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ABSTRACT: Impaired fracture healing continues to be a significant public health issue. This is more frequently observed in aging
populations and patients with co-morbidities that can directly influence bone repair. Tremendous progress has been made in the
development of biologics to enhance and accelerate the healing process; however, side-effects persist that can cause significant discomfort
and tissue damage. This has been the impetus for the development of safe and natural strategies to hasten natural bone healing. Of the
many possible approaches, nutrition represents a safe, affordable, and non-invasive strategy to positively influence each phase of fracture
repair. However, our understanding of how healing can be hindered by malnutrition or enhanced with nutritional supplementation has
lagged behind the advancements in both surgical management and the knowledge of molecular and cellular drivers of skeletal fracture
repair. This review serves to bridge this knowledge gap as well as define the importance of nutrition during fracture healing. The extant
literature clearly indicates that pre-existing nutritional deficiencies should be corrected, and nutritional status should be carefully
monitored to prevent the development of malnutrition for the best possible healing outcome. It remains unclear, however, whether the
provision of nutrients beyond sufficiency has any benefit on fracture repair and patient outcomes. The combined body of pre-clinical
studies using a variety of animal models suggests a promising role of nutrition as an adjuvant therapy to facilitate fracture repair, but
extensive research is needed, specifically at the clinical level, to clarify the utility of nutritional interventions in orthopedics. © 2019

Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 38:695-707, 2020
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Bone fractures are costly and debilitating traumatic
events. In the United States, over 6 million fractures
occur each year, and as the global population ages and life
expectancy increases, the incidence of fragility fracture
will undoubtedly increase.! It is estimated that approx-
imately 5-10% of individuals experience difficulty
healing, which results in delayed or non-unions.?® These
conditions typically require intense surgical intervention
and are associated with a severe decline in quality of life.*
Thus, the costs associated with high incidence of delayed
unions and malunions place considerable financial,
physical, and mental burdens on individuals and high-
light the need to identify affordable, effective, and safe
strategies to treat bone fractures.

To date, many strategies to enhance both the quality
and rate of fracture healing have been investigated. Of
these, there is a handful of established clinical ap-
proaches to augment fracture repair including exoge-
nously applied low-intensity pulsed ultrasound,
orthobiologics, and bone graft surgery.® Though most of
these strategies exhibit relatively good results, there
are some notable limitations to their clinical effective-
ness including costs, invasiveness, and potentially
harmful side-effects that underscores the need to
identify non-surgical means to improve fracture
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healing. Optimizing nutrition to enhance healing is an
attractive approach not only due to the safe and af-
fordable nature of nutritional factors but also due to the
well-established role of nutrition in bone growth and
homeostasis. This review aims to highlight the current
state of the field as well as gaps in knowledge regarding
the impact of nutritional status and nutritional sup-
plements on fracture healing.

MECHANISMS OF BONE FRACTURE HEALING

Bone fractures are among the most common traumas
that afflict individuals across their life-course with the
lifetime risk of experiencing an osteoporotic fracture
estimated to be 40-50% for women and 13-22% for
men.%” When a bone fractures, it is treated either op-
eratively or non-operatively, with the management
strategy being guided by the location and severity of
the fracture. Non-operative treatment of fractures has
several advantages including significant cost-savings
for the patient,® and also fewer complications such as
surgical site infections and reoperations.'® The treat-
ment strategy used dictates the mechanism by which
the broken bone heals, which can occur either through
primary (direct) fracture healing or secondary (indirect)
fracture healing (Fig. 1).!' Primary bone healing in-
volves the direct deposition of a new bone matrix at the
site of fracture that ultimately unifies the broken
tissue.!' Accurate anatomical reduction and rigid fix-
ation are requirements for primary bone healing; thus,
this mechanism of repair does not often occur in the
absence of surgical intervention.!2 On the other
hand, secondary bone healing does not require accurate
anatomical reduction and is the mechanism by which
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Figure 1. Mechanism of fracture repair. After a bone breaks, the treatment strategy used will dictate how it heals. Primary bone
healing occurs after accurate anatomical reduction and rigid fixation and proceeds either through cutting cones or through gap healing. If
the fractured fragments are close enough, osteoclasts will form cutting cones across the fracture line to re-establish osteons, that
are latter filled by bone by trailing osteoblasts. Gap healing occurs when the gap between the fractured ends are further apart and
proceeds through intramembranous ossification and deposition of lamellar bone between the fractured ends by osteoblasts. Fractures
treated non-operatively, or through internal or external fixation heal through secondary bone healing that can be divided into three
phases: an initial reactive that is followed by a longer reparative and culminates in an extended period of remodeling. Fracture ruptures
the vasculature within the bone and leads to the formation of a hematoma that is infiltrated by immune cells that promote inflammation.
Mesenchymal stem cells from the periosteum and bone marrow migrate to the fracture site and give rise to both bone-forming osteoblasts
and cartilage forming chondrocytes that facilitate endochondral and intramembranous ossification during the reparative phase. These
cells begin to form an avascular cartilaginous soft callus and as the chondrocytes hypertrophy, it signals vascular invasion of the callus.
The soft callus is then resorbed via the actions of osteoclasts and chondroclasts and replaced with woven bone by osteoblasts that occur.
This establishes the hard-bony callus. Finally, the coordinated actions of osteoblasts and osteoclasts remodel the hard callus into lamellar
bone. Fractures are considered healed when bone stability has been restored by new bony bridges across the area of fracture. [Color figure

