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Abstract: Anemia is the main extra-gastrointestinal symptom in inflammatory bowel diseases (IBDs).
Interleukin-6 (IL-6) and other cytokines are secreted and act in the microenvironment of the small
intestine mucous membrane of IBD patients. Iron is essential for multiple cell functions and its
homeostasis is regulated by the hepcidin–ferroportin axis. Hepcidin (HEPC) is mainly produced by
the liver in response to iron needs but is also an acute phase protein. During inflammation, hepcidin
is upregulated by IL-6 and is responsible for iron compartmentalization within cells, in turn causing
anemia of inflammation. Tissues other than liver can produce hepcidin in response to inflammatory
stimuli, in order to decrease iron efflux at a local level, then acting in an autocrine–paracrine manner.
In IBDs and, in particular, in celiac disease (CeD), IL-6 might trigger the expression, upregulation
and secretion of hepcidin in the small intestine, reducing iron efflux and exacerbating defective
iron absorption. 7-Hydroxymatairesinol (7-HMR) belongs to the family of lignans, polyphenolic
compounds produced by plants, and has nutraceutical antioxidant, anti-inflammatory and estrogenic
properties. In this mini-review we revise the role of inflammation in IBDs and in particular in CeD,
focusing our attention on the close link among inflammation, anemia and iron metabolism. We also
briefly describe the anti-inflammatory and estrogenic activity of 7-HMR contained in foods that are
often consumed by CeD patients. Finally, considering that HEPC expression is regulated by iron
needs, inflammation and estrogens, we explored the hypothesis that 7-HMR consumption could
ameliorate anemia in CeD using Caco-2 cells as bowel model. Further studies are needed to verify the
regulation pathway through which 7-HMR may interfere with the local production of HEPC in bowel.

Keywords: 7-Hydroxymatairesinol; iron metabolism; anemia; hepcidin; inflammatory bowel diseases;
celiac disease

1. Introduction

The intestine has been defined as the most important lymphoid organ of the human body [1].
Indeed, the gut can suffer from different immune-mediated disorders like inflammatory bowel diseases
(IBDs), including Crohn’s disease and ulcerative colitis, primary eosinophilic gastrointestinal disorders
and celiac disease (CeD), which can alter both its structure and its functions. In addition to the
symptoms related to the gastrointestinal tract, extra-intestinal manifestations often occur in these
disorders that complicate the whole clinical picture. Anemia is the most frequent extra-intestine
clinical manifestation and contributes to worsening the quality of life of the patients affected by these
pathologies [2]. Patients affected by CeD, one the main immune-mediated gastrointestinal disorders,
present a high prevalence of anemia, ranging from 12% to 69% [3]. Further, anemia may be the only
clinical sign of the disease. Anemia in CeD is mainly caused by malabsorption and iron deficiency,
with the contribution of other micronutrient deficiencies, such as folate or vitamin B12 shortages [3].
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2. Celiac Disease and Inflammation

In this mini-review we revise the role of inflammation, particularly in CeD, focusing our attention
on the close relationships between inflammation, anemia and iron homeostasis. We also briefly describe
the anti-inflammatory and estrogen activity of lignans, polyphenolic compounds, contained in fiber-rich
foods, often consumed by CeD patients and widely considered as nutraceuticals. We finally provide
preliminary evidence that lignans could ameliorate inflammation and anemia in CeD, showing that
lignans could inhibit the local expression of Interleukin-6 (IL-6) and hepcidin, the main regulator of
iron homeostasis.

CeD is a permanent sensitivity to gluten that results in a disorder of the small intestine with
the involvement of other organs. This disorder derives from the interaction between environmental
and genetic factors. The genetic predisposition is linked to the HLA class II haplotype DQ2 or DQ8.
HLA DQ proteins are constituted of two subunits, DQ2 and DQ8 receptor isoforms, that bind gliadin
peptides with higher affinity than other types. HLA-DQA1 and HLA-DQB1 genes encode for these two
subunits and are located on chromosome 6. Among the DQ2 haplotypes, two haplotypes are mainly
linked with CeD. Haplotype DQ2.5 characterizes about 95% of CeD patients. The protein specified by
α5 and β2 subunits is encoded by the two alleles DQA1*0501 and DQB1*0201. A small number of CeD
patients carry the haplotype DQ2.2, encoded by the gene alleles DQA1*0201 and DQB1*0202. Almost
all the remaining CeD patients are characterized by DQ8 haplotypes encoded by the alleles DQA1*03
and DQB1*0302 [4]. Genome-wide association studies (GWAS) have associated 39 genes with CeD
heritability, but additional studies are needed to verify its clinical usefulness [5].

Upon ingestion of gluten, the glutamine and proline-rich proteins, gliadin and other prolamins of
gluten, are partially digested by gastrointestinal enzymes. In the intestinal mucosa, they are bound and
modified by the enzyme transglutaminase 2 (TG2) and may activate the immune innate and adaptive
responses. The activated immune system can cross-react against the small bowel tissue, causing
an inflammatory reaction that leads to crypt hyperplasia and villous atrophy, thus interfering with
the absorption of several nutrients [6,7]. CeD is characterized by variable combinations of elevated
titers of celiac-specific autoantibodies, inflammatory enteropathy with various degrees of severity
and a wide range of gastrointestinal and extraintestinal symptoms [8,9]. The increase of different
autoantibodies has been associated with the worsening of villus atrophy, described by the use of the
Marsh classification [10]. The peptides reach the intestinal mucosa by abnormal transcellular and
paracellular transport. Recent studies have evidenced that gluten components, such as gliadin and
other prolamins, can bind the C-X-C motif chemokine receptor 3 (CXCR3), which can induce the
increase of intestinal zonulin and disassemble intercellular tight junctions of the intestinal mucosa,
thus altering gut paracellular permeability and substantially contributing to the pathogenesis of
CeD [11–13]. The transcellular transport of gliadin is induced by Interferon gamma (IFN-γ) and is
mediated by the Transferrin Receptor 1 (TFR1) that binds the secretory IgA-gliadin complexes. Indeed,
TFR1 is overexpressed in the apical pole of enterocytes in active CeD and allows the retrotranscytosis
of these complexes without lysosomal degradation. This mechanism allows the translocation of gliadin
peptides in the gut mucosa [14].

The binding of the gluten peptides on HLA-DQ2 and HLA-DQ8 proteins raises an innate
and adaptive immune response in CeD patients [15]. The presentation of the complex formed by
HLA isomers and undigested peptides by antigen-presenting cells (APC) to CD4+T cells located
in the lamina propria triggers the adaptive immune response with the production of IFN-γ and
other pro-inflammatory cytokines [16]. These cytokines trigger T helper-1 response with production
of interleukin-15 (IL-15) and interleukin-21 (IL-21) and consequent activation of cytotoxic CD8+

intraepithelial lymphocytes. These cells contribute to intestinal damage and inflammation [17]. IL-15
and IL-21 stimulate T-helper 2 cells that are responsible for the differentiation of B-lymphocytes, which
produce anti-TG2 and anti-gliadin antibodies characteristic of active CeD [16,18]. Under the influence
of IL-15, epithelial cells express the surface glycoproteins MHC class I polypeptide-related sequence
A (MICA) and MHC class I polypeptide-related sequence B (MICB) produced by stress-activated
genes. These glycoproteins are recognized by the receptors NKG2D and CD9/NKG2A of intraepithelial
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natural killer T-lymphocytes, which induce apoptotic death of enterocytes [19]. A common feature
of CeD and many organ-specific autoimmune diseases is the central role of T and B cells in causing
tissue destruction [6]. CeD is characterized by a strong and pathogenic response of CD4+ T-cells
against deaminated gluten peptides and at the same time a B-cell mediated response against the same
peptides and the self-protein TG2 [20]. The production of autoantibodies against the complex gluten
peptides and TG2-gluten by B-cells corresponds to the clinical onset of the disease. Recent evidence
suggests that B-cells may further contribute as antigen-presenting cells that can activate the pathogenic
gluten-specific T cells, thus initiating autoimmune conditions [21]. The increase of gliadin-specific
CD4+ T cells, in addition to the secretion of proinflammatory cytokines such as IFN-γ and interleukin
21 (IL-21), could contribute to promoting the triggering of intraepithelial lymphocytes (IELs) [22,23].
IELs are mainly composed of several types of T-cells CD3+ and CD8+T lymphocytes and, fewer
in number, CD4+T lymphocytes [24]. The production of cytokines is a fundamental trigger for the
inflammation of the gut mucosa and various mechanisms of production and different immune cell
contributions are described in the literature.

T-cell recognition of gluten antigens is a critical step and the subset of pro-inflammatory T helper
cells involved in the immune response of small intestinal mucosa (Th17 subset) is characterized by the
production of interleukin 17 (IL-17). The increase of interleukin 1 beta (IL-1β), interleukin 6 (IL-6) and
IL-17 has been reported in biopsy specimens from patients with untreated CeD [25].

Monocytes and dendritic cells have also been considered as implicated in CeD. These cells are
unique in that they can directly react to gluten as well as support inflammatory T helper cells that are
gluten-responsive. When dendritic cells are cultured with gliadin fragments derived from proteolytic
digestion, they produce the inflammatory cytokines IL-6, interleukin 8 (IL-8) and tumor necrosis
factor alpha (TNFα) [26]. When exposed to interleukin 15 (IL-15) and proteolytic fragments of gliadin,
monocytes can also activate an adaptive immune response to wheat by producing IL-1β, IL-6, IL-15,
interleukin 23 (IL-23), TNFα and chemokine (C-C motif) ligand 20 (CCL20). Furthermore, the exposure
to gliadin induces the Th17 response mentioned above and a Th1 response mediated by CD4+ T cells
and characterized by IFNγ production [27].

After the contact with gluten, monocytes are heavily involved in the alteration of the intestinal
mucosa barrier. In fact, they produce inflammatory cytokines and interact with epithelial cells [28–30].
Monocytes, coming from blood flow, infiltrate the lamina propria and differentiate into macrophages
that produce inflammatory cytokines, such as TNF-α and IL-8, after coming into contact with
gluten [31,32]. When monocytes, isolated from peripheral blood of CeD patients, are co-cultured with
intestinal epithelial cells, they show the ability to modify the cell layer, generating barrier functional
defects and tight junction alterations by means of cytokine production, mainly IL-6 and monocyte
chemoattractant protein 1 (MCP1) [33]. A study with intestinal biopsy cultures obtained from celiac
disease patients showed that regulatory T cells exist in the mucosa of untreated celiac disease patients,
but they are dysfunctional due to the overexpression of IL-15 derived from epithelial cells [34].

