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Abstract
Bone ash, collagen, Ca and P composition, are considered the main factors affecting

mechanical properties in bones. However, a series of studies in bone and antler have shown

that some trace minerals, such as manganese, may play a role whose importance exceeds

what may be expected considering their low content. A previous study showed that a reduc-

tion in manganese in antlers during a year of late winter frosts led to generalized antler break-

age in Spain, which included a reduction of 30% of cortical thickness, 27% reduction in

impact energy, and 10% reduction in work to peak force. Starting for this observation, we

experimentally studied the effects of manganese supplementation in adults and yearling

(yearlings) red deer under a balanced diet. Subjects were 29 deer of different age classes

(adult n = 19, yearlings n = 10) that were divided in a manganese injected group (n = 14) and

a control group (n = 15). Antler content in ashes and minerals, intrinsic mechanical properties

and cross section structure were examined at 4 points along the antler beam. A one way

ANOVA (mean per antler) showed that in yearlings, manganese supplementation only

increased its content and that of Fe. However, in adults, Mn supplementation increased the

mean content per antler of Ca, Na, P, B, Co, Cu, K, Mn, Ni, Se (while Si content was reduced),

and impact work but not Young’s modulus of elasticity, bending strength or work to peak

force. A GLM series on characteristics in the uppermost part examined in the antler, often

showing physiological exhaustion and depletion of body stores, showed also a 16% increase

in work to peak force in the antlers of the treated group. Thus, manganese supplementation

alteredmineral composition of antler and improved structure and somemechanical properties

despite animals having a balanced diet.
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Introduction
Antler, which is true bone despite being used when dry and having some unusual features such
as the lowest ash content of all bones [1], has attracted the attention of researchers in bone
mechanics [2, 3, 4] because, among mammalian bones, it has the highest work to peak force,
that is, the amount of work needed to break specimens [2], and it is difficult to break in impact
[1, 5]. Furthermore, a series of studies [6–8] have shown that antlers are an excellent model for
studying bone biology: i) because they are easily accessible without surgery; ii) because they
grow quickly (with an average of 0.67 cm/d [9] in red deer) and demand a high mineral transfer
from the skeleton [10]. So that because this fast growth leaves little room for remodeling [11],
and thus shows more clearly nutrition or other effects than in internal bone, which is a mosaic
of parts build in different times of the life of an animal.

Previous studies by our group have shown that the composition, mechanical properties, and
structure of deer antlers (and composition of internal bones too, [12]), or even their histology
[11, 13] could be influenced by diet, and natural factors likely affecting mineral composition of
plants on which deer feed [4, 6, 7, 14].

Among the minerals that may affect the mechanical properties of antlers, at least one seems
to have a disproportionate importance considering its small content in antlers: Mn. In 2010, a
study by Landete-Castillejos et al. [4], concluded that among the changes in composition pro-
duced in deer antlers by an event of extraordinary low temperatures at the onset of plant
sprout, it was Mn decrease which produced a 27% reduction in impact energy, 10% reduction
in work to peak force, 30% reduction in antler weight, and 18% reduction in cortical thickness.

It was not the first time that Mn was shown to have an important role in bone. An early
study by Strause et al. [15] showed that a balanced diet with low Mn content kept rats in appar-
ently good condition, but their bones had lower Ca content (however, no mechanical tests were
performed) and moreover, a study by Leach et al. [16] showed that the addition of Mn in chick
cartilage in an ex vivo preparation enhanced significantly the synthesis of main cartilage con-
stituents. However, so far no study has tried to assess the effect of Mn supplementation on
both composition, mechanical properties, structure and density of antler or other types of
bone.

Thus, we set out to assess the effect of manganese in deer antlers both in adults and in year-
lings (which are under a greater growth constraint because they need Ca and other minerals to
grow their skeleton in addition to growing their antlers–[9, 17]). The strength and stiffness of
whole bones is the result of combination of the overall architecture, such as cortical thickness,
and bone material properties [10]. Histology was performed in order to assess if bone minerali-
zation was impaired by Mn supplementation at dosis used (Mn toxicity). Thus, we measured
modulus of elasticity E, bending strength BS, work to peak forceW, which is the work needed
to reach the maximum force [2, 18, 19], and impact energy absorption U.

Materials and Methods

Study site and antler collection
This study was performed in the Experimental Farm of Universidad de Castilla–La Mancha in
Albacete, south-eastern Spain (38°5701000N, 1°4700000W, 690 m altitude) during 2010. Ours and
other research groups regularly perform experiments in these premises (managed by our
group) and no specific authorisation is needed to work here, although experiments have to be
approved by the Committee of Ethics in Animal Experimentation (Comité de Ética en Experi-
mentación Animal, CEEA) from the Universidad de Castilla-La Mancha (for our experiment,
the authorisation number was 1002.04).
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Animals were kept in a 10,000 m2 open door enclosure on an irrigated mixed pasture. Deer
were feed ad libitum with a diet of hay, Lucerne, corn and orange pulp; to optimize manage-
ment time in the experimental farm, all the diet's ingredients were homogeneized and cut in
small portions in a tractor-driven commercial mixer.

All animals were adapted to routine management and maintained in good health and body
condition during the experiment. Handling procedures and sampling frequency were designed
to reduce stress and health risks for the animals [20].

The animals were divided in two groups matched for body measurements such as weight
and body condition. Rather than offering Mn mixed with salt, or with the food, which would
not allow to control the exact amount of food given to each animal, and also it would mean
that control animals had to be placed in another enclosure thus modifying the social environ-
ment, we decided to keep all animals together, and deliver the Mn by injections of an aqueous
4% of Manganese gluconate (C12H22MnO14) solution (5cm3/100Kg live wt) in the treatment
group, given every seven days from start of January to midAugust. The control group was
injected a physiological saline solution. Each group counted animals with different ages: for the
control group there were 8 adults, 2 subadults (2.5 years old) and 5 yearlings (1.5 years old), for
the treatment group there were 8 adults,1 subadult and 5 yearlings. We decided to include sub-
adults to increase group size of the adult class. Thus, the statistical analysis examined yearlings
and adults.

Antlers were cut off 1 cm above the burr for safety reasons when they were clean from vel-
vet. We kept carrying out body measurements at the beginning of the trial, during and at the
end of the experiment, to monitor potential changes in the animals.

Before the antlers had been removed, they were analyzed according to the standard method
for the trophy evaluation in red deer, in order to find a validation score for each antler collected
[21]. Measurements included: the total length of the main beam, lengths of all the tines, perim-
eters at three points along the main shaft (burr, between the first tine and the central tine,
between the central tine and the crown), total weight of the antlers, and number of tines.