can be viewed at wileyonlinelibrary.com]

most bones heal clinically.'’'®!* During secondary
fracture healing, the regenerative process is driven by a
coordinated series of physiological events that can be
grouped into an initial reactive phase, followed by a
reparative phase, and culminating with a remodeling
phase, all of which are described below (Fig. 1).

The reactive phase occurs immediately following
trauma and is driven by the local disruption of blood ves-
sels and surrounding soft tissue. This localized tissue in-
jury promotes the formation of a hematoma that
eventually coagulates to serve as the template for callus
formation.'® Simultaneously, this initiates an acute in-
flammatory response that recruits immune cells to the
fracture site.'®'” These cells invade the hematoma where
they facilitate the removal of debris as well as secrete cy-
tokines and chemokines that recruit immunosuppressive
mesenchymal progenitor cells from the periosteum, bone
marrow, and systemic circulation to resolve inflammation
and initiate the reparative phase.!%%2°

Pluripotent mesenchymal progenitor cells that migrate
to the site of injury begin to undergo chondrogenic differ-
entiation giving rise to an avascular cartilaginous callus.
As chondrocytes undergo hypertrophy, this triggers the
invasion of endothelial cells that promote vascularization
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and mineralization of the cartilaginous matrix.?%*? The
calcified cartilage is then replaced with woven bone re-
sulting in a hard-bony callus. Throughout this process,
mesenchymal progenitor cells located at the periphery of
the fracture site differentiate into osteoblasts and deposit
osteoid against the existing cortex through intra-
membranous ossification.!*

The immature woven bone of the bony callus is sub-
sequently remodeled into lamellar bone to fully restore
the bone’s biomechanical properties. This occurs during
the remodeling phase of fracture healing and relies on
osteoclastic bone resorption and osteoblastic bone depo-
sition.'>?® Successful remodeling is illustrated by re-
storation of the cortex to the pre-fracture architecture,
which occurs over months to years after the initial injury.
Though bones have a remarkable capacity to naturally
heal, many patient-specific factors, including nutrition
can influence the progression of fracture healing.?*

METABOLIC RESPONSE TO FRACTURE

Traumatic injuries, including fractures, depress appetite
and food consumption that in turn drives weight loss.?>2°
This phenomenon has been a primary motivator for the
inclusion of nutrition therapy in the holistic management
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Figure 2. Metabolic response to trauma. Immediately following
injury there is an initial ebb phase characterized by a decrease in
energy expenditure. The body then enters into a hypermetabolic
flow phase that is associated with catabolism and increased en-
ergy expenditure and decreases in serum vitamin D (Vit D), zinc
(Zn), copper (Cu), cobalt (Co), and iron (Fe). The final phase is the
anabolic phase in which energy expenditure returns to pre-injury
levels. Nutritional interventions delivered during the flow and
anabolic phases have the highest potential for best healing out-
comes. [Color figure can be viewed at wileyonlinelibrary.com]

of trauma patients. Trauma induces a hypermetabolic
state that is partly driven by the inflammatory reaction to
injury.®® This drives catabolic stress that is characterized
by nitrogen loss and insulin resistance.>® The metabolic
response to trauma can be described by three phases: (i) a
period of decreased metabolic rate; (ii) a marked increase
in catabolism; and (iii) an anabolic phase that results in
repair of the damaged tissue (Fig. 2). Although much
attention has been placed on nutritional management of
burn, head, and other non-bone trauma, little is known
regarding the changes in nutritional requirements after
fracture. An initial study published in 1930%' described
the development of negative nitrogen balance, tissue
wasting, and weight loss in patients with long-bone
fractures, which was further supported in a rat model
that demonstrated an obvious hypermetabolic response to
femoral fractures.>® It is now recognized that a well-
nourished patient with a fracture experiences a 20-25%
increase in metabolic rate. However, those with poly-
trauma can experience a 30-55% increase with the
magnitude of the metabolic response being dictated by
the severity of the trauma.?33*

Beyond increases in general metabolic rate and energy
expenditure, fracture induces changes in micronutrient
metabolism that appear to be driven by an increased de-
mand to facilitate callus formation and mineralization.
This reactive response to fracture leads to decreased
serum copper;>>6 cobalt,?>3¢ iron,>3¢ vitamin D,?"*® and
zine, 32363941 with the latter two accumulating in fracture
tissue. Calcium metabolism is also perturbed, where it is
mobilized from the intact skeleton through the concerted
actions of the parathyroid hormone and the systemic in-
flammatory response to fracture. This increase in osteo-
clast-mediated mobilization of calcium can result in a
2-15% reduction in bone mass of intact bones.*?™°

These metabolic responses to fracture are of extreme
clinical relevance as the incidence of clinical or more
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commonly sub-clinical malnutrition is high in ortho-
pedic trauma patients.®**® Malnutrition when present
in the context of the hypermetabolic response to trauma
can impede healing. Although it is unlikely that nu-
trition support will be able to reverse all of the meta-
bolic changes that occur after fracture, it does have
immense clinical value as it can improve patient out-
comes such as length of hospital stay and improved
immune function and may facilitate natural healing.®*
In the next sections, we discuss the influence of nutri-
tional deficiencies as well as the benefits of nutritional
supplements in bone healing and patient outcomes.

