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Introduction
Osteoporosis is a common skeletal metabolism disorder 
characterized by reduced bone mass and microarchitec-
tural deterioration in bone tissues, leading to increased 
risks of fracture [1–4]. It is predicted that osteoporosis 
symptom is becoming more serious problem worldwide 
along with demographic change and lifestyle transfor-
mation [5–7]. Currently, there are limited options to 
effectively treat osteoporosis [8, 9], as the mechanism 
underlying the condition is far from fully understood.

Animal models have played and continue to play an 
indispensable role in revealing the mechanisms underly-
ing different clinical symptoms. Thus far, the best-estab-
lished animal model for osteoporosis research is in mice, 
though there are occasional reports in other animals such 
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Abstract
Osteoporosis, a metabolic disorder, remains challenging to treat due to limited understanding of its underlying 
mechanism. The annual cycle of “cyclic physiological osteoporosis (CPO)” and its full reversal in male deer represents 
a unique natural model for studying this condition. Deer antlers, weighing up to 25 kg/pair, derive over 60% of 
their mineral contents from deer skeleton during mineralization. Based on the literature, we propose to divide CPO 
and its reversal into two phases: Phase I (approximately 115 days): from hard antler casting to the end of antler 
linear growth, marked by simultaneous robust antler ossification and CPO development; and Phase II (up to 165 
days): from end of Phase I to the onset of antler skin shedding, characterized by complete antler mineralization and 
CPO reversal. This review analyzes the paradoxical occurrence of robust antler ossification and skeleton CPO within 
the same endocrine microenvironment during phase I; total antler mineralization and full reversal of deer skeleton 
CPO in phase II. Furthermore, we will discuss potential insights for osteoporosis treatment using deer materials 
from the period of Phase II. Our goal is to identify novel substances and therapies that could be applied in clinical 
setting to effectively treat osteoporosis.
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as sheep, cats, dogs, pigs, hens, and non-human primates 
[10–13]. Although these artificially created models are of 
great value for understanding the etiology of osteoporo-
sis, each can mimic only certain aspects of human osteo-
porosis. Gratefully, there exists a natural case, namely 
the male deer whose skeleton suffers severe osteoporosis 
annually and then fully recovers, a phenomenon caus-
ally related with the antler growth cycle. Banks et al. [14] 
termed this phenomenon “cyclic physiological osteopo-
rosis” (CPO). We believe that the male deer might offer a 
unique natural model for the mechanistic study of osteo-
porosis and its reversal. Thus far, any in depth study into 
the molecular mechanism underlying this unique CPO is 
still lacking. Especially in recent years, deer CPO seems 
to have become a relatively neglected area, evidenced 
by the scarcity of relevant publications. A comprehen-
sive review related to this topic would call attention to 
revisit this field, which, we believe, holds the potential 
for the effective treatment, and even reversal, of human 
osteoporosis.

Deer antlers are large bony organs, and as such, their 
mineralization requires huge amounts of calcium (Ca) 
and phosphorus (P) in a short period (around 3 to 4 
months) [15]. According to Chapman [16], if a pair of 
red deer hard antlers weighs 13  kg and fully formed in 
130 days, it corresponds to an average daily increase of 
100  g of bone. The skeleton of an adult male red deer 
weighs about 26 kg and 80% of it is produced in the first 
18 months of life. This corresponds to an average daily 
increase of bone of about 34 g which is far less than that 
required for antler growth [16]. As more than half of the 
minerals in the hard antler are supplied by the deer skele-
ton during the antler mineralization period [17], one can 
imagine the magnitude of the mineral loss in the male 
deer skeleton. To our surprise, however, these skeletons 
are able to fully recover from this severe osteoporosis 
within a month [18, 19]. This article reviews the litera-
ture related to deer CPO and provides insights into the 
potential use of this unique natural model for research 
and treatment of osteoporosis in clinics.

Deer bone CPO and associated biological changes
Minerals of deer skeleton turnover are closely tied up to 
different antler growth phases. Muir et al. [20] recorded 
that loss of bone minerals in four-year-old red deer stags 
starts during the rapid antler growth phase between 28 
and 112 days after hard antler casting; by the cessation of 
antler linear growth, osteoporosis starts to reverse, such 
that the deer bone soon returns to a normal hardness 
[20].

Based on the currently available literatures, antler min-
eralization, CPO and CPO recovery of deer skeleton can 
be divided into two phases: Phase I – from the day of 
hard antler casting to termination of antler linear growth 

(around 110 to 115 days), CPO occurs in this Phase; 
and Phase II – from termination of Phase I to the com-
mencement of velvet skin shedding (around 110 to 165 
days), reversal of CPO occurs in this phase. Phase I falls 
in the period of low concentrations of plasma testoster-
one (normally T < 1 ng/ml), whereas Phase II is related to 
sharply increased levels of androgen hormones (normally 
T > 10 ng/ml) [21–23]. Full mineralization of the hard 
antler in Phase II is caused by a high level of testoster-
one, as antlers of castrated stags can still grow but cannot 
mineralize [24, 25] and this abnormality can be rescued 
by injection of exogenous androgen [26, 27].

