EXPLORING A NEW CONCEPT
OF BONE HEALTH

The role of collagen, magnesium, zinc,
manganese and copper in bone toughness
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MAINTAINING BONE HEALTH OVER

THE LONG TERM IS MORE THAN JUSTA
MATTER OF DENSITY OR STRENGTH —

IT'S ALSO ABOUT TOUGHNESS.

Bone toughness is the ability of bones
to absorb impact from falls or hard knocks.
Recent research has revealed that bone
toughness is crucial in preventing fractures
and ensuring long-term bone health.

Scientists have been exploring how this
toughness comes about and are finding the
mechanisms originate in a complex interplay
of organic and inorganic components,
influenced by collagen networks and mineral
interactions.

Over the past decades, advances in
biomechanics and nutritional science have
shed light on how collagen — the most
abundant protein in the organic bone matrix

— boosts toughness through its unusual triple

helix structure.

But it's not only collagen that holds the
key to bone toughness. Minerals such as
magnesium, zinc, manganese and copper —
often overlooked in traditional bone health
strategies — are gaining attention for their
newly discovered roles in collagen synthesis
and maintaining bone integrity. Research is
continuing to unravel these connections.

The following pages feature highlights
of some significant findings about bone
toughness and resilience, made by
researchers globally, as well as the role of
collagen and micro-nutrients.

This supplement was produced for Haleon by Nature Custom Media.
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The hidden factor in bone
health: bone toughness

Toughness helps bones to resist damage and fractures
caused by deformation.

n 2019, approximately 178
I million new cases of fractures
were recorded worldwide. And,
455 million people were living with
fracture-related symptoms, such as
limited mobility, chronic pain and
nerve damage.

Bone health is not just defined
by density or strength, but also by
toughness. Strength is needed for
bones to endure impacts, while
toughness helps bones to resist
damage and fractures caused by
deformation.

Both the toughness and strength
of bone are largely attributed to
the nature of bone matrix — the
framework that gives shape and
form to bone tissue and provides
mechanical support. Bone matrix
is mainly composed of collagen
fibres and hydroxyapatite (calcium-
phosphate) crystals, along with other
minerals, arranged in a hierarchical
structure consisting of distinct
structural features from the nano- to
macro levels.

A better
understanding of
what contributes to
bone toughness can
help minimize the
risk of fractures.

2 The hidden factor in bone health: bone toughness

This unique structural arrangement
is key to the toughness of bone,
according to a team of researchers
from Beihang University in Beijing,
China', In their 2022 review published
in the journal Bone Research, the
researchers highlighted how this
“special multistage structure of
the bone matrix gives it a unique
toughening mechanism.”’

For instance, the triple helix
structure of collagen fibres, and the
way they are cross-linked, enable
them to deform through stretching
and sliding, rather than breaking when
force is applied — helping prevent
fractures. Similarly, the staggered
pattern of hydroxyapatite crystals
contributes to bone's exceptional
toughness®.

Beyond structure, the properties
of the matrix play an important role
in bone toughness. About two-
thirds of the matrix is made up
of hydroxyapatite which directly
influences bone strength. The
remaining one-third of the bone matrix
is collagen, which plays a pivotal role
in toughness. For example, when a
crack forms, collagen fibres spread
across its surface, preventing further
propagation.

In one experiment highlighted in
the review, researchers heated bone
specimens to temperatures ranging
from 37°C to 200°C. As temperatures
increased, the progressive denaturing
of collagen led to a corresponding
decline in bone toughness.

“These results showed that the
collagen network plays an important
role in the toughness of bone,’ the
authors concluded.

Another significant factor
impacting bone toughness is the
process of mineralization. During
bone formation, collagen molecules
assemble into fibrils, attracting
calcium and phosphate ions,
which in turn leads to the
formation of hydroxyapatite
crystals. This process transforms
the soft collagen matrix into a
strong, mineralized tissue capable
of withstanding high mechanical
loads — a hallmark of healthy bones.
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How collagen contributes
to bone toughness

The protein makes bones flexible, allowing them to
absorb shocks and resist fractures.

he adult skeleton, consisting
T of 206 bones, serves multiple

vital functions: it protects
organs, stores minerals, and houses
the marrow where blood cells are
produced. One of its most important
roles, however, is to be a scaffold to
provide structure to the soft tissues of
the body and to facilitate movement.

