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The Role of Bone Remodeling in Osteoporosis 
The development of osteoporosis is strongly influenced by a dynamic 
process called bone remodeling that is essential to bone’s structural 
integrity. Bone is constantly being broken down by osteoclast cells 
that remove old and damaged bone tissue (resorption). Osteoblast 
and osteocyte cells then deposit a mesh-like, micro-architecture 
known as the organic bone matrix (formation) into which minerals 
are incorporated, giving bone its density and strength. This necessary 
physiological process removes weak bone and repairs microfractures 
to help ensure bone’s structural integrity, thereby reducing the risk of 
osteoporosis and fractures that contribute to disability and morbidity. 

The rate of resorption gradually begins to exceed that of formation 
as a woman reaches her mid-thirties to early forties; this results in a 
corresponding gradual net loss of bone. This acceleration of resorption 
and accompanying decline in formation creates the potential for the 
construction of a weaker bone matrix. And even the mineralization and 
hardening of partially formed or incomplete bone matrix leaves it more 
vulnerable to fracture. When women enter the postmenopause phase, 
resorption accelerates further due to loss of estrogen and may result in 
a more rapid loss of bone.

Remodeling is influenced by genetics, aging, diet, medications 
(e.g., corticosteroids), and lifestyle habits (e.g., smoking, alcohol 
consumption, exercise), as well as by the function of other body 
systems and health status (e.g., inflammatory disorders, insulin-related 
diseases, excess body fat, parathyroid dysfunction). 

Bone Remodeling: Inflammation in Balance
While estrogen is recognized as the key sex hormone governing 
bone homeodynamics in women, new research focuses on the tight 
interaction between bone and the immune system as crucial for 
understanding the vulnerability of the skeletal architecture to chronic 
inflammation. Bone marrow houses mesenchymal stem cells (MSCs) 
and haematopoietic stem cells (HSCs) that differentiate into multiple 
cell lineages that perpetuate the interplay of these two systems. 
MSCs are the source of osteoblasts to form bone, adipocytes (fat 
cells), cartilage cells, immunosuppressive cells, and cytokines that 
influence osteoclasts. HSCs are the source of immune cells that can 
interact with bones, and further differentiate into osteoclasts to resorb 
bone. Osteoclasts and osteoblasts are sensitive to inflammatory 
and anti-inflammatory messages that originate locally within bone 
and systemically from distant organs. The nature of these regulatory 
messages via hormones and cytokines influence remodeling dynamics. 
Heightened cytokine expression can decrease activation of osteoblasts 
and increase osteoclasts, resulting in accelerated bone resorption.1-11

The RANK/RANKL/OPG System 
Osteoclast cell formation is stimulated by strong inflammatory 
signals, specifically, macrophage colony-stimulating factor (M-CSF), 
interleukin-6 (IL-6), receptor activator of nuclear factor-kappa beta  
(NF-kb) ligand (RANKL), and its receptor (RANK). RANKL activates  
NF-kb, a transcription factor also vital in the body’s response to 
infection, has been associated with bone degradation.3,11 

Osteoblasts, which secrete RANKL to stimulate healthy resorption, 
also produce an anti-inflammatory protein called osteoprotegrin 
(OPG, literally “bone protect”) to help keep osteoclast formation in 
check.11 Estrogen has also been shown to interfere with RANK signaling. 
A decline in estrogen and/or osteoblasts, therefore, further favors 

activation of osteoclasts for resorption. The discovery of the role of 
the RANK/RANKL/OPG system in bone remodeling has created a new 
arena of research and the identification of agents that may influence 
this system or its precursors.3

Adiposity, Inflammation & Bone 
Aging also creates a gradual shift in favor of resorption as MSCs 
begin to favor production of adipocytes over osteoblasts. Adipocytes 
secrete inflammatory cytokines that increase osteoclast function 
(stimulating bone resorption) and foster the decline of osteoblast 
function (suppressing bone formation), which ultimately can result in 
osteoporosis.11

Conditions or lifestyle habits that foster inflammation—or increased 
fat deposition—beyond that of natural aging, therefore, also accelerate 
bone turnover. Accelerated turnover rates in inflammatory and 
autoimmune disorders such as rheumatoid arthritis and inflammatory 
bowel disease are well established. Research has also demonstrated 
the association of accelerated bone turnover in obesity and insulin 
resistance disorders (e.g., type 2 diabetes, metabolic syndrome) 
that evolve from inflammatory processes and increased cytokine 
production.3,11-13