Gluten proteins can generate toxic peptides when digested by intestinal enzymes. In particular α
and γ gliadin produce the more toxic and immunogenic fragments. Among the peptides generated
by α2-gliadin digestion, two have been mainly studied: the 25-mer p31–55, that can generate smaller
fragments such as p31–43, and the 33-mer p-57–89 [5]. The p31–43 peptide can stimulate immune innate
responses in CeD and induces the expression of cell surface IL-15 in human intestinal epithelial Caco-2
cells, thereby stimulating the proliferation of T cells [35]. The induction of an epithelial pro-inflammatory
phenotype may alter the first mucosal defense against ‘toxic’ agents, leading to a wide perturbation of
the regulatory mechanisms at the mucosal surface. The epithelial uptake of some toxic gliadin peptides,
in particular p31–43, induces an intracellular pro-oxidative environment, favoring the production of
autoantibodies specific for the endogenous enzyme TG2 and leading to an innate immune response.
Stimulation of Caco-2 cells with proteolytic fragments of gliadin induces the secretion of two key
pro-inflammatory cytokines, IL-6 and IL-8 [36]. The treatment with gastric-pancreatic enzymes and
further digestion by intestinal brush border enzymes of both the recombinant α2-gliadin and the
whole gliadin, extracted from a common wheat cultivar, have evidenced the generation of a new
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peptide, p31–55, that contains the encrypted sequence p31–43. Although the peptide p31–43 is a
consolidated tool to study the toxicity of gliadin derivatives, it is not produced and released by
enzymatic hydrolysis [37]. The permeability of the peptide p31–55 through the epithelial cell layer of
confluent Caco-2 cells has been demonstrated and it is increased in the presence of whole digested
gliadin extracts from a common wheat cultivar. These findings have evidenced that this peptide is
resistant to gastro-intestinal digestion and is permeable in the proposed in vitro model; therefore, it may
play a role in the activation of innate immunity [38]. The peptide p31–43 activates IFN-α, a molecule
implicated in the innate immune response, which works together with a viral ligand activating the
toll-like receptor 7 (TLR7) pathway by modifying endocytic trafficking. Therefore, there is evidence
that dietary peptides and viral infections together could potentiate innate immunity, by inducing the
autoimmune response in CeD [39] (Figure 1).
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Figure 1. (a) Schematic representation of the effects of gliadin peptides on gut mucosa and immune
cells. Gliadin peptides reach lamina propria, altering paracellular permeability by inducing zonulin
expression or through transcytosis of gliadin peptides-IgA complexes mediated by transferrin receptor 1
(TFR1). Gliadin peptides are deaminated by the enzyme transglutaminase 2 (TG2). The deaminated
peptides are presented bound to HLA-DQ2/DQ8 by APC to CD4+T cells and induce Th1 response,
activating IELs such as CD8+Tcells, and Th2 response, activating B cells that produce specific antibodies
against gliadin peptides and TG2. IL-15 stresses the epithelial cells to produce the surface glycoproteins
MICA and MICB, which are recognized by the receptors NKG2D and CD9/ NKG2A of NKT-lymphocyte
(NKT). When NKT receptors bind these molecules, they cause apoptotic death of the enterocytes. Figure
(b) shows different types of leukocytes and in particular monocytes, dendritic cells and CD4+Th17
cells, which produce cytokines that contribute to enhance gut inflammation.
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Considering that anemia is one of the most significant symptoms in CeD, it must be taken into
account that inflammation and iron metabolism are closely related. Pro-inflammatory cytokines such
as IL-6 and IL-1β can induce hepcidin expression with the consequent iron compartmentalization
and decrease of iron absorption [40]. This condition may determine iron-restricted erythropoiesis and
anemia of inflammation, worsening the effect of malabsorption.

3. Iron Homeostasis and Hepcidin

Iron is essential for multiple cell functions, but it can also be potentially deleterious because of its
ability to generate free oxygen radicals. Due to the lack of a mechanism that actively eliminates iron, in
mammals its systemic balance is maintained by controlling its intestinal absorption and continuous
cellular recycling. The daily losses of iron are small (1–2 mg in adults), representing about 0.1% of the
3–4 g of total body iron, and are due to epithelial exfoliation. To maintain iron balance, its losses must
be replaced by food intake. Most iron in the body is contained in red cell hemoglobin. In fact, the iron
content of blood is 0.5 mg per milliliter, reaching about 2–3 g in total. In the human body, the need to
generate 200 billion erythrocytes per day requires 20 mg of iron that mainly comes from hemocatherisis
sites in bone marrow [41]. When the iron level decreases in the blood, its absorption is increased by
intestinal enterocytes through transporters of the luminal side. These cells increase the expression of
the channel transporter divalent metal transporter 1 (DMT1) and of the ferrireductase protein duodenal
membrane associated cytochrome B (DcytB). DcytB reduces the food iron from Fe3+ to Fe2+, that is
soluble and can enter the enterocytes by means of DMT1 [42]. Iron complexed in the heme group
is absorbed by means of a dedicated transporter that is however not yet identified. Iron, entered
in the enterocyte cytoplasm, forms the labile iron pool (LIP), transiently complexed with chaperone
molecules and reaches the basolateral membrane to be released in the blood circulation. This egress
from the enterocytes is mediated by ferroportin, (FPN also named SCL40A1), the only known iron
exporter. Iron is then oxidized to Fe3+ by the copper-containing enzyme hephaestin (HEPH), bound
to and transported by transferrin (TF) circulating in the blood, made available for cellular needs and
recycled in few hours. The continuous recycle moves about 20 mg/day of iron bonded to transferrin
mainly from sites of hemocathereris to sites of erythropoiesis. This transport is relatively fast and
occurs within hours. Therefore, the mean of the iron that transits in blood is about 2–3 mg. About 1 g
iron is primarily stored in hepatocytes and liver and spleen macrophages. Stored amounts are lower
in women during reproductive age, in part due to blood losses from menstruation and parturition.
In hepatocytes and macrophages, iron is stored in cytoplasmic ferritin (FT), the iron storage protein
described below, and is readily mobilized during high iron demand [41,43].

TF is a glycoprotein with two iron binding sites. TF binds iron in its oxidized form, preventing
iron-mediated free radical formation and is about 30% saturated in normal conditions. The copper
enzyme ceruloplasmin (CP), circulating in the blood flow, can oxidize iron to help TF iron binding,
contributing to controlling oxidative stress. Iron bound to TF is the main source for the needs of all
cells and in particular for erythroid cell precursors. The complex Fe-TF binds TFR1 and is internalized
by endocytosis. The acidic pH of early endosomes allows iron release, while TF remains linked to
TFR1. The complex TF-TFR1 returns to the cell surface, where it dissociates, enabling the release of
free TF in the blood flow. Inside the endosome, the reductase, six-transmembrane epithelial antigen of
prostate 3 (STEAP3) reduces iron to Fe2+, that is transported in the cytosol by DMT1, contributing to
LIP formation [44]. The LIP can take different paths: storage, utilization or cell release. The majority of
LIP is used by mitochondria for Fe-S clusters and heme synthesis [45]. Like in enterocytes, the export
of iron is performed by FPN in all other cells. Iron that is not used or exported is stored within the
nanocage of FT, a cytoplasmic heteropolymeric protein constituted by 24 subunits. The heteropolymer
is composed of different ratios of the light chain ferritin (FTL) and heavy chain ferritin (FTH) and can
store up to 4500 iron atoms [46].

Two proteins named iron regulatory proteins (IRPs) control iron homeostasis of the cells. These
proteins, named IRP1 and IRP2, exercise their control in a post-transcriptional way, interacting with a
secondary stem loop structure, named iron responsive elements (IRE) and located in the untranslated
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regions (UTRs) of iron-related protein mRNAs. When iron concentration in the cell is low, IRPs bind
IRE; if iron increases, these proteins leave the IRE, IRP1 binds a Fe-S cluster and works as a cytoplasmic
aconitase, while IRP2 is degraded. IRP binding activity is high in iron deficiency and hypoxia states and
is suppressed by iron and oxygen increase. IRPs, using this mechanism, orchestrate the coordinated
expression of iron importers (TFR1 and DMT1), storage (FT) and export (FPN) proteins and very
quickly respond to changes in cellular iron concentrations [47].

Hepcidin (HEPC), a 25 amino acid peptide mainly produced by hepatocytes of the liver, is the
hormone that controls systemic iron metabolism. HEPC inhibits iron entry into the plasma compartment
through the three main sources of iron entry: dietary absorption by enterocytes in the duodenum, release
of recycled iron from macrophages and release of stored iron from hepatocytes [48]. HEPC inhibits
cellular iron efflux by directly binding to FPN, inducing its conformational change and triggering
the endocytosis of both molecules, with their consequent lysosomal degradation [49]. A different
mechanism has been evidenced in duodenal cells, where hepcidin binding of FPN determines the
decrease of iron transport without the internalization and degradation of the HEPC-FPN complex.
In these cells, the lowering of iron absorption is indeed due to the decrease of DMT1 expression rather
than a decrease of FPN [50–52].

HEPC synthesis by hepatocytes is transcriptionally regulated by iron, through the bone
morphogenetic protein (BMPs) signaling pathway that creates a feedback mechanism that prevents
iron overload [47,53]. Recent studies, mainly in animal models, have demonstrated the expression of
HEPC in tissues or cells other than liver and hepatocytes such as heart, kidney, macrophages, stomach,
adipose tissue, pancreas, brain, lung, placenta, retina, skin and bowel [54–57]. In all these districts, the
basal expression of HEPC is lower than that in the liver and it is thought to play a role in the local
regulation of iron homeostasis in an autocrine and paracrine manner [55–58].

It has been reported in the literature that estrogens can regulate HEPC expression. 17β-estradiol
(E2) downregulates hepcidin expression through an estrogen responsive element (ERE) half site in HuH7
and HepG2a cell lines used as cellular models of liver. This site is located upstream of the transcription
start site in the HEPC gene (HAMP) promoter between -2474 and -2462 [59]. Another ERE has been
found at−1244 to−1232, able to induce decrease of HAMP transcription in the hepatocarcinoma cell line
SMMC-7721 [60]. Estrogens are reported to change iron metabolism, downregulating hepcidin also in
MCF7 cells [61]. The same effect has been found in patients during in vitro fertilization with endogenous
estrogens at high levels when compared with suppressed patients using a gonadotropin releasing
hormone agonist buserelin [62]. This and other evidence suggests the existence of an iron–estrogen
axis that protects premenopausal women from iron deficiency and that could be dysregulated in some
diseases [63].