Phase I. Antler mineralization and CPO as two contrasting 
processes under the same endocrine milieu
The most rapid antler growth period each year takes 
place when deer circulating testosterone level is at its 
nadir, and this low androgen level readily explains why 
demineralization of deer skeleton takes place in this 
period. Unexpectedly, within the same period, a robust 
ossification process in the growing antler tissue occurs, 
which is contradictory with the currently held view that 
osteoporosis in humans coincides with low level of sex 
hormones [28–31].

Robust ossification in growing antlers
During the period between April and July each year, 
antlers grow extremely fast: elongation rate up to 2 cm/
day [20, 32–34]. The skeletal mass of a stag is estimated 
to be about 15% of its liveweight, given a skeletal mass 
of around 45 kg in a large Cervid of 300 kg and an ant-
ler mass of 25  kg (formed in 110 days), the antler mass 
would be more than half that of the skeletal mass on a 
dry-weight basis [16]. Therefore, the rate of antler bone 
formation far exceeds that of the deer skeleton.

Krauss et al. [35] described the formation of bone 
structures in the growing antler in Phase I. In the begin-
ning, a tubular framework initially composed of miner-
alized cartilage develops; this is then converted into a 
tubular framework composed of micro-lamellar bone 
with a low degree of collagen fibril. This framework 
has a honeycomb-like appearance with the cylindri-
cal pores oriented along the main antler axis. Later, the 
tube lumina are filled with rod-shaped primary osteons, 
whose collagen fibrils are mainly oriented along the 
pores, thus improving the antler’s mechanical properties. 
This peculiar structural framework may enable the antler 
to achieve both rapid growth and intensive ossification.

Banks and Newbrey [36, 37] compared antler carti-
lage with cartilage of growth plate. Calcification of ant-
ler cartilage occurs in the central region of cartilaginous 
trabeculae that consist of cells at various stages of devel-
opment and maturation. Cartilage calcification, noted 
initially in discrete foci of the perilacunar matrix, spreads 
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360° around mid-trabecular chondrocytes (Fig. 1A). Cal-
cification spreads proximately as well as toward the tra-
becular periphery. The continued growth and fusion of 
individual calcification foci results in conversion of the 
cartilaginous trabeculae into solid masses of calcified 
cartilage (Fig. 1B). Calcified cartilage serves as a tempo-
rary scaffold upon which woven bone is deposited, both 
of which are removed gradually and continuously until 
total replacement by lamellar bone is completed.

The matrix vesicles (MVs) are the focal initiators of 
both somatic and antler cartilage matrix calcification [36, 
38, 39], and present in the cartilage region of the prolif-
erative zone (Fig.  1C) in the antler. The distribution of 
MVs and the subsequent foci of calcification within ant-
ler cartilage differ from that within calcifying somatic 
cartilage. Whereas MVs and calcification foci are gener-
ally confined to the longitudinal septa in the somatic pro-
cess, these entities occur as radially positioned structures 
around the chondrocytes in the antler cartilage (Fig. 1D). 
In the calcifying antler cartilage, MVs reside at the center 
of a condensed accumulation of proteoglycan granules 
(Fig. 1E), whereas in the growth plate cartilage, central-
ized MVs and surrounding proteoglycan granules are 
apparent, but a demineralization demarcation zone sur-
rounds the perimeter of the matrix vesicles (Fig. 1F).

To identify the mineralization-related genes in the 
antler cartilaginous zones, Steger et al. [40] developed 
an “antler cDNA microarray” using fetal cartilage as 
a control. They found that matrix of these two types of 
cartilage is biochemically similar. Bone matrix genes 
are highly expressed in the growing antler: 2- to 10-fold 
higher in antler than in the fetal cartilage; and far higher 
(10- to 30-fold or more) than in the ribs and vertebrae of 
deer. Therefore, antler tissue has much greater mineral-
ization potential than somatic tissues.

COL1A1 is known to be the strongest extracellular 
matrix for mineral deposition [41]. The promoter region 
of the deer COL1A1 gene contains a large number of 
binding sites for the transcription factors RUNX2 and 
OSX [42], the two most relevant transcription factors 
for bone development (Fig.  2) [40]. A 175  bp sequence 
spanning the OSX binding site sp1 in the first intron of 
the COL1A1 gene is totally conserved in ruminants and 
humans [43] and contains a SNP site that has been used 
as a diagnostic marker for the susceptibility to osteoporo-
sis in humans [44].

