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Abstract: Iron overload is often associated with type 2 diabetes (T2D), indicating that hepcidin,
the master regulator of iron homeostasis, might be involved in diabetes pathogenesis. Alcohol
consumption may also result in increased body iron stores. However, the moderate consumption
of wine with meals might be beneficial in T2D. This effect has been mainly attributed to both the
ethanol and the polyphenolic compounds in wine. Therefore, we examined the effects of red wine
on hepcidin in T2D patients and non-diabetic controls. The diabetic patients (1 = 18) and age- and
BMI-matched apparently healthy controls (1 = 13) were men, aged 40-65 years, non-smoking, with
BMI < 35 kg/m?. Following a 2-week alcohol-free period, both groups consumed 300 mL of red wine
for 3 weeks. The blood samples for the iron status analysis were taken at the end of each period. The
red wine intake resulted in a decrease in serum hepcidin in both the diabetic subjects (p = 0.045) and
controls (p = 0.001). The levels of serum ferritin also decreased after wine in both groups, reaching
statistical significance only in the control subjects (p = 0.017). No significant alterations in serum
iron, transferrin saturation, or soluble transferrin receptors were found. The suppression of hepcidin,
a crucial iron-regulatory hormone and acute-phase protein, in T2D patients and healthy controls, is
a novel biological effect of red wine. This may deepen our understanding of the mechanisms of the
cardiometabolic effects of wine in T2D.

Keywords: type 2 diabetes; red wine; alternative-complementary therapy; iron; hepcidin; serum ferritin

1. Introduction

Diabetes is a growing global health emergency, with a prevalence in the adult pop-
ulation estimated to be 10.5% in 2021 worldwide [1]. Evidence associating iron overload
with insulin resistance and type 2 diabetes mellitus (T2D) implies the potential role of
hepcidin, the iron-regulatory hormone, in the etiopathogenesis of T2D [2]. This 25-amino-
acid peptide is predominantly secreted by hepatocytes, in response to iron burden and
inflammation [3,4]. Hepcidin reduces iron bioavailability by triggering the internalization
and degradation of ferroportin, the only iron exporter identified so far [5]. When iron
efflux from absorptive enterocytes, macrophages, and hepatocytes is repressed, serum iron
levels are decreased and intracellular sequestration is enhanced [5,6]. Since iron is essential
for living but also potentially toxic, its amount is precisely regulated at both cellular and
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systemic levels [7]. DNA synthesis and repair, oxygen transport, and cellular respiration
are all vital processes demanding iron [8]. However, excess labile cell iron can catalyze
the generation of reactive oxygen species (ROS) via the Fenton reaction, causing oxidative
tissue damage [9,10]. If pancreatic islet 3-cells are affected, insulin secretion could be
impaired, and the risk of insulin resistance increased [11,12].

Hepcidin is classified as a type II acute-phase protein [3], with IL-6 being the most
dominant inducer of its production [13]. In various inflammatory states, hepcidin is
found to be elevated, with the potential to cause anemia or inflammation [6]. Type 2
diabetes is typically associated with chronic low-grade inflammation [14,15], and acute-
phase serum protein elevation [14,16]. However, the kinetics of hepcidin in patients with
type 2 diabetes remain unclear. Recently published meta-analyses and systematic reviews
found no difference [11,17] or only a slight increase in hepcidin in T2D patients compared
to controls [18]. However, these inconsistent findings could be partially explained by the
use of different and non-standardized assays, as well as a variable consideration of factors
that may influence hepcidin expression.

It has been indicated that different food ingredients, including alcohol [19-21], might
affect hepcidin expression and its levels in serum. On the other hand, the moderate
consumption of wine, an important component of the Mediterranean diet [22], has been
proven by both observational and interventional trials to reduce cardiometabolic risk and
the incidence of type 2 diabetes [23-27]. These beneficial effects have been attributed to
both ethanol and polyphenolic compounds [28], which are abundantly present in red wine.

The effect of red wine on serum hepcidin levels in humans is practically unknown.
Therefore, the aim of our study was to examine the effects of the moderate consump-
tion of red wine on hepcidin levels in patients with type 2 diabetes mellitus and their
non-diabetic controls.

2. Materials and Methods
2.1. Study Design

Recruitment of participants was conducted through the family medicine practices in
the city of Split (Croatia) and within the Department of Endocrinology at the University
Hospital of Split during their outpatient visit. Inclusion criteria for both control subjects
and patients with type 2 diabetes were the following: (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.