Sample collection and preparation
Because the deer had a balanced diet much better than deer kept in the wild without supple-
mentation [7, 8, 14], and because the studies performed so far in antler characteristics show a
more marked effect of nutrition and other factors during the growing of the antlers main beam
[4, 6–8, 11, 13], we analysed, as in other studies [4], effects of Mn supplementation in four posi-
tions along the antler beam: position 1 is directly above the burr, position 2 referred to the first
third of antler shaft, position 3 after the central tine and position 4 below the crown (upper
tines). For yearlings, antlers were sampled following a similar procedure but including only
two sampling points due to the smaller size and different structure of the antlers: one point was
close to the base (yearlings have no burr), and the other one 5 cm below the tip [6].

From each position were obtained a 1 cm-slice (complete transverse cross-section) and a
cylinder of about 5–6 cm (to obtain bars from the cortical wall).

Bars were identified according to individual deer and level in the main beam. The outer or
periosteal side was also marked in order to test always with this side in tension, and to mark
the end closer to the antler base.

A circular low-speed saw was used for the initial cutting of the antler. Then, the surfaces
were abraded using a semiautomatic equipment for polishing (Struers LaboPol-21, Denmark)
to get the right size of bars. Care was taken to produce parallel surfaces, and the width and
depth of each sample were recorded to the nearest 0.01 mm using a digital calliper prior to
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testing. The final size was 4.5 mm wide, 2.5 mm deep, and a variable length but always allowing
a gauge length of 40 mm, a length in which shear effects reducing calculated E are very small
[4].

In addition, antlers of adult groups were examined by histology. Antlers were sampled in
position 1 and 4 were embedded in polymethyl-methacrylate. Mineralized sections (50 μm-
thick) were prepared by grinding-polishing method, and sections were stained with toluidine
blue/pyronin G for light microscopy examination [13]. In order to increase the contrast
between the trabecular and cortical bone to better measure the cortical thickness and derived
variables, antler slices were coloured with a solution of ink/water in proportion of 1:4 (Pelikan
ink 4001, Germany) and dried for 24 hours at room temperature. Then, the slices were polished
to increase the contrast between cortical and trabecular bone. Once the cortical part had no
remains of ink, each slice was scanned on a flatbed scanner (Ricoh aficio MP C2800) at 600 dpi
and measured in an image analysis software (ImageJ), where cortical bone thickness of the
cross-sections was measured at six equally spaced points around the perimeter. After this, we
calculated the average thickness as the mean of these 6 measurement points. In addition, we
measured the total area of the section, the area of cortical and trabecular bone. These areas
were used to calculate, in turn, the ratio between cortical and total area (termed ratio cortical/
total) [4].

Bone mechanical properties
Specimens for mechanical testing were first subjected to a procedure to standardize humidity
content. For this, they were first introduced in a buffer solution (BioWhittaker HBSS: Hank's
balanced salt solution, Belgium) for 48 hours. This is a way to achieve maximum water content,
but at the same time minimizing the risk that small amounts of mineral may leach out of the
bone [1]. After this, the bars were dried in the laboratory, at a temperature of approximately
20°C and relative humidity of 40% for a period of 72 hours. The bars that had thus homoge-
neous humidity content were tested in three-point bending with the periosteal side in tension.
This was carried out in a Zwick/Roell 500N machine. The speed of the machine head was set to
32 mm/min. Gauge length or distance between supports was set to 40 mm. Machine compli-
ance was tested and found to be negligible at this gauge length and sample depth.

The mechanical properties measured were Young's Modulus of elasticity, an estimate of
stiffness; Bending strength, calculated from the maximum stress at the greatest load borne fol-
lowing the procedure for this and the other intrinsic mechanical properties [1, 2, 4, 8] and the
total work under the load-deformation curve up to the maximum load borne, divided by cross-
sectional area (Work to peak force). Total work normalized like this gives some idea of the
toughness of the specimen. Although the software offers the mentioned mechanical properties,
the key parameters for the formula used were extracted from the output chart in the software
testXpert II (Zwick GmbH & Co, Ulm, Germany) and calculated in Excel following the formu-
lae indicated, as our own studies have shown that there are differences between results calcu-
lated and derived from the machine, depending on gauge length, toe region excluded from the
start of the curve in calculus of E, and others.

The impact testing procedure consists, essentially, of a pendulum falling on, and breaking
an un-notched sample with the periosteal side in tension. The loss of kinetic energy of the pen-
dulum is measured by the machine, and this is considered to be the energy required to break
the sample [4]. This energy is normalized by dividing by the cross-sectional area of the speci-
men, producing the impact energy absorption or impact work. Tests were carried out in a
CEAST-IMPACTOR II testing machine (CEAST S.p.A., Pianezza, Italy) with manual releasing
device. A hammer with a potential energy of 1J was used for all tests.
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Chemical analysis
Breaking one antler bar in impact and one in bending test produced 4 similar-size fragments.
One of these fragments was used to assess the content of different minerals. For this, the side of
the fracture was polished to have a regular shape and also in areas where it may have any pen
mark. Then, in order to calculate the specific density, the specimen was placed in a controlled
heating chamber for 72 hours at 60°C to dry it out fully, and afterwards each sample was
weighed with a precision balance (±0.01 g) and measured with a precision scale (±0.01 mm).
Density was calculated dividing the weight by the volume (calculated as length x width x
depth). After this, the segment of bar was placed in a tube for mineral analysis (details on the
method used for mineral analysis are described in [4]).

Another fragment was used to measure ash content. For this, the specimen was heated for
72 hours at 60°C. Then, the samples were weighed with a precision balance (±0.01 g) to get the
dry weight, and subsequently was placed in a muffle furnace (HTC 1400, Carbolite, UK) for
6 hours at 480°C. Ash content was calculated as the value of ashes thus obtained divided by the
dry weight.