Bone metabolism-related-genes, osteocalcin, RUNX2 
and OSX, are highly expressed in the ossified part of 
growing antlers, unlike in the ribs and vertebrae where 
the levels of these genes remain low. In addition, the 6- to 
7-fold lower levels of hydroxyproline and ethanolamine-
phosphate and the 40% less free inorganic phosphate in 
the antler versus in the vertebral disc indicate the occur-
rence of intensive bone deposition in the antler at the 

expense of deer skeleton. The very high glucose level in 
the antler bone (5-fold higher than the vertebral body) 
is a consequence of the high anabolic activity along the 
RUNX2–osteocalcin–insulin pathway [40, 45].

Lopez-Pedrouso et al. [46] examined proteins 
expressed in the antler tip (high proliferation and differ-
entiation region) and compared with those in the mid-
part of the antler (robust bone calcification region). They 
found that the metabolic rate in the mineralizing part 
is more intensive than that in the growth center, as the 
antioxidant proteins in the mineralizing part are more 
than those in the growth center. The low hydroxyproline 
content in the antler bone indicates much lower collagen 
breakdown than in the vertebrae [40].

Ker et al. [47] examined gene expression in growing 
antler cells and compared them with that in human bone 
cells. They found that antler cells mineralize (17 times) 
much faster than human cells under identical culture 
conditions. Among the identified genes, S100A10 is the 
key factor responsible for rapid mineralization. There-
fore, rapid mineralization in antlers is underpinned by 
specific genes.

Resorption of deer skeleton
One would think that osteoporosis of deer skeleton, if it 
were to occur, would take place during the second inten-
sive antler mineralization phase (Phase II), as over half 
of the minerals are deposited in the antler tissue dur-
ing such a short period (around 7 weeks). Surprisingly, 
demineralization of deer skeleton takes place only dur-
ing the period of rapid antler growth (Phase I), whereas 
recovery from the deer skeleton’s porotic state starts at 
the transition from Phase I to Phase II [48–51].

The factors that cause the resorption of minerals in 
the deer skeleton remain largely unknown. Based on the 
current knowledge, we believe that deposition of Ca++ in 
the calcifying antlers at appreciable quantities would cre-
ate the tendency to lower the plasma Ca++ level, which 
would trigger the secretion of parathyroid hormone 
(PTH) to restore this stable level. Therefore, mineral 
resorption in deer skeleton may be a passive process. As 
a consequence, not only would Ca++ absorption from the 
intestine increase, but Ca++ resorption from the skeleton 
would also occur in order to maintain this strict physi-
ological Ca++ level [51], , as this Ca++ level is linked to the 
cardiovascular and nervous systems and slight deviation 
from the physiological level would be expected to have 
serious consequences [52, 53].

1) Resorption period and the extent in different deer 
bones.

During hard antler phase, Banks et al. [49] found that the 
osteonal zone of the compacta has a stable configuration, 
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a conspicuous scarcity of remodeling foci (Fig. 3A). The 
porosity of the compacta became more pronounced dur-
ing the peak of antler growth, as marked by an increase 
in the number of remodeling foci (Fig.  3B). Hillman et 

al. [50] obtained the similar results: dormant period of 
remodeling in the skeleton occurs in the hard antler 
phase, and the highest bone remodeling takes place in 
the peak of antler growth. The highest resorption rate 

Fig. 1 Cartilage mineralization in the growing antler of white-tailed deer. (A) Initiation of mineralization. Individual foci of mineralization (solid arrow) ap-
pear in the perilacunar matrix. Mineralization foci grow and coalesce (open arrow). Continued growth (star) encircles the chondrocytes until encirclement 
with mineral is complete (double star). Mineralization begins in mid-trabecular and spreads toward trabecular margins. (B) Mineralization of cartilage 
trabeculae. Mineralization foci have grown until almost all of the cartilaginous spicule contains mineral (A and B, after Banks and Newbrey, 1982a; repro-
duced with the permission of the publisher). C and D. Ultrastructure of chondrocytes in the calcification zone. (C) The calcification appears as discrete 
radial foci (arrows) that surrounds the cells. Eventually, these foci will fuse to form a mineralized sphere completely surrounding the cells. (D) Higher 
magnification of matrix vesicles in the early calcification zone. The first hydroxyapatite crystals are seen on the surface of matrix vesicles (dark arrow). 
Inset: a calcified site, at the centre there is a matrix vesicle (large open arrow) and many condensed ruthenium red (RR) granules immediately surrounding 
the vesicle (C and D, after Newbrey and Banks, 1982b; reproduced with the permission of the publisher). E and F. Ultrastructure of matrix vesicle. (E) The 
matrix vesicle in the antler cartilage, residing in the centre of a condensed accumulation of RR-positive proteoglycan granules (arrows). (F) The matrix 
vesicle in the rat growth plate cartilage. A centralized matrix vesicle and surrounding proteoglycan granules (small arrows) are apparent. A lamina limitans 
(large arrows) surrounds the perimeter of the matrix vesicle. (E and F, after Banks and Newbrey, 1982b; reproduced with the permission of the publisher)
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occurred in the ribs at 23% with lower levels of 13% in 
the metacarpus and 10% in the metatarsus. Resorption in 
ribs ranges from 0.1 to 3% during the hard antler period. 
These authors confirmed that the sternebrae underwent 
an even more marked CPO than the ribs.