In addition, control subjects were matched for age and BMI with T2D subjects, in
good general health, as determined by screening medical history and clinical examination,
and with fasting plasma glucose < 6.9 mmol/L [29]. Diabetic subjects were eligible if they
had controlled glycemia (HbAlc value < 7.5% (58 mmol/mol)), received treatment with
metformin alone or in combination with other oral antidiabetics.

Both control and diabetic subjects were excluded in cases of: (1) atherosclerotic cardio-
vascular disease or venous thromboembolism in their medical history, (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 agent during the
study period.

After a drive-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 (Figure 1). This amount had to be split between lunch and dinner and consumed
during meals [30]. At the end of the drive-in period, the participants were provided with
9 standard wine bottles of 750 mL. The participants were instructed to maintain their eating
and lifestyle habits, including physical activity, during both the drive-in and intervention
period. A total of 31 participants completed the study protocol: 18 with type 2 diabetes
mellitus and 13 control subjects.
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Figure 1. CONSORT flow diagram showing the recruitment processes and study protocol.

2.2. Wine Intervention

Red wine was produced from the Croatian autochthonous red cultivar Plavac mali
(Vitis vinifera L.) at the Volarevi¢ winery, Croatia, 2016. Basic oenological parameters of the
used wine are shown in Table S1. Because the composition of phenolic compounds may
influence biological effects of wine [31], the results of the analysis of wine used in our study
are provided in Table S2.
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2.3. Anthropometric Assessments and Blood Sampling

At the end of the drive-in and intervention period, participants” weight, height, and
body circumferences were measured. Body mass index (BMI) was calculated as the ratio
of weight and the square of height (kg/m?). Fasting blood samples were obtained 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. In order to prevent the possible influence
of diurnal fluctuations in serum hepcidin level, blood collection time was standardized [32].
Three types of vacutainers were used: (1) with K3EDTA, to determine the complete blood
count and HbAlc, (2) with fluoride/EDTA, to estimate fasting plasma glucose concentra-
tion, and (3) with silica (clot activator)/gel, to separate serum required for the analysis of
liver function, inflammation, and serum-based indicators of iron status (UIBC, TIBC, iron,
hepcidin, ferritin, soluble transferrin receptors) and glycemic control (fructosamine). Levels
of soluble transferrin receptors (sTfR), which reflect the availability of functional iron, were
measured using a nephelometric method on a BN ProSpec analyzer (Siemens, ProSpec,
Erlangen, Germany). Serum hepcidin was quantified according to the manufacturers’
instructions in a commercially available competitive ELISA kit (Hepcidin 25 (bioactive) HS,
DRG Instruments GmbH, Marburg, Germany). All measurements were performed in the
Laboratory for Experimental Pharmacology at the University of Split School of Medicine
and the Department of Medical Laboratory Diagnostics at the University Hospital of Split.

2.4. Statistical Analysis

The data were presented as a mean + standard deviation (SD) or a median with
95% confidence interval (CI), depending on the data distribution; the normality of distribu-
tion was checked using the Shapiro—-Wilk test. The significance of differences was assessed
using the t-test for normally distributed data or the Mann—Whitney test for deviations
from normality. Welch’s correction was used if the assumption of homogeneity of variance
was violated. Pearson correlation coefficient was calculated to evaluate the relationship
between the BMI value and hepcidin level change. p-values less than 0.05 were considered
statistically significant. The R programming language for statistical computing version
4.0.2 was used for all statistical analyses.

2.5. Ethics Approval

This study complied with the Declaration of Helsinki and its amendments, and was
approved by the Ethics Committee of the University of Split School of Medicine, Croatia
(no. 2181-198-03-04-13-0042). All subjects gave written informed consent to the sample
collection, analysis, and use of the data for publication.

3. Results

General characteristics of all participants, along with glucose levels and metabolic
parameters related to liver function and the grade of inflammation at the baseline, are
shown in Table 1. The mean age of the participants was 52.8 £ 6.3 years, and there was
no significant difference between the groups (p = 0.075). Subjects with type 2 diabetes and
control subjects were also comparable regarding the weight, height, BMI value, waist, and
hip circumference.

As expected, T2D subjects showed higher fasting glucose levels in comparison to
controls (p < 0.0001). Average values of hepatic function parameters, including liver
enzymes, albumin, and total bilirubin, were within the reference range in both groups.
Similarly, the groups did not differ in hsCRP levels (p = 0.317, Table 1).

Hematological and biochemical markers of iron status in the diabetic and control
group, at the baseline and post-intervention, are presented in Table 2.