Statistical analysis
One-way ANOVAs were used to check for differences in body parameters between groups
before being subjected to manganese treatment. The same statistical test was used to assess
rough differences in body weight after the experiment by Mn treatment, also and in each
parameter assessed in whole antler. We also examined the remaining antler variables by per-
forming the ANOVA on the mean of the 4 antler levels. The antler variables tested were: corti-
cal thickness; ratio cortical to total antler section area of the bone slice, in proportion; antler
length; antler score as trophy; specific density/gravity of the cortical bone; Young’s modulus of
elasticity E; bending strength B; work to peak forceW; impact energy U; ash content and that
of minerals Ca, P, Mg, Na, K, B, Co, Cu, Fe, Mn, Ni, S, Se, Si, Sr, and Zn. Because data showed a
very clear difference between yearlings and adults, we performed a GLM, testing the effects of
treatment and age class on each of the studied antler variables, and after results confirmed this
pattern, the following statistical tests were carried out separately for yearlings and adults. The
second part of the analyses involved a series of general linear models (GLMs) to assess the
treatment effects on the same variables once the effects of body weight (which greatly influence
antler size and characteristics) was included in the models. Three different sets of analyses
examined: 1) the average value for the four sampled positions in the antler; 2) the proportional
difference between the top and the base (Position 4—Position 1 / Position 1; i.e. a decrease in
values is shown as a negative difference in percent); 3) finally, the values at the fourth level
sampled in the antler. GLMs 2 and 3 were carried out because values often show a variation
between base (which shows the condition of the animal at the start of antler growth), and top
part of the antler (when different value in most parameters shows the physiological effort made
to grow the antler: [6–8]).

All analyses were carried out with SPSS version 19 (SPSS Inc., Chicago, IL, USA).

Ethical statement
This study was carried out in strict accordance with the Spanish legislation for the use of ani-
mals in research (law 6/2013 and 32/2007). The protocol was approved by the Committee of
Ethics in Animal Experimentation (Comité de Ética en Experimentación Animal) from the
Universidad de Castilla-La Mancha (Permit Number: 1002.04). Because antlers are dead when
they are hard and clean of velvet [1], antler removal produces no pain and no anesthesia is
needed. Nevertheless, a low dose of xylazine (0.3 mg/kg body mass) was used as tranquilizer to
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reduce stress and minimize suffering. Animals were restrained using a cushioned crush specifi-
cally designed to restrain deer movements, then the tranquilizer was delivered in an intrave-
nous injection and, after one minute, antlers were cut using a low speed electrical saw. In
general, this and all other experimental handling was designed to minimize stress and suffering
of deer.

Results
Throughout the analyses, results from yearlings showed a very different pattern to that of
adults. A set of GLMs including treatment and age class showed that they differ in all mechani-
cal properties (greater values for adults), all antler structure and measurements (except average
cortical thickness), and also in B, Cu, Fe, Mn, Ni, S, Si and Zn. Histology did not reveal any
alteration in Mn-supplemented antlers. Primary osteons were completely formed both at posi-
tion 1 and 4 (Fig 1), osteons in cortical bone did not show osteomalacic seams (which is con-
sidered a sign of Mn toxicity).

Results are not shown for sake of brevity, more supporting information in S1 Dataset
(although means can be assessed in Table 1). When both age classes were tested separately in
one-way ANOVAs, the only treatment effect which showed a common statistically significant
effect was the increase in manganese content in the antler of the treatment group (Table 1).
Manganese in antlers of animals injected was 2.5 times greater for yearlings (compared to the
control group), and 2.3 times for antlers of adults. Yearlings only showed a 3-fold increase in
antler content of Fe, but no other effect. As any other effect was found in any GLM in the
group of yearlings, the rest of the analyses shown regard only to the adults group, for concision
purposes.

A first exam of results regarding Mn supplementation in adults group, showed that body
weight increased by 10% less in the supplemented group from start to end of the experiment
than in the control group (Table 1). In contrast, Ca and P increased 8% and 10% respectively.
Most macrominerals and trace elements also increased. Thus Na increased 14%, K increased
47%, Se increased 142%, and Cu increased 29%. B, Co, and Ni also increased, whereas Si was
the only mineral that decreased. No other minerals showed significant differences until effect
of body weight were included in the GLMs. Among structural and mechanical properties Mn
supplementation produced 11.8% increase in impact energy, but no other mechanical or struc-
tural property was affected. There was also an increase in impact energy in yearlings lower
than that in adults (9%), but this was non-significant because of the large variability within
each group.

A more detailed set of analyses, controlling for the effect of weight, showed more clearly the
effects of Mn in the antlers of adults, particularly in the upper sections of the antler where phys-
iological exhaustion is more visible (Tables 2–4). Table 2 shows the effects of Mn supplementa-
tion in the mean values of the four sections of the antlers which were tested. Controlling for
body weight did not reveal any further effect as compared to the ANOVA, except that Co, K,
Mn, Se and Si were both affected by Mn supplementation and deer body weight. In addition,
body weight but not Mn supplementation, affected average values in cortical thickness, antlers
length, specific density/gravity, Young’s modulus of elasticity, Bending strength, and Zn con-
tent. In the rest of the antler parameters, Mn treatment had only an effect on impact energy (U:
Table 2), but in no other mechanical variable nor structural one.

A set of GLMs on the difference between tip and base of the antler (expressed as percent-
age), which shows the depletion of body mineral stores or physiological exhaustion, showed no
effect of treatment except on Mn levels. The former did not decrease in the supplemented
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group as clearly as they decreased in the control group (the mean comparison of both groups is
shown in Table 3, using ANOVAs).

Some further effects were revealed in analyses regarding the distal position. Table 3
shows the means for the uppermost position examined in the antler (just below the crown).
Although most minerals (except Cu) showed a similar effect than the analysis conducted on
the mean antler content, ash content in the treated group was 13 percent units higher (Table 3)
than in the control group. One of the most interesting differences regarded the effect on work
to peak force, once the effect of body weight was controlled for. Thus, supplementation with
Mn increased work to peak force (β for untreated group = -7.1 ±3.1; p = 0.036; shown in
Table 4).

Fig 1. Histology of cortical bone in antlers from control and Mn-supplemented adult groups.Note that
primary osteons are complete in both cases. Mn-supplemented osteons looks normal, osteomalacic seams—
an indicator of Mn toxicity—are not observed (Bar scale = 200 μm).

doi:10.1371/journal.pone.0132738.g001
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Discussion
Results show clearly that manganese supplementation is reflected in antlers of both yearlings
and adults. It is particularly interesting the double pattern found in the influence of manganese
supplementation in mineral composition: whereas antlers of yearlings were not affected in any
mineral except iron, those of adults, despite deer having the same balanced diet, Mn-treatment
increased content in Ca, P, Na, K, Se, B, Co, Ni and Cu. As expected, Mn had also a positive
effect increasing the impact energy and also the work to peak force, but in this latter case only
after body weight effect was controlled for in GLM analysis. No other effects in mechanical
properties nor structural variables were found.