During inflammation, the HAMP is upregulated by IL-6, IL-1β and other cytokines as well
as by lipopolysaccharide (LPS) through the Janus kinase 2 (JAK2)/signal transducer and activator
of transcription 3 (STAT3) signaling pathway [64]. This molecular mechanism increases HAMP
transcription and HEPC blood concentrations during infections and systemic inflammatory diseases.
The rise of HEPC causes hypoferremia that develops very rapidly during infections or inflammatory
diseases. Although the efficacy of this mechanism in host defense against specific microbes is not
fully demonstrated, the most likely hypothesis is that this response could limit the growth of
iron-dependent extracellular microbes [40]. As for other defense responses against pathogens, there
is a price to be paid. Inflammation determines iron sequestration and hypoferremia through blood
HEPC increase. This condition limits the availability of iron needed to produce erythrocytes, and
causes the onset of anemia of inflammation (also known as anemia of chronic disease) [43,65]
(Figure 2). Chronic inflammatory disorders including infections, rheumatologic disorders and IBDs
are indeed associated with hypoferremia and anemia. This type of anemia is mild or moderate, mainly
normocytic and resistant to iron therapy, but sometimes it may manifest as hypochromic and microcytic
anemia [65]. Several studies in the literature show blood HEPC increases in patients affected by these
disorders [65,66].
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Figure 2. In physiological conditions, DcytB reduces the intestinal iron from Fe3+ to Fe2+ that can enter
the enterocytes by means of DMT1. Iron, complexed in the heme group, is absorbed through an as
yet unknown transporter. Iron enters in the enterocyte and constitutes the labile iron pool (LIP) that
reaches the basolateral membrane to be released in the blood circulation by ferroportin (FPN). Iron is
then oxidized to Fe3+ by hephestin (HEPH) and is bound and transported by transferrin (TF) circulating
in the blood to satisfy body need. Under inflammation, hepcidin (HEPC) expression is upregulated
through cytokines produced by IELs, such as interleukine-6 (IL-6) and interleukine-1beta (IL-1β).
In enterocytes, the expression of HEPC could play a role in local iron homeostasis regulation, in an
autocrine/paracrine manner. HEPC might induce FPN degradation or inactivation, decreasing iron
efflux. The consequent increase of cellular iron might determine the diminution of DMT1 expression to
decrease iron absorption. Therefore, this mechanism, caused by local inflammation, might exacerbate
defective iron absorption due to reduced absorptive surface area in the intestine of patients presenting
with anemia.

The genetic background of CeD patients could influence iron metabolism and the ability to resolve
anemia after diagnosis and compliance with gluten free diet. Two of these modifier genes are HFE
(H= high FE = Fe, iron homestasis regulator) related with type 1 hemochromatosis [67] and TMPRSS6
(transmembrane serine protease 6) coding for the matriptase 2 and causative of iron refractory iron
deficiency anemia (IRIDA) [68]. The frequencies of the more common HFE mutations H63D and C282Y
have been studied in a cohort of Italian CeD patients, but no significant differences in comparison to
control subjects were found. Histological damages seem to be mainly responsible for alterations in
iron metabolism of these patients, but females carrying the C282Y variant seemed to recover from
anemia faster than other patients after a gluten free diet [69]. The TMPRSS6 A736V variant has been
found more frequently in CeD patients than in controls. However, when CeD patients on a gluten free
diet were stratified in affected or not affected by persistent iron deficiency anemia, no differences have
been found between the two cohorts [70]. The effects of the HFE mutations H63D and C282Y and of
the TMPRSS6 A736V variant were further studied in two cohorts of CeD patients with and without
persistent iron deficiency anemia after diagnosis and after being on a gluten free diet for one year. HFE
mutations showed a protective role against iron deficiency anemia, while the presence of the TMPRSS6
variant could help to predict oral iron response in anemic patients. The cohort of patients with iron
deficiency anemia had lower HEPC levels in the blood than the group without anemia. The level of
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HEPC is modulated by different genotypes and, in both cohorts of patients, decreased during the
follow up, likely for inflammation decrease. [71,72].

Numerous recent studies have focused their attention on the possibility of pharmacologically
modulating HEPC expression [65], with the intent to reduce anemia in chronic diseases. Among these
molecules, some natural compounds could be used as nutraceuticals [73–78].

4. 7-Hydroxymatairesinol

Lignans are polyphenolic chemicals produced as secondary metabolites in plants where they are
mostly found as aglycones, oligomers and glycosides. Their structure is determined by the union of
two cinnamic acid residues or by their biogenetic equivalents [79,80]. They occur in the whole plant
kingdom and can also be found in fiber-rich foods, typically regarded as healthy foods. Dietary lignans
are broadly available and particularly concentrated in oilseeds (especially in flaxseed and sesame),
in cereal grains (e.g., wheat and rye bran) and nuts, Brassica species, legumes, berries, and in many
plant-related beverages (tea, coffee, wine) [80,81]. Lignans are transformed, completely or in part, by
gut microbiota into the enterolignans enterodiol (END) and enterolactone (ENL). A high intake of
edible plants containing lignans has been demonstrated to reduce the incidence of certain chronic
diseases in human and animal models [80,82]. Sesame and flaxseed are lignan-rich foods which, in mice
fed a high-fat diet, improve weight, metabolic parameters, lipid profiles and restore the expression
level of TNFα down to the level found in mice fed a low-fat diet. These data showed an efficient
amelioration of diet-induced inflammation [83]. Other evidence indicates that plant lignans may be
potent anti-inflammatory agents as they show higher antioxidant activity than enterolignans [84].
Moreover, they have been reported to exhibit anti-inflammatory activity through the inhibition of
mitogen-activated protein kinases (MAPKs) phosphorylation [85].

7-Hydroxymatairesinol (7-HMR) is a plant lignan characterized by a structure of
dibenzylbutyrolactone derived from matairesinol. This lignan is contained in knots of Norway
spruce or European spruce trees (Picea Abies) and in different concentrations in edible plants [86,87].
Different methods have been developed in the last years to isolate pure 7-HMR from knots and today
this lignan can be purified on a Kg-scale [88].

Among plant foods, 7-HMR is present in oilseeds and cereals such as wheat, triticale and oat,
mainly in its bran fraction [86]. In particular, rye, millet, maize bran and amaranth are gluten free cereals
and are often components of bakery products normally consumed by CeD patients (Table 1). This lignan
is converted by intestinal microflora into its main metabolite ENL and other minor metabolites, like
END, allo-7-HMR and unmodified 7-HMR [89].

Table 1. Concentration of 7-Hydroxymatairesinol in common nutrient sources. The table presents the
concentration of 7-HMR (µg/100 g) in common foods. Gluten free foods are shown in italics.

Nutrient Sources 7-Hydroxymatairesinol (µg/100 g)

Amaranth 519
Barley bran 541
Buckwheat 142

Corn 407
Flaxseed 35
Millet 160

Oat bran 712
Quinoa 163

Rye Bran 1017
Sesame 7209

Wheat Bran 2787

7-HMR has anticancer, antioxidant, anti-inflammatory, immunomodulatory and estrogenic
properties. Anticancer and chemoprotective properties have been shown in various animal models.
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Uterine cancer and mammary tumor models were examined in rats [89,90], and intestinal tumor and
prostate cancer models were studied in mice [91,92]. 7-HMR antioxidant properties have been shown
in endothelial cells and various tumor models [85,89,93,94].

In Wistar rat animal model, high doses of 7-HMR such as 160, 640 and 2400 mg/kg were
administered to verify potential toxicity. All doses were well tolerated with an improvement of blood
lipid profile [95]. The toxicity was tested in the same model, also to evaluate prenatal development
of fetus. The doses administered with food were 0.14–0.18, 0.46–0.74, and 1.19–2.93 g/kg. The data
obtained from this study evidenced no effect on reproductive performance and no anomalies in the
fetus development [96]. In a different strain of Donryu rat as model of uterine carcinogenesis, 7-HMR
was administered in food at doses of 200 mg/kg and 600 mg/kg, obtaining a significant reduction
of incidence of this type of tumor [90]. In Sprague–Dawley rats affected by induced mammary
carcinoma, 7-HMR was administered via diet at daily dose of 4.7 mg/Kg. The results obtained in this
study were contradictory. In general, tumor volume and tumor growth decreased, the incidence of
well-differentiated adenocarcinoma decreased, while the poorly differentiated adenocarcinoma and
atrophic type increased [97]. To evaluate the potential to be a nutraceutical, 7-HMR was administered
in a clinical study to analyze healthy postmenopausal women. When introduced in food at dose of
72 mg/day, 7-HMR showed no toxicity and evidenced a significant improve of hot flash frequency [98].

There is evidence of significant anti-inflammatory effects of 7-HMR and its major stereoisomer,
7-hydroxymatairesinol 2 (7-HMR2), through the inhibition of the nuclear factor-kB (NF-kB) and the
extracellular signal regulated kinases (ERK) phosphorylation [94]. 7-HMR at a dose of 3 mg/kg has been
shown to improve weight and metabolism of fat and sugars in a study on male mice, used as a model of
metabolic syndrome, and these properties were confirmed in the 3T3-L1 cell line used as adipogenesis
model. Furthermore, this lignan showed anti-inflammatory effects, causing downregulation of TNFα
and IL-6 in the liver and in epididymal fat [99]. Recently, the anti-inflammatory effect of 7-HMR at
a dose of 10 mg/kg has been demonstrated in an animal model of Parkinson’s disease, where this
lignan has been shown to decrease the degeneration progression of striatal dopaminergic terminals
and to improve motor performance, probably by means of a estrogen receptor beta (ERβ) mediated
mechanism. In this model, a moderate decrease of mRNAs of pro-inflammatory mediators such as
inducible nitric oxide synthetase (iNOS) and TNFα, and an increase of mRNAs of anti-inflammatory
proteins such as transforming growth factor beta (TGFβ) and macrophage mannose receptor (CD206),
were found [100].

7-HMR has estrogenic activity and can be found in the phytoestrogen family. Its estrogenic activity
is slightly lower than estradiol (E2), showing effects in the nM–µM range. The estrogen receptor
antagonist tamoxifene significantly reduces 7-HMR estrogenic effect in competition experiments [101].

The intestine is the first and the natural target for the action of lignans, because they are usually
present in food and they can carry out all their antioxidant and anti-inflammatory potential during
the absorption in enterocytes. In order to verify the potential effect of 7-HMR on iron metabolism in
bowel cells, we used Caco-2 cell as a cellular model. Here we show preliminary results demonstrating
the effects of 7-HMR on HEPC expression in this cellular model and discuss 7-HMR potential as
nutraceutical against anemia related to CeD.