After cessation of antler growth, ribs are characterized 
by a decrease in resorption foci and a small number of 
filling osteons (Fig. 3C). During the period of rapid antler 
growth, there are many resorption spaces within the ribs. 
The porosity, however, is more evident in the lateral cor-
tex of the rib (Fig.  3D). Remodeling in the metacarpus, 
metatarsus and tibia do not occur to the extent observed 
in the rib and sternebrae. The amount and pattern of 
resorption are indicative of an adaptive mechanism since 
there is greater stress on the weight-bearing long bones 
than the ribs [54].

Meister [55] described the pronounced osteoporosis in 
different bones during antler growth period. In the meta-
carpus, large cavities develop from enlarged Haversian 
canals. In the femur, periosteal cellular connective tis-
sue deeply penetrates bone shaft, and adjacent Haversian 
systems are destroyed from the outside by dense rows of 
osteoclasts. In the metatarsus, pronounced osteoporo-
sis with large cavities develops from enlarged Haversian 
canals, within which syncytial formation of osteoclastic 
elements are detected. In the radio-ulna, large cavities 
are developed from enlarged Haversian canals, Volk-
mann’s canals are slightly enlarged, and both osteoblasts 
and osteoclasts are encountered.

2) Degree of resorption in different types of bone.

Banks et al. [49] considered that trabecular bone was 
the principal location of the labile minerals of the skel-
eton. Chapman [16] reported that the trabecular bone 
of deer skeleton has a stable configuration in the hard 
antler stage. However, during antler growth period, 

trabecular remodeling conforms to the various stages 
of antler growth. The percentage of trabecular bone and 
the mean width of the trabeculae were lowest (15% and 
1.9  mm respectively) in Phase I and highest (21% and 
2.9 mm respectively) at the end of Phase II [56]. Trabecu-
lar bone is more metabolically active than cortical bone 
in terms of the rate of mineral turnover. This explains 
why a greater CPO always firstly occurs in trabecular 
bone compared with cortical bone. Besides trabecular 
bones, cortical lamellar bone was also subject to a vary-
ing degree of osteoporosis, although to a lesser extent 
[18, 57].

3) Seasonal changes in density and mineral composition 
of deer skeleton.

Through gravimetric measurements, Banks et al. [49] 
found that fully hydrated densities of deer bone ranged 
from 1.71 to 2.04 g per ml and the ash values ranged from 
0.82 to 1.25 g per ml. Chemical analyses showed that the 
percentage of Ca++ averaged 37.7%; P5+ averaged 15.7%; 
and Mg++ averaged 0.56%. The lowest values occurred 
during the peak of antler growth and the highest values 
in the hard antler period.

Hillman et al. [54] reported that remodeling in deer 
skeleton at the cessation of antler growth decreases to 
a low level comparable to the antler growth. In ribs, the 
lowest values of ash weight occur during the mid-period 
of antler growth. The ratios of Ca++, Mg++ and P5+ in 
bone ash do not vary during the antler growth cycle, indi-
cating no change in bone composition during periods of 
high remodeling.

Unidirectional flow of minerals from deer skeleton to 
growing antlers
Minerals of the deer skeleton contribute to antler ossi-
fication was confirmed using radio-labeled minerals 