IMPACT OF NUTRITIONAL DEFICIENCIES ON
BONE HEALING

Nutritional insults, such as malnutrition, have been
identified as important risk factors for impaired bone
healing.*® Malnutrition arises due to deficiencies, ex-
cess, or imbalances in the intake of energy and/or nu-
trients. Malnutrition, specifically undernutrition, is
frequently observed in elderly fracture patients who are
known to experience delayed healing.*®*” This pre-ex-
isting clinical or sub-clinical malnutrition in elderly
fracture patients can stem from a variety of factors
including decreased appetite, decreased diet quality,
and other co-morbidities that can be exacerbated by the
physiological response to injury and surgical proce-
dures that alter nutrient ingestion, absorption, and
metabolic requirements.?* Adequate intake of macro-
nutrients (i.e., carbohydrates, lipids, and proteins)
during convalescence is critically important not only to
prevent depletion of endogenous glycogen, protein, and
lipid stores but also to meet increased energy demands
during the reparative phase of fracture healing (Fig. 3).
This was highlighted in a pre-clinical model in which
Wistar rats fed a restricted diet experienced impaired
femoral fracture healing.*® Beyond general caloric
needs, adequate dietary protein appears to be vital for

Causes of
Malnutrition Phosphorusl Eroem l
Pre-existing | Untreated Vitamin C |
malnutrition Calcium <> Vitamin Dl

* messssss—— Time to Union —

Malnutrition Does this
secondary to Vitamin CT translate to
fracture: . T humans?
4 Metabolism | Corrected Protein @ ° T
| Intake Calcium/Vitamin D] =0
| Absorption é ﬂ

Figure 3. Effect of nutritional deficiencies on fracture healing.
Orthopaedic patients often present with malnutrition, partic-
ularly nutrient deficiencies. Malnutrition can also arise from in-
creased metabolism, decreased food consumption and nutrient
absorption. When left untreated, phosphorus, protein, vitamin C,
and vitamin D impair the healing process. Calcium deficiency
does not have a major effect on healing. Pre-clinical studies
demonstrate that correcting nutrient deficiencies using vitamin
C, protein, and calcium/vitamin D supplements resumes the
healing process but whether this translates to humans remains
unknown. [Color figure can be viewed at wileyonlinelibrary.com]
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natural fracture healing, as pre-clinical studies in rats
have consistently demonstrated that protein re-
striction, that mimics protein malnutrition, impairs
fracture healing.2829495% Importantly, correction of
protein malnutrition at time of fracture leads to more
complete recovery from the effects of protein malnu-
trition as well as improved fracture healing.285°

Micronutrient deficiencies are more likely to be ob-
served in orthopedic trauma patients than protein mal-
nutrition. For instance, 40-70% of elderly patients
presenting with a fragility or trauma-induced fracture
are vitamin D deficient,’"**2 which has been shown to
increase the odds of developing a non-union (odds ratio,
1.14; 95% confidence interval, 1.05-1.22).2 Vitamin D is
important in regulating calcium homeostasis, both of
which have critical roles in facilitating mineralization of
the callus that requires the deposition of approximately
1.7-2.3 g of hydroxyapatite per cm?® of bony callus.?®** In
ovariectomized mice, only callus bone mineral density
(BMD) was significantly affected by calcium and vitamin
D deficient diets.?® However, when using a genetic model
of intestinal calcium malabsorption, fracture healing
was unaffected compared with wildtype controls.*® Cal-
cium deficiency does not appear to significantly impact
fracture healing, which is likely a result of stored cal-
cium that is liberated from the intact skeleton following
fracture. Along with calcium, the hydroxyapatite in-
organic component of bone also requires phosphorus,
and consumption of phosphate-restricted diets neg-
atively impacts secondary fracture healing.’¢°® Severe
phosphate deficiency impairs the proliferation and dif-
ferentiation of mesenchymal progenitor cells, leading to
an overall decrease in callus volume and an early, yet
sustained increase in callus cartilage in mice with fem-
oral fractures.’®5” These adverse effects were attributed
to decreased bone morphogenetic protein signaling-2
(BMP-2) in fracture associated mesenchymal stem cells
as well as disruption of the circadian cycle that slows the
progression of chondrogenic differentiation of mesen-
chymal stem cells. Although pre-clinical animal studies
have shed light on the negative impact of severe phos-
phate deficiency on fracture healing, it is important to
recognize that deficiency would be rarely observed clin-
ically, as most Americans consume two to three times
the recommended dietary allowances (RDA) due to the
widespread availability and high bioavailability of
phosphorus.59-6°