5. Experimental Results and Discussion

5.1. Anti-Inflammatory Effect of 7-HMR

Inflammation, determined by leucocytes that infiltrate bowel mucosa, plays a determinant role
in CeD and other bowel diseases. Ingestion of foods enriched with anti-inflammatory nutraceutical
molecules could ameliorate inflammation in these pathologies. Inflammation mediated by IL-6
production is strongly related to iron metabolism at two levels: a) IL-6, present in blood circulation,
upregulates HEPC production by the liver at the systemic level, regulating systemic iron distribution
and causing anemia of inflammation; b) the production of HEPC in tissues different from the liver
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has been shown as a consequence of local inflammatory stimuli [57]. In the second case, HEPC could
induce iron compartmentalization mainly confined in these districts.

In CeD, the inflammatory stimulation caused by toxic peptides of gliadin or by IL-6 produced
by immune cells might determine increased expression and secretion of HEPC in the small intestine
that might induce ferroportin degradation through an autocrine–paracrine mechanism. This might
determine the increase of cellular iron and the decrease of iron efflux. The block of iron export, caused
by local inflammation, might exacerbate defective iron absorption due to reduced absorptive surface
area in the intestine of patients presenting with anemia. 7-HMR could ameliorate this vicious circle by
its anti-inflammatory effect, improving the local inflammatory insult and consequently contributing to
ameliorate iron absorption.

To verify the anti-inflammatory effect of 7-HMR in an in vitro model of bowel, Caco-2 cells were
treated with IL-6 in the presence or absence of 7-HMR. The expression of HAMP mRNA after 24 h was
analyzed as reported in supplementary materials (Figure 3).
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Hepcidin mRNA expression was measured as fold induction by real time RT-PCR, compared to
untreated cells. The results, are expressed as mean ± SD of three experiments [102]. ** p value < 0.001.

7-HMR alone did not have significant effect on HAMP expression. HAMP mRNA was upregulated
(p value < 0.01) by IL-6 treatment, as expected, while co-treatment with 7-HMR downregulated its
expression, although without restoring basal levels of expression, at the dose and time studied.

These data confirm that Caco-2 cells can induce HAMP under inflammatory stimulation,
as previously reported [103,104], and that IL-6 significantly increases HAMP mRNA expression
in these cells. The same effect could occur in bowel mucosa as a consequence of local inflammatory
stimulation. HEPC local production could determine iron retention in enterocytes by means of
ferroportin degradation or decreased functionality, causing the decrease of iron release in blood
circulation, the reduction of TF saturation and ultimately iron deficiency anemia. Interestingly, 7-HMR
decreases HAMP mRNA expression, suggesting its ability to reduce IL-6 effect, possibly by means of its
anti-inflammatory effect. The decrease of HAMP mRNA expression could ameliorate iron absorption
in vivo, increasing sideremia and TF saturation, thus mitigating anemia caused by flattened mucosa
and consequent malabsorption [99].
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5.2. Effect on Hepcidin Promoter

After transfection, Caco-2 cells were treated with 50 ng/mL IL-6 in presence or in absence of
1µM 7-HMR for 24 h to simulate the effect of inflammation. 7-HMR could exert its anti-inflammatory
effect by inhibiting the activity of IL-6 at any point of the signal transduction pathway from activated
receptors to HAMP promoter. To verify if the decrease of HAMP expression was due to an action on
its promoter, Caco-2 cells were transiently transfected with pGL2-HAMP-LUC. This plasmid contains
the reporter gene luciferase under the control of the region comprised between the bases −2900 + 1 of
the HAMP 5′ flanking region [105].

7-HMR alone did not have a significant effect on HAMP promoter. We observed an increase
of the luciferase production by IL-6 treatment as expected, while 7-HMR significantly reduced this
upregulation (p value < 0.05, the methods are described in supplementary materials) (Figure 4).

Molecules 2020, 25, x FOR PEER REVIEW 11 of 17 

 
Figure 4. Caco-2 cells were transfected with pGL2-HAMP-LUC plasmid and treated with 50 ng/mL IL-6 in the 
presence or absence of 1 μM HMR. HAMP promoter activity was measured as Relative Luciferase Units (Firefly 
luciferase units, normalized with Renilla luciferase units), in comparison with untreated cells. The results are 
presented as mean + SD of three experimets. * p value < 0.05 

These data confirmed the functionality in Caco-2 cells of the STAT3 binding site regulatory sequence 
comprised between −72 and −64 in the HAMP promoter [64,106] and targeted by the IL-6 pathway. 7-HMR 
decreased the effect of IL-6 on the reporter gene expression in transfected cells, but the mechanism of this 
inhibition remains to be clarified. 7-HMR could interfere with the IL-6 induced pathway in any phase of the 
signal transduction. Recently, we showed the anti-inflammatory effect of 7-HMR through the downregulation 
of IL-6 mRNA level in epidydimal fat and liver of C57BJ/6 mice on a high-fat diet [99]. The results presented 
here showed the effect of 7-HMR on the HAMP promoter, which was able to counteract the upregulation of 
IL-6.  

It has been reported that estrogen decreases HAMP expression through the ERE half site located between 
−2474 and −2462 [59] and/or through a second ERE found at −1244 to −1232 of HAMP promoter [60]. These 
regions are comprised in the promoter region cloned in the pGL2-HAMP-LUC plasmid. It has been reported 
that 7-HMR could exert estrogenic activity by means of estrogen receptor pathways with the same mechanism 
used by E2 [101]. Therefore, it is tempting to speculate that 7-HMR could be able to counteract the IL-6 HAMP 
upregulation through its inhibitory estrogenic activity. Alternatively, 7-HMR could both reduce expression of 
IL-6, as shown in an animal model [99], and attenuate the inflammatory effect of IL-6 by acting as an estrogen-
like molecule through an effect that target HAMP promoter. 

The here reported observations are only preliminary data and more definitive data could be obtained 
through more detailed dose response and time course studies. The effects of IL-6 and 7-HMR and their 
combination on other iron-related proteins, such as ferroportin, DMT1, FT and TFR1 in Caco-2 cells, could add 
important information about iron metabolism in Caco-2 cells as a model of gut. However, considering that 
HEPC is the master regulator of iron metabolism, the possibility that 7-HMR could downregulate IL-6 effects 
on HAMP promoter is of importance. This observation allows us to speculate that lignans intake (in particular 
7-HMR) by patients affected by CeD or other bowel diseases could help to ameliorate iron absorption by 
limiting the effects of local inflammation, both by anti-inflammatory and estrogenic activity. 

In conclusion, immune cells infiltrate the intestinal mucosa producing inflammatory cytokines such as 
IL-6, TNF-α and IL-1β in CeD and other IBDs. These inflammatory cytokines could increase local HEPC 
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IL-6 in the presence or absence of 1 µM HMR. HAMP promoter activity was measured as Relative
Luciferase Units (Firefly luciferase units, normalized with Renilla luciferase units), in comparison with
untreated cells. The results are presented as mean ± SD of three experimets. * p value < 0.05

These data confirmed the functionality in Caco-2 cells of the STAT3 binding site regulatory
sequence comprised between −72 and −64 in the HAMP promoter [64,106] and targeted by the IL-6
pathway. 7-HMR decreased the effect of IL-6 on the reporter gene expression in transfected cells, but
the mechanism of this inhibition remains to be clarified. 7-HMR could interfere with the IL-6 induced
pathway in any phase of the signal transduction. Recently, we showed the anti-inflammatory effect of
7-HMR through the downregulation of IL-6 mRNA level in epidydimal fat and liver of C57BJ/6 mice
on a high-fat diet [99]. The results presented here showed the effect of 7-HMR on the HAMP promoter,
which was able to counteract the upregulation of IL-6.

It has been reported that estrogen decreases HAMP expression through the ERE half site located
between −2474 and −2462 [59] and/or through a second ERE found at −1244 to −1232 of HAMP
promoter [60]. These regions are comprised in the promoter region cloned in the pGL2-HAMP-LUC
plasmid. It has been reported that 7-HMR could exert estrogenic activity by means of estrogen receptor
pathways with the same mechanism used by E2 [101]. Therefore, it is tempting to speculate that
7-HMR could be able to counteract the IL-6 HAMP upregulation through its inhibitory estrogenic
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activity. Alternatively, 7-HMR could both reduce expression of IL-6, as shown in an animal model [99],
and attenuate the inflammatory effect of IL-6 by acting as an estrogen-like molecule through an effect
that target HAMP promoter.

The here reported observations are only preliminary data and more definitive data could be
obtained through more detailed dose response and time course studies. The effects of IL-6 and 7-HMR
and their combination on other iron-related proteins, such as ferroportin, DMT1, FT and TFR1 in
Caco-2 cells, could add important information about iron metabolism in Caco-2 cells as a model of
gut. However, considering that HEPC is the master regulator of iron metabolism, the possibility that
7-HMR could downregulate IL-6 effects on HAMP promoter is of importance. This observation allows
us to speculate that lignans intake (in particular 7-HMR) by patients affected by CeD or other bowel
diseases could help to ameliorate iron absorption by limiting the effects of local inflammation, both by
anti-inflammatory and estrogenic activity.

In conclusion, immune cells infiltrate the intestinal mucosa producing inflammatory cytokines
such as IL-6, TNF-α and IL-1β in CeD and other IBDs. These inflammatory cytokines could increase
local HEPC expression, decreasing iron absorption and worsening patients’ anemia. Our preliminary
study shows that the lignan 7-HMR significantly decreased IL-6-induced hepcidin mRNA expression
in Caco-2 cells. Furthermore, 7-HMR was effective in decreasing the transcription of HAMP gene in
the presence of IL-6. Although this evidence needs further studies, it confirms that 7-HMR is a lignan
characterized by very effective nutraceutical properties.

Supplementary Materials: Material and Methods are explained in supplementary materials.

Author Contributions: Conceptualization, I.Z. and G.B.; Methodology, G.P. and G.B.; Writing-Original Draft
Preparation, I.Z. and G.B.; Writing-Review & Editing, I.Z., G.P., D.D.L. and G.B. All authors have read and agreed
to the published version of the manuscript.

Funding: The work was partially funded by the “ex 60%” Research fund of the University of Brescia.

