompanied by a significant increase in EPO levels in
both groups while the increase in ERFE levels reached statisti-
cal significance only in the T2D group (Fig. 1 and Table 3).
The magnitude of change in EPO, ERFE and hepcidin levels as
a response to the intervention with wine did not differ
between the groups (Fig. 1).

Changes in EPO, ERFE and hepcidin levels were not
accompanied by changes in serum iron and other standard Fe-
related parameters, which remained largely unaffected after
the intervention with wine consumption (Table 3).

However, after red wine consumption, two significant
increases were observed: of the red cell distribution width

1866 | Food Funct, 2025, 16, 1864-1871

(RDW) in both study groups; and of the reticulocyte count in
the T2D group (Table 3). The reticulocyte count in the healthy
group was not measured.

Discussion

Although hepcidin is implicated in multiple biological func-
tions and its kinetics can be influenced by different (patho)
physiological conditions, our results imply that the decrease in
serum levels of hepcidin following consumption of red wine
for 3 weeks might be the result of an activation of the erythro-
poietin—erythroferrone-hepcidin erythropoietic pathway in
both apparently healthy individuals and in patients with type
2 diabetes. To our knowledge, this paper is the first to describe
the effect of red wine consumption on the erythropoietin-ery-
throferrone-hepcidin pathway in humans.

Despite the fact that full understanding of all mecha-
nisms involved in regulation of this erythropoietic pathway is
lacking, it is generally recognized that the main iron-regulat-
ory hormone hepcidin is suppressed by ERFE, a hormone
synthesized and secreted by erythroid precursors in the bone

This journal is © The Royal Society of Chemistry 2025
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Table 3 Laboratory indicators of the iron status and hematological parameters in apparently healthy individuals and in participants with type 2 dia-

betes before and after the intervention

Healthy (n = 13) T2D (n=18)
Laboratory parameter Baseline After red wine P-value Baseline After red wine P-value
RBC [x 10"* L] 5.2 +0.5 5.1+ 0.4 0.077 5.0 + 0.3 4.9+0.3 0.888
Hematoerit [L L™ 0.45 + 0.039 0.45 + 0.034 0.388 0.44 +0.019 0.44 + 0.021 0.749
Hemoglobin [g L™ 154.2 £ 12.6 153.0 + 10.6 0.348 1514+ 6.2 151.5 £ 6.5 0.969
Reticulocytes [x 10° L™] — 60 + 16 70 £15 0.005
RDW [%)] 13.0+ 0.5 13.2£0.5 0.013 13.5 + 0.4 13.6 £ 0.5 0.033
MCH [pg] 29.6 + 1.0 29.9 + 1.0 0.047 30.7 + 1.3 30.7+ 1.4 0.709
MCHC [g L™ 337.5+7.3 339.5+ 8.8 0.261 341.4 5.5 342.7+ 6.8 0.349
MCV [fL] 87.1(84.9-90.1) 87.2 (85.2-91.5) 0.675 89.8 + 3.6 89.6 + 3.5 0.495
Serum iron [pmol L™ 21.8+7.1 19.6 + 6.9 0.328 15.0 (13.8-18.7) 16.4 (14.6-20.9) 0.177
TIBC [pmol L™ 54.2+9.3 53.8 +12.1 0.767 57.8+7.2 58.2+7.6 0.434
UIBC [pumol L] 31.6 £11.6 34.2+11.4 0.109 39.4 (37.5-45.5) 41.6 (36.8-46.5) 0.453
Transferrin saturation [%] 40.6 +12.9 37.0+11.3 0.307 26.7 (22.6-29.9) 29.3 (24.5-32.7) 0.265
STfR [mg L] 1.20 +0.22 1.24 +0.25 0.734 1.05 + 0.17 1.04 + 0.20 0.830
Ferritin [ng mL™"] 173.0 (126.4-259.8) 118.0 (90.5-232.6) 0.017 209.5 + 141.5 198.8 + 139.4 0.215
Erythropoietin [mlU ml™"] 10.6 (7.7, 12.1) 12.5 (10.2, 14.1) 0.001 7.6 (6.4,9.4) 8.9 (8.4,11.1) 0.024
Erythroferone [ng ml™"] 0.11+0.14 0.17 +0.19 0.270 0.044 + 0.075 0.12 +0.12 0.028
Hepcidin [ng mL™"] 30.0 £17.3 21.0 +12.1 0.045 17.9 (11.9-25.2) 13.2 (8.2-18.3) 0.001