Another important nutritional concern following
fracture is vitamin C status, especially considering an
estimated 40-80% of hospitalized elderly patients are
deficient.61%2 Although less frequently observed in
healthy populations, vitamin C deficiency can also in-
crease the risk of experiencing impaired fracture
healing®® that not only stems from impaired chondro-
genic and osteogenic differentiation of mesenchymal
stem cells but also impaired collagen maturation, an
important component of bone architecture. This cul-
minates in delayed formation of callus fibrous tissue,
cartilage, and osteoid, which has been observed in a
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variety of pre-clinical models.®* In the case of guinea
pigs and osteogenic disorder Shionogi (ODS) rats,
which cannot endogenously synthesize vitamin C, there
is practically a complete inhibition of the reparative
processes when given a diet lacking vitamin C or a diet
that mimicked sub-clinical deficiency.?¢5*%5 Com-
parable findings were described in a case report of a 25-
year-old woman with scurvy and a proximal humerus
fracture who had no radiologic evidence of healing 6
months after non-operative treatment.®® A noticeable
callus was observed shortly after correcting her vitamin
C deficiency.®® These studies collectively demonstrate
that vitamin C deficiency impairs fracture healing, and
importantly demonstrate that correction of deficiency
can facilitate resumption of the healing process.

For the most part, these pre-clinical studies support
the importance of assessing nutritional status of frac-
tured patients in orthopedic clinics, especially the eld-
erly, who are more likely to suffer from nutritional
deficiencies. However, this comes with its own set of
challenges, as the traditional proteins used to assess
nutritional status (e.g., albumin, transferrin, and ret-
inol-binding protein) are negative acute-phase proteins
that decrease following traumatic injuries (Table 1).
Furthermore, serum levels of many nutrients (e.g., vi-
tamin D, zinc) decrease during the reactive response to
fracture and some nutrient deficiencies such as calcium
and phosphorus can only be determined using in-
herently flawed dietary recall assessments. These lim-
itations suggest that traditional nutritional assessment
methods may not be appropriate in the context of
fracture and stress the importance of identifying reli-
able biomarkers of deficiency that can be used to
quickly, yet accurately inform clinical decisions re-
garding nutritional management of fracture. In this
regard, clinical studies are certainly warranted to de-
termine if and how a patient’s nutritional status can be
leveraged for the best possible fracture healing
outcome.

INFLUENCE OF NUTRITIONAL SUPPLEMENTS ON
NATURAL BONE HEALING

During periods of rapid bone formation, like the ado-
lescent growth spurt, nutrient requirements are higher
to meet the increased demand for bone growth. Thus, it
is conceivable that consumption of nutrients beyond the
established RDA (Table 2) during the reparative and
remodeling stages of fracture repair may be beneficial
for bone healing. As fracture patients have a strong
willingness to use nutritional supplements, it is im-
portant to ascertain whether nutrient supplements will
have any effect on healing.’” Several studies have
sought to address this critical question, most of which
were conducted using pre-clinical models (Tables 3-5).
Vitamin D, calcium, and phosphorus supplements have
received the most attention (Table 3) that is likely at-
tributed to the well-established role each has in bone
growth and homeostasis. Of these, vitamin D is one of
the most routinely prescribed supplements to patients
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Table 2. Adult Recommended Dietary Allowances (RDA)
For Nutrients Related to Fracture.

Nutrient Female RDA Male RDA
Vitamins
Vitamin C (mg/day) 75 90
Vitamin D (ug/day)
19-70 years 15 15
>70 years 20 20
Vitamin E (mg/day) 15 15
Minerals
Calcium (mg/day)
19 to 50 years 1,000 1,000
51-70 years 1,200 1,000
>70 years 1,200 1,200
Copper (ug/day) 900 900
Phosphorus 700 700
Zinc (mg/day) 8 11
Iron (mg/day)
19-50 years 18 8
>50 years 8 8
Macronutrients
Protein (g/day) 46 56

with fragility fractures.®® In support of this clinical
approach to enhance healing, pre-clinical studies con-
sistently report positive results suggesting that vi-
tamin D may be beneficial for callus formation and
healing.2"¢8-7%9° Clinical data, on the other hand, are
limited and difficult to interpret due to the inclusion of
calcium supplements making it impossible to isolate
the effect of supplemental vitamin D on bone healing. A
study of 30 elderly women with a proximal humerus
fracture concomitant with osteoporosis or osteopenia
demonstrated that a daily supplement of 800 IU/day
cholecalciferol and 1,000 mg calcium increased bone
density at the fracture site after 6 weeks.®> A separate
study also found a beneficial effect of daily supple-
mentation with 880 IU/day 25(0OH)-cholecalciferol and
1,000 mg calcium on callus size in post-menopausal
women with a distal radius fracture.®® We identified a
single study that examined the effects of daily vitamin
D supplementation (1,200IU) on fracture healing in
deficient patients did not find any benefit of supple-
ments on radiological healing in a middle-aged pop-
ulation with a fracture of the wupper or lower
extremity.’> Though the evidence regarding the bene-
fits of vitamin D supplementation in humans is limited,
supplemental vitamin D does not appear to have any
adverse effects on fracture healing and initiation of
supplements post-fracture may promote the healing
process. Unlike vitamin D, the benefit of supplemental
calcium on bone healing in animal models is mixed.
Ovariectomized Sprague-Dawley rats given calcium
supplements had improved healing assessed radio-
logically, but the strength of the healed femur was not
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Table 3. Summary of Pre-Clinical Studies Examining Effects of Vitamin D, Calcium, and Phosphorus Supplementation

