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Abstract: The complex relationship between trace elements and skeletal health has received increasing
attention in the scientific community. Among these minerals, manganese (Mn) has emerged as a
key element affecting bone metabolism and integrity. This review examines the multifaceted role of
Mn in bone health, including its effects on bone regeneration, mineralization, and overall skeletal
strength. This review article is based on a synthesis of experimental models, epidemiologic studies,
and clinical trials of the mechanisms of the effect of Mn on bone metabolism. Current research data
show that Mn is actively involved in the processes of bone remodeling by modulating the activity of
osteoblasts and osteoclasts, as well as the main cells that regulate bone formation and resorption. Mn
ions have a profound effect on bone mineralization and density by intricately regulating signaling
pathways and enzymatic reactions in these cells. Additionally, Mn superoxide dismutase (MnSOD),
located in bone mitochondria, plays a crucial role in osteoclast differentiation and function, protecting
osteoclasts from oxidative damage. Understanding the nuances of Mn’s interaction with bone is
essential for optimizing bone strategies, potentially preventing and managing skeletal diseases. Key
findings include the stimulation of osteoblast proliferation and differentiation, the inhibition of
osteoclastogenesis, and the preservation of bone mass through the RANK/RANKL/OPG pathway.
These results underscore the importance of Mn in maintaining bone health and highlight the need for
further research into its therapeutic potential.
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1. Introduction

The main support function in the human body is provided by the structural integrity
of bones [1]. Bone is a dynamic tissue that is constantly being formed and resorbed [2], and
the presence of various minerals and nutrients in these bones has a significant impact on
overall health. Of these minerals, often overshadowed by their better-known counterparts
such as calcium and phosphorus [3,4], manganese (Mn) has stood out for its importance
in maintaining bone integrity and function [5,6]. Recent research has led to a deeper
understanding of the complex interactions between Mn and bone biology [7]. Research has
not only identified the presence of Mn in various components of bone tissue, suggesting its
possible involvement in bone matrix formation and remodeling [8], but has also highlighted
adverse effects on skeletal development and integrity in studies of Mn deficiency, indicating
the important role of Mn in maintaining optimal bone health [9]. This review article
summarizes the results of various studies examining the relationship between Mn and
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bone metabolism. To review the current state of knowledge on Mn in bone physiology and
pathology, it is important to contextualize information on the status of Mn in bone health
and bone homeostasis and disorders.

2. Historical Overview: Early Discoveries on the Relationship between Mn and
Bone Health

In 1774, Mn was isolated by Gahn [10]. Mn is named after the Greek word for magic.
Mn is 0.01% of the earth’s mass. While Mn is the twelfth most abundant element (Lakni
and Venugopal 1977), due to its propensity to oxidize and form insoluble nodules in the
ocean, its abundance in seawater may be only parts per billion [11]. An important mineral
source is pyrolucite, MnO2. There are other ores, such as manganite, MnO(OH); brounite
Mn2O3; and rhodochrosite, MnCO3. Mn(OH)2 in a saline solution is easily oxidized when
exposed to air [12]. The element Mn can also exist in many states, I, II, III, IV, VI or VII, in
organic and inorganic compounds. The most stable form is Mn(II) [13].

In 1931, it was mentioned that Mn is an important nutrient [14], and it is necessary
for the bone growth of rats and mice. It was reported and proven by Wilgus et al. (1939)
that Mn can prevent a skeletal abnormality called perosis in chickens [15]. A number of
studies have shown that it accumulates in high amounts in the mitochondria of bone tissue.
In bone development, it was found that Mn is also necessary for the functioning of key
enzymes, that is, it has a high ability to protect cells from damage by free radicals [16].

Also, Mn affects hormones involved in bone regeneration and enzyme products in
bone metabolism, respectively, and its function is related to bone. Stimulating effects of Mn
on bone are shown when increasing the intracellular calcium release and activating one
or more enzymes [17]. Concentrations of Mn in human bone under normal conditions of
1.7–3.0 mg/kg wet weight have also been reported [18].

Although Mn has many oxidation states, the two most common forms found in the
human body are Mn2+ and Mn3+ [19]. Basically, since Mn2+ in the body is chemically more
stable than Mn3+, Mn can be incorporated into metalloenzymes, mainly as Mn2+ [20]. Mn2+

can be oxidized to Mn3+ by ceruloplasmin and transported in circulation by transferrin
(Tf) [21]. Importantly, redox between Mn2+ and Mn3+ provides a “double-edged sword”
effect in cellular homeostasis [22]. Mn catalyzes superoxide (O2

−) to hydrogen peroxide
(H2O2) through the Mn2+/Mn3+ cycle; its function as a cofactor of cellular Mn superoxide
dismutase (MnSOD) detoxifies free radicals in mitochondria, thus preventing oxidative
stress [23]. Mn is present in the reactive center of bone composition and many enzymes.

3. The Influence of Mn Metabolism on Bone Mass

Mn is an essential element for humans and animals [24], necessary for normal pro-
cesses in the bone [25] (Figure 1). The mineral density and micro-architectural integrity
of bone tissue determines its strength [26]. For bone mass development, the osteotropic
effect is important. The osteotropic effect of Mn is manifested through the effect of the
synthesis of the bone matrix [27]. Bone matrix integrity is important in bone strength
and plastic deformation [28]. The bone matrix comprises a complex mixture of different
proteins that determine its structural integrity and function. Collagen, accounting for
approximately 90% of the extracellular matrix (ECM) proteins in primary bone, primarily
consists of type I collagen (90%) and non-collagenous proteins (10%) [29,30]. Collagen
types II and X are present in the growth plate bone, and they are proposed to participate
in bone formation, but they are mainly found in cartilage [31,32]. Mn plays a critical role
in forming cartilage and collagen, as well as in bone mineralization [33]. In the process of
bone mineralization, Mn can be taken up by osteoblasts. In addition, Mn stimulates the
growth of osteoblasts [34].
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Figure 1. The role of manganese (Mn) in bone cellular and molecular functions. The trace element 
Mn, with its various biochemical and physiological effects, participates in the synthesis of bone ma-
trix, the inhibition of the formation of osteoclast-like cells, antioxidant function with the enzyme Mn 
superoxide dismutase (MnSOD), and mRNA expression of RANKL receptors; it also contributes to 
cell adhesion with extracellular matrix proteins, regulating osteoid formation. It also protects carti-
lage and stimulates chondrocyte growth through ZIP14. This is important for its integrin-activating 
functions, which contribute to the adhesion, integrity, and proliferation of osteoblasts. 

Osteoblasts, being active bone-forming cells, are crucial for new bone deposition and 
mineralization throughout skeletal development and remodeling by regulating osteoclas-
togenesis and bone resorption [35,36]. Osteoclasts are responsible for bone resorption [37]; 
another important role of Mn is that these osteoclasts are affected by the main antioxidant 
enzyme MnSOD [38] (Figure 2). 

MnSOD is located in the bone mitochondria [39]. MnSOD plays a role in the differ-
entiation, formation and function of osteoclasts [40]. Due to its localization in the rough 
boundary membrane of the osteoclast, the production of O2− is linked to bone resorption 
activity. Accordingly, this plasma membrane MnSOD may help protect osteoclasts from 
extracellular O2− anions released during bone resorption [41]. Furthermore, MnSOD cata-
lyzes the formation of hydrogen peroxide (H2O2) from O2−, and H2O2 can stimulate osteo-
clast differentiation, thereby enhancing MnSOD’s cytoprotective functions against oxida-
tive damage [42]. Reactive oxygen species (ROSs) such as H2O2 and O2− are crucial in os-
teoclast differentiation, functioning as intracellular signaling molecules [43]. 

Many signaling pathways are involved in the ROS-mediated modeling of bone mass 
[44]. Bone mass reflects the balance between bone formation and resorption, which in-
volves the coordinated regulation of osteoblast and osteoclast numbers and activity at the 
cellular level [45]. At the cellular level, the receptor activator of NFkB (RANK), the recep-
tor activator of nuclear factor kappa beta (NFkB ligand) RANK ligand (RANKL) [46], and 
osteoprotegerin (OPG) are key components of this signaling system, which regulate bone 
formation and resorption [47]. The expression of RANKL and OPG regulates osteoclast 
recruitment and activity by osteoblasts [48]. A member of the tumor necrosis factor (TNF) 
family, 2–10 RANKL, expressed on the surface of osteoblast/stromal cells, stimulates os-
teoclastogenesis and the macrophage-colony stimulating factor (M-CSF) in hematopoietic 
progenitor cells by binding to its surface receptor RANK [49]. In addition, OPG functions 

Figure 1. The role of manganese (Mn) in bone cellular and molecular functions. The trace element Mn,
with its various biochemical and physiological effects, participates in the synthesis of bone matrix,
the inhibition of the formation of osteoclast-like cells, antioxidant function with the enzyme Mn
superoxide dismutase (MnSOD), and mRNA expression of RANKL receptors; it also contributes to cell
adhesion with extracellular matrix proteins, regulating osteoid formation. It also protects cartilage
and stimulates chondrocyte growth through ZIP14. This is important for its integrin-activating
functions, which contribute to the adhesion, integrity, and proliferation of osteoblasts.