The fact that manganese supplementation was clearly reflected in antlers in both yearlings
and adults follows matches previous results showing that antlers reflect the composition of the
diet [4, 7, 14], as it happens also with trace elements in internal bones, at least for the case of
deer [12]. A particular difference in our case is that manganese was not ingested orally but
injected. This probably means that manganese raised its content in blood in the animals
treated, although we have no measure on this.

Table 1. Antler characteristics of spiker and adult red deer injected (Mn treated) or not (Control) with manganese as nutrient supplement. P corre-
sponds to one-way ANOVA on the mean (± SE) per antler of the four positions examined.

Yearlings Adults

Variables Mn-Treatment Control P Mn-Treatment Control p

Young’s modulus of elasticity (E), Gpa 12.0 ± 2.2 11.3 ± 1.8 Ns 14.4 ± 0.4 13.9 ± 0.8 ns

Bending Strength (BS), Mpa 232.8 ± 42.0 202.3 ± 35.2 Ns 267.9 ± 6.1 266.7 ± 15.4 ns

Work to peak force (W), kJm-2 35.2 ± 7.1 27.3 ± 6.8 Ns 44.0 ± 1.0 42.9 ± 1.3 ns

Impact work (U), kJm-2 14.9 ± 2.2 13.7 ± 1.5 Ns 17.7 ± 0.6 15.8 ± 0.6 0.050

Body weight difference (%) 54.4 ± 2.7 61.1 ± 4.2 Ns 19.8 ± 1.7 30.9 ± 2.5 0.003

Cortical/total Ratio 0.8 ± 0.03 0.7 ± 0.1 Ns 0.5 ± 0.01 0.5 ± 0.03 ns

Average cortical thickness (mm) 5.7 ± 0.6 5.1 ± 0.7 Ns 5.6 ± 0.3 6.2 ± 0.4 ns

Antler length (cm) 52.0 ± 5.0 48.9 ± 3.7 Ns 83.2 ± 4.1 88.3 ± 3.7 ns

Antler score 56.8 ± 4.0 60.0 ± 1.8 Ns 147.1 ± 8.0 154.6 ± 7.2 ns

Specific gravity of cortical bone (g/mL) 1.6 ± 0.18 1.4 ± 0.2 Ns 1.8 ± 0.1 1.7 ± 0.5 ns

Ashes (%) 60.0 ± 6.8 52.8 ± 7.9 Ns 58.7 ± 5.7 51.0 ± 2.7 ns

Ca (wt%) 19.7 ± 2.2 17.4 ±2.6 Ns 21.9 ± 0.1 20.2 ± 0.5 0.013

Mg (wt%) 0.4 ± 0.5 0.4 ± 0.5 Ns 0.5 ± 0.01 0.5 ± 0.01 ns

Na (wt%) 0.5 ± 0.1 0.50 ± 0.1 Ns 0.6 ± 0.01 0.53 ± 0.01 <0.001

P (wt%) 9.5 ± 1.1 8.5 ± 1.3 Ns 10.4 ± 0.03 9.5 ± 0.2 0.002

B (ppm) 4.6 ± 0.6 4.0 ± 0.6 Ns 6.0 ± 0.1 4.2 ± 0.2 <0.001

Co (ppm) 0.5 ± 0.0 0.4 ± 0.1 Ns 0.6 ± 0.01 0.3 ± 0.05 <0.001

Cu (ppm) 0.7 ± 0.1 0.6 ± 0.1 Ns 1.0 ± 0.04 0.8 ± 0.03 <0.001

Fe (ppm) 12,0 ± 2.7 4.3 ± 1.2 0.045 3.8 ± 1.9 3.4 ± 0.9 ns

K (ppm) 655.6 ± 80.3 573.4 ± 113.3 Ns 635.6 ± 17.2 431.9 ± 38.8 <0.001

Mn (ppm) 0.5 ± 0.1 0.2 ± 0.04 0.003 0.7 ± 0.4 0.3 ± 0.2 <0.001

Ni (ppm) 0.4 ± 0.1 0.3 ± 0.06 Ns 0.7 ± 0.5 0.4 ± 0.6 <0.001

S (ppm) 1045.2 ± 126.9 935.5 ± 150.1 Ns 1177.3 ± 15.1 1126.1 ± 24.3 ns

Se (ppm) 3.1 ± 0.4 2.9 ± 0.7 Ns 4.1 ± 0.2 1.7 ± 0.5 <0.001

Si (ppm) 27.4 ± 3.9 20.9 ± 4.1 Ns 32.7 ± 2.0 59.6 ± 11.5 0.044

Sr (ppm) 1003.9 ± 103.1 725.2 ± 101.8 Ns 784.5 ± 54.3 754.3 ± 31.9 ns

Zn (ppm) 63.6 ± 7.9 57.9 ± 7.5 Ns 84.3 ± 4.0 77.8 ± 4.8 ns

doi:10.1371/journal.pone.0132738.t001
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The study gives support to findings of a previous study which propose a change in Mn con-
tent of plants as a potential cause of breakage of many antlers in Spain: an effect of climate
reduced work to peak force in antlers by 10%, impact energy by 27%, cortical thickness by 30%,
and also affected content in ash, Ca, P, Mn, Si, Na, Co, Cu (in this case only with marginal sig-
nificance), and Fe. Two characteristics are particularly interesting in this comparison: 1) both
studies show nearly the same effects in antler composition, despite the difference between a
manganese supplementation in deer under a balanced diet, and a climatic event affecting plant
composition in the wild; 2) manganese affected most minerals in our farm study despite the
animals being under a rich and balanced diet (which is only low in manganese, as in most
other studies with deer fed wholemeal under a farming setup [4, 22]). However, with the doses
used no signs of Manganese toxicity were appreciated by histology. So the amount of Mn
injected was safe. “Manganese rickets” (a disorder reported with excessive amounts of Mn in
the diet–[23]) was not observed. In the study mentioned above [4], it was hypothesized that the
stress caused in plants by a period of extraordinary frosts produced an increase in Si (a general-
ized response of plants to stress: [24–26]), and this, in turn, produced the reduction in Mn, Na,

Table 2. General Linear Model analyses showing the influence of treatment (injections of Manganese) and weight, on the composition, structure
andmechanical properties of antlers in adult red deer. The coefficient β (± S.E.) is related to the difference of the value observed in animals that were
injected with respect to the group not injected. Dashes indicate coefficients that were not significant.

Factors in the model

Mn-Treatment Weight (Kg)

Variables R2 Intercept ± S.E. β ± S.E. Sig. Β ± S.E. Sig.