Acknowledgments: The authors thank God for enabling them to work for people who are ill. The authors
especially thank ssa Clara Camaschella, Laura Silverstri who kindly provided and consented to the use of
pGL2-HAMP-Luciferase Plasmid.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. MacDonald, T.T. The gut is still the biggest lymphoid organ in the body. Mucosal Immunol. 2008, 1, 246–247.
2. Bergamaschi, G.; Di Sabatino, A.; Corazza, G.R. Pathogenesis, diagnosis and treatment of anaemia in

immune-mediated gastrointestinal disorders. Br. J. Haematol. 2018, 182, 319–329. [CrossRef] [PubMed]
3. Martín-Masot, R.; Nestares, M.T.; Diaz-Castro, J.; López-Aliaga, I.; Alférez, M.J.M.; Moreno-Fernandez, J.;

Maldonado, J. Multifactorial Etiology of Anemia in Celiac Disease and Effect of Gluten-Free Diet:
A Comprehensive Review. Nutrients 2019, 11, 2557. [CrossRef]

4. Sollid, L.M.; Lie, B.A. Celiac disease genetics: Current concepts and practical applications. Clin Gastroenterol.
Hepatol. 2005, 3, 843–851. [CrossRef]

5. Dubois, P.C.; Trynka, G.; Franke, L.; Hunt, K.A.; Romanos, J.; Curtotti, A.; Zhernakova, A.; Heap, G.A.;
Adány, R.; Aromaa, A.; et al. Multiple common variants for celiac disease influencing immune gene
expression. Nat. Genet. 2010, 42, 295–302. [CrossRef] [PubMed]

6. Jabri, B.; Sollid, L.M. Tissue-mediated control of immunopathology in celiac disease. Nat. Rev. Immunol.
2009, 9, 858–870. [CrossRef] [PubMed]

7. Balakireva, A.V.; Zamyatnin, A.A. Properties of Gluten Intolerance: Gluten Structure, Evolution, Pathogenicity
and Detoxification Capabilities. Nutrients 2016, 8, 644. [CrossRef]

8. Husby, S.; Koletzko, S.; Korponay-Szabó, I.R.; Mearin, M.L.; Phillips, A.; Shamir, R.; Troncone, R.;
Giersiepen, K.; Branski, D.; Catassi, C.; et al. ESPGHAN Working Group on Coeliac Disease Diagnosis;
ESPGHAN Gastroenterology Committee; European Society for Pediatric Gastroenterology, Hepatology, and
Nutrition. European Society for Pediatric Gastroenterology, Hepatology, and Nutrition guidelines for the
diagnosis of celiac disease. J. Pediatr. Gastroenterol. Nutr. 2012, 54, 136–160.

http://dx.doi.org/10.1111/bjh.15254
http://www.ncbi.nlm.nih.gov/pubmed/29732532
http://dx.doi.org/10.3390/nu11112557
http://dx.doi.org/10.1016/S1542-3565(05)00532-X
http://dx.doi.org/10.1038/ng.543
http://www.ncbi.nlm.nih.gov/pubmed/20190752
http://dx.doi.org/10.1038/nri2670
http://www.ncbi.nlm.nih.gov/pubmed/19935805
http://dx.doi.org/10.3390/nu8100644


Molecules 2020, 25, 2041 13 of 18

9. Ludvigsson, J.F.; Leffler, D.A.; Bai, J.C.; Biagi, F.; Fasano, A.; Green, P.H.; Hadjivassiliou, M.; Kaukinen, K.;
Kelly, C.P.; Leonard, J.N.; et al. The Oslo definitions for coeliac disease and related terms. Gut 2013, 62, 43–52.
[CrossRef]

10. Kruppa, K. Endomysial antibodies predict celiac disease irrespective of the titers or clinical presentation.
World J. Gastroenterol. 2012, 18, 2511–2516. [CrossRef]

11. Lammers, K.M.; Lu, R.; Brownley, J.; Lu, B.; Gerard, C.; Thomas, K.; Rallabhandi, P.; Shea-Donohue, T.;
Tamiz, A.; Alkan, S.; et al. Gliadin induces an increase in intestinal permeability and zonulin release by
binding to the chemokine receptor CXCR3. Gastroenterology 2008, 135, 194–204. [CrossRef] [PubMed]

12. Fasano, A. Zonulin and its regulation of intestinal barrier function: The biological door to inflammation,
autoimmunity, and cancer. Physiol. Rev. 2011, 91, 151–175. [CrossRef] [PubMed]

13. Valitutti, F.; Fasano, A. Breaking Down Barriers: How Understanding Celiac Disease Pathogenesis Informed
the Development of Novel Treatments. Dig. Dis. Sci. 2019, 64, 1748–1758. [CrossRef] [PubMed]

14. Matysiak-Budnik, T.; Moura, I.C.; Arcos-Fajardo, M.; Lebreton, C.; Ménard, S.; Candalh, C.; Ben-Khalifa, K.;
Dugave, C.; Tamouza, H.; van Niel, G.; et al. Secretory IgA mediates retrotranscytosis of intact gliadin
peptides via the transferrin receptor in celiac disease. J. Exp. Med. 2008, 205, 143–154. [CrossRef] [PubMed]

15. Kupfer, S.S.; Jabri, B. Pathophysiology of celiac disease. Gastrointest. Endosc. Clin. N. Am. 2012, 22, 639–660.
[CrossRef] [PubMed]

16. Hardy, M.Y.; Tye-Din, J.A. T cells in coeliac disease: A rational target for diagnosis and therapy. Nat. Rev.
Gastroenterol. Hepatol. 2018, 15, 583–584. [CrossRef]

17. De Re, V.; Magris, R.; Cannizzaro, R. New Insights into the Pathogenesis of Celiac Disease. Front. Med.
(Lausanne). 2017, 4, 137. [CrossRef]

18. Troncone, R.; Jabri, B. Coeliac disease and gluten sensitivity. J. Intern. Med. 2011, 269, 582–590. [CrossRef]
19. Meresse, B.; Chen, Z.; Ciszewski, C.; Tretiakova, M.; Bhagat, G.; Krausz, T.N.; Raulet, D.H.; Lanier, L.L.;

Groh, V.; Spies, T.; et al. Coordinated induction by IL15 of a TCR-independent NKG2D signaling pathway
converts CTL into lymphokine-activated killer cells in celiac disease. Immunity 2004, 21, 357–366. [CrossRef]

20. Stamnaes, J.; Sollid, L.M. Celiac disease: Autoimmunity in response to food antigen. Semin. Immunol. 2015,
27, 343–352. [CrossRef]

21. Iversen, R.; Roy, B.; Stamnaes, J.; Høydahl, L.S.; Hnida, K.; Neumann, R.S.; Korponay-Szabó, I.R.;
Lundin, K.E.A.; Sollid, L.M. Efficient T cell-B cell collaboration guides autoantibody epitope bias and
onset of celiac disease. Proc. Natl. Acad. Sci. USA 2019, 116, 15134–15139. [CrossRef] [PubMed]

22. Peluso, I.; Fantini, M.C.; Fina, D.; Caruso, R.; Boirivant, M.; MacDonald, T.T.; Pallone, F.; Monteleone, G.
IL-21 counteracts the regulatory T cell-mediated suppression of human CD4+ T lymphocytes. J. Immunol.
2007, 178, 732–739. [CrossRef] [PubMed]

23. Bodd, M.; Ráki, M.; Tollefsen, S.; Fallang, L.E.; Bergseng, E.; Lundin, K.E.; Sollid, L.M. HLA-DQ2-restricted
gluten-reactive T cells produce IL-21 but not IL-17 or IL-22. Mucosal Immunol. 2010, 3, 594–601. [CrossRef]
[PubMed]

24. Cellier, C.; Patey, N.; Mauvieux, L.; Jabri, B.; Delabesse, E.; Cervoni, J.P.; Burtin, M.L.; Guy-Grand, D.;
Bouhnik, Y.; Modigliani, R.; et al. Abnormal intestinal intraepithelial lymphocytes in refractory sprue.
Gastroenterology 1998, 114, 471–481. [CrossRef]

25. Lahdenperä, A.I.; Hölttä, V.; Ruohtula, T.; Salo, H.M.; Orivuori, L.; Westerholm-Ormio, M.; Savilahti, E.;
Fälth-Magnusson, K.; Högberg, L.; Ludvigsson, J.; et al. Up-regulation of small intestinal interleukin-17
immunity in untreated coeliac disease but not in potential coeliac disease or in type 1 diabetes. Clin. Exp.
Immunol. 2012, 167, 226–234. [CrossRef] [PubMed]

26. Palová-Jelínková, L.; Rozková, D.; Pecharová, B.; Bártová, J.; Sedivá, A.; Tlaskalová-Hogenová, H.; Spísek, R.;
Tucková, L. Gliadin fragments induce phenotypic and functional maturation of human dendritic cells.
J. Immunol. 2005, 175, 7038–7045. [CrossRef]

27. Harris, K.M.; Fasano, A.; Mann, D.L. Monocytes differentiated with IL-15 support Th17 and Th1 responses to
wheat gliadin: Implications for celiac disease. Clin. Immunol. 2010, 135, 430–439. [CrossRef]

28. Lissner, D.; Schumann, M.; Batra, A.; Kredel, L.I.; Kuhl, A.A.; Erben, U.; May, C.; Schulzke, J.D.; Siegmund, B.
Monocyte and M1 Macrophage-induced Barrier Defect Contributes to Chronic Intestinal Inflammation in
IBD. Inflamm. Bowel. Dis. 2015, 21, 1297–1305. [CrossRef]

http://dx.doi.org/10.1136/gutjnl-2011-301346
http://dx.doi.org/10.3748/wjg.v18.i20.2511
http://dx.doi.org/10.1053/j.gastro.2008.03.023
http://www.ncbi.nlm.nih.gov/pubmed/18485912
http://dx.doi.org/10.1152/physrev.00003.2008
http://www.ncbi.nlm.nih.gov/pubmed/21248165
http://dx.doi.org/10.1007/s10620-019-05646-y
http://www.ncbi.nlm.nih.gov/pubmed/31076989
http://dx.doi.org/10.1084/jem.20071204
http://www.ncbi.nlm.nih.gov/pubmed/18166587
http://dx.doi.org/10.1016/j.giec.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23083984
http://dx.doi.org/10.1038/s41575-018-0043-4
http://dx.doi.org/10.3389/fmed.2017.00137
http://dx.doi.org/10.1111/j.1365-2796.2011.02385.x
http://dx.doi.org/10.1016/j.immuni.2004.06.020
http://dx.doi.org/10.1016/j.smim.2015.11.001
http://dx.doi.org/10.1073/pnas.1901561116
http://www.ncbi.nlm.nih.gov/pubmed/31285344
http://dx.doi.org/10.4049/jimmunol.178.2.732
http://www.ncbi.nlm.nih.gov/pubmed/17202333
http://dx.doi.org/10.1038/mi.2010.36
http://www.ncbi.nlm.nih.gov/pubmed/20571486
http://dx.doi.org/10.1016/S0016-5085(98)70530-X
http://dx.doi.org/10.1111/j.1365-2249.2011.04510.x
http://www.ncbi.nlm.nih.gov/pubmed/22235998
http://dx.doi.org/10.4049/jimmunol.175.10.7038
http://dx.doi.org/10.1016/j.clim.2010.01.003
http://dx.doi.org/10.1097/MIB.0000000000000384