Osteoblasts, being active bone-forming cells, are crucial for new bone deposition and
mineralization throughout skeletal development and remodeling by regulating osteoclasto-
genesis and bone resorption [35,36]. Osteoclasts are responsible for bone resorption [37];
another important role of Mn is that these osteoclasts are affected by the main antioxidant
enzyme MnSOD [38] (Figure 2).

MnSOD is located in the bone mitochondria [39]. MnSOD plays a role in the differ-
entiation, formation and function of osteoclasts [40]. Due to its localization in the rough
boundary membrane of the osteoclast, the production of O2

− is linked to bone resorp-
tion activity. Accordingly, this plasma membrane MnSOD may help protect osteoclasts
from extracellular O2

− anions released during bone resorption [41]. Furthermore, MnSOD
catalyzes the formation of hydrogen peroxide (H2O2) from O2

−, and H2O2 can stimulate
osteoclast differentiation, thereby enhancing MnSOD’s cytoprotective functions against
oxidative damage [42]. Reactive oxygen species (ROSs) such as H2O2 and O2

− are crucial
in osteoclast differentiation, functioning as intracellular signaling molecules [43].

Many signaling pathways are involved in the ROS-mediated modeling of bone
mass [44]. Bone mass reflects the balance between bone formation and resorption, which
involves the coordinated regulation of osteoblast and osteoclast numbers and activity at the
cellular level [45]. At the cellular level, the receptor activator of NFkB (RANK), the receptor
activator of nuclear factor kappa beta (NFkB ligand) RANK ligand (RANKL) [46], and
osteoprotegerin (OPG) are key components of this signaling system, which regulate bone
formation and resorption [47]. The expression of RANKL and OPG regulates osteoclast
recruitment and activity by osteoblasts [48]. A member of the tumor necrosis factor (TNF)
family, 2–10 RANKL, expressed on the surface of osteoblast/stromal cells, stimulates os-
teoclastogenesis and the macrophage-colony stimulating factor (M-CSF) in hematopoietic
progenitor cells by binding to its surface receptor RANK [49]. In addition, OPG functions as
a pseudo-receptor that binds RANKL, acting as a secreted glycoprotein of the TNF receptor
superfamily. It does not signal, thereby preventing RANK activation [50]. Through such
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communication, the RANK/RANKL/OPG axis links osteoblast and osteoclast activity,
providing a means of controlling the balance during bone formation and resorption [51].
Through this mechanism, Mn and its enzyme MnSOD play an essential role in the formation
of bone mass.
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Figure 2. Manganese (Mn) superoxide dismutase (MnSOD) in the bone resorption [52]. RANKL-
induced differentiation of macrophages into osteoclasts and the role of MnSOD in managing oxidative
stress during bone resorption are depicted. RANKL binds to the RANK receptors on these cells,
promoting their maturation. During bone resorption, superoxide (O2

−) is produced as a byproduct,
and the mitochondrial enzyme MnSOD catalyzes the conversion of O2

− into hydrogen peroxide
(H2O2) and oxygen (O2), thereby reducing oxidative stress. H2O2 is subsequently converted into
water (H2O), providing cellular protection. This process underscores the critical role of MnSOD in
maintaining the functionality and integrity of osteoclasts during bone resorption.

4. The Role of Mn in Bone Development and Remodeling

Mn is also necessary for the regulation of bone development and bone remodeling [34]
(Figure 3). Bone remodeling involves the replacement of old and damaged bone with
new bone by a series of cellular events that occur without changing the shape of the bone
on one surface [53]. The bone surface consists of osteoclasts and osteoblasts [54], and
the main cells are the basic multicellular unit, which are initially responsible for bone
remodeling [55]. Bone remodeling is crucial in adult bone homeostasis, and consists of
two phases in balance that support bone mass and systemic mineral homeostasis: bone
formation and resorption [56]. For the reaction of bone formation and bone resorption,
the main basic multicellular unit is a special active structure formed in the process of
bone remodeling, covered with a membrane-like structure consisting of bone-resident
macrophages (called osteomacs), osteoblasts and osteoclasts, which, acting through the
joint, line the bone surface. The process then stops when bone homeostasis is restored [57].
Bone homeostasis is maintained through the balance of osteoblasts and osteoclasts. Bone-
resorbing osteoclasts and bone-forming osteoblasts, which are multinucleated giant cells
derived from the monocyte/macrophage hematopoietic stem-cell clone, interact to regulate
bone mass homeostasis in remodeling processes [58].

For bone remodeling one of the traditional bone cells is the osteocyte [59]. Osteocytes
are the most abundant and long-living cells in bone, serving as key regulators of bone
remodeling [60]. They sense mechanical stimuli through cell bodies, dendrites, and cilia,
and can transmit signals via cell dendrites and secreted proteins in an autocrine and
paracrine manner [61]. Mechanosensory osteocytes, in the regulation of bone homeostasis,
first feel an increase in fluid flow from mechanical loading in the system of lacunar tubules,
while both the bone cavity and the endosteal surface are strained, and the cells located there
sense intramedullary pressure [62]. Osteocytes are key cells that mediate mechanically
induced bone formation and adaptation, as well as inactivity-induced bone loss and skeletal
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fragility, sensing the mechanical signals responsible for force adaptation to mechanical
stimuli [63].

In the remodeling process of bone, the cellular signaling activities are affected by
fluid flow; in addition, according to research, the anabolic action of osteoblasts can influ-
ence bone regeneration through indirect bone remodeling by mechanically stimulating
osteocytes, by activating phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and
the Wingless-related integration site (WNT) signaling pathways [64,65]. The WNT sig-
naling pathway plays a crucial role in bone development and remodeling. It stimulates
osteoblast differentiation, proliferation, maturation, and activity [66]. According to the
nature of the ligands and the sequence of downstream events, WNT signaling pathways
are classified into major canonical WNT signaling and non-canonical WNT signaling path-
ways, including the canonical WNT pathway, which, in addition to its dependence on
the intracellular levels of β-catenin, mainly regulates the differentiation, proliferation and
metabolism of osteoblasts, and bone mineralization, which participates in the modulation
of its formation [67].

Studies have shown that Mn2+ ions activate and stimulate integrins, promoting os-
teoblast adhesion, viability and proliferation [38]. In addition, recent research suggests
that Mn2+ ions stimulate osteogenic differentiation and can enhance bone regeneration
while preserving bone mass [68]. Furthermore, in the process of bone development and
remodeling [69], Mn an essential trace element, necessary for protein synthesis in bone
tissue [24]. A number of studies have observed an increase in osteogenic gene expression
and an increase in collagen deposition rate in multifunctional materials containing Mn2+

ion [70]. Moreover, Mn effects the bone remodeling hormones and the products of the
enzymes involved in bone metabolism, with its activity linked to bone [71].
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Figure 3. Manganese (Mn) and bone remodeling [72]. The role of Mn in bone remodeling highlights its
dual impact on osteoclasts and osteoblasts. Mn promotes osteoclast differentiation by enhancing the
RANKL/RANK signaling pathway, where RANKL binds to RANK receptors on osteoclast progenitor
cells, leading to their maturation into osteoclasts. Mature osteoclasts resorb bone, a process associated
with oxidative stress, during which O2

− is converted into less harmful molecules by the mitochondrial
enzyme Mn superoxide dismutase (MnSOD). Concurrently, Mn inhibits the PI3K/AKT and WNT/β-
catenin signaling pathways in mesenchymal stem cells (MSCs), thereby reducing the differentiation
and activity of osteoblasts. This dual mechanism underscores the essential role of Mn in maintaining
bone mass and integrity, ensuring effective bone regeneration and homeostasis by balancing bone
resorption and formation.
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5. Mn Absorption and Distribution in the Body

Humans consume Mn through dietary intake, with approximately 3–5% of ingested
Mn absorbed through the intestinal wall [73] and the remainder excreted in the feces,
maintaining a strict homeostatic control of Mn absorption [74]. Dietary Mn, primarily
found in the form of Mn2+ in the small intestine, is absorbed by molecular mechanisms [75]
(Figure 4). Mn in the diet is absorbed throughout the body through the epithelial cells
that line the gastrointestinal tract, and enters the bloodstream for tissue use. However,
the bulk of Mn absorption is carried out in the small intestine [76]. The current model
of Mn metabolism by the liver is through hepatocytes, which take up Mn from blood at
the basolateral surface and excrete it into the bile at the apical surface. ZIP14, a close
family member of ZIP8, may be responsible for the uptake of Mn from blood, as it has
been reported to be localized on the basolateral membrane of hepatocytes [77]. Both the
large and small intestines are lined with single-layer protein-binding epithelial cells, with
a portion of the cell membrane of each cell in contact with the lumen of the intestinal
epithelial cells. This is the apical surface of the cell, where the apical membrane folds into
many small folds and emerges into the lumen. This is also called microbubbles, and the
edge of the folds greatly increases the available surface area for absorption.