Normally distributed variables are presented as mean + SD, whilst non-normally distributed variables are presented as median with 95% Cls.
The P-values show the significance of within-group tests. P-values less than 0.05 were considered statistically significant. Abbreviations: MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RDW, red cell
distribution width; RBC, red blood cell; sTfR, soluble transferrin receptor; TIBC, total iron-binding capacity; T2D, type 2 diabetes; UIBC,
unsaturated iron-binding capacity. In the healthy group one participant had undetectable levels of sTfR, and was thus excluded from the
analysis, and for another values of erythropoietin and erythroferrone at the baseline were missing due to a deficient sample.

marrow in response to EPO. The result of hepcidin inhibition
is  enhanced iron  mobilization and  sustained
erythropoiesis.'®'® Our results are in accordance with the
described mechanisms. After the intervention with wine con-
sumption, EPO and ERFE increased and hepcidin decreased
in both groups (Fig. 1 and Table 3). In the healthy group,
however, the increase in the ERFE level did not reach statisti-
cal significance as the small size of the group could not com-
pensate for the wider distribution of ERFE values observed
in the healthy participants.

As an indicator of erythropoietic response to the acti-
vation of the EPO-ERFE-hepcidin pathway following wine-
drinking intervention, we observed a significant increase in
the reticulocyte count in the T2D group (Table 3). The base-
line value of the absolute reticulocyte count in the T2D
group was within the reference interval that typically ranges
from 50 to 100 x 10° L™" (ref. 20). An interesting finding in
that regard is also an increase in the red cell distribution
width (RDW) that occurred in both study groups after the
intervention (Table 3). The RDW is a calculated erythrocyte
parameter reflecting the degree of heterogeneity of red
blood cell volumes in the blood sample. As such it can be
considered a marker of altered erythrocyte biology associ-
ated with various (para)physiological and pathological chal-
lenges.”" Among these and in the context of our results, it is
worth noting that an increase in RDW was associated with
erythropoietic activity induced by exogenous EPO in healthy
volunteers,>> while in some pathological conditions, such
as coronary artery disease, RDW was significantly related to
endogenous EPO levels.?

This journal is © The Royal Society of Chemistry 2025

Changes in kinetics of EPO, ERFE and hepcidin indicative
of erythropoiesis activation were not reflected in changes of
the serum iron. Moreover, other standard laboratory indicators
of the iron status also remained mostly unchanged after the
intervention (Table 3). While the decrease in serum hepcidin
after the wine intervention did not result in changes of the
serum iron levels, we found that the mean levels of serum fer-
ritin decreased after red wine consumption in both groups,
with statistical significance reached only in the healthy group.
A possible explanation for this observation is that the decrease
in hepcidin levels leads to increased cellular iron export. This
in turn may be associated with decreased ferritin production
and lower circulating ferritin. Indeed, a linear relationship
between serum hepcidin and ferritin is well established.”* The
mobilized iron could be used at higher rates, likely because of
increased erythropoiesis. It might be that the described pro-
cesses take longer than 3 weeks to significantly influence the
iron status indicators. Nevertheless, the effects of red wine
consumption on the body iron indices are influenced by more
complex regulatory mechanisms that extend beyond the sole
effects of ethanol. Namely, red wine is a rich source of poly-
phenolic compounds that may inhibit absorption of dietary
iron through formation of chelates with iron in the gastrointes-
tinal tract, making the iron less available for absorption.>> In
addition to these direct inhibitory effects on iron absorption,
some phenolic compounds found in wine were shown to
induce hepcidin expression, thereby reducing systemic iron
levels'® and preventing ethanol-induced iron overload."”