Central to this locomotive function
is a high quality of bone, which
helps prevent fractures. However,
bone quality is a complex property
influenced by many interrelated
factors, as highlighted by a team
of researchers from the French
National Institute of Health and
Medical Research (INSERM) in Paris,
and Claude Bernard University in
Lyon, France. In a review published
in Osteoporosis International, they
explain that bone quality is based on
the amount of bone, its architecture,
its turnover, and also the intrinsic
properties of the mineral and organic
matrix'.

According to the authors, collagen
is the most abundant protein in the
organic matrix of bone. Previous
studies revealed that collagen plays a
substantial role in bone toughness —
the ability of bone to absorb energy
without breaking. The complex
structure of collagen is central to this
role. Collagen molecules assemble
into thread-like fibrils, which in
turn are cross-linked by the lysyl
oxidase enzyme to create a stable,
three-dimensional structure. This

4 yow collagen contributes to bone toughness

configuration contributes to the overall
mechanical strength and elasticity of
bone.

The importance of this complex
structure is evident in conditions
where it is disrupted. For instance,
people with brittle bone disease
have genetic mutations that cause
collagen molecules to form branched,
rather than long, rope-like, fibres. This
results in thin, fragile bones prone to
fractures.

Collagen in bones changes with
age. In one study highlighted in the
review, 40 healthy male subjects of
a wide series of ages were analysed.
Researchers found that bone
collagen content increased with age,
but started to decrease after they
entered their 30s In osteoporosis
too, collagen fibres undergo several
abnormal changes — such as
thinning, a reduction in quantity,
and the adoption of a disorganized
arrangement with altered cross-links
— which lead to weakened bones and
an increased risk of fractures.

Collagen may also undergo
modifications after initial synthesis
from mRNA — dynamic processes that
can regulate the activity and function
of proteins. One such modification
is glycation, in which sugars such
as fructose are attached to collagen
molecules to form advanced glycation
end products (AGEs).

According to the review authors,
these compounds can accumulate
with age, causing a decrease in

bone toughness. They cite a study
showing that higher levels of AGEs
were associated with a 29% increase
in bone stiffness, and a 79% higher

likelihood of deformation under stress.

Furthermore, collagen'’s
interaction with inorganic molecules,
including hydroxyapatite — a
calcium-rich mineral that is another
major component of bone — plays
a significant role in health. The
integration of hydroxyapatite into
collagen fibrils enables bones
to achieve the balance between
toughness and strength.

As the authors explain, bone
strength refers to how much load
bones can carry before breaking,
whereas toughness — rooted in
collagen'’s ability to absorb energy
— reflects flexibility under stress.
Achieving this balance depends on a
complex interplay of factors.
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A conceptual
illustration of bone
collagen, the most
abundant protein in
the ogranic matrix
of bone.
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The minerals behind
collagen formation

Magnesium, zinc, manganese and copper are among minerals
that are crucial in collagen formation, increasing toughness
and helping to prevent fractures.

one health is influenced
by a variety of factors,
with minerals playing a

fundamental role in maintaining

the strength and resilience of

bone. Among them, calcium and
phosphorus are often the first minerals
that come to mind when you think

of bone health. Together they form
hydroxyapatite crystals that make
bones strong.

However, recent research has
revealed that small amounts of other
elements, such as magnesium, zinc,
manganese and copper, are just as
essential in collagen synthesis that
gives bones its toughness.

Vink Fan/shutterstorck

6 The minerals behind collagen formation

Magnesium and collagen
synthesis

Although magnesium is found
throughout our bodies, 60% of our
magnesium is stored in bones. It
plays a pivotal role, with experts from
the European Food Safety Authority
(EFSA) concluding in studies in 2009’
and 2013?, that it contributes to the
development and maintenance of
healthy bone in adults, infants and
young children.

Magnesium is required for
maintaining high bone density, which
helps prevent fractures.

But when the authors looked at 12
studies concerning dietary intake of
magnesium, they found that about 20%
of adults and teenagers consumed less
than the recommended amount, which
in turn was associated with lower bone
mineral density and a higher fracture
risk.