After 3 weeks of red wine consumption, a significant decrease in hepcidin levels
occurred within both groups (p = 0.045 and p = 0.001 for control and diabetic group,
respectively, Table 2, Figure 2). No significant linear relationship between BMI and hepcidin
change was observed (Pearson’s r = 0.382, p = 0.220 for C; r = 0.037, p = 0.883 for diabetic
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subjects). The decline in serum hepcidin was not mirrored in serum iron, since its levels
were not altered following the wine consumption within both groups (p = 0.328 and
p = 0.177 for control and diabetic group, respectively, Table 2). Furthermore, the other
standard Fe-related parameters remained largely unchanged after the intervention, except
for the ferritin in the control group.

Table 1. Anthropometrical and biochemical data of participants with type 2 diabetes mellitus and
control subjects at the baseline.

Parameter Control Group (n =13) TZ(E =Glr;))u P 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 (cm) 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
Circfrgfiireszzcm) 352429 322434 0.015
Neck circumference (cm) 42.0 (40.3-44.0) 38.5 (37.041.2) 0.051
BMI (kg/m?2) 272427 298 +4.1 0.062
Fasting glucose (mmol/L) 53+04 75+14 <0.0001
AST (IU/L) 2714+7.1 221 4+49 0.029
ALT (IU/L) 25.0 (19.5-39.2) 25.5 (16.4-29.6) 0.674
GGT (IU/L) 28.0 (23.543.7) 25.5 (20.0-32.2) 0.307
Albumin (g/L) 45.0 (45.0-46.0) * 43.0 (41.4-44.0) 0.002
Total bilirubin (umol /L) 138 +40t 124+ 46 0.388
Urates (umol/L) 3289 +43.8 359.6 + 81.2 0.188
hsCRP (mg/L) 1.3(0.7-1.9) 1.5 (0.8-2.9) 0.317

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; BMI, body mass index; GGT,
gamma-glutamyl transferase; hsCRP, high-sensitivity C-reactive protein; N/A, not applicable; T2D, type 2
diabetes. Normally distributed variables are presented as mean + SD, whilst non-normally distributed variables
are presented as median with 95% Cls. * One control participant was excluded from the albumin analysis due to
a lack of data for second measurement. + Two control participants were excluded from the total bilirubin analysis
due to a lack of data for second measurement.

Table 2. Laboratory indicators of the iron status of participants with type 2 diabetes mellitus and
control subjects and at pre- and post-intervention.

Control Group (1 =13) T2D Group (n =18)

Laboratory Parameter After After After After

Drive-In Red Wine p-Value Drive-In Red Wine p-Value

RBC (x10'2/L) 52+05 51+04 0.077 50+0.3 49403 0.888

Hematocrit (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) 1542 £12.6 153.0 £ 10.6 0.348 1514 +£ 6.2 1515+ 6.5 0.969

RDW (%) 13.0 £ 05 13.2£05 0.013 135+ 04 13.6 £ 0.5 0.033

MCH (pg) 29.6 £1.0 299 +1.0 0.047 307 +£1.3 307 £14 0.709

MCHC (g/L) 337.5+73 339.5 £+ 8.8 0.261 3414 £55 3427 £ 6.8 0.349
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Table 2. Cont.
Control Group (1 =13) T2D Group (n =18)
Laboratory Parameter After After Val After After Val
Drive-In Red Wine p-value Drive-In Red Wine p-vatue
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 (umol/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 (umol/L) 542 +9.3 53.8 +12.1 0.767 578 +£7.2 582+ 7.6 0.434
UIBC (umol/L) 31.6 +11.6 342+ 114 0.109 39.4 (37.5-45.5)  41.6 (36.8-46.5) 0.453
Transferrin saturation (%) * 40.6 =129 37.0+11.3 0.307 26.7 (22.6-29.9)  29.3 (24.5-32.7) 0.265
sTfR (mg/L) t 1.20 £0.22 1.24 +0.25 0.734 1.05 £ 0.17 1.04 £0.20 0.830
.. 173.0 118.0

Ferritin (ng/mL) (1264-259.8) (90.5-232.6) 0.017 209.5 + 141.5 198.8 +139.4 0.215
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

~ 60
E
I
£
= 40
S
o
&
2 20
0
600
E
2 400
=
8 200
0

Abbreviations: MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
MCYV, 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.
Normally distributed variables are presented as mean £ SD, whilst non-normally distributed variables are
presented as median with 95% Cls. * Transferrin saturation percentage calculated as 100 x serum iron/TIBC.
* One control participant had undetectable levels of sTfR, and was thus excluded from the analysis. ¥ One control
participant had undetectable levels of hepcidin, and was thus excluded from the analysis.