Menopause Accelerates Bone Turnover Rate
In women, inflammatory cytokines that influence bone remodeling are 
normally held in check through protective effects of estrogen. Estrogen 
decline after menopause, therefore, further accelerates bone turnover 
by fostering an increase in production of these cytokines, which not 
only increase resorption but also suppress bone formation.2,3,10,14 The 
difference between early and late postmenopausal bone loss has been 
attributed to inflammatory cytokine levels.5 Generally, women are at the 
greatest risk of bone loss within the first five to seven years after the 
onset of menopause, where they may lose up to 20% of their  
bone mass.15

Anti-Resorptive Therapy Shortfalls
There are a number of medications that inhibit resorption, including 
bisphosphonates, calcitonin, hormone replacement therapy 
(HRT), estrogen replacement therapy, selective estrogen response 
modulators, cathepsin K inhibitors, anti-RANKL antibody denosumab, 
and recombinant parathyroid hormone. While these approaches show 
merit in many specific applications in clinical use, some serious side 
effects have been reported, including increased risk of breast cancer, 
heart attack, blood clots, stroke, serious gastrointestinal issues, 
musculoskeletal pain, atrial fibrillation, and osteonecrosis.16-19 Up to 
50% of patients discontinue osteoporosis treatment in less than one 
year due in part to adverse effects.20

Natural Agents of Change
To date, calcium and vitamin D supplementation (recommended as 
an adjunct to anti-resorptive approaches such as bisphosphonates 
to facilitate mineralization) have been the only alternative approach 
for those who cannot tolerate or benefit from—or simply elect not to 
participate in—more aggressive, side effect-prone treatments. Although 
they have been shown to reduce osteoporosis and fracture risk, the 
primary benefit of these natural agents is mineralization for bone 
density. Calcium supplementation does not influence remodeling of the 
organic bone matrix (nor do adequate calcium stores). In other words, 
fortifying a weak matrix with calcium doesn’t change the architecture of 
the matrix itself.



Emerging research on natural agents that may positively influence 
bone remodeling include studies on rho iso-alpha acids (RIAA) derived 
from hops (Humulus lupulus), berberine (Phellodendron amurense), 
vitamin D, and vitamin K. 

q	 RIAA. RIAA has been shown to function as a selective kinase 
response modulator (SKRM) to favorably modulate key kinases 
involved in bone degradation–glycogen synthase kinase 3 (GSK-3) 
and spleen tyrosine kinase (Syk).4,9 Inhibition of GSK-3 has been 
shown to promote bone formation, and inhibition of Syk has been 
identified as a therapeutic target in inflammatory disorders that 
accelerate bone loss.4,6-8 In vitro testing demonstrated that RIAA 
inhibited RANKL-mediated activity in bone resorption (e.g., NF-kb 
abundance). RIAA has also been demonstrated to upregulate IGF-1 
activity to promote formation.

q	 Berberine. Similar to RIAA, in vitro studies have demonstrated that 
berberine inhibited RANKL-mediated activity in bone resorption.21 
An in vivo study showed similar inhibition of osteoclastic activity.22 
It has also been suggested that berberine may positively influence 
osteoblast formation.23

q	 Vitamin D. In addition to facilitating calcium absorption for 
mineralization, vitamin D plays a natural role in regulating 
bone turnover.24,25 Deficiency, which is common in the elderly 
and postmenopausal women, has not only been associated 
with increased risk to osteoporosis and fracture but also with 
inflammatory, autoimmune, and insulin resistance conditions (e.g., 
metabolic syndrome).24,26 Low vitamin D intake has also been linked 
to increased fracture risk and increased rates of bone loss.27

q	 Vitamin K1. Vitamin K is an important nutritional factor in the 
metabolism of bone proteins (e.g., osteocalcin) crucial to bone 
quality, integrity, and the support of overall bone mass in both 
men and women. Regular intake of vitamin K has been linked 
with increased bone mineral density (BMD).28-31 Positive clinical 
outcomes in BMD and bone remodeling have been associated with 
supplementation of 1 mg daily.27