J. Clin. Med. 2024, 13, x FOR PEER REVIEW 8 of 22 
 

 

 
Figure 4. Molecular mechanisms of manganese (Mn) metabolism. The molecular pathways involved 
in Mn metabolism highlight its absorption, transport, and accumulation in the body. Mn ions (Mn2+) 
are absorbed in the intestines through the divalent metal transporter 1 (DMT1). After absorption, 
Mn2+ ions enter the bloodstream and are transported in a complex with proteins. The liver, consid-
ered the central organ in Mn metabolism, plays a crucial role in processing and regulating Mn levels. 
Mn is then distributed from the liver to various tissues throughout the body, with a significant ac-
cumulation in the bones. This high accumulation in bones underscores the essential role of Mn in 
skeletal health. 

6. Mn Homeostasis and Regulation in Bone Tissue 
As transmembrane proteins, ZIP14 and ZIP8 mediate the cellular uptake of Mn ions 

[98] (Figure 5). Both ZIP8 and ZIP14 have a high affinity for Mn hemostasis. The key role 
of ZIP14 in bone has been confirmed by its abundant expression in chondrocytes, the car-
tilage cells of the growth plate, during bone elongation [99]. The bones grow in length on 
the epiphyseal plate due to the elongation of the process bone, which is similar to endo-
chondral ossification [100]. The transport of Mn across cell and intracellular membranes 
is critical for maintaining Mn homeostasis [101]. This implies that protein transporters, 
which regulate Mn homeostasis, may significantly influence the physiological and patho-
logical processes in bones, involving transporter genes [92,102]. 

Commented [M2]: “Mn metabolism by liver is 
hepatocytes take up Mn+ by ZIP14 from blood” 
should be “Mn metabolism by the liver is carried 
out by hepatocytes, which take up Mn+ by ZIP14 
from the blood”,  
 
 
 
“Trough ZIP14 Mn2+ from the portal blood enters 
the liver, in plasma. Mn binds to alpha 2 macro-
globulin, albumin” should be “Through ZIP14, 
Mn2+ enters the liver from the portal blood in 
plasma. Mn binds to alpha 2 macroglobulin and 
albumin”,  
 
 
“Plasma Mn+ enters to all tissues, but highest ac-
cumulate in bone” should be “Plasma Mn+ enters 
all tissues, but has the highest accumulation in 
bone”. 

Commented [M3]: Please superscript the number 
in chemical substances. e.g., “Mn2+” should be 
“Mn2+”. ... [1]

Figure 4. Molecular mechanisms of manganese (Mn) metabolism. The molecular pathways involved
in Mn metabolism highlight its absorption, transport, and accumulation in the body. Mn ions (Mn2+)
are absorbed in the intestines through the divalent metal transporter 1 (DMT1). After absorption,
Mn2+ ions enter the bloodstream and are transported in a complex with proteins. The liver, considered
the central organ in Mn metabolism, plays a crucial role in processing and regulating Mn levels. Mn is
then distributed from the liver to various tissues throughout the body, with a significant accumulation
in the bones. This high accumulation in bones underscores the essential role of Mn in skeletal health.

In addition, a number of absorption mechanisms have been identified on the surface
of enterocytes. These mechanisms include Mn2+ import via divalent metal transporter
1 (DMT1) and Mn3+ uptake via complexation with the protein Tf [78]. After entering
the blood, Mn is distributed throughout the body [79]. Various transporters regulate Mn
import, including DMT1 or Tf-Tf receptors, the choline transporter, the citrate transporter,
and voltage-gated and store-operated calcium channels [80]. Two distinct but related
mechanisms responsible for Mn transport are the Tf-dependent and the Tf-independent
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pathway [81]. In the Tf-dependent pathway, the Tf-Mn3+ complex binds to the Tf receptor
(TfR) on the cell surface. Endosomal vesicles form on the cell surface after Tf binds to TfR
and are subsequently acidified by the hydrogen ion ATPase pump, releasing the metal from
the Tf/TfR complex [82]. Mn2+ is transported across the endosomal membrane by the trans-
port protein, divalent metal transporter 1 (DMT1; also called natural resistance-associated
macrophage protein 2 (Nramp2), divalent cation transporter 1 (DCT1), or solute carrier
family 11 member 2 (SLC11A2) [83]. Forming a relatively weak complex of Mn2+ with
serum albumin (or a2-macroglobulin), the transport of Mn2+ released from this complex can
be taken directly from the cell surface by DMT1, independent of Tf [84]. From a functional
point of view, which of the two uptake mechanisms is dominant may be specific to the cell
and depend on the presence of TfR on the cell surface [85]. According to recent data, Mn
is absorbed through cell membranes, and the main role of Mn in the regulation of overall
cellular function lies in its function as an important cofactor for many enzymes [86].

Also, the water-soluble divalent form of Mn (Mn2+) facilitates the transfer divalent
metal ions to carriers [87]. DMT1 (divalent metal ion transporter) can also transport Mn2+

due to its important role in the intestinal absorption of Mn. The necessity of DMT1 for Mn
absorption was shown in the study of intestinal-specific DMT1-null mice [88]. Moreover,
among all these proteins, DMT1 is typically the dominant Mn transporter, although it may
promote uptake under various physiological or pathological conditions and other transport
processes in any known cell population [89].

In recent years, three major Mn transporters have been identified in humans: ZIP8
(SLC39A8), ZIP10 (SLC30A10), and ZIP14 (SLC39A14) [90]. The ZIP8, ZIP10 and ZIP14 are
retransmembrane proteins belonging to the Zrt and IRT-like protein (ZIP) family (SLC39
family) [91]. These proteins represent a set of novel molecular mechanisms that control Mn
homeostasis [92]. ZIP10, essential for Mn homeostasis in mammals, functions primarily
as a physiological Mn transporter rather than a zinc transporter, which is of particular
importance in Mn biology [93,94].

Also, mainly through ZIP14 in the basolateral membrane of hepatocytes [95], Mn2+

enters the liver from the portal blood. In plasma, Mn binds to alpha-2-macroglobulin,
albumin, and Tf, or exists as free Mn2+ or as Mn3+ associated with Tf [95]. Oxidase
catalyzes the oxidation of Mn2+ to Mn3+. Plasma Mn enters all tissues, but the tissue with
the highest accumulation is bone tissue, and the accumulation reflects the balance between
metal uptake and excretion [96]. Excess Mn in the hepatocyte is excreted into the bile via
ZIP10 localized in the apical (canalicular) membrane [73]. Meanwhile, bile containing Mn
is excreted into the small intestine, where the Mn is reabsorbed through enterohepatic
circulation and eventually excreted in the feces [97].

6. Mn Homeostasis and Regulation in Bone Tissue

As transmembrane proteins, ZIP14 and ZIP8 mediate the cellular uptake of Mn
ions [98] (Figure 5). Both ZIP8 and ZIP14 have a high affinity for Mn hemostasis. The key
role of ZIP14 in bone has been confirmed by its abundant expression in chondrocytes, the
cartilage cells of the growth plate, during bone elongation [99]. The bones grow in length
on the epiphyseal plate due to the elongation of the process bone, which is similar to endo-
chondral ossification [100]. The transport of Mn across cell and intracellular membranes is
critical for maintaining Mn homeostasis [101]. This implies that protein transporters, which
regulate Mn homeostasis, may significantly influence the physiological and pathological
processes in bones, involving transporter genes [92,102].