Young’s modulus of elasticity (E), Gpa 0.50 6.8 ± 1.8 - - -0.04 ± 0.01 0.001

Bending Strength (BS), Mpa 0.51 128.8 ± 33.5 - - -0.7 ± 0.2 0.001

Work to peak force (W), kJm-2 - - - - - -

Impact Work (U), kJm-2 0.20 17.7 ± 0.6 1.9 ± 0.9 0.05 - -

Cortical/total ratio - - - - - -

Average cortical thickness (mm) 0.67 1.16 ± 0.8 - - -0.02 ± 0.004 <0.001

Antler length (cm) 0.55 39.0 ± 10.5 - - -0.2 ± 0.05 <0.001

Antler valuation score 0.61 55.6 ± 18.9 - - -0.5 ± 0.1 <0.001

Specific gravity of cortical bone (g/mL) 0.34 1.4 ± 0.1 - - -0.002 ± 0.001 0.009

Ashes (%) - - - - - -

Ca (wt%) 0.31 21.9 ± 0.4 1.6 ± 0.6 0.013 - -

Mg (wt%) - - - - - -

Na (wt%) 0.62 0.6 ± 0,01 0.07 ± 0.01 <0.001 - -

P (wt%) 0.44 10.4 ± 0.2 0.9 ± 0.3 0.002 - -

B (ppm) 0.73 6.0 ± 0.2 1.7 ± 0.2 <0.001 - -

Co (ppm) 0.71 0.9 ± 0.1 0.3 ± 0.05 <0.001 0.002 ± 0.001 0.034

Cu (ppm) 0.59 1.0 ± 0.03 0.2 ± 0.05 <0.001 - -

Fe (ppm) - - - - - -

K (ppm) 0.75 961.0 ± 94.7 194.0 ± 34.1 <0.001 1.7 ± 0.5 0.003

Mn (ppm) 0.85 0.4 ± 0.1 0.4 ± 0.04 <0.001 -0.001 ± 0.001 0.045

Ni (ppm) 0.57 0.7 ± 0.1 0.4 ± 0.1 <0.001 - -

S (ppm) - - - - - -

Se (ppm) 0.67 7.4 ± 1.3 2.3 ± 0.5 <0.001 0.02 ± 0,01 0.019

Si (ppm) 0.46 -43.7 ± 29.4 -24.6 ± 10.6 0.034 -0.4 ± 0.1 0.016

Sr (ppm) - - - - - -

Zn (ppm) 0.29 41.6 ± 15.2 - - -0.2 ± 0.1 0.018

doi:10.1371/journal.pone.0132738.t002
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and probably other minerals; then the effect of Mn possibly influenced reduction in Ca and P.
Surprisingly, in the present study, even under a balanced diet, a supplementation with Mn
increased ash content, that of Ca, P, Na, Co, Se and B, and reduced the content of Si, which are
exactly the same effects shown in the 2010 study (except that Fe decreased with Mn induced
deficiency by the climatic effect in that study, but there is no effect here, and K was not affected
in that study but it is in the present one). As indicated in the second point, it is remarkable that
such effects have been found in our study in animals under a balanced diet. This would explain
why structural properties were not affected in the present case, as the control group is not feed-
ing on plants growing in a dry year with exceptional frosts [4], but feeding on a rich protein,
balanced mineral diet, as was the case in the treatment group.

Before discussing the effect of Mn in adults, we would like to bring the attention of the
reader to the fact that no effect is found in other minerals or mechanical properties of yearlings.
The reason may be that these animals are under a strong constraint for growth, so that influ-
ences in antler characteristic are smaller than in adults. There are two lines of evidence sup-
porting this hypothesis: 1st) most antler characteristics are different between yearlings and
adults (except cortical thickness, all structural and mechanical variables, plus concentration of
B, Cu, Fe, Mn, Ni, S, Si and Zn). 2nd) the increase produced by Mn injection as compared to
the control is smaller in yearlings than in adults in mineral composition: Na (+13.7% in adults,

Table 3. Mean ± SE differences between the basal position (Position 1) and the distal position (Position 4) in percentage, in adult red deer injected
(Mn-Treatment) or not (Control) with manganese as a nutrient supplement. A decrease from base to top is shown as a negative value. The right half of
the table shows the mean ± SE for position 4 (the uppermost showing most clearly physiological exhaustion and depletion of body stores). Differences and
probabilities are shown on the basis of one-way ANOVAs.

Difference base/tip (%) Position 4

Variables Mn-Treatment Control P Mn-Treatment Control P

Young’s modulus of elasticity (E), Gpa -6.8 ± 0.4 -9.4 ± 4.0 Ns 13.9 ±0.9 13.2 ± 1.0 ns

Bending Strength (BS), Mpa -5.2 ± 3.2 -5.7 ± 3.4 Ns 262.9 ±12.3 257.3 ± 17.6 ns

Work to peak force (W), kJm-2 6.6 ± 7.7 -1.9 ± 6.6 Ns 46.9 ±1.9 42.3 ±2.9 ns

Impact work (U), kJm-2 -12.9 ± 6.2 -8.5 ± 54.7 Ns 15.0 ± 0.8 15.2 ± 1.1 ns

Cortical/total ratio (%) -32.8 ± 5.8 -28.7 ± 5.1 Ns 0.4 ± 0.02 0.4 ± 0.03 ns

Average cortical thickness (mm) -27.2 ± 5.4 -19.9 ± 4.9 Ns 4.7 ± 0.4 5.4 ± 0.3 ns

Specific gravity of cortical bone (g/mL) -2.0 ± 0.7 -3.8 ± 1.4 Ns 1.7± 0.02 1.7 ± 0.3 ns