Bone Matrix Quality vs. Mineral Density
The strength of bone lies not only in its density but also in the integrity 
of its architecture—the organic bone matrix. Bone turnover affects 
both, but not necessarily equally. A high rate of bone turnover can 
increase fracture risk through a reduction in bone matrix quality 
without substantial impact on BMD.32-34 It has been suggested that in 
a comparison of two women with identical BMD, a 75-year-old would 
carry four to seven times greater potential for fracture than a 45-year-
old; this can be attributed to the integrity of the bone matrix and 
rate of remodeling. Thus, bone quality components may be useful in 
determining long-term bone strength.33-35 

The same effect on bone strength must also be considered in 
treatments that protect against bone loss. Because osteoporosis is 
usually defined by low bone mineral content (lack of density), drug 
treatments have traditionally been developed to preserve mineral 
content—not to ensure the stability of bone architecture. A concern 
with anti-resorptive therapies is that they have been shown to increase 
BMD by increasing the mean age of bone tissue; this is accomplished 
through inhibition of resorption that would normally replace old bone 
tissue with new, creating sub-optimal foundations for future growth.35 

But while bone density may increase, overall bone quality—and 
protection from fracture—may not.

Re-establishing a rate of remodeling that improves overall bone matrix 
integrity—rather than fosters inhibition that may be deleterious—is the 
optimal therapeutic goal in emerging treatments. To date, however, 
there is a noticeable lack of research demonstrating the ability of 
natural agents to positively influence the bone remodeling rate or bone 
matrix integrity. 

New Perspectives on Biochemical Markers for Evaluating 
Postmenopausal Bone Remodeling 
BMD measurements via central dual energy absorptiometry (DEXA) 
are the accepted standard for diagnosing the risk to osteoporosis. 
But it may take up to two years for noticeable fluctuations in BMD 
measurements that could not be attributed to inherent method 
imprecision. BMD, which typically measures only 20% of the skeleton, 
also fails to capture all the risk factors for fracture. Consequently, 
for comprehensive risk assessment non-invasive serum and urinary 
biochemical markers of bone remodeling are also utilized.33,36 

These biochemical markers—which have steadily been refined over the 
past 30 years and provide quantitative changes in bone remodeling—
reflect activity of the entire skeleton and can be evaluated quickly 
and frequently due to the dynamic nature of the physiological factors 
they represent. This is of particular use in the face of accelerated bone 
loss where timely and effective intervention is paramount. Research 
suggests that the correlation between BMD and bone biochemical 
markers in postmenopausal women increases with age, further 
indicating their value in monitoring this large, at-risk population.33

Within the past decade, a growing body of scientific research suggests 
that bone remodeling markers—such as osteocalcin (OC)—may 
have special interpretations in postmenopausal women (see Table 1). 
Osteocalcin is a hormone that regulates the deposit of new bone 

Table 1. Primary Biochemical Markers for Evaluating 
Postmenopausal Bone Remodeling

Marker/ 
Interpretation

Specimen/ 
Reference 

Range
Remarks

Osteocalcin
Turnover

Serum
3.7–10.0 ng/ml

Hormone produced by 
osteoblasts

P1NP
Formation

Serum
16–96 mg/L

Product of proliferating 
osteoblasts and fibroblasts 
that is partly incorporated 

in the extracellular matrix of 
bone

NTx
Resorption

Urine
3–65 nM BCE/mM Cr

Type 1 collagen with the 
highest contribution from 

bone

IGF-1
Formation

Serum
40-258 ng/ml

Decreases collagen 
degradation; increases 

bone matrix deposition and 
osteoblast recruitment



matrix and is regarded as a marker of formation when levels are within 
the normal range (3.7–10.0 ng/ml). As osteoclasts destroy old bone, 
however, OC is released into the bloodstream. Thus, an elevated OC 
level becomes a more valuable indicator of the bone remodeling 
rate (turnover), and has been suggested as a primary marker for 
postmenopausal women.37-41 Elevated OC has also been associated 
with greater risk of fracture.37 As serum OC decreases after menopause, 
clinical interpretation is that the remodeling rate is moving toward 
equilibrium.

N-terminal propeptides of type 1 collagen (P1NP) is another serum 
marker that has been suggested as a sensitive indicator of remodeling 
status in women after menopause. These circulating type 1 collagen 
propeptides can be attributed to bone due to its faster turnover rate 
in comparison to other tissues.33,37,41-43 It is often helpful to review 
OC and P1NP in combination with other established markers—such 
as crosslinked N-telopeptides of type 1 procollagen (NTx) and 
insulin growth factor-1 (IGF-1)—for a more complete picture of bone 
remodeling.  