on Fracture Healing

Model Dosage and Duration Key Effects Ref.
OVX C57BL/6J mice Animals fed diets deficient in calcium and Improved healing: improved healing 55
with femoral fracture vitamin D then given supplemented assessed by biomechanics and histology
diets containing 2% calcium and
2,000 IU/kg vitamin D for 23 days
Aged Wistar rats with Subcutaneous injections of 250 IU vitamin Improved healing: improvements in 68
femoral fracture D/100 g at time of fracture, and repeat biomechanical properties
injections of 125 IU/100 g body weight at
15 and 30 days post-fracture
Holman rats with Animals given daily subcutaneous Improved healing: improvements in 69
femoral fracture injections of vitamin D (25 ng) for 2 biomechanical properties
weeks then 12.5 ng vitamin D for 2
weeks
OVX Sprague-Dawley Daily oral supplements of vitamin D Improved healing: improvements in 70
rats with femoral (0.1 ug/kg/day) for 6 and 16 weeks biomechanical properties and improved
fracture callus remodeling
Guinea pigs with tibial  Single intramuscular injection of vitamin Improved healing: increased callus i
fractures D (50,000 IU/kg) formation, vascularization, and
mineralization
New Zealand White Single intramuscular injection of vitamin Improved healing: increased 2
rabbits with femoral D (50,000 IU/kg) biomechanical properties
fractures
OVX Sprague-Dawley Animals given drinking water containing Improved healing: improvements in 3
rats with femoral 1% lactic-acid-hemicalcium salt for 2 radiological healing and smaller
fracture months fracture calluses but lower
biomechanical properties
129S6/SvEvTac mice Animals fed diets supplemented with 0.8% Improved healing: improvements in 43
with femoral calcium gluconate for 10, 24, and mechanical properties and increased
osteotomy 32 days callus bone mineral density
Wistar rats with fibula  Animals fed diets containing 2.5% Improved healing: faster cartilaginous-to- "*
fracture phosphorus for up to 12 weeks bony callus transition but no significant
differences in tensile strength
Wistar rats with femoral Animals fed either normal (1) or 1. Regular healing: no effect of 58
fracture phosphate deficient (2) diets then given supplementation on healing in
phosphate supplements containing 125; animals consuming normal diets
250; 500; or 1,000 mg/kg/day for 6 weeks 2. Improved healing: improvement in
mechanical properties of fractured
bones when deficient animals were
given phosphate supplements
49

Sprague-Dawley rats
with femoral fracture

Animals fed mineral supplemented diets
containing 1.5% calcium, 1.2%
phosphorus, and 276.2 units/kg vitamin
D for 5 weeks

Regular healing: no significant
improvements in mechanical properties
of healed bone

improved.” Conversely, consumption of calcium-en-
riched diets improved fracture healing in mice, in-
dicated by increased callus calcium content, increased
flexural rigidity, and the BMD of fractured femora.*?
Ultimately, there is a general lack of data supporting
any beneficial effect of supplemental calcium on the
progression of fracture healing, with the majority of
available studies suggesting that calcium supple-
mentation only marginally improves healing.

The consumption of excess phosphorus may have a
positive effect during periods of rapid bone formation
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that occur during the reparative and remodeling phases
of fracture repair. In animals, Wistar rats with fibula
fracture given a high-phosphorus diet experienced
more rapid healing that was apparent by the complete
replacement of cartilage with woven bone at 6 weeks
post-fracture.”* In a separate study, phosphate sup-
plements were found to have a positive effect on healing
in Wistar rats that had been initially fed diets low in
phosphorus, but not in rats with normal serum phos-
phate.’® The evidence supporting the use of supple-
mental phosphate on bone repair in humans is mixed.
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Table 4. Summary of Pre-Clinical Studies Examining the Effects of Macronutrient and Vitamin Supplementation on