Ashes (%) -0.6 ± 0.3 -1.4 ± 1.6 Ns 63.9 ± 0.3 62.6 ± 0.6 ns

Ca (wt%) -1.3 ± 1.6 -1.6 ±1.2 Ns 21.6 ± 0.2 20.5 ± 0.1 <0.001

Mg (wt%) 1.8 ± 3.2 -3.9 ± 1.1 Ns 0.5 ± 0.02 0.5 ± 0.01 ns

Na (wt%) -1.6 ± 3.1 -5.9 ± 1.7 Ns 0.6 ± 0.01 0.5 ± 0.01 0.002

P (wt%) -1.6 ± 0.8 -1.1 ± 0.8 Ns 10.3 ± 0.1 9.7 ± 0.1 <0.001

B (ppm) 6.5 ± 3.9 -0.2 ± 4.9 Ns 6.1 ± 0.2 4.5 ± 0.3 <0.001

Co (ppm) 9.8 ± 0.5 13.1 ± 7.1 Ns 0.6 ±0.02 0.3 ± 0.1 <0.001

Cu (ppm) 15.4 ± 7.9 5.7 ± 8.8 Ns 1.1 ± 0.1 0.9 ± 0.7 ns

Fe (ppm) 92.8 ± 72.9 83.3 ± 35.3 Ns 2.8 ± 1.6 7.5 ± 2.7 ns

K (ppm) 9.7 ± 3.6 0.4 ± 3.2 Ns 669.3 ± 22.7 472.8 ± 56.8 0.005

Mn (ppm) -0.6 ± 4.3 -10.0 ± 2.6 0.057 0.7 ± 0.05 0.4 ± 0.1 0.006

Ni (ppm) 21.8 ± 12.7 5.2 ± 11.9 Ns 0.8 ± 0.1 0.5 ± 0.1 ns

S (ppm) 7.9 ± 2.9 4.9 ± 3.0 Ns 1237.9 ± 19.1 1185.9 ± 37.6 ns

Se (ppm) 10.1 ± 8.3 15.4 ± 21.4 Ns 4.2 ± 0.3 2.3 ± 0.8 0.030

Si (ppm) 6.1 ± 20.3 52.4 ± 55.7 Ns 34.4 ± 3.8 58.6 ± 12.7 ns

Sr (ppm) 4.5 ± 1.2 3.3 ± 1.2 Ns 799.2 ± 51.9 760.8 ± 31.5 ns

Zn (ppm) 3.7 ± 2.3 1.8 ± 1.8 Ns 85.9 ± 4.0 83.6 ± 4.0 ns

doi:10.1371/journal.pone.0132738.t003
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+11.5% in yearlings), B (+40.9% adults,+14.6% yearlings), Co (+99.6% in adults,+12% year-
lings), Cu (+29.5% adults, +25.2% yearlings), K (+47% adults, +14% in yearlings), Ni (+108%
in adults,+26% in yearlings) and Se (+142.7% in adults, +7.5% in yearlings). The trend is not so
clear in other antler characteristics.

Why does Mn affect impact energy and mineral composition? Whereas it is not so clear
why supplementation affects mineral composition of so many minerals, we have a relatively
abundant literature that is suggestive of why Mn is particularly important in impact energy
and work to peak force. It was shown long ago that Mn is found mainly in the mineral, and a
small proportion is found in the organic matrix [27]. Thus, because Mn2+ can substitute Ca2
+ in the apatite lattice [28], at first glance one may think that the effect of Mn supplementation
may be caused by its storing in the skeleton. However, despite the fact that 25% of Mn in
human body is stored in this way [29], it is a coenzyme for glycosyltransferases, which create
glycosaminoglycans (GAGs), and sulfonases, which sulfate these molecules in the final step to
produce proteoglycans [29, 30]. One of the main GAGs is chondroitin sulphate, the major con-
stituent of cartilage, so that it is long known that Mn deficiency reduces cartilage growth by
impairing chondroitin sulphate and other GAG biosynthesis [16, 30] In addition to the study
by our group in 2010 [4], we do not know of other studies showing how this affects bone

Table 4. Influence of injections of Mn (as nutrient supplement) and body weight, on the composition, structure andmechanical properties of ant-
lers in the distal position (position 4), in adult red deer; the factor β is related to the difference of the value observed in animals that were injected
with respect to the group not injected. Using GLMs analysis for each variable. Dashes indicate coefficients that were not significant.

Factors in the model

Mn-Treatment Weight (Kg)

Variables R2 Intercept ± S.E. β ± S.E. Sig. Β ± S.E. Sig.

Young’s modulus of elasticity(E),Gpa 0.50 6.8 ± 1.8 - - -0.04 ± 0.01 0.001

Bending Strength (BS),Mpa 0.50 128.8 ± 33.5 - - -0.7 ± 0.2 0.001

Work to peak force (W),kJm-2 0.41 26.1 ± 8.3 7.1 ± 3.1 0.036 -0.1 ± 0.04 0.020

Impact work (U),kJm-2 - - - - - -

Cortical/total ratio(%) - - - - - -

Average cortical thickness(mm) 0.47 0.9 ± 1.1 - - -0.02 ± 0.005 0.001

Specific gravity of cortical bone(g/mL) 0.42 1.4 ± 0.1 - - -0.001 ± 0.0004 0.004

Ashes (%) - - - - - -

Ca (wt%) 0.55 21.6 ± 0.2 1.1 ± 0.3 <0.001 - -

Mg (wt%) - - - - - -

Na (wt%) 0.47 0.6 ± 0.01 0.1 ± 0.02 0.002 - -

P (wt%) 0.60 10.3 ± 0.1 0.6 ± 0.1 <0.001 - -

B (ppm) 0.54 6.1 ± 0.3 1.7 ± 0.4 <0.001 - -

Co (ppm) 0.56 0.6 ± 0.04 0.3 ± 0.1 <0.001 - -

Cu (ppm) - - - - - -

Fe (ppm) - - - - - -

K (ppm) 0.39 669.3 ± 43.2 196.5 ± 61.2 0.005 - -

Mn (ppm) 0.38 0.7 ± 0.1 0.3 ± 0.1 0.006 - -

Ni (ppm) - - - - - -

S (ppm) - - - - - -

Se (ppm) 0.29 4.2 ± 0.5 1.9 ± 0.8 0.030 - -

Si (ppm) - - - - - -

Sr (ppm) - - - - - -

Zn (ppm) - - - - - -

doi:10.1371/journal.pone.0132738.t004
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mechanical properties, but in arteries, Mn deficiency has been shown to affect mechanical
properties by affecting GAG biosynthesis and sulfation [29, 31]. Thus, it is not surprising that
the most important mechanical property influenced by Mn supplementation has been impact
energy and, to a lesser extent, work to peak force. GAGs are highly polar and attract water, so
that they affect particularly elastic properties and this is the reason why they are particularly
important in arteries and why Mn affects cardiovascular disease in humans [29]. However, the
closest evidence to the effect of Mn in a mechanical property similar to impact energy is not
found within humans or mammals, but in birds. In addition to the effect of Mn in chick carti-
lage, recent research has shown that Mn supplementation increases fracture toughness in eggs
of laying hens [32]. Fracture toughness is similar to impact energy or work to peak force in ant-
lers in that it measures the energy required to grow a thin crack in an egg shell. The study
shows that the well known effect of Mn supplementation in enhancing mechanical properties
in eggshell is achieved through increasing the glycosaminoglycan synthesis. However, the situa-
tions are completely different and so may be the mechanisms by which in both cases energy
required to grow a crack is increased by supplementation of Mn. In fact, for the case of eggs,
the effect seems to be achieved by influencing the GAG contents in the eggshell membrane,
rather than in the shell itself.