Mn homeostasis in the bone is regulated at the cellular level by various Mn trans-
porters and regulators [103], including ZIP8, ZNT10 and ZIP14. These transporters are
also crucial in the regulation of Mn metabolism in bone [102,104]. ZIP8 and ZIP14 are
members of the ZIP family, while ZNT10 belongs to the zinc transporter protein (ZNT)
family [105]. ZIP family proteins control the flow of metal from the extracellular fluid to
the cell cytoplasm [106]. Within the cytoplasm and nucleus, Mn accumulates, leading to
notable intracellular redistribution [107]. Mn2+ uptake, mediated by ZIP8, is an endogenous
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function that moves this cation into the cell [108]. The membrane localization of the ZIP8
transporter protein is known to be the plasma membrane [109], surrounding intracellular
organelles [110], the Golgi body [111–115], the lysosomal membrane [112], the endoplasmic
reticulum [113], and the mitochondrial membrane [114]. ZIP8 is involved in key cellular
processes, including cell morphology, adhesion, migration, and cell proliferation [115].
Additionally, ZIP8 regulates cytoskeleton positioning, distribution, and migration [110]
and is proposed to regulate Mn metabolism in the tissues, including bone [111]. An
overexpression of ZIP8 stimulates the intracellular accumulation of Mn [108].
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Figure 5. Manganese (Mn) hemostasis in the bone [90]. The cellular mechanisms involved in
maintaining Mn homeostasis in bones reveal the key physiological functions of Mn transporters
and regulators, including ZIP8, ZNT10, and ZIP14. The process begins with the intake of Mn from
food, where ZIP8 facilitates the intracellular accumulation of Mn2+ ions. These Mn2+ ions enter
the bloodstream and are transported to various tissues, including bones and liver hepatocytes. The
transport of Mn2+ ions into bones and other tissues is facilitated by the ubiquitously expressed
ZIP14. Mn2+ ions reach the liver, where they undergo further processing and regulation. The ZIP10
transporter acts as an apical exporter, transporting Mn from the blood to the lumen of the small
intestine for excretion in feces. These intricate regulatory mechanisms ensure the balance of Mn,
which is crucial for maintaining bone health and overall metabolic homeostasis.

Bones store the largest amount of Mn in the human body, and Mn in bone has a long
half-life (skeletal bone—8.5 years). Therefore, as Mn accumulates in bone, it can serve as a
biomarker of long-term exposure [116].

ZIP14 as an essential component of Mn regulation and homeostasis [117]. ZIP14 is
localized to cell membranes, wherein it is ubiquitously expressed and transports Mn [118].
In skeletal tissues, ZIP14 is expressed in growth plate chondrocytes, and regulates their
differentiation [119]. In bone tissue, ZIP14 is expressed in normal osteoclasts [120]. ZIP14
has been shown to regulate bone homeostasis by influencing osteoclast-mediated resorp-
tion [121], and Mn has its own place in bone homeostasis.
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7. Mechanisms of Mn Action on Bone Cells

Mn acts in the proliferation and differentiation of osteoblastic cells. The effect of Mn
on bone metabolism is investigated in osteoblastic MC3T3-E1 cells (the osteoblastic cell line
MC3T3-E1 has been established from a C57BL/6 mouse calvaria). The proliferation of cells
was stimulated by the presence of an Mn-based compound, Mn-doped β-tricalcium phos-
phate (MnTCP). Mn0.5-1TCP powder significantly increased MC3T3 cellular proliferation.
To assess the biological potential of Mn-doped β-TCP materials for repairing or regener-
ating bones affected by osteoporosis or severe injuries, various biological responses were
evaluated, including cell viability and type I collagen secretion [122]. The Mn compound
has demonstrated a stimulatory effect on the cell differentiation of osteoblastic cells [123].
MnCl2 was shown to accelerated osteogenesis by promoting early angiogenesis [124].
Mn-containing BGs exhibited no cytotoxic effects on human mesenchymal stem cells, and
an enhanced osteogenic differentiation and mineralization process was confirmed by the
high expression of osteogenic differentiation markers, such as alkaline phosphatase (ALP)
activity and collagen type I, osteopontin and osteocalcin [33]. In addition, the process
of preparing Mn-containing coatings by micro-arc oxidation and plasma immersion ion
implantation and deposition (PIIID) can promote collagen secretion and the mineralization
of the ECM, showing excellent corrosion resistance properties, which can improve bone
differentiation [125].

Mn has an inhibitory effect on osteoclast-like cell formation. Bone-resorbing cells,
osteoclasts, are formed by the differentiation of bone marrow cells. In this study, the effects
of MnTBAP on osteoclastogenesis, a cell-permeable SOD2 mimetic, were evaluated, and
osteoclast formation from BMMs was reduced by MnTBAP in a dose-dependent manner. It
also effectively downregulated the expression of osteoclast marker genes and inhibited the
induction of nuclear factor of activated T cells (NFATc1) [40]. Furthermore, both in vitro and
in vivo results indicate that the Mn2+ ions released from Mn-TCP bioceramics can inhibit
the formation and function of osteoclasts, promote osteoblast differentiation, and accelerate
bone regeneration under osteoporotic conditions. Mechanically, Mn-TCP bioceramics in-
hibit osteoclastogenesis and activate Nrf2, promoting the repair of osteoporotic bone defects
by scavenging ROS [38]. The effect of Mn(II)-enriched C. glomerata methanolic extract on
the mRNA expression of osteoclast-related genes in lipopolysaccharide-induced cryopre-
served cell lines, derived from Mouse C57BL/6 calvaria (LPS-induced MC3T3-E1) cells,
suggests that this extract may attenuate signaling pathways that initiate aberrant osteo-
clastogenic differentiation [126]. Also, this research demonstrates that Mn2+ in composite
hydrogels can reduce the ROS level by activating the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway, and fibroblast activation protein inhibitor (FAPi) can inhibit NF-κB
signaling pathway. Together, these two mechanisms may contribute to the suppression
of osteoclastogenesis and inhibit osteoclast formation by hydrogels [127]. These findings
suggest that Mn inhibits osteoclast formation and function (Table 1).

Table 1. Mechanisms of manganese (Mn) action on bone cells.

Mn Compound Type Bone Cell Types Mechanisms of Action Outcomes References

Mn compound Osteoblasts Proliferation Evaluated cell viability and type
I collagen secretion [122]

Mn compound mBMSCs Differentiation Effective for osteogenic
differentiation [123]

MnCl2 Osteoblasts Osteogenesis Accelerated osteogenesis,
increased angiogenesis [124]

Mn containing BG hMSCs Differentiation
High expression of osteogenic
markers (ALP, collagen type I,

osteopontin, osteocalcin)
[33]
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Table 1. Cont.

Mn Compound Type Bone Cell Types Mechanisms of Action Outcomes References

Mn-containing coatings by
micro-arc oxidation

and PIIID
Extracellular matrix Collagen secretion

and mineralization Improve bone differentiation [125]

MnTBAP BMMs Downregulate osteoclast
marker genes Inhibit induction of NFATc1 [40]

Mn2+ ions released from
Mn-TCP bioceramics

Osteoclasts Inhibit osteoclast formation

Decreased osteoclasts,
accelerated bone defect

regeneration by activating Nrf2
and scavenging ROS

[38]

Mn(II)-enriched C.
glomerata

methanolic extract

LPS-induced
MC3T3-E1 cells

mRNA expression of
osteoclast-related genes

Attenuate signaling pathways,
reduce aberrant

osteoclast differentiation
[126]

Mn2+ in
composite hydrogels

Osteoclasts Reduce ROS, inhibit
NF-κB signaling

Suppress osteoclastogenesis,
inhibit osteoclast formation [127]

Abbreviations: Plasma immersion ion implantation and deposition (PIII&D), Mn-doped β-tricalcium phosphate
(MnTBAP), Mn-contained β-tricalcium phosphate (Mn-TCP bioceramics), bone marrow mesenchymal stem cells
(mBMSCs), human mesenchymal stem cells (hMSCs), lipopolysaccharide-induced cryopreserved cell lines derived
from Mouse C57BL/6 calvaria (LPS-induced MC3T3-E1 cells), nuclear factor of activated T cells (NFATc), nuclear
factor erythroid 2-related factor 2 (Nrf2), reactive oxygen species (ROS), nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB).