Fig. 2 Multiple binding sites for RUNX2 and OSX in the promoter region of COL1A1 gene. COL1A1 protein is the strongest extracellular matrix for mineral 
deposition, particularly Ca++ and P5+
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Fig. 3 Osteoporosis in ribs in mule deer in different periods. (A) Costal compacta prior to antler growth. The osteons of the compacta possess a mature 
configuration. Note that there is a conspicuous lack of resorption spaces indicating the stable nature of the bone during this period of the antler cycle. 
(B) Remodeling foci of osteonal bone during the antler growth period. The rapid turnover of mineral represented by this section demonstrates the in-
tense osteoclastic and osteoblastic activity. Refilling osteons outnumbered the resorption spaces. (A and B. after Banks et al., 1968; reproduced with the 
permission of the publisher). (C) Cross section of rib during period of hard antler phase, indicating lack of the internal bone remodeling and the lamellar 
structure of the rib. (D) Cross section of rib taken during peak of antler growth. Resorption spaces are present throughout the cortex. (C and D. after Hill-
man et al., 1973; reproduced with the permission from the publisher). Reversal of osteoporosis in mule deer skeleton following cessation of antler growth 
(lower). E and F: Compacta of ribs. (E) In the antler growth period; refer to Fig. 3B. (F) In the hard antler phase. Note that the absence of resorption spaces 
is a conspicuous feature of the compacta; many osteons are not fully calcified and appear much darker than the surrounding bone due to a greater up-
take of dye. (E and F, after Banks et al., 1968a; reproduced with the permission of the publisher). G and H: Cross section through the lateral cortex of the 
metatarsus. (G) Taken during the peak of antler growth. Note that conspicuous resorption spaces are the dominant feature. (H) Taken after the cessation 
of antler growth. Note that newly formed osteons are present in the middle portion of the cortex. (G and H, after Hillman et al., 1973; reproduced with 
the permission from the publisher)
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[58]. Radioactive Ca++ (45Ca) and strontium (89Sr) were 
injected prior to the commencement of antler growth to 
allow their deposition in the deer skeleton. Eight weeks 
after the injections, the antlers had grown 10–13  cm in 
length and contained appreciable amounts of 45Ca++and 
89Sr++, indicating that these deposited elements were 
mobilized from the skeleton to the growing antlers. 
Muir et al. [14] used 45CaCl2 to study the kinetics of Ca++ 
metabolism and found that Ca++, released from deer skel-
eton, appeared to be irreversibly lost from circulation 
into the antlers and thus can be treated in the same way 
as loss of Ca++ from the body in milk.

Some seemingly unexplainable phenomena related to 
bone metabolism.

1) Phase I antler ossification occurs despite in an 
environment with basal testosterone level.

Rapid bone ossification in most mammalian species takes 
place during adolescence when the circulating level of 
sex hormones is sharply elevated [59]. Indeed, osteopo-
rosis as a characteristic bone metabolism in the post-
menopausal women or in aged men [28, 60]. Likewise, 
intensive mineral deposition in Phase II antlers is also 
driven by high levels of circulating testosterone, as evi-
denced by the intensive mineralization of antlers associ-
ated with concurrent sharp increase in testosterone level 
and its abrogation by castration. Surprisingly, minerals 
are also robustly deposited in rapid-growing antlers when 
circulating testosterone is in its nadir (barely detectable) 
and when deer skeleton is intensively demineralizing. 
The mechanism underlying this phenomenon is still a 
mystery.

Growing antlers are enveloped with velvet skin. Velvet 
skin and periosteum/perichondrium are richly inner-
vated with sensory nerves [61–63]. Steger et al. [40] 
inferred that calcitonin gene-related peptide (CGRP), a 
diffusible neuropeptide, may play a central role in initiat-
ing the process of antler ossification in Phase I. CGRP is 
abundant in the sensory nerve terminals and leaves the 
sensory nerves and infiltrates cartilage through vascu-
lar channels (antler cartilage is a richly vascularized tis-
sue [64]) to enter the circulation. The infiltrated CGRP 
stimulates high expression of both RUNX2 and OSX in 
the antler tissue [65, 66]. The regulatory role of CGRP 
in RUNX2 expression has also been reported in osteo-
blasts [67–69]. The upregulated RUNX2 and OSX acti-
vate downstream target genes, particularly COL1A1 and 
osteocalcin, for mineralization and matrix synthesis. The 
expected result of the above events is the trapping of 
minerals from the bloodstream by COL1A1 and other 
mineral-binding matrix proteins in the growing antlers. 
Lowering the circulating Ca++ level would trigger the 
secretion of PTH to maintain the circulating Ca++ level 

via increasing absorption of Ca++and other minerals from 
feed and the skeleton system. Through this putative way, 
robust antler ossification is achieved in an environment 
of low levels of sex hormones.