Why Mn increases the content of most minerals in antler? A very likely mechanism is,
again, the increase in glycosaminoglycans. Cartilage, which precedes bone and antler minerali-
zation [11], is formed by an extracellular matrix consisting mostly of collagen II and proteogly-
can, the latter attached chondroitin sulphate and other GAGs [33]. The author found that,
because GAGs have a high fixed negative charge density, GAGs increased in content in carti-
lage, so did the content in Na+. Thus, it is very likely that as Mn increases chondroitin sulphate
and GAGs in antlers of adult deer, the increased negative charge may have increased the con-
tent of all positive cations (most of these increased, although some, like Mg, Zn, Fe and Sr did
not increased as a result of high variability, the rest showing a significantly higher content in
antlers of deer injected with Mn, except Si). How could this be possible considering that antler
is made of bone rather than cartilage? According to several studies [11, 34, 35] antler is formed
first as a scaffolding of cartilage leaving longitudinal tubes that at the end of the process are
filled by osteons. Before the creation of osteons, the scaffolding of cartilage is first calcified and
subsequently substituted by a bone. In bone, approximately 0,25% is made by non collagenous
proteins [36]. One may think that such small remaining amount of GAGs and other non-col-
lagenous proteins are unlikely to create the same effect as found in cartilage [33]. However, on
the one hand the greater amount of cations brought by increased GAGs of antler may remain
as increased contents in the bone scaffolding, and also they may influence the overall process
in which antler bone is formed, and also in the way that cracks grow [37, 38]. Thus, it is partic-
ularly interesting that in the histological study, the staining of proteoglycans showed a different
pattern between Mn-treated and control antlers: the treated having a more homogeneous dis-
tribution of proteoglycans.

In conclusion, the present study is the first one to show that organic Mn injected in deer
that otherwise had a balanced diet, affected content of most minerals and also improved
mechanical properties related with growth of fractures. In addition, Mn supplementation
seemed to influence the distribution of GAGs assessed through histological staining. Thus, the
present study may be a first step towards understanding effects in bone of supplementation
with Mn in enhancing bone quality and some bone mechanical properties in situations where
individuals are not deficient in them.

Effects in Deer Antlers of Manganese Supplementation

PLOS ONE | DOI:10.1371/journal.pone.0132738 July 15, 2015 12 / 15



Supporting Information
S1 Dataset. Table of data collected for deers included in the experiment. Data obtained from
the analysis of the chemical composition, the mechanical tests and the study of the structure,
using bone samples extracted from antlers of red deer.
(XLSX)

Acknowledgments
The members of the Animal Science Techniques Applied to Wildlife Management are the
authors listed in this MS: LG, TLC and AG as permanent members, and JC and PG as PhD
students.

Author Contributions
Conceived and designed the experiments: TLC AG FC LG SG. Performed the experiments: JC
AG PG FC SG SL. Analyzed the data: TLC JC FC SG SL. Contributed reagents/materials/analy-
sis tools: JC AG PG FC SG SL. Wrote the paper: TLC JC FC LG SG. Created the experimental
facilities for deer and maintain them daily: AG LG. Have all equipment for histology studies:
SG SL.

References
1. Currey JD, Landete-Castillejos T, Estevez JA, Ceacero F, Olguin A, Garcia A, et al. The mechanical

properties of red deer antler bone when used in fighting. Journal of Experimental Biology 2009;
212:3985–3993. doi: 10.1242/jeb.032292 PMID: 19946076

2. Currey JD. Mechanical properties of bone with greatly differing functions. J Biomech 1979; 12:13–19.
doi: 10.1016/0021-9290(79)90073-3 PMID: 762177

3. Krauss S, Fratzl P, Seto J, Currey JD, Estevez JA, Funari SS, et al. Inhomogeneous fibril stretching in
antler starts after macroscopic yielding: Indication for a nanoscale toughening mechanism. Bone 2009;
44:1105–10. doi: 10.1016/j.bone.2009.02.009 PMID: 19236962

4. Landete-Castillejos T, Currey JD, Estevez JA, Fierro Y, Calatayud A, Ceacero F, et al. Do drastic
weather effects on diet influence changes in chemical composition, mechanical properties and struc-
ture in deer antlers? Bone 2010; 47:815–825. doi: 10.1016/j.bone.2010.07.021 PMID: 20673821

5. Currey JD, Brear K, Zioupos P. Notch sensitivity of mammalian mineralized tissues in impact. Proc R
Soc Lond B 2004; 271:517–522. doi: 10.1098/rspb.2003.2634

6. Landete-Castillejos T, Garcia A, Gallego L. Body weight, early growth and antler size influence antler
bone mineral composition of Iberian Red Deer (Cervus elaphus hispanicus). Bone 2007; 40:230–5.
doi: 10.1016/j.bone.2006.07.009 PMID: 16949898

7. Landete-Castillejos T, Estevez JA, Martínez A, Ceacero F, Garcia A., Gallego L. Does chemical com-
position of antler bone reflect the physiological effort made to grow it? Bone 2007; 40:1095–1102. doi:
10.1016/j.bone.2006.11.022 PMID: 17239669

8. Landete-Castillejos T, Currey JD, Estevez JA, Gaspar-López E, García AJ, Gallego L. Influence of
physiological effort of growth and chemical composition on antler bone mechanical properties. Bone
2007; 41:794–803. doi: 10.1016/j.bone.2007.07.013 PMID: 17822969

9. Gaspar-Lopez E, Landete-Castillejos T, Estevez JA, Ceacero F, Gallego L, Garcia A. Biometrics, tes-
tosterone, cortisol and antler growth in Iberian red stags (Cervus elaphus hispanicus). Eur J Wildl Res
2008; 54:1–5. doi: 10.1111/j.1439-0531.2008.01271

10. Davison KS, Siminoski K, Adachi JD, Hanley DA, Goltzman D, Hodsman AB, et al. Bone strength: the
whole is greater than the sum of its parts. Semin Arthritis Rheum 2006; 36:22–31. doi: 10.1016/j.
semarthrit.2006.04.002 PMID: 16887465

11. Gomez S, Garcia AJ, Luna S, Kierdorf U, Gallego L, Landete-Castillejos T. Labeling studies on cortical
bone formation in the antlers of red deer (Cervus elaphus). Bone 2013; 53:506–515. doi: 10.1016/j.
bone.2012.09.015