8. Mn Deficiency and Its Impact on Bone Health

Mn deficiency may play a pathophysiological role in the deterioration of bone metabolism.
Mn deficiency disrupts the balance between osteoblastic and osteoclastic activities. Several
studies on rats with low-Mn diets have suggested that such an imbalance inhibits cartilage
formation and induces osteopenia [128]. Additionally, it has been shown that Mn deficiency
negatively affects the development of chondrocytes by inhibiting their proliferation and
inducing apoptosis [129] (Table 2).

Table 2. Effects of manganese (Mn) deficiency on bone health.

Mn Level
(mg/kg) Experimental Subjects Tissue Effects of Deficiency References

Low diet Rats Bone Inhibits cartilage formation and
induces osteopenia [128]

40 mg/kg diet Chickens Bone
Inhibits chondrocyte proliferation

and stimulates
chondrocyte apoptosis

[129]

8.7 mg/kg Chickens Bone
Leads to metaphyseal osteoporosis

due to decreased OPG/RANKL
mRNA expression

[130]

22 mg/kg diet Chickens Tibia
Affects chondrocyte proliferation

and differentiation in the tibial
growth plate

[131]

8.7 mg/kg Chickens Serum markers of bone
Causes disorders in bone

regulatory hormones and enzymes
of bone metabolism in serum

[132]

22 mg/kg Chickens Tibial growth plate

HIF-1α up-regulation and
autophagy activation protect

against Mn deficiency-induced
angiogenesis inhibition

[133]

Abbreviations: messenger ribonucleic acid (mRNA), hypoxia-inducible factor-1 α (HIF-1α), tibial dyschondropla-
sia (TD), tibial growth plate (TGP).
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This study confirmed that Mn deficiency has the potential to affect tibia development
in broiler chickens and is associated with decreased OPG/receptor activator of nuclear
factor κB ligand (RANKL) mRNA expression, leading to metaphyseal osteoporosis [130].
The RANKL is a crucial cytokine regulating osteoclast differentiation and survival. Also,
studies have shown that Mn deficiency causes avian tibial dyschondroplasia by inhibiting
chondrocyte proliferation and differentiation in broilers [131]. According to this research,
dietary Mn deficiency impairs serum bone regulatory hormones and bone metabolism
enzymes in chicks [132]. In addition to finding that Mn deficiency decreases tibial length
and tibial growth plate thickness in a tibial dyschondroplasia model, this study also found
that Mn deficiency is irregular under the tibial growth plate, and increases the lesion area
tibial dyschondroplasia lesions of white tibial dyschondroplasia [133] (Table 2).

9. Mn Toxicity and Its Effects on Bone Mass

Mn is essential for various biological and physiological processes, including bone
growth. Bone tissue is the primary organ for Mn accumulation. Long-term excessive
exposures to Mn can negatively affect bone metabolism. The mechanisms of Mn toxicity
are complex and not fully understood, and bone retains Mn for many years after the initial
exposure. Evidence from animal studies shows that Mn has an average elimination half-life
in rat skeletal bones of 143 days, which is equivalent to its accumulation in human bones
of about 8.5 years. Plasma Mn concentrations in rats in the study were ∼20 µg/L on day
30 after this drinking regimen, which is comparable to human blood Mn levels during
poisoning [134].

Based on this study, Mn was reported to accumulate in bone tissue in a population
of 60 Chinese industrial workers. This study used neutron activation to measure bone
Mn in vivo and characterized occupational Mn exposure using the cumulative exposure
index (CEI) to classify occupational exposure into high, moderate, or low-quality exposure
ratings based on worker questionnaire responses. The CEI method is used in occupational
studies, where there are significant difficulties in performing comprehensive exposure
assessments over months and years, but it may not accurately distinguish whether high
levels of bone Mn reflect Mn accumulation from long-term exposure (e.g., years to decades)
to recent high exposures over a short time, proximal to bone Mn measurements. There is
also some evidence that in this study the route of exposure was inhalational, whereas in
another study it was oral, and that the effects of Mn have different toxicokinetic profiles
following inhalational and oral exposures [135]. At the same time, this study found that
retired women in the highest Mn exposure sample (Mn-CEI triple 3) have a higher risk
of developing osteoporosis compared to control women. Further research is necessary to
explore the potential mechanisms underline changes in bone quality [136]. This study also
reported that Mn exposure might decrease bone mineral density, and found a negative
association between blood Mn levels and bone mineral density in adolescents, particularly
in girls aged 12–15 years. Therefore, elevated blood Mn levels may pose a risk factor for
low bone mass in adolescents [137].

10. Animal Studies Investigating the Relationship between Mn and Bone Density

Mn is an essential element for bone growth. Several animal studies examined the
relationship between Mn levels and bone density. Controlled experiments using various
animal models have suggested a possible link between Mn intake and its effects on bone
health. One of the studies proposes that, in addition to the therapeutic effects of Mn
treatment of colonic inflammation, Mn also modulates bone homeostasis in young Wistar
rats with ulcerative colitis [138]. In this research, the chronic oral administration of Mn to
animals was conducted, characterizing the time-dependent accumulation of Mn in rat bones
and determining the t1/2 of Mn elimination in bone tissues. Bone samples were collected
from different parts of the body to investigate whether they exhibit similar or different
kinetic characteristics and Mn neurotoxicity in the brain. They found a correlation between
Mn concentrations in bone and Mn concentrations in selected regions [134]. In addition, by
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adding Mn to PDA, the surface characteristics of the Mn-modified peek implant (PEEK-
PDA-Mn) group, its roughness and hydrophilicity, and biocompatibility were significantly
improved. The expression results of osteogenic genes, ALP and mineralization indicated
that Mn immobilization enhances the differentiation capacity of MC3T3-E1 cells into
osteoblasts in vitro [139]. This study demonstrated that teeth are a sensitive biomarker of
active and past Mn exposure and tissue Mn burden [140]. Animal studies further clarify
the effects of Mn exposure on bone throughout the lifespan and suggest potential benefits
of using bone as a biomarker for Mn exposure [116]. Additionally, research findings on
nitrogen nickel-free stainless steel implantation in rabbit tibiae revealed that nitrogen nickel-
free stainless steel induces the osteogenic differentiation of rat bone marrow mesenchymal
stem cells and promotes rapid and long-term osseointegration of implants, likely due to
the combined effects of Mn and N elements [141]. The study also suggested that the effects
of Mn2+ on bone marrow mesenchymal stem cells proliferation, osteogenic differentiation,
and adipogenic differentiation are complex, with concentration and incubation time being
critical factors in modulating the biological effects of Mn2+ from injury to protection [142].

11. Clinical Studies Assessing Mn Supplementation and Bone Health

Mn is an indispensable trace element necessary for the normal development and
activity of tissues such as bones. This study focused on the effects of Mn supplementation
on growth, blood biochemistry, nitrogen metabolism, and skeletal development in growing
Rex rabbits. As a result of the study, it was found that dietary Mn has a positive effect on
the growth rate of Rex rabbits. At the same time, it was observed that Mn supplementation
increased nitrogen utilization and decreased serum triglyceride levels. Also, a Mn supple-
ment of 20 mg/kg was found to be the most suitable for improving the growth performance
of rabbits [143]. In addition, this study reported that ALP and tartrate-resistant acid phos-
phatase were evaluated in the tibia and serum of broilers, fed diets with varying levels of
phytase and levels of zinc, Mn, and copper. In an experiment involving 1200 male Cobb
broilers, reared according to standard commercial breeding methods, it was found that
supplements containing zinc, Mn, and copper significantly benefited bone metabolism, as
a result of which, among others, Mn increased the activity of the growth plate, accelerated
calcification, and contributed to the reconstruction of newly formed tissue into trabecular
bone [144]. In a separate study, the effect of an optimized dietary supplement with Mn on
growth performance, tibia characteristics, immune function and meat quality of yellow
feather broilers were evaluated, and in the diets of birds with an Mn-added optimal mix-
ture, in accordance with nutritional standards, the best performance was achieved [145].
Additionally, organic Mn supplementation is more bioavailable than inorganic Mn; the use
of Mn proteinate, especially, has proven to improve leg development and absorption effi-
ciency, as well as general oxidative stress status in broilers [146]. Viegas et al. reported that
the addition of high dietary levels of Mn (90 mg kg- and Zn 130 mg kg−1 to a commercial
microdiet for marine fish larvae improved larval survival and reduced vertebral defects,
and increased bone Mn deposition [147]. Furthermore, the addition of Mn-methionine
(Mn-Met) to the diet of laying hens affected egg quality, including the internal properties
and mechanical properties of the eggshell. As a result, the dietary Mn-Met supplement
increased both internal egg quality and eggshell ultrastructure [148]. Venglovska et al.
also highlighted the importance of Mn in eggshell formation, noting its positive effect on
eggshell quality. [149]. It was also reported that the dietary supplementation of Mn hydroxy
chloride can improve broiler antioxidant capacity, bone quality, and Mn deposition [150].
This study showed for the first time that organic Mn supplements, administered to deer fed
a balanced diet, improved deer bone quality and some bone mechanical properties [151]
(Table 3).
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Table 3. Supplementation of manganese (Mn).