This could be due to changes
in collagen, the major organic
component of bone. Magnesium
may affect the secretion of so called
‘propeptides’ such as PINP, a marker
of collagen formation during bone
formation. Elevated levels of PINP
indicate increased collagen synthesis.
A 2014 study of 142 post-menopausal
women in New Zealand found that
magnesium intake increased levels of
PINP®. Meanwhile, another study of

144 women in South Africa

found that those with low

magnesium intakes had

higher levels of CTX, a

peptide fragment derived

from collagen breakdown®,

They noted that high levels

of CTX occur when bone is

being lost faster than it is being

replaced, leading to osteoporosis.
While the best way to get

sufficient magnesium is through

a balanced diet, a small clinical

trial led by researchers at the Yale

University School of Medicine in the

United States found that magnesium

supplements could also bring benéfits.

The authors found an increase in

the mineral content of hip bones in a

study of 120 teenage girls who took

magnesium as a dietary supplement

after a year”.
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Copper and collagen cross
links
Copper is another important mineral
for bone health, with roughly half of
the body’s copper stored in the bones
and bone marrow. Copper is essential
for the activity of lysyl oxidase, an
enzyme that helps cross-link collagen
fibres. The cross-linking process
would strengthen the collagen matrix,
which is crucial for bone integrity and
toughness.

Both abnormally high- and low
levels can lead to complications.
A 2024 review conducted by
researchers at China Medical
University in Shenyang highlighted
that a diet low in copper has been
linked with age-related osteoporosis
and low bone density®. The authors
noted that copper deficiency can
reduce bone strength by disrupting
the cross-linking between collagen
fibres. Copper deficiency can also
increase abnormal activation of cells
that resorb bone called osteoclasts,
leading to weaker bones.

Though less common than copper
deficiency, an excess of copper
can promote harmful oxidation and
interfere with bone metabolism,
potentially damaging the outer layer
of the bone, influencing strength. For
instance, people who have Wilson's
disease — a rare genetic order in
which excess copper accumulates in
various organs — are more prone to
bone fractures.

Zinc and collagen matrix

Zinc is a critical trace element,
essential for bone development

and bone homeostasis — a delicate
balance between bone resorption and
bone formation. In a literature review
on the topic of zinc and bone health,
researchers at the Medical University
of Warsaw, in Poland, highlighted
that zinc plays an important role

in the synthesis of collagen matrix,
mineralization and bone metabolism’”.

8 he minerals behind collagen formation

The authors noted how zinc can
enhance differentiation of bone-
forming cells known as osteoblasts,
potentially leading to greater bone
tissue formation. Zinc was also
found to help protect osteoblasts
from oxidative stress caused by free
radicals.

In the review, the authors reported
that zinc is also known to increase
the activity of alkaline phosphatase
(ALP), an enzyme involved in bone
metabolism. Increased ALP activity is
associated with osteoblastic activity,
mineralization and bone remodeling.
Zinc further contributes to bone
strength by enhancing collagen
synthesis and cross-linking.

These processes are crucial for
maintaining bone integrity, as well as
the toughness and strength required
to resist fractures. It is noted in the
review that women with osteoporosis
had lower zinc content in their bones
compared with other women.

Manganese and type |
collagen

Another trace mineral, manganese,
has recently emerged as a key
element affecting bone integrity and
function. As with magnesium, most
of the body’s manganese is stored in
the bones.

A 2024 review conducted by
researchers at West Kazakhstan
Marat Ospanov Medical University
in Aktobe underscored the critical
role that manganese plays in bone
mineralization, and the formation
of cartilage and collagen especially
by promoting secretion of type |
collagen, the most abundant collagen
in bone matrix®. They also highlighted
the dual impact of manganese
on osteoblasts and osteoclasts.
Manganese stimulates the growth of
osteoblasts, promoting bone growth.
Conversely, it inhibits the formation
of osteoclasts — which break down
old or damaged bone — reducing the

rate of bone resorption.

Recent research detailed in
the review also suggests that
manganese ions can help to enhance
bone regeneration while also
preserving bone mass. Manganese
may also help to promote bone
growth by increasing both the
activity of genes linked to bone
formation, and the rate at which
collagen is produced and deposited.
“Manganese affects hormones
involved in bone regeneration and
the activity of enzymes involved in
bone metabolism,’ the authors write.

All these studies indicate that
magnesium, zinc, manganese,
copper and other minerals present
in trace amounts play crucial
roles in collagen formation, bone
mineralization and bone metabolism.
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