Fracture Healing

Model Dosage and Duration Key Effects Ref.
Sabra rats with tibial Animals fed diets containing excess Regular healing: no significant 2
osteotomy and laparotomy calories for 8 weeks improvements in mechanical
properties of healed bone
Sprague-Dawley rats with Animals fed diets containing 64% protein Regular healing: no significant 49
femoral fracture for 5 weeks improvements in mechanical
properties of healed bone
Sprague-Dawley rats with Animals fed diets containing 30% protein Improved healing: increased bone 28
femoral fracture for 6 weeks mineral density in callus but no
improvements in mechanical
properties
Albino rats with tibial Intravenous injection of L-glutamine/r- Improved healing: faster 5
fracture alanyl solution (2.0 ml/kg/day) for development of cartilaginous callus
7 days at day 21
New Zealand White rabbits L-Glutamine/L-alanine solution (2.0 ml/ Regular healing: no significant 76
with fibula fracture kg/day) delivered via gastric catheter differences in radiographic and
for 30 days histological scoring of healing
Guinea pigs with femoral Oral supplementation with L-arginine Improved healing: accelerated m
fracture (100 mg/kg/day) for 2 and 4 weeks healing and improved mechanical
properties
Wistar rats with fractured Single intramuscular injection of vitamin Improved healing: accelerated 8
tibias C (0.5 mg/kg) fracture repair
Aged Osteogenic Disorder Animals given water supplemented with Improved healing: increase in 65
Shionogi Rats with femoral vitamin C (2 mg/ml) for 5 weeks biomechanical properties
fracture
New Zealand White rabbits Daily intramuscular injections of o- Improved healing: increased bone i
with tibial osteotomy tocopherol (20 mg/kg) for 30 days formation
Mixed-breed dogs with tibia  Oral supplementation with a-tocopherol Improved healing: earlier bridging, 80
and fibula osteotomy acetate (100 mg/day) for 30 days mineralization, and remodeling of
the fracture
OVX Sprague-Dawley rats Oral supplementation with a-tocopherol  Improved healing: improved healing 8
with femoral fractures acetate (60 mg/day) for 14 days
Sprague-Dawley rats with Intraperitoneal injections of a-tocopherol Improved healing: better histological 52
tibial fracture (20 mg/kg/day) for 60 days and radiological indices of healing
New Zealand White rabbits Intramuscular injections of a-tocopherol Improved healing: significantly 83
with femoral fracture (20 mg/kg/day) for 5 days after fracture higher histological grades of
fracture healing o

OVX Sprague-Dawley rats
with femoral fractures

Animals given oral supplements of (1)
a-tocopherol (60 mg/kg) or (2)
tocotrienol-enriched fraction (60 mg/
kg) for 6 days per week for 8 weeks

1. Improved healing: increased
mechanical properties in rats
given tocotrienol-enriched
fraction

2. Regular healing: No effect of
a-tocopherol supplements on
mechanical properties

Adult humans that consumed supplemental phos-
phorus (1 g/day) achieved clinical union of fractures of
the femur and ankle faster than the control group.®’
Conversely, supplemental phosphate (60 mg/kg body
weight) did not significantly decrease healing time in
children with femoral fractures.®®

Beyond the requirements for vitamin D, calcium,
and phosphorus for mineralization of the regenerating
bone, protein is also needed for cellular proliferation
and collagen synthesis. Although providing excess

protein to animals without pre-existing protein mal-
nutrition did not translate to improved healing out-
comes,?>* supplementation with specific amino acids,
the building blocks of proteins, have shown some
promise in promoting bone repair. Glutamine and ar-
ginine are conditionally indispensable amino acids that
become essential during times of catabolic stress and
are important in facilitating wound repair.®! The pre-
clinical studies examining the influence of glutamine
on fracture healing are conflicting, with one showing
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Table 5. Summary of Clinical Studies Examining Effects of Nutrient Supplementation on Fracture Healing

Patient Population

Dosage and Duration

Key Clinical Effects

Post-menopausal women with
proximal humerus fractures
(n =30); average age: 78 years

Post-menopausal women with
distal radius fractures (n = 94);
average age: 74.9y

Adult men and women with
fractures of the upper or lower
extremity (n = 167); average
age: 52.5 years

Adult men and women with
femur, ankle, or wrist fractures
(n=51); average age: 46.9 years

Male and female children with
femur fractures (n =42);
average age: 7.4 years

Adult men and women with
traumatic long-bone fracture

Oral supplementation with 800 IU
vitamin D and 1 g calcium for
12 weeks

Oral supplementation with 880 IU
vitamin D and 1 g calcium for
6 weeks

Oral supplementation with 1,200 IU
vitamin D (cholecalciferol) per day
for 4 months

Oral phosphate supplements
(1 g/day) for approximately
3 months

Oral phosphate supplements
(60 mg/kg/day) until fractured
considered radiologically healed
Daily oral supplements of zinc
(50 mg) for 60 days

Improved healing: significantly
increased bone content in fracture
callus

Improved healing: significantly
increased bone content in fracture
callus

Regular healing: no effect on delayed
or non-union assessed
radiologically

Improved healing: Clinical union was
significantly reduced in patients
with femur (-3.8 weeks) and ankle
(-6 weeks) fractures, but not wrist
fractures

Regular healing: no effect on fracture
healing

Improved healing: increase in callus
formation and accelerated healing

52

87

88

(n =60); average age: 30.6 years

more rapid development of callus in rats ® and the
other showing no effect on healing in New Zealand
White rabbits with fibula fractures.”® On the other
hand, arginine supplements seem to consistently im-
prove fracture healing, as indicated by better vascula-
rization, callus formation, mineralization, and
improved mechanical properties in New Zealand White
rabbits®? and guinea pigs.””