Types of
Supplementations Species Outcomes Target Tissue Mechanisms References

Oral Rex rabbits Improved growth
performance Skeletal development Significant effects on

bone strength [143]

Oral Cobb broilers
Increased growth plate

activity, accelerated
calcification

Bone tissue
Increased growth plate

activity, accelerated
calcification

[144]

Oral Yellow feather
broilers Increased bone density Tibia characteristics Increased tibia

diameter [145]

Organic Mn
supplementation Broilers

Improved leg
development and

absorption efficiency
Tibial bone

Increased growth
performance, tibial
bone parameters,
oxidative stress

indicators

[146]

Oral Marine fish larvae Increased bone Mn
deposition Bone Reduced severity of

vertebral defects [147]

Oral, Mn-methionine
supplementation Laying hens Increased eggshell

ultrastructure Eggshell Affected egg quality [148]

Oral, Mn
supplementation from

its inorganic and
organic sources

Laying hens Improved eggshell
quality Eggshell Beneficial impact on

eggshell quality [149]

Dietary
supplementation with
Mn hydroxychloride

Arbor Acres broilers
Increased tibia length,
strength, and density

index
Tibial bone

Improved antioxidant
capacity, bone quality,

Mn deposition
[150]

Mn injection Deer

Increased impact
energy and mineral

content in antler
bone tissue

Bone tissue

Altered mineral
composition, improved

structure and
mechanical properties

[151]

12. Future Directions: Areas for Further Research and Investigation

Numerous studies have shown that adequate levels of Mn can play a role in main-
taining optimal bone health. However, the exact mechanisms underlying this relationship
between Mn and bone health remain a subject of ongoing research. Further research is
needed to fully understand how Mn affects bone growth and bone density to shed light on
its potential implications for human skeletal health. These studies provide an important
foundation for future research aimed at elucidating the complex interactions between Mn
and the regulation of bone health and density. There are several key areas that require
further investigation regarding Mn exposure and bone health. These research directions
provide a comprehensive analysis of further research in the area of Mn effects on bone
health, and studies that monitor the effects of different Mn levels over time in animal
models may shed light on long-term effects on bone density and skeletal integrity. Also,
studying the specific molecular mechanisms of Mn interaction with bone cells such as
osteoblasts and osteoclasts is important to reveal the specific pathways involved in the
regulation of bone metabolism. Furthermore, investigating the major role of Mn supple-
mentation or deficiency in bone-related disorders or osteoporosis and skeletal abnormalities
may provide valuable clinical research opportunities. Comparative studies across different
species and ages may also suggest possible variations in the effects of Mn on bone density,
and studying how Mn interacts with other dietary factors to influence bone health may
also provide a better understanding of the complex interactions between nutrients and
skeletal integrity.

13. Conclusions

This comprehensive review underscores the multifaceted role of Mn in bone health,
emphasizing its critical influence on bone regeneration, mineralization, and overall skeletal
strength. The research findings highlight Mn’s vital role in bone metabolism through its
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modulation of osteoblast and osteoclast activities, which are essential for bone formation
and resorption. Syntheses of experimental models, epidemiological studies, and clinical
trials consistently demonstrate Mn’s profound impact on bone mineralization and density,
particularly through the regulation of key signaling pathways and enzymatic reactions.
Maintaining adequate Mn levels is crucial for optimal bone health, as deficiency is linked
to impaired bone growth and an increased risk of bone diseases. Conversely, excessive Mn
exposure and accumulation can negatively impact bone metabolism, underscoring the need
for balanced intake. Future research should focus on elucidating the specific molecular
mechanisms by which Mn influences bone cells and identifying the pathways involved in
bone metabolism regulation. Additionally, investigating the role of Mn supplementation in
the prevention and treatment of bone diseases, such as osteoporosis, may provide valuable
insights into potential therapeutic strategies. This review lays a crucial foundation for
future research aimed at elucidating the intricate interactions between Mn and bone health,
ultimately contributing to the development of strategies to optimize bone health and
prevent skeletal diseases.
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96. Haas, M.; Kočvara, M. Elemental content in the tissues of the song thrush Turdus philomelos I. Accumulation of macro-and
microminerals in internal organs and tissues. Oecologia Mont. 2023, 32, 9–24.

97. Prajapati, M.; Conboy, H.L.; Hojyo, S.; Fukada, T.; Budnik, B.; Bartnikas, T.B. Biliary excretion of excess iron in mice requires
hepatocyte iron import by Slc39a14. J. Biol. Chem. 2021, 297, 100835. [CrossRef] [PubMed]

98. Aydemir, T.B.; Cousins, R.J. The Multiple Faces of the Metal Transporter ZIP14 (SLC39A14). J. Nutr. 2018, 148, 174–184. [CrossRef]
[PubMed]

99. Sasaki, S.; Tsukamoto, M.; Saito, M.; Hojyo, S.; Fukada, T.; Takami, M.; Furuichi, T. Disruption of the mouse Slc39a14 gene
encoding zinc transporter ZIP 14 is associated with decreased bone mass, likely caused by enhanced bone resorption. FEBS Open
Bio. 2018, 8, 655–663. [CrossRef] [PubMed]

100. Lui, J.C.; Jee, Y.H.; Garrison, P.; Iben, J.R.; Yue, S.; Ad, M.; Nguyen, Q.; Kikani, B.; Wakabayashi, Y.; Baron, J. Differential aging of
growth plate cartilage underlies differences in bone length and thus helps determine skeletal proportions. PLoS Biol. 2018, 16,
e2005263. [CrossRef] [PubMed]

101. Wang, Z.Q.; Zhang, Y.T.; Cao, C.Y.; Liu, J.M.; Deng, Y.; Zhang, Z.Q.; Wang, C. TaNRAMP3 is essential for manganese transport in.
Stress Biol. 2023, 3, 41. [CrossRef] [PubMed]

102. Huang, T.; Yan, G.; Guan, M. Zinc Homeostasis in Bone: Zinc Transporters and Bone Diseases. Int. J. Mol. Sci. 2020, 21, 1236.
[CrossRef] [PubMed]

103. Felber, D.M.; Wu, Y.; Zhao, N. Regulation of the Metal Transporters ZIP14 and ZnT10 by Manganese Intake in Mice. Nutrients
2019, 11, 2099. [CrossRef]

104. Takagishi, T.; Hara, T.; Fukada, T. Recent Advances in the Role of SLC39A/ZIP Zinc Transporters In Vivo. Int. J. Mol. Sci. 2017, 18,
2708. [CrossRef]

105. Kong, N.; Zhao, Q.; Liu, C.; Li, J.; Liu, Z.; Gao, L.; Wang, L.; Song, L. The involvement of zinc transporters in the zinc accumulation
in the Pacific oyster Crassostrea gigas. Gene 2020, 750, 144759. [CrossRef] [PubMed]

106. Wiuf, A.; Steffen, J.H.; Becares, E.R.; Gronberg, C.; Mahato, D.R.; Rasmussen, S.G.F.; Andersson, M.; Croll, T.; Gotfryd, K.;
Gourdon, P. The two-domain elevator-type mechanism of zinc-transporting ZIP proteins. Sci. Adv. 2022, 8, eabn4331. [CrossRef]

107. Tang, H.; Li, C.; Zhang, Y.; Zheng, H.; Cheng, Y.; Zhu, J.; Chen, X.; Zhu, Z.; Piao, J.G.; Li, F. Targeted Manganese doped silica nano
GSH-cleaner for treatment of Liver Cancer by destroying the intracellular redox homeostasis. Theranostics 2020, 10, 9865–9887.
[CrossRef]