Molecules 2020, 25, 2041 14 of 18

29. Managlia, E.; Liu, S.X.L.; Yan, X.; Tan, X.D.; Chou, P.M.; Barrett, T.A.; De Plaen, I.G. Blocking NF-kappaB
Activation in Ly6c(+) Monocytes Attenuates Necrotizing Enterocolitis. Am. J. Pathol. 2019, 189, 604–618.
[CrossRef]

30. Morhardt, T.L.; Hayashi, A.; Ochi, T.; Quiros, M.; Kitamoto, S.; Nagao-Kitamoto, H.; Ku_a, P.; Atarashi, K.;
Honda, K.; Kao, J.Y.; et al. IL-10 produced by macrophages regulates epithelial integrity in the small intestine.
Sci. Rep. 2019, 9, 1223. [CrossRef]

31. Bain, C.C.; Schridde, A. Origin, Diferentiation, and Function of Intestinal Macrophages. Front. Immunol.
2018, 9, 2733. [CrossRef] [PubMed]

32. Cinova, J.; Palova-Jelinkova, L.; Smythies, L.E.; Cerna, M.; Pecharova, B.; Dvorak, M.; Fruhauf, P.;
Tlaskalova-Hogenova, H.; Smith, P.D.; Tuckova, L. Gliadin peptides activate blood monocytes from
patients with celiac disease. J. Clin. Immunol. 2007, 27, 201–209. [CrossRef] [PubMed]

33. Delbue, D.; Cardoso-Silva, D.; Branchi, F.; Itzlinger, A.; Letizia, M.; Siegmund, B.; Schumann, M. Celiac
Disease Monocytes Induce a Barrier Defect in Intestinal Epithelial Cells. Int. J. Mol. Sci. 2019, 20, 5597.
[CrossRef] [PubMed]

34. Zanzi, D.; Stefanile, R.; Santagata, S.; Iaffaldano, L.; Iaquinto, G.; Giardullo, N.; Lania, G.; Vigliano, I.;
Vera, A.R.; Ferrara, K.; et al. IL-15 interferes with suppressive activity of intestinal regulatory T cells expanded
in Celiac disease. Am. J. Gastroenterol. 2011, 106, 1308–1317. [CrossRef]

35. Barone, M.V.; Zanzi, D.; Maglio, M.; Nanayakkara, M.; Santagata, S.; Lania, G.; Miele, E.; Ribecco, M.T.;
Maurano, F.; Auricchio, R.; et al. Gliadin-mediated proliferation and innate immune activation in celiac
disease are due to alterations in vesicular trafficking. PLoS ONE 2011, 25, e17039. [CrossRef]

36. Capozzi, A.; Vincentini, O.; Gizzi, P.; Porzia, A.; Longo, A.; Felli, C.; Mattei, V.; Mainiero, F.; Silano, M.;
Sorice, M.; et al. Modulatory Effect of Gliadin Peptide 10-mer on Epithelial Intestinal CACO-2 Cell
Inflammatory Response. PLoS ONE 2013, 8, e66561. [CrossRef]

37. Mamone, G.; Ferranti, P.; Rossi, M.; Roepstorff, P.; Fierro, O.; Malorni, A.; Addeo, F. Identification of a peptide
from alpha-gliadin resistant to digestive enzymes: Implications for celiac disease. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 2007, 855, 236–241. [CrossRef]

38. Iacomino, G.; Fierro, O.; D’Auria, S.; Picariello, G.; Ferranti, P.; Liguori, C.; Addeo, F.; Mamone, G. Structural
analysis and Caco-2 cell permeability of the celiac-toxic A-gliadin peptide 31-55. J. Agric. Food Chem. 2013,
61, 1088–1096. [CrossRef]

39. Nanayakkara, M.; Lania, G.; Maglio, M.; Auricchio, R.; De Musis, C.; Discepolo, V.; Miele, E.; Jabri, B.;
Troncone, R.; Auricchio, S.; et al. P31-43, an undigested gliadin peptide, mimics and enhances the innate
immune response to viruses and interferes with endocytic trafficking: A role in celiac disease. Sci. Rep. 2018,
8, 10821. [CrossRef]

40. Drakesmith, H.; Prentice, A.M. Hepcidin and the iron-infection axis. Science. 2012, 338, 768–772. [CrossRef]
[PubMed]

41. Muckenthaler, M.U.; Rivella, S.; Hentze, M.W.; Galy, B. A Red Carpet for Iron Metabolism. Cell 2017, 168,
344–361. [CrossRef] [PubMed]

42. McKie, A.T.; Barrow, D.; Latunde-Dada, G.O.; Rolfs, A.; Sager, G.; Mudaly, E.; Mudaly, M.; Richardson, C.;
Barlow, D.; Bomford, A.; et al. An iron-regulated ferric reductase associated with the absorption of dietary
iron. Science 2001, 291, 1755–1759. [CrossRef] [PubMed]

43. Ganz, T.; Nemeth, E. Hepcidin and iron homeostasis. Biochim. Biophys. Acta 2012, 1823, 1434–1443. [CrossRef]
44. Ohgami, R.S.; Campagna, D.R.; Greer, E.L.; Antiochos, B.; McDonald, A.; Chen, J.; Sharp, J.J.; Fujiwara, Y.;

Barker, J.E.; Fleming, M.D. Identification of a ferrireductase required for efficient transferrin-dependent iron
uptake in erythroid cells. Nat. Genet. 2005, 37, 1264–1269. [CrossRef] [PubMed]

45. Hamdi, A.; Roshan, T.M.; Kahawita, T.M.; Mason, A.B.; Sheftel, A.D.; Ponka, P. Erythroid cell mitochondria
receive endosomal iron by a “kiss-and-run” mechanism. Biochim. Biophys. Acta 2016, 1863, 2859–2867.
[CrossRef]

46. Bradley, J.M.; Le Brun, N.E.; Moore, G.R. Ferritins: Furnishing proteins with iron. J. Biol. Inorg. Chem. 2016,
21, 13–28. [CrossRef] [PubMed]

47. Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to tango: Regulation of Mammalian iron
metabolism. Cell 2010, 142, 24–38. [CrossRef]

http://dx.doi.org/10.1016/j.ajpath.2018.11.015
http://dx.doi.org/10.1038/s41598-018-38125-x
http://dx.doi.org/10.3389/fimmu.2018.02733
http://www.ncbi.nlm.nih.gov/pubmed/30538701
http://dx.doi.org/10.1007/s10875-006-9061-z
http://www.ncbi.nlm.nih.gov/pubmed/17260166
http://dx.doi.org/10.3390/ijms20225597
http://www.ncbi.nlm.nih.gov/pubmed/31717494
http://dx.doi.org/10.1038/ajg.2011.80
http://dx.doi.org/10.1371/journal.pone.0017039
http://dx.doi.org/10.1371/journal.pone.0066561
http://dx.doi.org/10.1016/j.jchromb.2007.05.009
http://dx.doi.org/10.1021/jf3045523
http://dx.doi.org/10.1038/s41598-018-28830-y
http://dx.doi.org/10.1126/science.1224577
http://www.ncbi.nlm.nih.gov/pubmed/23139325
http://dx.doi.org/10.1016/j.cell.2016.12.034
http://www.ncbi.nlm.nih.gov/pubmed/28129536
http://dx.doi.org/10.1126/science.1057206
http://www.ncbi.nlm.nih.gov/pubmed/11230685
http://dx.doi.org/10.1016/j.bbamcr.2012.01.014
http://dx.doi.org/10.1038/ng1658
http://www.ncbi.nlm.nih.gov/pubmed/16227996
http://dx.doi.org/10.1016/j.bbamcr.2016.09.008
http://dx.doi.org/10.1007/s00775-016-1336-0
http://www.ncbi.nlm.nih.gov/pubmed/26825805
http://dx.doi.org/10.1016/j.cell.2010.06.028


Molecules 2020, 25, 2041 15 of 18

48. Jordan, J.B.; Poppe, L.; Haniu, M.; Arvedson, T.; Syed, R.; Li, V.; Kohno, H.; Kim, H.; Schnier, P.D.; Harvey, T.S.;
et al. Hepcidin revisited, disulfide connectivity, dynamics, and structure. J. Biol. Chem. 2009, 284, 24155–24167.
[CrossRef] [PubMed]

49. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin
regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306,
2090–2093. [CrossRef]

50. Chaston, T.; Chung, B.; Mascarenhas, M.; Marks, J.; Patel, B.; Srai, S.K.; Sharp, P. Evidence for differential
effects of hepcidin in macrophages and intestinal epithelial cells. Gut 2008, 57, 374–382. [CrossRef]

51. Chung, B.; Chaston, T.; Marks, J.; Srai, S.K.; Sharp, P.A. Hepcidin decreases iron transporter expression
in vivo in mouse duodenum and spleen and in vitro in THP-1 macrophages and intestinal Caco-2 cells.
J. Nutr. 2009, 139, 1457–1462. [CrossRef] [PubMed]

52. Brasse-Lagnel, C.; Karim, Z.; Letteron, P.; Bekri, S.; Bado, A.; Beaumont, C. Intestinal DMT1 cotransporter is
down-regulated by hepcidin via proteasome internalization and degradation. Gastroenterology 2011, 140,
1261–1271.e1. [CrossRef] [PubMed]

53. Wang, C.Y.; Babitt, J.L. Liver iron sensing and body iron homeostasis. Blood 2019, 133, 18–29. [CrossRef]
[PubMed]

54. Malerba, M.; Louis, S.; Cuvellier, S.; Shambat, S.M.; Hua, C.; Gomart, C.; Fouet, A.; Ortonne, N.; Decousser, J.W.;
Zinkernagel, A.S.; et al. Epidermal hepcidin is required for neutrophil response to bacterial infection. J. Clin.
Investig. 2020, 130, 329–334. [CrossRef] [PubMed]

55. Cocco, E.; Porrini, V.; Derosas, M.; Nardi, V.; Biasiotto, G.; Maccarinelli, F.; Zanella, I. Protective effect of
mitochondrial ferritin on cytosolic iron dysregulation induced by doxorubicin in HeLa cells. Mol. Biol. Rep.
2013, 40, 6757–6764. [CrossRef] [PubMed]

56. Daher, R.; Lefebvre, T.; Puy, H.; Karim, Z. Extrahepatic hepcidin production: The intriguing outcomes of
recent years. World J. Clin. Cases. 2019, 7, 1926–1936. [CrossRef] [PubMed]

57. Moreno-Fernandez, J.; Diaz-Castro, J.; Pulido-Moran, M.; Alferez, M.J.; Boesch, C.; Sanchez-Alcover, A.;
López-Aliaga, I. Fermented Goat’s Milk Consumption Improves Duodenal Expression of Iron Homeostasis
Genes during Anemia Recovery. J. Agric. Food Chem. 2016, 64, 2560–2568. [CrossRef]