Urinary NTx is considered a sensitive marker of bone resorption at 
any age and has been validated as an indicator of osteoporosis risk. 
Elevated levels in women indicate a greater risk to rapid bone loss 
and subsequent fracture. Levels above 65 nM BCE/mM Cr have been 
associated with increased risk of osteoporosis of the hip and spine.44 

IGF-1, which naturally declines with age, directly influences bone 
remodeling through osteoblasts, osteoclasts, and osteocytes. It 
influences as many as one-third of factors involved in skeletal growth, 
and bone tissue responds to even slight changes in levels. Low IGF-1 
has been associated with reduced estrogen in postmenopausal women 
and increased risk of fracture, while higher levels have been positively 
associated with BMD in older women.14,24,45-48 Low levels of IGF-1 have 
been associated with metabolic syndrome and identified as a potential 
indicator of fracture risk in women with type 2 diabetes.24,46

The value of monitoring the status of serum 25(OH) Vitamin D3  
to help evaluate bone health status and measure treatment 
effectiveness in postmenopausal women has also been recognized and 
widely accepted in clinical practice. This steroid hormone modulates 
OC synthesis and IGF-1 for bone formation and RANKL for balanced 
remodeling.24,25 

Recent Clinical Study
Researchers at the Functional Medicine Research CenterSM (FMRC), 
the clinical research arm of Metagenics, Inc., sought to determine 
if a lifestyle intervention featuring a supplement combining RIAA, 
berberine, and vitamins D and K could positively influence the 
remodeling rate in postmenopausal women with low estrogen 
more effectively than an intervention of diet and exercise alone.49 
(Researchers from Boston University assisted in post-trial  
data analysis.) 

Methodology. A randomized, single blind, placebo-controlled study 
of 77 postmenopausal women with low estrogen levels was conducted 
over 14 weeks (a 2-week run-in phase included). Two subgroups were 
also included in the trial: subjects with metabolic syndrome (n=45) and 
subjects who were generally healthy (n=32). The metabolic syndrome 
subjects were included due to their secondary risks to osteoporosis 
beyond that of natural estrogen decline.

Subjects were divided into 4 arms:
•	 Arm 1: Control. Postmenopausal women with low estrogen and 

metabolic syndrome (n=23).
•	 Arm 2: RIAA/berberine/vitamins D & K (RBDK). Postmenopausal 

women with low estrogen and metabolic syndrome (n=22).
•	 Arm 3: Control. Healthy postmenopausal women with low 

estrogen (n=17).
•	 Arm 4: RBDK. Healthy postmenopausal women with low estrogen 

(n=15).

Subjects in the control arms were asked to follow a Mediterranean-
style, low-glycemic-load (LGL) diet and exercise aerobically 150 minutes 
per week. A number of clinical studies have established a positive 
link between fruit and vegetable consumption and bone mass and 
metabolism, and unhealthy eating patterns have been associated with 
accelerated bone loss.50-53

A typical Western diet (high in animal proteins, caffeine, and processed 
foods) is characterized by a higher acid-base load that increases bone 
resorption and calcium loss from bone—particularly in women—and 
contributes to osteoporosis.51-53

The LGL diet utilized in this study for all arms is a modified 
Mediterranean diet. This food plan produces a lower acid load by 
reducing red meat content and increasing recommendations for fish 
and vegetables. Further, it has been shown effective in other FMRC 
clinical trials and case management studies in subjects with metabolic 
syndrome and other inflammatory conditions. Other clinical studies 
with similar diets have demonstrated specific benefits related to bone 
health. One study of Greek women compared a typical Mediterranean 
diet to one with reduced red meat consumption and higher olive 
oil and fish intake. The modified Mediterranean diet was positively 
related to bone mass, while the standard Mediterranean diet was 
found to have no association with bone mass indices.54 In a study of 
premenopausal women, a diet high in fish, fruit, and vegetables that 
was low in meat was suggested to have a positive effect on BMD.55

Arms 2 and 4 received the same diet and exercise recommendations 
as the control arms. They also were instructed to take a nutraceutical 
featuring a combination of RIAA, berberine, and vitamins D and K twice 
daily (after a 2-week run-in phase on placebo, diet, and exercise). 
 