In addition to the CGRP theory, autophagy may also 
play a role in Phase I of the antler ossification process. 
The effect of autophagy in bone homeostasis is known 
to be exerted through osteoblasts, osteocytes, bone mar-
row mesenchymal stem cells and osteoclasts [70–72]. 
Impaired autophagy in osteoblasts leads to decreased 
bone mass [73]. Inhibiting autophagy in osteocytes 
results in bone tissue senescence [74]. Autophagy also 
contributes to pre-osteoblast differentiation, osteoblast-
osteocyte transition, and formation and function of 
osteoclasts [75]. In one of our previous studies [65], we 
identified numerous autophagy-related genes (ATGs) 
expressed in regenerating antlers from reserve mesen-
chyme (RM) to mineralized cartilage (MC). Among these 
genes, Gamma-Aminobutyric Acid Receptor-Associated 
Proteins (GABARAPs) and UKL1 are highly expressed. 
GABARAPs are ATG8 family proteins, along with LC3 
and UKL1, that are highly relevant to bone metabolism 
via autophagy. Administration of GABARAP to a rat 
osteoarthritis model significantly increased the expres-
sion levels of Col II and SOX9; upregulated the media-
tors of the autophagy pathway, and suppressed the PI3K/
AKT/mTOR pathway in the chondrocytes [76]. We 
believe that uniquely devised autophagy regulation in 
bone-related cells (osteoblasts, osteocytes and osteo-
clasts etc.) solely based on the findings of full osteopo-
rosis reversal in the deer model would revolutionize the 
treatment of osteoporosis in the clinic setting.

2) Demineralization of deer skeleton occurs despite 
adequate provisions of mineral reserves in the diet.

Despite high Ca++ intake, extensive demineralization of 
deer skeleton still happens during Phase I [20]. Parfitt 
[77] noticed that the requirement for bone-derived min-
erals during antler growth seems to be complicated by 
the need to mobilize such stores from the skeleton, even 
though high quantities of the minerals are available from 
the diet. Based on the Ca++ kinetic studies with stags con-
suming forages, Muir et al. [78] found that the skeleton 
may supply 30–60% of the required Ca++, even when 
Ca++ intake is considerably greater than the requirement. 
The skeletal contribution may be more important where 
the diet is inadequate. Collectively, these phenomena 
might suggest that resorption of minerals from the skel-
eton is not directly driven by the requirement of antler 
ossification, rather by the low androgen environment that 
is permissive for bone-loss.
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Phase II. Total mineralization in antler bone and full 
reversal of CPO in deer skeleton as two contrasting 
processes under the same endocrine environment
The increase in deer skeletal bone density around the 
transition from Phase I to Phase II suggests that bone 
accretion in the skeleton must have commenced around 
this point. This implies that during this period, deer have 
to cope with demands for minerals at two sites: the antler 
bone and the deer skeleton, although antler bone would 
have priority, particularly when mineral availability is 
limited. To fully mineralize a pair of 25 kg antlers, and if 
over 50% of minerals are deposited in the antlers during 
Phase II, over 10 kg of minerals must be gained from the 
diet to satisfy the antler requirement only, not to mention 
for CPO reversal of the deer skeleton. Thus, the ability to 
gather so large quantity of minerals in such a short period 
(within a month) is definitely extraordinary.

Total mineralization of the antler tissue
López-Pedrouso et al. [46] made a comparison between 
the mid-part of the antler (mineralizing part) and the 
Phase II ribs and identified 30 proteins that were over-
abundant in the antler and 58 proteins overabundant in 
the ribs (in CPO reversal). Among the overexpressed pro-
teins in the rib, the highest was COL1A2; and the most 
abundant in the mineralizing portion of the antler was 
COL1A1. Remarkably, both COL1A1 and COL1A2 genes 
are 10 and 20 times overexpressed in the antler bone than 
in the rib of the same animal, respectively [40, 79].

In deer, when the seasonal rise in testosterone is 
blocked by an anti-androgen drug, antler growth con-
tinues but mineralization is impaired significantly [80]. 
Therefore, antler growth and mineralization are two rel-
atively separate events. Uniquely, after the Phase II the 
antler becomes so heavily mineralized that it completely 
occludes its blood supply, which in turn “kills” the antler 
tissue. To date, the process of full antler mineralization 
has not been described at the histological level, nor has 
the underlying molecular mechanism been explored.

Full reversal of deer CPO
Full reversal of deer CPO during Phase II is a unique 
feature, and this phenomenon does not occur in human 
osteoporotic bone. A complete recovery and refilling of 
remodeling foci suggests that the stag possesses unique 
control mechanisms for mineral metabolism [40].

Banks et al. [49] provided convincing evidence that 
the absorbed foci in the skeleton are completely refilled 
after the cessation of antler growth in mule deer. At the 
peak of antler growth, the costal cortical bone of ribs is 
severely absorbed and osteoporotic (Fig.  3E). During 
hard antler period, there is a reduction or a complete 
absence of resorption space (Fig. 3F). Many osteons are 
recognized as newly deposited but have progressed to a 

more mature state. Hillman et al. [54] reported that, at 
the peak of antler growth in mule deer, the metacarpus 
and metatarsus contained many areas of resorption being 
arranged in an irregular pattern. Resorption is more 
prominent in the metatarsus and extends toward the 
endosteal surface (Fig. 3G). In contrast, at the late stage 
or completion of Phase II, the absorbed holes are greatly 
reduced, and many new, incompletely ossifying osteons 
are present (Fig. 3H).