Vitamin C and E are both antioxidants that have
beneficial effects on bone homeostasis and fracture
healing in pre-clinical studies. Vitamin C supple-
mentation accelerated fracture repair that included
prominent chondrocyte hypertrophy at day 10 and a
well-developed fibrocartilaginous callus with osteoid
formation on day 15,”® and faster transition of the
cartilaginous callus into the bony callus.®® Unlike vi-
tamin C, vitamin E supplements in the form of a-toco-
pherol appear to be most beneficial during the bone
remodeling phase of secondary bone healing.®* Al-
though o-tocopherol is the major vitamin E isoform
utilized by the body, ingestion of tocotrienol-enriched
supplements resulted in superior biomechanical prop-
erties of healed bones compared with rats given an -
tocopherol supplement, suggesting that there may be
isoform-specific effects of vitamin E on bone healing.?*

Though our understanding of the influence of nu-
tritional supplements on fracture healing has advanced
significantly over the years, there are several gaps in
our knowledge that should be addressed in future
studies. Notably, there is little-to-no information on the
best time and optimal duration to provide nutritional
supplements to fracture patients. There is also little
consensus on how much of each respective nutrient to
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provide. Pre-clinical studies have demonstrated that
nutritional supplements can positively influence bone
healing, however, whether this translates to humans
remains to be established. Perhaps, future clinical
studies should address this critical gap in our knowl-
edge, and further determine whether there is a distinct
patient population that would benefit most from nu-
tritional intervention (e.g., malnourished, elderly). Fi-
nally, while the majority of the existing studies
demonstrate a phenotypic effect of nutritional supple-
ments on fracture healing, few have identified the
molecular and cellular mechanisms through which
nutrition influences the repair process. Research in
these directions will ultimately provide the necessary
information to facilitate the creation of clinically rele-
vant nutrition-based treatment strategies for improved
fracture healing.

NUTRITIONAL INFLUENCES ON PATIENT
OUTCOMES

Modification of nutritional status during the early re-
habilitation period is recognized as a beneficial ap-
proach to prevent functional declines and reduce
complications after fracture.?>? Beyond the impact of
nutrition on bone healing, leveraging nutritional
strategies following fracture may be a unique strategy
to improve patient outcomes and quality of life. Dietary
protein supplementation has been the most widely
studied in this regard and appears to have clinical
utility with respect to recovery from fracture in hu-
mans.?®971% Dajly protein supplements (20 g) result
in fewer systemic complications,?®” shorter hospital
stays,?898190 and lower mortality.?® Similar to protein,
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Figure 4. Mechanism by which calcium and vitamin D supple-
ments protect against post-traumatic bone loss. After fracture,
there is an increase in serum parathyroid hormone (PTH) and
systemic inflammation that can liberate calcium from the intact
skeleton through osteoclastic bone resorption. Consumption of
calcium and vitamin D supplements prevent this bone loss from
occurring. [Color figure can be viewed at wileyonlinelibrary.com]

pre-clinical studies suggest that calcium and vitamin D
supplements may also impart some benefit that ex-
tends beyond healing of the fractured bone (Fig. 4).
When initiated after fracture, supplemental calcium
and vitamin D protected against post-traumatic bone
loss in the intact skeleton.?® Preventing bone loss in the
intact skeleton may have immense clinical utility es-
pecially in geriatric patients, considering that post-
traumatic bone loss is exacerbated with age.*? Al-
though these simple interventions can have profound
impacts on post-fracture pathophysiology and recovery,
poor compliance has been identified as an important
factor that may limit the effectiveness of nutritional
supplements.’® Future studies should address the
barriers along with strategies to overcome them to in-
form the best approach to deliver nutritional supple-
ments after fracture.

EMERGING AREAS AND FUTURE PERSPECTIVES
Nontraditional Dietary Supplements

Dietary bioactive compounds (e.g., phytochemicals) are
non-nutritive chemicals that are ubiquitously present
in plant foods and are commonly consumed as dietary
supplements. Though many of these compounds have
bone-protective effects, little is known regarding their
influence on bone healing.'®> Curcumin and for-
mononetin are both bioactive compounds that have re-
ceived much attention in regard to bone health, and
more recently bone healing. Oral supplementation with
curcumin increased the number of osteoblasts within
the fracture callus through induction of autophagy'®?;
whereas, formononetin increased callus vascularity and
expression of VEGF and VEGF receptors within the
femoral fracture callus, likely through estrogen re-
ceptor signaling.!®* Although bioactive compounds in
isolation can have wide-reaching health benefits
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through antioxidant and anti-inflammatory actions,
they are known to act additively and synergistically to
elicit a more pronounced biological effect when con-
sumed together.!%>1% A recent study demonstrated
that grape seed phenolic extract that contains many
phytochemicals positively influenced bone healing by
increasing the mechanical strength of the healing
femur.'°” Though these compounds show some promise
in pre-clinical animal studies, several important ques-
tions remain (Fig. 5). The most pertinent question
being whether the dose needed to impart the beneficial
effect on healing can be achieved through food, or if
supraphysiological levels are required that can only be
achieved through dietary supplementation with iso-
lated compounds or extracts.