Note: Subjects did not take calcium supplements or a multivitamin 
(that might have contained calcium and/or vitamin D) during the study, 
per instruction. Control subjects had no vitamin D supplementation 
whatsoever. This also influenced the length of the study to help prevent 
any unnecessary risk to long-term bone health. 

Results. The RBDK intervention collectively showed more 
positive effects on markers of bone remodeling and formation in 
postmenopausal women with low estrogen levels (with or without 
metabolic syndrome) than the control intervention (diet and exercise 
alone), especially in those with higher risk of fracture. (Results 
summarized in Table 2.)

Efficacy endpoints evaluated during the trial included serum OC, serum 
P1NP, urinary NTx, serum IGF-1, and serum 25(OH) Vitamin D3. Estradiol 
levels were also measured.



q	 Osteocalcin. At baseline, subjects in both the control and 
supplement arms had elevated OC levels indicating increased bone 
turnover and an increased risk to osteoporosis. The therapeutic 
target in postmenopausal women is a decrease in serum OC, 
interpreted as a positive indicator of a reduced bone remodeling 
rate. Results for all subjects (with or without metabolic syndrome):
•	 Control: Negative effect with significant increases (median 

+16.40%).
•	 RBDK: Positive effect with significant decreases (median -31.07%). 

q	 Osteocalcin (elevated NTx subset). A closer look at OC levels 
in those subjects with urinary NTxL65, indicating increased bone 
turnover and higher risk to osteoporosis, yielded similar results (with 
or without metabolic syndrome).
•	 Control: Negative effect with significant increases (median 

22.64%). 
•	 RBDK: Positive effect with significant decreases (median -31.69%).

q	 Osteocalcin (low baseline IGF-1 subset). Researchers also 
analyzed OC levels in conjunction with lower IGF-1 levels (the lowest 
tertile), indicating an increased risk to fracture. Results for subjects 
with or without metabolic syndrome:
•	 Control: Negative effect with a significant mean increase of 3.44 

nmol/L (or 20.12 ng/ml). 
•	 RBDK: Positive effect with a significant mean decrease of 6.03 

nmol/L (or 35.26 ng/ml).

Note: On average, subjects lost weight during the program, which is 
associated with increased urinary excretion of calcium. Because control 
subjects were not consuming any supplemental nutrients to support 
mineralization (calcium, vitamin D), this may explain the increase in OC 
(suggesting an increased rate of bone remodeling) despite otherwise 
healthy dietary and lifestyle changes that have been positively 
associated with slowing the rate of bone turnover. 

q	 P1NP (high baseline IGF-1 subset). P1NP, a marker of bone 
formation, was analyzed in a subset of subjects in the highest tertile 
of baseline IGF-1 levels. Researchers took note of the metabolic 
syndrome group, which achieved the greatest results. A decline in 
IGF-1 levels are associated with metabolic syndrome; higher levels 
are associated with increased potential for bone formation.
•	 Control: Negative effect with significant decrease (mean -9.93 μg/L).
•	 RBDK: Positive effect with significant increase (mean +9.73 μg/L).

 

q	 IGF-1. IGF-1 is an emerging biomarker for vertebral fracture risk on 
postmenopausal women, independent of BMD testing. Here both 
groups were found to have experienced positive results. An increase 
in IGF-1 in women with low estrogen is noteworthy.
•	 Control: Positive effect with significant increase (median 13.10%).
•	 RBDK: Positive effect with significant increase (median 21.19%). 

q	 Estrogen. Estradiol levels of 57 subjects were measured (30 RBDK; 
27 Control). At baseline, 84.2% of subjects had estradiol levels under 
the detection limit (l20 pg/ml) and none had estradiol levels L90  
pg/ml. No observable change was found during the trial. At end 
of the trial, 85.7% of patients had an estradiol level l20 pg/ml 
and none had estradiol L90 pg/ml. These results suggest that the 
positive effect on markers of remodeling could not be attributed to 
non-targeted modulation of estrogen that would influence  
bone turnover.