Parfitt [57] reported that during the period of most 
rapid antler growth, there is a sixfold increase in corti-
cal porosity, which is completely refilled after the ant-
lers are fully grown; this cycle is repeated year after year 
with seemingly no cumulative adverse effect [77]. The 
author hypothesized that the cyclical cortical porosity of 
the deer represents a mechanism for spreading a sharply 
increase in need for Ca++ over a longer period. Antlers 
grow in the spring, when limited Ca++ is available from 
feed [81]. Providing some Ca++ from the skeleton means 
that less is needed from the diet during that period [82]. 
In order to “repay the debt” incurred by bone absorption, 
increased intestinal Ca++ absorption continues through-
out summer and autumn. This strategy enables a sharply 
increased demand for Ca++ to be repaid to the skeleton 
over a longer period.

Borsy et al. [83] examined gene expression status in 
deer ribs in the periods of CPO, CPO reversal, and bone 
homeostasis (hard antler phase). They identified a num-
ber of DEGs, which are also expressed in human patho-
logical osteoporosis. Furthermore, the authors identified 
4 DEGs that were markedly different between osteopo-
rotic and non-osteoporotic bone in the same (trib2, fabp3 
and fabp4) or opposite ways (igsf4) in deer and human. 
Among them, trib2 is highly expressed in growing ant-
lers; fabp4 highly expressed in osteoporotic bone in both 
deer and human, whereas fabp3 moderately expressed in 
bone tissues of deer and human.

In the Phase II period, both full antler mineralization 
and recovery of deer bone CPO occur simultaneously. 
Thus, deer must find feed rich in minerals, effectively 
absorb and conserve them. Besides from the diets, deer 
may also absorb minerals from their calcified hard ant-
lers. Although hard antlers are apparently dead tissue, 
Rolf and Enderle [84] found that a polished hard antler 
of fallow deer contains a well intact system of capillar-
ies that are connected to the vascular system of the deer 
body via pedicle tissue. Deer may retrieve some calcium 
from it through internal channels, particularly in the 
osteoporosis reversal period.

What would happen if deer fail to obtain a Ca++-rich 
diet? Firstly, we believe that antler would likely have 
priority to utilize the limited mineral sources, and this 
would cause partial reversal of the CPO that would 
render deer skeleton prone to fracture. Secondly, an 
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inadequate supply of minerals may even not meet the 
needs for antler mineralization, and thus result in the 
formation of sub-mineralized antlers. Deer carrying such 
antlers would likely be disadvantaged when combating 
during the rutting season. The phenomenon that high 
incidence of osteoporotic lesions in male moose (having 
largest antlers in the extant deer species) may in part be 
explained by a seasonal osteoporotic condition induced 
by antler growth [85]. If Ca++and P5+ lost during ant-
ler growth are not fully replenished from the summer, 
autumn and winter diet before the next round of antler 
growth starts, the resorption could lead to permanent 
osteoporosis or reduced antler growth, either way would 
likely reduce the fitness of the affected individuals [86]. 
Seasonal CPO would gradually be supplanted by perma-
nent osteoporosis, which has been postulated to have 
finally caused the demise of Irish elk, the deer that car-
ried the largest antlers ever (over 40 kg) in deer species 
[86].

Based on the currently available data, we summarized 
the changes in relevant parameters over the period of 
Phase I and Phase II in a chart. These include degree of 
antler mineralization, density of deer skeleton, testos-
terone levels, antler cortical mineralization surface, and 
deer bodyweight (Fig. 4). The chart clearly shows that the 
inflection points of these parameters all happen to be at 
the transition point between Phase I and Phase II. None-
theless, the transition date between two phases must be 
considered as approximate and would vary according to 
deer species, age and even geographical location.

In the chat, demineralization of deer skeleton starts at 
the time of the casting of hard antlers, gone through the 
whole Phase I period before reaching the phase transition 

point; remineralization was then switched on and lasted 
the entire Phase II. Antler mineralization starts as soon 
as initiation of antler growth and gradually increases in 
a slow-slope-manner until reaching this transition point; 
then the process is sharply increased and lasted the entire 
Phase II. Cortical mineralizing surface starts to increase 
around day 74 after the hard antler casting when primary 
osteon formation is initiated. It reaches its peak around 
day 100 and then slowly decreased when osteonal growth 
was completed by 130 days [87]. Circulating testosterone 
level at the initial antler growth is at its nadir in the whole 
year and remains low during Phase I although in the 
later stage slowly elevated to certain level when reach-
ing this point; then the level is sharply increased and the 
trend lasted the entire Phase II. Change in deer body-
weight happens to be also at this point: before it, deer 
bodyweight increases continuously and after it the body-
weight starts to fall [88], possibly due to the decreased 
food intake by stags due to sharply increased circulating 
testosterone level. Zhang et al. [89] conducted a metab-
olomic analysis on sika deer antler at different growth 
stages, ranging from 25 to 130 days after hard antler 
casting. They found that the entire antler growth period 
could be divided into two distinct stages: the first stage 
from beginning of antler growth to 100 days, and the sec-
ond stage from 100 days to 130 days. This division based 
on metabolic changes aligns with our classification well 
in this review, providing molecular-level support to our 
classification.