Comparison of value change

Control T2DM in response to treatment
n.s. 20
0
e -20
*
-40
100
n.s.
— 1
50
.ﬂ’:/cf——o
— 0
[ o \\.
%—“—.
%ﬁ% -
— 50
e * 1
=SS n.s. -100
Washout Wine Washout Wine Control T2DM

Figure 2. Value changes in hepcidin and ferritin in patients with type 2 diabetes and their age-
and BMI-matched controls after 3-week moderate consumption of red wine. The abbreviation n.s.
indicates p > 0.05, whilst symbols * and ** indicate p < 0.05 and p < 0.01, respectively.

Along with the decrease in hepcidin, a significant decrease in serum ferritin was
observed in the control subjects following the red wine intake (p = 0.017, Table 2, Figure 2).
It should be noted that the hepcidin and ferritin showed the same pattern of change in the
diabetic group as well, but in the diabetic patients, the ferritin values around the mean had
a wider spread, and statistical significance was not reached.
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Regarding the assessment of glycemic control in the diabetic subjects, neither fasting
glucose (7.5 £ 1.4 vs. 7.3 = 1.4 mmol/L, p = 0.294), nor HbAlc values (6.2 (5.9 to 6.7) vs. 6.4
(5.9 to 6.8) %, p = 0.322) were affected by the red wine intake. Moreover, the fructosamine
levels, which better reflected the average blood glucose concentration over the previous
3 weeks, remained similar before and after intervention (289.0 (270.8 to 294.8) vs. 286.0
(273.0 to 294.8) umol/L, p = 0.524). Glycemic control in the subjects with T2D was achieved
with different antidiabetic treatment approaches, which are presented in Table S3. There
was no statistical significance in the hepcidin changes in response to red wine consumption
between the diabetic patients taking metformin only and those who took metformin in
combination with other oral antidiabetics (p = 0.062, Figure 3).

Comparison of value change

Metformin Metformin + other in response to treatment
n.s.
= 60
> 5
— 40
B 1 -10
s) S
a —
% 20 :}, ;::.: -15
 ————
0 — 3 -20
Washout Wine Washout Wine Metformin Other

Figure 3. Value changes in hepcidin after 3-week moderate intake of red wine in the patients with
type 2 diabetes taking only metformin (# = 10) and those taking metformin with other oral antidiabetic
agents (n = 8). The abbreviation n.s. indicates p > 0.05.

4. Discussion

The key finding of our study is that a moderate consumption of red wine for 3 weeks is
associated with a decrease in serum hepcidin levels in both apparently healthy and in type
2 diabetic patients. To the best of our knowledge, this is the first study to assess the effect
of red wine consumption on hepcidin, the iron-regulatory hormone, in human subjects.

The effects of wine on iron status in general have been a matter of discussion.
A population-based study showed that there is a dose-response relationship between
the chronic daily intake of alcoholic beverages and body iron stores, as determined by
serum iron, ferritin, and transferrin saturation (TS) [33]. The decrease in hepcidin levels
demonstrated in our study is in line with the findings on the down-regulation of hepcidin
expression in in vitro and in vivo models of ethanol ingestion [34-36]. As hepcidin falls,
ferroportin-mediated iron transport is facilitated, resulting in an increased intestinal iron
absorption and iron export from the storage cells. It has been hypothesized that the ethanol-
mediated increase in intestinal iron uptake is responsible for elevated body iron indices [19].
However, the suppression of hepcidin levels observed in our study should not be attributed
only to the ethanol. Rather, it should be interpreted in the context of the complex chemical
composition of wine. Namely, wine phenolics have been shown to inhibit the absorption of
dietary iron in the duodenum, presumably due to their iron-chelating ability [37]. Other
regulatory pathways might be included as well. For example, the decreased expression of
duodenal ferroportin was found in rats treated with quercetin, a well-known flavonoid [38].
In a study with human volunteers, polyphenol-rich red wine, similar to the wine used
in our study, was 2- to 3-fold more potent at inhibiting iron absorption than white wine
with low polyphenolic content and water [39]. Furthermore, the study indicated that the
inhibitory effect on iron absorption could be enhanced if wine is taken with meals [39],
which was the method of consumption in our study. Polyphenols were found to form a less
soluble complex with iron in the presence of protein-digestion products [39,40]. However,
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the understanding of the mechanisms of interaction between wine phenolics, ethanol, and
iron homeostasis is still limited, and further studies are warranted. The impairment of
intestinal iron absorption because of flavonoids and the facilitated export from storage
cells due to hepcidin decrease could be an explanation for why changes in serum iron after
wine were not found in our study. The other possibility might be that 3 weeks of wine
consumption simply was not a sufficiently long period to result in potential changes in
iron stores.