Figure 1. Significant Decrease in Serum Osteocalcin
Suggesting a Reduced Rate of Bone Turnover
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Figure 2. Significant Decrease in Serum Osteocalcin in Subjects with 
Elevated Urinary NTx
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Figure 3. Significant Increase in P1NP in Subjects with  
Metabolic Syndrome (MS)
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Figure 4. Significant Increase in IGF-1 Suggesting Increased Potential  
for Bone Formation
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q	 Vitamin D Status. Contrary to expectations, all subjects were found 
to be sufficient at baseline (M 30 ng/ml). Researchers interpret 
this as a suggestion that other findings cannot be attributed to the 
correction of a vitamin D deficiency with supplementation. Results 
for all subjects (with or without metabolic syndrome):
•	 Control: Negative effect on serum vitamin D with a significant 

decrease (median -14.63%).
•	 RBDK: Positive effect on serum vitamin D with a significant 

increase (median 16.21%).

Conclusions. The disruption of bone remodeling homeostasis and 
progression to osteoporosis following menopause-related estrogen 
decline may be positively affected through a Mediterranean-style/
LGL diet, exercise, and supplementation with a specific nutrient 
combination of RIAA, berberine, and vitamins D and K. A lifestyle 
intervention that included these natural agents was found to positively 
modulate factors indicative of healthy bone remodeling, formation, and 
overall bone matrix quality better than an LGL diet and exercise alone.

While the overall results achieved by healthy lifestyle changes alone 
were less than what was achieved with the addition of the supplement, 
there were positive changes seen. The design of this study did not 
incorporate subjects who made no dietary or exercise changes. Results 
here should not negatively reflect on the value of lifestyle intervention 
in clinical practice. Research has demonstrated the value of healthy 
lifestyle changes in bone metabolism in comparison to the Standard 
American Diet, which negatively impacts bone remodeling. This study 
was not intended to replicate that research or to discredit the value of 
healthy lifestyle changes.

As previously stated, control subjects were advised not to take  
calcium or vitamin D. This lack of mineralization support—to help  
offset calcium loss through the associated increase in urinary excretion 
with initial weight loss—may have negatively affected the short-term 
results suggested by some of the bone biomarkers in this at-risk 
population (where remodeling rate may already be more volatile). 
Previous FMRC research and clinical experience with a modified 
Mediterranean diet without calorie restrictions has demonstrated 1 lb. 
per week weight loss.

Participants were also restricted to 150 minutes of aerobic exercise—
non-weight-bearing exercise—per week. This may have been a 
decrease in baseline activity for some participants in the control group 
and represented relative inactivity, which is associated with a decrease 
in bone density. 

The RBDK intervention group experienced similar weight loss, calcium 
deprivation, and exercise restrictions, yet showed an improvement 
in biomarkers of bone remodeling and formation within the same 
short trial period. Researchers conclude that the nutrients and phyto-
nutrients in the supplement may have helped compensate for what 
may have been less-than-optimal lifestyle intervention components 
(i.e., lack of calcium supplementation and weight-bearing exercise) 
specifically for postmenopausal women. This suggests the increased 
potential for positive outcomes in targeted lifestyle intervention 
programs for postmenopausal bone health with strategic nutritional 
support for both mineralization and bone remodeling.

If a lifestyle implementation with added nutritional support for bone 
remodeling were to be implemented in clinical practice, researchers 
recommend the adjunct of an appropriate source of calcium 
supplementation for adequate mineralization support. 

  
  

Figure 5. Significant Increase in Vitamin D
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Table 2.  Effects of RIAA/Berberine/Vitamin D/Vitamin K on 
Key Biomarkers of Bone Remodeling

Biochemical  
Markers of Bone 

Remodeling

Nutraceutical 
Program (Diet & 

Exercise plus  
RIAA/Berberine/
Vitamins D & K 
Combination)

Control Group  
(Diet & Exercise 

Alone)

Ra
te

 o
f R

em
od

el
in

g

Osteocalcin 
(all subjects)

Positive effect
-31.07%

Negative effect
+16.40%

Osteocalcin 
(in subjects with  

elevated NTx)

Positive effect
-31.69% 

Negative effect
+22.64%

Osteocalcin 
(in subjects with  

low baseline IGF-1)

Positive effect
-6.03 nmol/L  

(or 35.26 ng/ml)

Negative effect
+3.44 nmol/L  

(or 20.12 ng/ml)

Fo
rm

at
io

n

P1NP 
(in metabolic syndrome  
subjects with relatively  

high baseline IGF-1)

Positive effect
+9.73 μg/L

Negative effect
-9.93 μg/L

IGF-1
(all subjects)

Positive effect
+21.19%

Positive effect
+13.10%

Vitamin D 
(all subjects)

Positive effect
+16.21%

Negative effect
-14.63%
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