Beyond metabolic changes, traumatic injuries can
disrupt gut function and promote changes in the in-
testinal microbiome composition.'®®!% The use of pro-
biotic supplements to influence the intestinal microbial
composition after trauma is increasingly gaining at-
tention. These dietary supplements are live micro-
organisms that benefit health and are commonly
consumed by the elderly, with an estimated 3% of
Americans over the age of 60 taking probiotics.!'®
There is an increasing number of studies that suggest a
protective role or probiotics on bone health.!11-116
However, to date, only one study has reported on the
effects of probiotics on fracture healing, which showed
that elderly patients with radius fractures who con-
sumed the probiotic Lactobacillus casei Shirota dis-
played significant improvements in pain and functional
outcomes.'!” Though healing was not assessed radio-
graphically, this study sets an intriguing precedent
that, when consumed after fracture, probiotics may be a
viable strategy to accelerate the healing process
thereby leading to improved quality of life. Additional
studies are certainly warranted to not only assess
whether probiotic supplements can accelerate or en-
hance bone repair but to also determine the mecha-
nisms by which probiotic manipulation of the gut
microbiome can influence the bone repair sequelae
(Fig. 5).

Precision Nutrition Through Integrated Omics

The advent and recent refinement of omics-based
technologies also provide a unique strategy to compre-
hensively define the role of nutrition in bone healing.
Nutrigenomics is a promising area that marries the
genomic make-up of an individual with nutritional re-
quirements. Determining whether a patient’s genotype
influences metabolic requirements after fracture and
whether they would respond to supplementation would
be useful in designing personalized nutritional ap-
proaches to facilitate natural healing. Additionally, we
are uniquely poised to address fundamental questions
regarding metabolic flux during each stage of bone
healing with the advancements in metabolomics to
determine systemwide changes in metabolism and cir-
culating metabolites after injury.''® Metabolomics is

JOURNAL OF ORTHOPAEDIC RESEARCH® APRIL 2020



704 ROBERTS AND DRISSI

Dietary Bioactives . A

What is the contribution of
dietary bioactive compounds
to bone healing?

Are supraphysiological doses
required for enhanced healing?

j

oH

) | |Metabolomics
)ﬁ\( What are the metabolites

that change after fracture?

Can metabolomic phenotyping
post-fracture inform personalization
of nutrition therapy?

=
L
/ Gut Microbiome
~,
[ p

Is the microbiome
important for fracture healing?

Does dysbiosis develop after
bone fracture?

Can probiotic/prebiotic
supplements improve healing?

Nutrigenomics

Can diet be optimized
according to a patients’ DNA for
improved bone healing?

Figure 5. Emerging areas and important questions that remain. Dietary bioactive compounds, metabolomics, the microbiome, and
nutrigenomics are all exciting areas that hold much promise in establishing the role of nutrition in bone healing. [Color figure can be

viewed at wileyonlinelibrary.com]

the high-throughput study of metabolites (e.g., amino
acids) that can simultaneously assess the substrate and
product pool of metabolic pathways, providing unique
insight into global shifts in metabolism in response to
pathophysiological insults. A handful of studies have
utilized this tool to assess metabolism after injury;
however, it has yet to be applied in the context of
fracture. Integrating metabolomics with nutrigenomics
may prove to be a powerful tool to assess a patients’
metabolic state and nutritional needs to inform the best
strategy to proactively manage nutritional status for
the best possible healing outcome (Fig. 5).

CONCLUSION

To date, the majority of nutrition research has focused on
mechanisms to improve bone health with the goal of pre-
venting fracture occurrence. Although prevention strat-
egies are worthwhile and should be delineated, skeletal
fracture will remain an inevitable reality. This is espe-
cially true considering the overall aging of the global
population, highlighting the need to identify strategies
that can enhance and accelerate the healing process. Our
understanding of the molecular and cellular drivers of
skeletal fracture repair has advanced significantly over
the last few decades, but our knowledge of how healing
can be hindered by malnutrition or enhanced with nu-
tritional supplementation remains largely unexplored,
especially in humans. Though scant, the current evidence
underlines the importance of appropriate nutrition
during the period of convalescence as well as the potential
utility of using dietary factors to accelerate the fracture
repair sequelae. However, this remains at the clinicians’
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discretion given the lack of high-quality clinical studies to
devise a consensus nutritional intervention for fracture
patients at this time. Additional well-designed pre-clin-
ical and clinical studies are ultimately needed to fill the
many gaps in our knowledge regarding the significance
and usefulness of nutrition as an adjuvant therapy in
orthopedics.
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