Despite the expected release of iron into circulation due to hepcidin decreases [41],
we did not find an increase in transferrin saturation. Moreover, the TS in both groups was
markedly below 70%, the most frequently considered threshold after which non-transferrin-
bound iron (NTBI) could be detected [42]. This iron could induce ROS production and
may be implicated in different pathologies, such as vasculotoxicity and atherosclerosis [43].
Hence, the moderate consumption of wine might play a role in maintaining the balance of
hepcidin levels needed to prevent iron-induced oxidative stress.

A number of studies indicate that the health-promoting properties of wine in differ-
ent pathological conditions may include the reduction in inflammation [44-46]. When
interpreting the concomitant decrease in hepcidin and ferritin observed in our study, it
is important to mention that both are regarded as acute-phase proteins, whose levels can
rise due to various conditions. Some authors propose that ferritin arises in serum by
leaking from damaged cells during inflammation [47]. Serum ferritin can also be elevated
due to other pathophysiological components of T2D that are not directly related to iron
overload [48], such as insulin resistance [49] and metabolic syndrome [50,51]. In our study,
the mean levels of serum ferritin decreased after red wine consumption in both groups,
with statistical significance reached only in the controls. This was probably due to the fact
that the diabetic group was not large enough to compensate for the wider distribution of
the ferritin values observed in the participants with T2D. The parallel decrease in serum
hepcidin and ferritin described here is in accordance with other studies demonstrating
a linear relationship between serum hepcidin and ferritin [6,41]. The increased export
of iron may be associated with decreased ferritin production, which in turn results in
decreased circulating ferritin [52]. However, since there is increasing evidence that serum
ferritin is not an ideal indicator of body iron status, its serum levels should be cautiously
interpreted [48,53,54]. As indicated by the concentration of soluble transferrin receptors
(sTfR) [55], the cellular iron demands were unchanged in both groups following the red
wine intake. In contrast to ferritin, circulating sTfR is considered a biochemical marker of
iron status that is insensitive to inflammation [56].

It has been shown that obesity may also influence hepcidin levels [18,57,58]. There-
fore, the participants in our study were matched regarding their BMI values. Our results
indicated no correlation between BMI < 35 kg/m? and the hepcidin changes in either
the control or the diabetic group. This is in line with the study by Vuppalanchi et al.,
who showed that elevated hepcidin levels were primarily observed in subjects with
BMI > 35 kg/m? [59]. Antidiabetic therapy could also influence the interrelation be-
tween iron metabolism and glucose homeostasis [18]. In the studies evaluating hepcidin
levels in patients with T2D, information about their antidiabetic therapy is often insuffi-
cient [11,17,18]. It has been shown that metformin may suppress hepcidin production [60].
The potential influence of other oral antidiabetic agents on hepcidin levels is practically
unexplored. Because we found no difference in hepcidin level changes between the dia-
betic patients who took metformin alone and those who took metformin in combination
with other oral antidiabetics, it is suggestive that these drugs have no opposing effects on
hepcidin. The fact that the hepcidin serum levels were also similarly reduced in the non-
diabetic control subjects indicates that the hepcidin suppression was primarily mediated
by the moderate intake of red wine.
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5. Conclusions

In conclusion, our study provides experimental evidence of a novel biological effect
of moderate red wine consumption that is present in both patients with type 2 diabetes
and their apparently healthy controls. The understanding of the effects of red wine on
hepcidin, a crucial regulator of iron metabolism and acute-phase protein, may deepen
insights into and broaden the understanding of the mechanisms behind the cardiometabolic
benefits of the moderate consumption of wine, particularly in diabetic patients. To bring
required improvements in diabetes lifestyle guidelines another step closer, further studies
assessing the long-term intake of red wine on hepcidin and iron status in larger samples
are warranted.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/foods11131881/s1. Table S1: Physicochemical proper-
ties of red wine Plavac mali. Table S2: Monomeric and oligomeric tannins (mg/L) in Plavac mali.
Table S3: Antidiabetic pharmacotherapy used by 18 patients with type 2 diabetes mellitus who
completed the study.
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