108. Lin, W.; Vann, D.R.; Doulias, P.T.; Wang, T.; Landesberg, G.; Li, X.; Ricciotti, E.; Scalia, R.; He, M.; Hand, N.J.; et al. Hepatic metal
ion transporter ZIP8 regulates manganese homeostasis and manganese-dependent enzyme activity. J. Clin. Investig. 2017, 127,
2407–2417. [CrossRef] [PubMed]

109. Coffey, R.; Knutson, M.D. The plasma membrane metal-ion transporter ZIP14 contributes to nontransferrin-bound iron uptake by
human beta-cells. Am. J. Physiol. Cell Physiol. 2017, 312, C169–C175. [CrossRef] [PubMed]

110. Nebert, D.W.; Liu, Z. SLC39A8 gene encoding a metal ion transporter: Discovery and bench to bedside. Hum. Genom. 2019, 13, 51.
[CrossRef]

111. Kim, G.; Elnabawi, O.; Shin, D.; Pae, E.K. Transient Intermittent Hypoxia Exposure Disrupts Neonatal Bone Strength. Front.
Pediatr. 2016, 4, 15. [CrossRef]

112. Bin, B.H.; Bhin, J.; Seo, J.; Kim, S.Y.; Lee, E.; Park, K.; Choi, D.H.; Takagishi, T.; Hara, T.; Hwang, D.; et al. Requirement of Zinc
Transporter SLC39A7/ZIP7 for Dermal Development to Fine-Tune Endoplasmic Reticulum Function by Regulating Protein
Disulfide Isomerase. J. Investig. Dermatol. 2017, 137, 1682–1691. [CrossRef]

113. Fang, L.; Watkinson, M. Subcellular localised small molecule fluorescent probes to image mobile Zn(2). Chem. Sci. 2020, 11,
11366–11379. [CrossRef]

114. Riley, L.G.; Cowley, M.J.; Gayevskiy, V.; Roscioli, T.; Thorburn, D.R.; Prelog, K.; Bahlo, M.; Sue, C.M.; Balasubramaniam, S.;
Christodoulou, J. A SLC39A8 variant causes manganese deficiency, and glycosylation and mitochondrial disorders. J. Inherit.
Metab. Dis. 2017, 40, 261–269. [CrossRef]

115. Geng, X.; Liu, L.; Banes-Berceli, A.; Yang, Z.; Kang, P.; Shen, J.; Tsai, K.J.; Liu, Z. Role of ZIP8 in regulating cell morphology and
NF-kappaB/Snail2 signaling. Metallomics 2018, 10, 953–964. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.0285-17.2017
https://doi.org/10.1074/jbc.M116.728014
https://doi.org/10.1074/jbc.M116.726935
https://doi.org/10.1074/jbc.M117.783605
https://www.ncbi.nlm.nih.gov/pubmed/28461334
https://doi.org/10.1016/j.jbc.2021.100835
https://www.ncbi.nlm.nih.gov/pubmed/34051234
https://doi.org/10.1093/jn/nxx041
https://www.ncbi.nlm.nih.gov/pubmed/29490098
https://doi.org/10.1002/2211-5463.12399
https://www.ncbi.nlm.nih.gov/pubmed/29632817
https://doi.org/10.1371/journal.pbio.2005263
https://www.ncbi.nlm.nih.gov/pubmed/30036371
https://doi.org/10.1007/s44154-023-00120-2
https://www.ncbi.nlm.nih.gov/pubmed/37737507
https://doi.org/10.3390/ijms21041236
https://www.ncbi.nlm.nih.gov/pubmed/32059605
https://doi.org/10.3390/nu11092099
https://doi.org/10.3390/ijms18122708
https://doi.org/10.1016/j.gene.2020.144759
https://www.ncbi.nlm.nih.gov/pubmed/32423892
https://doi.org/10.1126/sciadv.abn4331
https://doi.org/10.7150/thno.46771
https://doi.org/10.1172/JCI90896
https://www.ncbi.nlm.nih.gov/pubmed/28481222
https://doi.org/10.1152/ajpcell.00116.2016
https://www.ncbi.nlm.nih.gov/pubmed/27903581
https://doi.org/10.1186/s40246-019-0233-3
https://doi.org/10.3389/fped.2016.00015
https://doi.org/10.1016/j.jid.2017.03.031
https://doi.org/10.1039/D0SC04568C
https://doi.org/10.1007/s10545-016-0010-6
https://doi.org/10.1039/C8MT00079D


J. Clin. Med. 2024, 13, 4679 19 of 20

116. Conley, T.E.; Richardson, C.; Pacheco, J.; Dave, N.; Jursa, T.; Guazzetti, S.; Lucchini, R.G.; Fendorf, S.; Ritchie, R.O.; Smith, D.R.
Bone manganese is a sensitive biomarker of ongoing elevated manganese exposure, but does not accumulate across the lifespan.
Environ. Res. 2022, 204, 112355. [CrossRef]

117. Zeglam, A.; Abugrara, A.; Kabuka, M. Autosomal-recessive iron deficiency anemia, dystonia and hypermanganesemia caused by
new variant mutation of the manganese transporter gene SLC39A14. Acta Neurol. Belg. 2019, 119, 379–384. [CrossRef]

118. Morgan, S.E.; Schroten, H.; Ishikawa, H.; Zhao, N. Localization of ZIP14 and ZIP8 in HIBCPP Cells. Brain Sci. 2020, 10, 534.
[CrossRef]

119. Zhao, Y.; Cheng, C.Q.; Wang, X.Y.; Yuan, Z.C.; Sun, B.B.; EL-Newehy, M.; Abdulhameed, M.M.; Fang, B.; Mo, X.M. Aspirin-
Loaded Anti-Inflammatory ZnO-SiO2 Aerogel Scaffolds for Bone Regeneration. ACS Appl. Mater. Interfaces 2024, 16, 17092–17108.
[CrossRef]

120. Hendrickx, G.; Borra, V.M.; Steenackers, E.; Yorgan, T.A.; Hermans, C.; Boudin, E.; Waterval, J.J.; Jansen, I.D.C.; Aydemir, T.B.;
Kamerling, N.; et al. Conditional mouse models support the role of SLC39A14 (ZIP14) in Hyperostosis Cranialis Interna and in
bone homeostasis. PLoS Genet. 2018, 14, e1007321. [CrossRef]

121. Das, B.K.; Wang, L.; Fujiwara, T.; Zhou, J.; Aykin-Burns, N.; Krager, K.J.; Lan, R.; Mackintosh, S.G.; Edmondson, R.; Jennings,
M.L.; et al. Transferrin receptor 1-mediated iron uptake regulates bone mass in mice via osteoclast mitochondria and cytoskeleton.
Elife 2022, 11, e73539. [CrossRef]

122. Torres, P.M.C.; Vieira, S.I.; Cerqueira, A.R.; Pina, S.; Silva, O.A.B.D.; Abrantes, J.C.C.; Ferreira, J.M.F. Effects of Mn-doping on the
structure and biological properties of β-tricalcium phosphate. J. Inorg. Biochem. 2014, 136, 57–66. [CrossRef]

123. Wu, T.; Shi, H.; Liang, Y.; Lu, T.; Lin, Z.; Ye, J. Improving osteogenesis of calcium phosphate bone cement by incorporating with
manganese doped beta-tricalcium phosphate. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 109, 110481. [CrossRef]

124. Hreha, J.; Wey, A.; Cunningham, C.; Krell, E.S.; Brietbart, E.A.; Paglia, D.N.; Montemurro, N.J.; Nguyen, D.A.; Lee, Y.J.; Komlos,
D.; et al. Local manganese chloride treatment accelerates fracture healing in a rat model. J. Orthop. Res. 2015, 33, 122–130.
[CrossRef]

125. Zhao, Q.M.; Sun, Y.Y.; Wu, C.S.; Yang, J.; Bao, G.F.; Cui, Z.M. Enhanced osteogenic activity and antibacterial ability of manganese-
titanium dioxide microporous coating on titanium surfaces. Nanotoxicology 2020, 14, 289–309. [CrossRef]

126. Bourebaba, L.; Michalak, I.; Baouche, M.; Kucharczyk, K.; Fal, A.M.; Marycz, K. Cladophora glomerata enriched by biosorption
with Mn(II) ions alleviates lipopolysaccharide-induced osteomyelitis-like model in MC3T3-E1, and 4B12 osteoclastogenesis. J.
Cell Mol. Med. 2020, 24, 7282–7300. [CrossRef]