Apart from being the main regulator of iron homeostasis,
hepcidin is a type II acute-phase protein and its synthesis is

Food Funct, 2025, 16, 1864-1871 | 1867
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Fig. 1 The effect of 3-weeks of moderate red wine consumption on erythropoietin, erythroferrone and hepcidin values in healthy individuals and in
participants with type 2 diabetes (T2D). The first two columns show the parameter values before (baseline) and after intervention (wine) for each
group. Gray lines connect the corresponding measurements for each individual. To facilitate the identification of overall trends, the colored lines
were overlaid on top of the individual measurements, denoting the mean value of measurements. The right-most column displays box-plots of
value changes induced by the intervention for both the groups. The n.s. (not significant) abbreviation denotes the P-values greater than 0.05, and
the * symbol the P-values lower than 0.05. Significance symbols placed under each box-plot represent the statistical significance of the intervention
effect within each group. The symbol above the horizontal gray line between the box-plots denotes the significance of the test comparing the mag-

nitude of response to the intervention between the two groups.

stimulated in inflammatory disorders.'®*® The potential influ-
ence of this mechanism on the changes in serum hepcidin
levels in our study is not likely. Namely, the levels of high-sen-
sitivity C-reactive protein remained low in both participant
groups indicating the absence of acute inflammatory processes
during the experimental period (Table 2).

Another pathogenic mechanism that may influence serum
hepcidin levels is chronic kidney disease, which may impair
renal clearance of hepcidin.>’ This mechanism can also be
excluded as an interfering factor with respect to the observed
results. Namely, urea and creatinine levels were in the refer-
ence range and did not change over the course of the interven-
tion period indicating stable kidney function of the
participants.

1868 | Food Funct, 2025, 16, 1864-1871

Complex relationships between wine phenolics, ethanol
and iron homeostasis are of particular importance for patients
with diseases in which the pathophysiology of iron plays a
role, such as T2D and genetic hemochromatosis.

Iron overload is a well-established risk factor for T2D, indi-
cating a potential role of hepcidin in its pathogenesis.”®
Indeed, conditions that are characterized by iron overload,
such as genetic hemochromatosis, are associated with
increased risk of T2D.* In hemochromatosis, absorption of
dietary iron is enhanced due to a decreased expression of hep-
cidin. So, red wine rich in polyphenols that may inhibit the
effects of alcohol on iron uptake may be a better choice in
hemochromatosis than alcoholic beverages with no or low
polyphenolic content.?’

This journal is © The Royal Society of Chemistry 2025
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In contrast to hemochromatosis that is a low-hepcidin con-
dition, T2D may also be associated with pathologies character-
ized by elevated hepcidin levels. It is hypothesized that high
hepcidin downregulates the cellular iron exporter ferroportin,
causing iron overload in cells and tissues with ferroprotein
expression.?®?*! Excess free iron is associated with an increased
level of oxidative stress, which is considered an important con-
tributor to the loss of insulin secretory capacity in diabetes.
Moreover, the risk of diabetes related to iron is evident in most
or all tissues that determine diabetes phenotypes.>®

In the described setting, it is possible that moderate con-
sumption of red wine may positively influence the mainten-
ance of iron homeostasis. This in turn could contribute to the
cardiometabolic benefits of the moderate consumption of red
wine in diabetic patients as has been described in numerous
epidemiological and interventional human studies.*”

Indeed, moderate consumption of red wine is an important
component of the Mediterranean diet,*® which is considered
one of the healthiest dietary patterns®* that has been proven
beneficial in preventing and controlling diet-related non-com-
municable diseases including cardiovascular diseases and type
2 diabetes.>

Taken together, the present study provides evidence of an
important biological effect of moderate red wine consumption.
It may enhance our understanding of the role of wine in con-
ditions that are associated with iron homeostasis and with the
biological effects of hepcidin in general. Due to objective limit-
ations, our study cannot offer far-reaching and definitive
answers. Limitations of our study include the small size of the
experimental groups and relatively short duration of interven-
tion and follow-up periods. Also, our study cannot offer infor-
mation on possible mechanisms of how constituents of red
wine might directly or indirectly influence synthesis and
release of each component of the erythropoietin-erythrofer-
rone-hepcidin pathway. Therefore, studies with a larger
number of subjects and a longer duration that will test a
greater number of outcomes related to iron homeostasis and
the biology of hepcidin are warranted.
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