58. Zhang, L.; Lu, D.; Zhang, W.; Quan, X.; Dong, W.; Xu, Y.; Zhang, L. Cardioprotection by Hepc1 in cTnT(R141W)
transgenic mice. Transgenic. Res. 2012, 21, 867–878. [CrossRef]

59. Yang, Q.; Jian, J.; Katz, S.; Abramson, S.B.; Huang, X. 17β-Estradiol inhibits iron hormone hepcidin through
an estrogen responsive element half-site. Endocrinology 2012, 153, 3170–3178. [CrossRef]

60. Hou, Y.; Zhang, S.; Wang, L.; Li, J.; Qu, G.; He, J.; Rong, H.; Ji, H.; Liu, S. Estrogen regulates iron homeostasis
through governing hepatic hepcidin expression via an estrogen response element. Gene 2012, 511, 398–403.
[CrossRef]

61. Bajbouj, K.; Shafarin, J.; Abdalla, M.Y.; Ahmad, I.M.; Hamad, M. Estrogen-induced disruption of intracellular
iron metabolism leads to oxidative stress, membrane damage, and cell cycle arrest in MCF-7 cells. Tumour
Biol. 2017, 39, 1–12. [CrossRef] [PubMed]

62. Lehtihet, M.; Bonde, Y.; Beckman, L.; Berinder, K.; Hoybye, C.; Rudling, M.; Sloan, J.H.; Konrad, R.J.;
Angelin, B. Circulating Hepcidin-25 Is Reduced by Endogenous Estrogen in Humans. PLoS ONE 2016, 11,
e0148802. [CrossRef] [PubMed]

63. Hamad, M.; Bajbouj, K.; Taneera, J. The Case for an Estrogen-iron Axis in Health and Disease. Exp. Clin.
Endocrinol. Diabetes. 2019, 12. [CrossRef]

64. Wrighting, D.M.; Andrews, N.C. Interleukin-6 induces hepcidin expression through STAT3. Blood 2006, 108,
3204–3209. [CrossRef] [PubMed]

65. Ganz, T. Anemia of Inflammation. N. Engl. J. Med. 2019, 381, 1148–1157. [CrossRef] [PubMed]
66. Theurl, I.; Aigner, E.; Theurl, M.; Nairz, M.; Seifert, M.; Schroll, A.; Sonnweber, T.; Eberwein, L.; Witcher, D.R.;

Murphy, A.T.; et al. Regulation of iron homeostasis in anemia of chronic disease and iron deficiency anemia:
Diagnostic and therapeutic implications. Blood 2009, 113, 5277–5286. [CrossRef]

67. Feder, J.N.; Gnirke, A.; Thomas, W.; Tsuchihashi, Z.; Ruddy, D.A.; Basava, A.; Dormishian, F.; Domingo, R., Jr.;
Ellis, M.C.; Fullan, A.; et al. A novel MHC class I-like gene is mutated in patients with hereditary
haemochromatosis. Nat. Genet 1996, 13, 399–408. [CrossRef]

http://dx.doi.org/10.1074/jbc.M109.017764
http://www.ncbi.nlm.nih.gov/pubmed/19553669
http://dx.doi.org/10.1126/science.1104742
http://dx.doi.org/10.1136/gut.2007.131722
http://dx.doi.org/10.3945/jn.108.102905
http://www.ncbi.nlm.nih.gov/pubmed/19549758
http://dx.doi.org/10.1053/j.gastro.2010.12.037
http://www.ncbi.nlm.nih.gov/pubmed/21199652
http://dx.doi.org/10.1182/blood-2018-06-815894
http://www.ncbi.nlm.nih.gov/pubmed/30401708
http://dx.doi.org/10.1172/JCI126645
http://www.ncbi.nlm.nih.gov/pubmed/31600168
http://dx.doi.org/10.1007/s11033-013-2792-z
http://www.ncbi.nlm.nih.gov/pubmed/24065548
http://dx.doi.org/10.12998/wjcc.v7.i15.1926
http://www.ncbi.nlm.nih.gov/pubmed/31423425
http://dx.doi.org/10.1021/acs.jafc.6b00108
http://dx.doi.org/10.1007/s11248-011-9582-y
http://dx.doi.org/10.1210/en.2011-2045
http://dx.doi.org/10.1016/j.gene.2012.09.060
http://dx.doi.org/10.1177/1010428317726184
http://www.ncbi.nlm.nih.gov/pubmed/29022497
http://dx.doi.org/10.1371/journal.pone.0148802
http://www.ncbi.nlm.nih.gov/pubmed/26866603
http://dx.doi.org/10.1055/a-0885-1677
http://dx.doi.org/10.1182/blood-2006-06-027631
http://www.ncbi.nlm.nih.gov/pubmed/16835372
http://dx.doi.org/10.1056/NEJMra1804281
http://www.ncbi.nlm.nih.gov/pubmed/31532961
http://dx.doi.org/10.1182/blood-2008-12-195651
http://dx.doi.org/10.1038/ng0896-399


Molecules 2020, 25, 2041 16 of 18

68. Finberg, K.E.; Heeney, M.M.; Campagna, D.R.; Aydinok, Y.; Pearson, H.A.; Hartman, K.R.; Mayo, M.M.;
Samuel, S.M.; Strouse, J.J.; Markianos, K.; et al. Mutations in TMPRSS6 cause iron-refractory iron deficiency
anemia (IRIDA). Nat. Genet. 2008, 40, 569–571. [CrossRef]

69. Barisani, D.; Ceroni, S.; Del Bianco, S.; Meneveri, R.; Bardella, M.T. Hemochromatosis gene mutations and
iron metabolism in celiac disease. Haematologica 2004, 89, 1299–1305.

70. Elli, L.; Poggiali, E.; Tomba, C.; Andreozzi, F.; Nava, I.; Bardella, M.T.; Campostrini, N.; Girelli, D.; Conte, D.;
Cappellini, M.D. Does TMPRSS6 RS855791 polymorphism contribute to iron deficiency in treated celiac
disease? Am. J. Gastroenterol. 2015, 110, 200–202. [CrossRef]

71. De Falco, L.; Tortora, R.; Imperatore, N.; Bruno, M.; Capasso, M.; Girelli, D.; Castagna, A.; Caporaso, N.;
Iolascon, A.; Rispo, A. The role of TMPRSS6 and HFE variants in iron deficiency anemia in celiac disease.
Am. J. Hematol. 2018, 93, 383–393. [CrossRef] [PubMed]

72. Zanella, I.; Caimi, L.; Biasiotto, G. About TMPRSS6 rs855791 polymorphism, iron metabolism and celiac
disease. Am. J. Gastroenterol. 2015, 110, 1240. [CrossRef] [PubMed]

73. Wu, X.; Wang, Y.; Jia, R.; Fang, F.; Liu, Y.; Cui, W. Computational and biological investigation of the soybean
lecithin-gallic acid complex for ameliorating alcoholic liver disease in mice with iron overload. Food Funct.
2019, 10, 5203–5214. [CrossRef] [PubMed]

74. Ren, F.; Qian, X.H.; Qian, X.L. Astragalus polysaccharide upregulates hepcidin and reduces iron overload
in mice via activation of p38 mitogen-activated protein kinase. Biochem. Biophys. Res. Commun. 2016, 472,
163–168. [CrossRef] [PubMed]

75. Saini, R.K.; Manoj, P.; Shetty, N.P.; Srinivasan, K.; Giridhar, P. Dietary iron supplements and Moringa oleifera
leaves influence the liver hepcidin messenger RNA expression and biochemical indices of iron status in rats.
Nutr. Res. 2014, 34, 630–638. [CrossRef]

76. Mu, M.; Wu, A.; An, P.; Du, X.; Wu, Q.; Shen, X.; Wang, F. Black soyabean seed coat extract regulates iron
metabolism by inhibiting the expression of hepcidin. Br. J. Nutr. 2014, 111, 1181–1189. [CrossRef]

77. Guan, Y.; An, P.; Zhang, Z.; Zhang, F.; Yu, Y.; Wu, Q.; Shi, Y.; Guo, X.; Tao, Y.; Wang, F. Screening identifies the
Chinese medicinal plant Caulis Spatholobi as an effective HAMP expression inhibitor. J. Nutr. 2013, 143,
1061–1066. [CrossRef]

78. Wang, K.P.; Zeng, F.; Liu, J.Y.; Guo, D.; Zhang, Y. Inhibitory effect of polysaccharides isolated from Angelica
sinensis on hepcidin expression. J. Ethnopharmacol. 2011, 134, 944–948. [CrossRef]

79. Milder, I.E.; Feskens, E.J.; Arts, I.C.; Bueno de Mesquita, H.B.; Hollman, P.C.; Kromhout, D. Intake of the
plant lignans secoisolariciresinol, matairesinol, lariciresinol, and pinoresinol in Dutch men and women.
J. Nutr. 2005, 135, 1202–1207. [CrossRef]

80. Zanella, I.; Biasiotto, G.; Holm, F.; Di Lorenzo, D. Cereal Lignans, Natural Compounds of Interest for Human
Health. Nat. Prod. Commun. 2017, 12, 139–146. [CrossRef]

81. Smeds, A.I.; Eklund, P.C.; Sjöholm, R.E.; Willför, S.M.; Nishibe, S.; Deyama, T.; Holmbom, B.R. Quantification
of a broad spectrum of lignans in cereals, oilseeds, and nuts. J. Agric. Food Chem. 2007, 55, 1337–1346.
[CrossRef] [PubMed]

82. Sok, D.E.; Cui, H.S.; Kim, M.R. Isolation and bioactivities of furfuran type lignan compounds from edible
plants. Recent. Pat. Food. Nutr. Agric. 2009, 1, 87–95. [CrossRef]

83. Biasiotto, G.; Penza, M.; Zanella, I.; Cadei, M.; Caimi, L.; Rossini, C.; Smeds, A.I.; Di Lorenzo, D.
Oilseeds ameliorate metabolic parameters in male mice, while contained lignans inhibit 3T3-L1 adipocyte
differentiation in vitro. Eur. J. Nutr. 2014, 53, 1685–1697. [CrossRef] [PubMed]

84. Niemeyer, H.B.; Metzler, M. Differences in the antioxidant activity of plant and mammalian lignans. J. Food
Eng. 2003, 56, 255–256. [CrossRef]