127. Chen, Q.X.; Li, J.Y.; Han, F.; Meng, Q.C.; Wang, H.; Qiang, W.; Li, Z.X.; Li, F.F.; Xie, E.; Qin, X.Y.; et al. A Multifunctional Composite
Hydrogel That Rescues the ROS Microenvironment and Guides the Immune Response for Repair of Osteoporotic Bone Defects.
Adv. Funct. Mater. 2022, 32, 2201067. [CrossRef]

128. Pepa, G.D.; Brandi, M.L. Microelements for bone boost: The last but not the least. Clin. Cases Miner. Bone Metab. 2016, 13, 181–185.
[CrossRef]

129. Wang, J.; Wang, Z.Y.; Wang, Z.J.; Liu, R.; Liu, S.Q.; Wang, L. Effects of manganese deficiency on chondrocyte development in tibia
growth plate of Arbor Acres chicks. J. Bone Miner. Metab. 2015, 33, 23–29. [CrossRef]

130. Liu, R.; Jin, C.; Wang, Z.; Wang, Z.; Wang, J.; Wang, L. Effects of manganese deficiency on the microstructure of proximal tibia and
OPG/RANKL gene expression in chicks. Vet. Res. Commun. 2015, 39, 31–37. [CrossRef]

131. Wang, C.Y.; Xia, W.H.; Wang, L.; Wang, Z.Y. Manganese deficiency induces avian tibial dyschondroplasia by inhibiting chondro-
cyte proliferation and differentiation. Res. Vet. Sci. 2021, 140, 164–170. [CrossRef]

132. Zhaojun, W.; Lin, W.; Zhenyong, W.; Jian, W.; Ran, L. Effects of manganese deficiency on serum hormones and biochemical
markers of bone metabolism in chicks. J. Bone Miner. Metab. 2013, 31, 285–292. [CrossRef]

133. Lu, L.; Jin, C.; Dong, P.F.; Wang, Z.Y. HIF-1alpha upregulation exerts the antagonistic effect against angiogenesis inhibition in
manganese deficiency-induced tibial dyschondroplasia of broiler chicks. Vet. Res. Commun. 2022, 46, 1023–1032. [CrossRef]

134. O’Neal, S.L.; Hong, L.; Fu, S.; Jiang, W.; Jones, A.; Nie, L.H.; Zheng, W. Manganese accumulation in bone following chronic
exposure in rats: Steady-state concentration and half-life in bone. Toxicol. Lett. 2014, 229, 93–100. [CrossRef]

135. Rolle-McFarland, D.; Liu, Y.; Zhou, J.; Mostafaei, F.; Zhou, Y.; Li, Y.; Fan, Q.; Zheng, W.; Nie, L.H.; Wells, E.M. Development of a
Cumulative Exposure Index (CEI) for Manganese and Comparison with Bone Manganese and Other Biomarkers of Manganese
Exposure. Int. J. Environ. Res. Public Health 2018, 15, 1341. [CrossRef] [PubMed]

136. Li, D.; Ge, X.; Liu, Z.; Huang, L.; Zhou, Y.; Liu, P.; Qin, L.; Lin, S.; Liu, C.; Hou, Q.; et al. Association between long-term
occupational manganese exposure and bone quality among retired workers. Environ. Sci. Pollut. Res. Int. 2020, 27, 482–489.
[CrossRef]

137. Liu, J.; Tang, Y.; Chen, Y.; Zhang, X.; Xia, Y.; Geng, B. Association between blood manganese and bone mineral density in US
adolescents. Environ. Sci. Pollut. Res. Int. 2023, 30, 29743–29754. [CrossRef]

138. Salami, A. Manganese Chloride Attenuates Osteoporosis in Rats with Experimental Ulcerative Colitis. Arch. Basic Appl. Med.
2019, 7, 21–34.

139. Yang, X.; Xiong, S.; Zhou, J.; Zhang, Y.; He, H.; Chen, P.; Li, C.; Wang, Q.; Shao, Z.; Wang, L. Coating of manganese functional
polyetheretherketone implants for osseous interface integration. Front. Bioeng. Biotech. 2023, 11, 1182187. [CrossRef]

140. Austin, C.; Richardson, C.; Smith, D.; Arora, M. Tooth manganese as a biomarker of exposure and body burden in rats. Environ.
Res. 2017, 155, 373–379. [CrossRef] [PubMed]

https://doi.org/10.1016/j.envres.2021.112355
https://doi.org/10.1007/s13760-018-1024-7
https://doi.org/10.3390/brainsci10080534
https://doi.org/10.1021/acsami.3c17152
https://doi.org/10.1371/journal.pgen.1007321
https://doi.org/10.7554/eLife.73539
https://doi.org/10.1016/j.jinorgbio.2014.03.013
https://doi.org/10.1016/j.msec.2019.110481
https://doi.org/10.1002/jor.22733
https://doi.org/10.1080/17435390.2019.1690065
https://doi.org/10.1111/jcmm.15294
https://doi.org/10.1002/adfm.202201067
https://doi.org/10.11138/ccmbm/2016.13.3.181
https://doi.org/10.1007/s00774-014-0563-0
https://doi.org/10.1007/s11259-015-9626-5
https://doi.org/10.1016/j.rvsc.2021.08.018
https://doi.org/10.1007/s00774-012-0417-6
https://doi.org/10.1007/s11259-022-09950-3
https://doi.org/10.1016/j.toxlet.2014.06.019
https://doi.org/10.3390/ijerph15071341
https://www.ncbi.nlm.nih.gov/pubmed/29949870
https://doi.org/10.1007/s11356-019-06694-7
https://doi.org/10.1007/s11356-022-24314-9
https://doi.org/10.3389/fbioe.2023.1232967
https://doi.org/10.1016/j.envres.2017.03.004
https://www.ncbi.nlm.nih.gov/pubmed/28279842


J. Clin. Med. 2024, 13, 4679 20 of 20

141. Yu, Y.; Ding, T.; Xue, Y.; Sun, J. Osteoinduction and long-term osseointegration promoted by combined effects of nitrogen and
manganese elements in high nitrogen nickel-free stainless steel. J. Mater. Chem. B 2016, 4, 801–812. [CrossRef]

142. Zhang, J.; Zhang, Q.; Li, S.; Hou, Y.; Zhang, H. The effects of Mn(2+) on the proliferation, osteogenic differentiation and adipogenic
differentiation of primary mouse bone marrow stromal cells. Biol. Trace Elem. Res. 2013, 151, 415–423. [CrossRef]

143. Chen, X.; Yang, G.; Zhang, B.; Li, F.; Liu, L.; Li, F. Effects of manganese-supplemented diets on growth performance, blood
biochemistry, nitrogen metabolism and skeletal development of rex rabbits. J. Trace Elem. Med. Biol. 2020, 61, 126543. [CrossRef]

144. Santos, L.F.J.; Goncalves, A.M.; Neira, L.M.; Nakagi, V.S.; Macari, M.; Laurentiz, A.C.; Pizauro, J.M. Effects of Supplementation of
Zinc, Manganese, or Copper and Different Phytase Levels in Serum and Bone Acid and Alkaline Phosphatases of Broiler Chicks.
Braz. J. Poult. Sci 2023, 25, eRBCA-2022-1722. [CrossRef]

145. Wang, Y.; Gou, Z.; Lin, X.; Fan, Q.; Ye, J.; Jiang, S. Optimal Level of Supplemental Manganese for Yellow-Feathered Broilers during
the Growth Phase. Animals 2021, 11, 1389. [CrossRef] [PubMed]

146. Xia, W.H.; Tang, L.; Wang, Z.Y.; Wang, L. Effects of Inorganic and Organic Manganese Supplementation on Growth Performance,
Tibia Development, and Oxidative Stress in Broiler Chickens. Biol. Trace Elem. Res. 2022, 200, 4453–4464. [CrossRef] [PubMed]

147. Viegas, M.N.; Salgado, M.A.; Aguiar, C.; Almeida, A.; Gavaia, P.; Dias, J. Effect of Dietary Manganese and Zinc Levels on Growth
and Bone Status of Senegalese Sole (Solea senegalensis) Post-Larvae. Biol. Trace Elem. Res. 2021, 199, 2012–2021. [CrossRef]
[PubMed]

148. Li, L.L.; Zhang, N.N.; Gong, Y.J.; Zhou, M.Y.; Zhan, H.Q.; Zou, X.T. Effects of dietary Mn-methionine supplementation on the egg
quality of laying hens. Poult. Sci. 2018, 97, 247–254. [CrossRef] [PubMed]
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