Fig. 4 Inflection points for differential antler mineralization and deer bone cyclic osteoporosis during the periods of Phase I and Phase II. AM, antler 
mineralization; DB, deer bone; DW, deer bodyweight; T, testosterone; MS, cortical mineralizing surface
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Facts and a perspective for use of phase II deer 
products to treat osteoporosis
Currently drugs used to treat osteoporosis in clinic are 
targeted at stimulation of bone formation using PTH, or 
inhibition of bone resorption using calcitonin, bisphos-
phonates, estrogens, and selective estrogen receptor 
modulators [90–93]. Due to the severity of side effects of 
these drugs, many patients start to choose an alternative 
or complementary medicine (such as TCM).

In recent years, research has been carried out inten-
sively to verify the claimed antler efficacies and reveal 
the underlying mechanisms, particularly on osteoporosis. 

These studies have demonstrated that antler extracts can 
substantially alleviate ovariectomy (OVX)-induced osteo-
porosis in model animals [94–96]. Tseng et al. [28, 97] 
found that only upper and mid portions of antlers, but 
not the base portion, can increase the microarchitecture 
of the trabecular bone in OVX-rats (Fig. 5 upper panel), 
indicating antler effects on osteoporosis vary in differ-
ent portions. Overall, antler products have dual roles in 
anti-osteoporosis: stimulating bone formation and inhib-
iting bone resorption. However, to date the phenomenon 
of deer CPO has not been taken into consideration for 
treating osteoporosis.

Fig. 5 Effects of velvet antler (VA) extracts on tibial bone density of ovariectomized rats. Upper panel (drawn after Fig. 6 in Tseng et al. [28]): effects of 
different antler portions (upper, mid and base) on bone microarchitecture. Note that only upper and mid portions had significant and dose-dependent 
effects. (A) sham-operated; (B) control (ovariectomized, OVX); (C) estradiol (OVX+ES); (D)-(F) VA groups: (D) upper portion (OVX+VAU), (E) middle portion 
(OVX+VAM) and (F) basal VA portion (OVX+VAB). Lower panel (drawn after Fig. 4 in Tseng et al. [97]): effects of mid-portion of VA on bone microarchi-
tecture. Note that mid-portion of the VA-B showed significant effects on bone density. (A) sham-operated; (B) control (ovariectomized, OVX); (C) middle 
portion of VA and blood (OVX+VA-B); (D) estradiol (OVX+ES); the arrow indicates loss of the trabecular bone structure
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We believe that full incorporation of the phenomenon 
of deer CPO for the treatment of osteoporosis would 
greatly benefit human health. Phase II deer products 
include antlers, male deer bone and blood; and have not 
been used for the treatment of osteoporosis. It is known 
that Phase II antlers exhibit unprecedented rates of cal-
cification (up to 250 g/day) far exceeding that of Phase I 
antlers, thus should contain more anabolic substances for 
bone formation. Interestingly, Phase II antlers are mainly 
the ones re-grown from the left-over remnants of Phase I 
antlers after harvesting [98]. These re-grown antlers are 
cheap but must be removed before they become hard for 
safety reasons.

Phase II deer bone experiences rapid reversal of CPO, 
and should contain more potent anabolic substances 
for bone formation than any other stage bones. Phase II 
deer bones are available more than in any other seasons 
in venison-producing countries, thus are readily avail-
ability. Phase II blood should contain the most effective 
anabolic substances for treating osteoporosis, as both 
intensive antler calcification and reversal of CPO happen 
to be in this period. Indeed, Tseng et al. [97] found that 
the mid portion of antler extracts ware more effective at 
treating osteoporosis (Fig. 5 lower panel) as they contain 
more blood (antler: blood = 1:0.2). As more male deer are 
slaughtered in this period, thus source of Phase II blood 
is not an issue.

Very recently, we conducted a comparative study 
between Phase I and Phase II blood on effects of osteo-
porosis using OVX-rats. The preliminary results dem-
onstrate that the Phase II blood exhibit significantly 
greater efficacy on treating osteoporosis than their Phase 
I counterparts. The active compounds would likely be 
identified if the effects of Phase II deer products for alle-
viating osteoporosis symptoms are further confirmed as 
expected. This may pave the way for novel approaches in 
treating osteoporosis, a debilitating disease.
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