85. Yang, D.; Xiao, C.X.; Su, Z.H.; Huang, M.W.; Qin, M.; Wu, W.J.; Jia, W.W.; Zhu, Y.Z.; Hu, J.F.; Liu, X.H.
(-)-7(S)-hydroxymatairesinol protects against tumor necrosis factor-α-mediated inflammation response in
endothelial cells by blocking the MAPK/NF-κB and activating Nrf2/HO-1. Phytomedicine 2017, 32, 15–23.
[CrossRef]

86. Hovelstad, H.; Leirset, I.; Oyaas, K.; Fiksdahl, A. Screening analyses of pinosylvin stilbenes, resin acids and
lignans in Norwegian conifers. Molecules 2006, 11, 103–114. [CrossRef]

http://dx.doi.org/10.1038/ng.130
http://dx.doi.org/10.1038/ajg.2014.354
http://dx.doi.org/10.1002/ajh.24991
http://www.ncbi.nlm.nih.gov/pubmed/29194702
http://dx.doi.org/10.1038/ajg.2015.216
http://www.ncbi.nlm.nih.gov/pubmed/26263361
http://dx.doi.org/10.1039/C9FO01022J
http://www.ncbi.nlm.nih.gov/pubmed/31380553
http://dx.doi.org/10.1016/j.bbrc.2016.02.088
http://www.ncbi.nlm.nih.gov/pubmed/26915800
http://dx.doi.org/10.1016/j.nutres.2014.07.003
http://dx.doi.org/10.1017/S0007114513004005
http://dx.doi.org/10.3945/jn.113.174201
http://dx.doi.org/10.1016/j.jep.2011.02.015
http://dx.doi.org/10.1093/jn/135.5.1202
http://dx.doi.org/10.1177/1934578X1701200139
http://dx.doi.org/10.1021/jf0629134
http://www.ncbi.nlm.nih.gov/pubmed/17261017
http://dx.doi.org/10.2174/2212798410901010087
http://dx.doi.org/10.1007/s00394-014-0675-2
http://www.ncbi.nlm.nih.gov/pubmed/24566767
http://dx.doi.org/10.1016/S0260-8774(02)00263-7
http://dx.doi.org/10.1016/j.phymed.2017.04.005
http://dx.doi.org/10.3390/11010103


Molecules 2020, 25, 2041 17 of 18

87. Smeds, A.I.; Jauhiainen, L.; Tuomola, E.; Peltonen-Sainio, P. Characterization of variation in the lignan
content and composition of winter rye, spring wheat, and spring oat. J. Agric. Food Chem. 2009, 57, 5837–5842.
[CrossRef]

88. Eklund, P.; Raitanen, J.E. 9-Norlignans: Occurrence, Properties and Their Semisynthetic Preparation from
Hydroxymatairesinol. Molecules 2019, 24, 220. [CrossRef]

89. Saarinen, N.M.; Wärri, A.; Mäkelä, S.I.; Eckerman, C.; Reunanen, M.; Ahotupa, M.; Salmi, S.M.; Franke, A.A.;
Kangas, L.; Santti, R. Hydroxymatairesinol, a novel enterolactone precursor with antitumor properties from
coniferous tree (Picea abies). Nutr. Cancer. 2000, 36, 207–216. [CrossRef]

90. Katsuda, S.; Yoshida, M.; Saarinen, N.; Smeds, A.; Nakae, D.; Santti, R.; Maekawa, A. Chemopreventive
effects of hydroxymatairesinol on uterine carcinogenesis in Donryu rats. Exp. Biol. Med. (Maywood) 2004,
229, 417–424. [CrossRef]

91. Oikarinen, S.I.; Pajari, A.; Mutanen, M. Chemopreventive activity of crude hydroxymatairesinol (HMR)
extract in Apc(Min) mice. Cancer Lett. 2000, 161, 253–258. [CrossRef]

92. Bylund, A.; Saarinen, N.; Zhang, J.X.; Bergh, A.; Widmark, A.; Johansson, A.; Lundin, E.; Adlercreutz, H.;
Hallmans, G.; Stattin, P.; et al. Anticancer effects of a plant lignan 7-hydroxymatairesinol on a prostate cancer
model in vivo. Exp. Biol. Med. (Maywood) 2005, 230, 217–223. [CrossRef] [PubMed]

93. Hedelin, M.; Klint, A.; Chang, E.T.; Bellocco, R.; Johansson, J.E.; Andersson, S.O.; Heinonen, S.M.;
Adlercreutz, H.; Adami, H.O.; Grönberg, H.; et al. Dietary phytoestrogen, serum enterolactone and
risk of prostate cancer: The cancer prostate Sweden study (Sweden). Cancer Causes Control. 2006, 17, 169–180.
[CrossRef] [PubMed]

94. Spilioti, E.; Holmbom, B.; Papavassiliou, A.G.; Moutsatsou, P. Lignans 7-hydroxymatairesinol and
7-hydroxymatairesinol 2 exhibit anti-inflammatory activity in human aortic endothelial cells. Mol. Nutr.
Food Res. 2014, 58, 749–759. [CrossRef]

95. Lina, B.; Korte, H.; Nyman, L.; Unkila, M. A thirteen week dietary toxicity study with 7-hydroxymatairesinol
potassium acetate (HMRlignan) in rats. Regul. Toxicol. Pharmacol. 2005, 41, 28–38. [CrossRef]

96. Wolterbeek, A.P.; Roberts, A.; Korte, H.; Unkila, M.; Waalkens-Berendsen, D.H. Prenatal developmental
toxicity study with 7-hydroxymatairesinol potassium acetate (HMRlignan) in rats. Regul. Toxicol. Pharmacol.
2004, 40, 1–8. [CrossRef]

97. Saarinen, N.M.; Huovinen, R.; Wärri, A.; Mäkelä, S.I.; Valentín-Blasini, L.; Needham, L.; Eckerman, C.;
Collan, Y.U.; Santti, R. Uptake and metabolism of hydroxymatairesinol in relation to its anticarcinogenicity
in DMBA-induced rat mammary carcinoma model. Nutr. Cancer. 2001, 41, 82–90. [CrossRef]

98. Udani, J.K.; Brown, D.J.; Tan, M.O.; Hardy, M. Pharmacokinetics and bioavailability of plant lignan
7-hydroxymatairesinol and effects on serum enterolactone and clinical symptoms in postmenopausal women:
A single-blinded, parallel, dose-comparison study. J. Am. Coll. Nutr. 2013, 32, 428–435. [CrossRef]

99. Biasiotto, G.; Zanella, I.; Predolini, F.; Archetti, I.; Cadei, M.; Monti, E.; Luzzani, M.; Pacchetti, B.; Mozzoni, P.;
Andreoli, R.; et al. 7-Hydroxymatairesinol improves body weight, fat and sugar metabolism in C57BJ/6 mice
on a high-fat diet. Br. J. Nutr. 2018, 120, 751–762. [CrossRef]

100. Giuliano, C.; Siani, F.; Mus, L.; Ghezzi, C.; Cerri, S.; Pacchetti, B.; Bigogno, C.; Blandini, F. Neuroprotective
effects of lignan 7-hydroxymatairesinol (HMR/lignan) in a rodent model of Parkinson’s disease. Nutrition
2020, 69, 110494. [CrossRef]

101. Cosentino, M.; Marino, F.; Ferrari, M.; Rasini, E.; Bombelli, R.; Luini, A.; Legnaro, M.; Delle Canne, M.G.;
Luzzani, M.; Crema, F.; et al. Estrogenic activity of 7-hydroxymatairesinol potassium acetate (HMR/lignan)
from Norway spruce (Picea abies) knots and of its active metabolite enterolactone in MCF-7 cells. Pharmacol.
Res. 2007, 56, 140–147. [CrossRef] [PubMed]

102. Zanella, I.; Derosas, M.; Corrado, M.; Cocco, E.; Cavadini, P.; Biasiotto, G.; Poli, M.; Verardi, R.; Arosio, P.
The effects of frataxin silencing in HeLa cells are rescued by the expression of human mitochondrial ferritin.
Biochim. Biophys. Acta 2008, 1782, 90–98. [CrossRef] [PubMed]

103. Angmo, S.; Rana, S.; Yadav, K.; Sandhir, R.; Singhal, N.K. Novel Liposome Eencapsulated Guanosine Di
Phosphate based Therapeutic Target against Anemia of Inflammation. Sci. Rep. 2018, 8, 17684. [CrossRef]
[PubMed]

104. Jacolot, S.; Férec, C.; Mura, C. Iron responses in hepatic, intestinal and macrophage/monocyte cell lines under
different culture conditions. Blood Cells Mol. Dis. 2008, 41, 100–108. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/jf9004274
http://dx.doi.org/10.3390/molecules24020220
http://dx.doi.org/10.1207/S15327914NC3602_10
http://dx.doi.org/10.1177/153537020422900510
http://dx.doi.org/10.1016/S0304-3835(00)00662-5
http://dx.doi.org/10.1177/153537020523000308
http://www.ncbi.nlm.nih.gov/pubmed/15734725
http://dx.doi.org/10.1007/s10552-005-0342-2
http://www.ncbi.nlm.nih.gov/pubmed/16425095
http://dx.doi.org/10.1002/mnfr.201300318
http://dx.doi.org/10.1016/j.yrtph.2004.09.001
http://dx.doi.org/10.1016/j.yrtph.2004.04.001
http://dx.doi.org/10.1080/01635581.2001.9680616
http://dx.doi.org/10.1080/07315724.2013.849578
http://dx.doi.org/10.1017/S0007114518001824
http://dx.doi.org/10.1016/j.nut.2019.04.006
http://dx.doi.org/10.1016/j.phrs.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17572100
http://dx.doi.org/10.1016/j.bbadis.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18160053
http://dx.doi.org/10.1038/s41598-018-35992-2
http://www.ncbi.nlm.nih.gov/pubmed/30523271
http://dx.doi.org/10.1016/j.bcmd.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18321736


Molecules 2020, 25, 2041 18 of 18

105. Pagani, A.; Silvestri, L.; Nai, A.; Camaschella, C. Hemojuvelin N-terminal mutants reach the plasma
membrane but do not activate the hepcidin response. Haematologica 2008, 93, 1466–1472. [CrossRef]

106. Verga Falzacappa, M.V.; Vujic Spasic, M.; Kessler, R.; Stolte, J.; Hentze, M.W.; Muckenthaler, M.U. STAT3
mediates hepatic hepcidin expression and its inflammatory stimulation. Blood 2007, 109, 353–358. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3324/haematol.12508
http://dx.doi.org/10.1182/blood-2006-07-033969
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Celiac Disease and Inflammation 
	Iron Homeostasis and Hepcidin 
	7-Hydroxymatairesinol 
	Experimental Results and Discussion 
	Anti-Inflammatory Effect of 7-HMR 
	Effect on Hepcidin Promoter 

	References