12. Olguin CA, Landete-Castillejos T, Ceacero F, García AJ, Gallego L. Effects of Feed Supplementation
on Mineral Composition, Mechanical Properties and Structure in Femurs of Iberian Red Deer Hinds
(Cervus elaphus hispanicus). PLoS One 2013; 8(6): 1–8. doi: 10.1371/journal.pone.0065461

Effects in Deer Antlers of Manganese Supplementation

PLOS ONE | DOI:10.1371/journal.pone.0132738 July 15, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132738.s001
http://dx.doi.org/10.1242/jeb.032292
http://www.ncbi.nlm.nih.gov/pubmed/19946076
http://dx.doi.org/10.1016/0021-9290(79)90073-3
http://www.ncbi.nlm.nih.gov/pubmed/762177
http://dx.doi.org/10.1016/j.bone.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19236962
http://dx.doi.org/10.1016/j.bone.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20673821
http://dx.doi.org/10.1098/rspb.2003.2634
http://dx.doi.org/10.1016/j.bone.2006.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16949898
http://dx.doi.org/10.1016/j.bone.2006.11.022
http://www.ncbi.nlm.nih.gov/pubmed/17239669
http://dx.doi.org/10.1016/j.bone.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17822969
http://dx.doi.org/10.1111/j.1439-0531.2008.01271
http://dx.doi.org/10.1016/j.semarthrit.2006.04.002
http://dx.doi.org/10.1016/j.semarthrit.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16887465
http://dx.doi.org/10.1016/j.bone.2012.09.015
http://dx.doi.org/10.1016/j.bone.2012.09.015
http://dx.doi.org/10.1371/journal.pone.0065461


13. Landete-Castillejos T, Currey JD, Ceacero F, Garcia AJ, Gallego L, Gomez S. Does nutrition affect
bone porosity and mineral tissue distribution in deer antlers? The relationship between histology,
mechanical properties and mineral composition. Bone 2012; 50: 245–254. doi: 10.1016/j.bone.2011.
10.026 PMID: 22071000

14. Estevez JA, Landete-Castillejos T, Martinez A, Garcia A, Ceacero F, Gaspar-Lopez E, et al. Antler min-
eral composition of Iberian red deerCervus elaphus hispanicus is related to mineral profile of diet. Acta
Theriol 2009; 54(3): 235–242. doi: 10.4098/j.at.0001-7051.070.2008

15. Strause LG, Hegenauer J, Saltman P, Cone R, Resnick D. Effects of long-term dietary manganase and
copper deficiency on rat skeleton. J Nutr 1986; 116: 135–41. PMID: 3944652

16. Leach RM, Muenster AM, Wien EM. Studies on the role of Manganese in bone formation: II. Effect
upon chondroitin sulphate synthesis in chick epiphyseal cartilage. Arch Biochem Biophys 1969;
133:22–28. PMID: 5810830

17. Ceacero F, Landete-Castillejos T, Garcia AJ, Estevez JA, Gallego L. Physiological variables explain
mineral intake in Iberian red deer. Physiol Behav 2010; 100(2): 122–27. doi: 10.1016/j.physbeh.2010.
02.008 PMID: 20156465

18. Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial. Bone 1993; 14:595–608.
doi: 10.1016/8756-3282(93)90081-K PMID: 8274302

19. Currey JD. Bones: Structure and mechanics. Princeton, Princeton University Press. 2002.

20. Ceacero F, Landete-Castillejos T, Bartošová J, García AJ, Bartoš L, Komárková M, et al. Habituating to
handling: Factors affecting pre-orbital gland opening in red deer calves. J Anim Sci 2014. doi: 10.2527/
jas.2014-7716

21. Gómez Notario R. 50 años de homologación de trofeo de Caza Mayor en España. Waves Edition.
2002.

22. Hyvärinen H, Kay RNB, HamiltonWJ. Variation in the weight, specific gravity and composition of antlers
of red deer (Cervus elaphus L.). Br J Nutr 1977; 38: 301–11. PMID: 588531

23. Svensson O, Engfeldt B, Reinholt F, Hjerpe A. Manganese rickets. A biochemical and stereologic study
with special reference to the effect of phosphate. Clinical Orthopaedics & Related Research. 1987,
218:302–11.

24. Ma JF. Role of silicon in enhancing the resistance of plants to biotic and abiotic stresses. Soil Sci Plant
Nutr 2004; 50:11–8. doi: 10.1080/00380768.2004.10408447

25. Ma JF, Yamaji N. Silicon uptake and accumulation in higher plants. Trends Plant Sci 2006; 11(8): 392–
7. doi: 10.1016/j.tplants.2006.06.007 PMID: 16839801

26. Liang Y, SunW, Zhu YG, Christie P. Mechanisms of silicon-mediated alleviation of abiotic stresses in
higher plants: a review. Environ Pollut 2007; 147(2): 422–8. doi: 10.1016/j.envpol.2006.06.008 PMID:
16996179

27. Fore H, Morton RA. The manganese in bone. Biochem J 1952; 51(5): 598–600. PMID: 13018131

28. Wopenka B, Pasteris JD. A mineralogical perspective on the apatite in bone. Mater Sci Eng C 2005; 25
(2):131–143. doi: 10.1016/j.msec.2005.01.008

29. Klimlis-Zacas D, Kalea AZ. Manganese as an essential trace element. Cell Biol. Toxicol. 2008; 24:
341–380.

30. Bolze MS, Reeves RD, Lindbeck FE, Kemp SF, Elders MJ. Influence of manganese on growth, somato-
medin and glycosaminoglycan metabolism. J Nutr 1985; 115(3): 352–358. PMID: 3882911

31. Yang P, Klimlis-Tavantzis JK. Effects of dietary manganese on arterial glycosaminoglycan metabolism
in Sprague-Dawley rats. Biol Trace Elem Res 1998; 64(1–3): 275–288. PMID: 9845481

32. Xiao JF, Zhang YN, Wu SG, Zhang HY, Yue HY, Qi GJ. Manganese supplementation enhances the
synthesis of glycosaminoglycan in eggshell membrane: a strategy to improve eggshell quality in laying
hens. Poult Sci 2014; 93(2): 380–388. doi: 10.3382/ps.2013-03354 PMID: 24570460

33. Mobasheri A. Correlation between [Na+], [Glycoasminoglycan] and Na+/K+ pump density in the extra-
cellular matrix of bovine articular cartilage. Physiol Res 1998; 47(1): 47–52. PMID: 9708701

34. Kierdorf H, Kierdorf U, Szuwart T., Clemen G. A light microscopic study of primary antler development
in fallow deer (Dama dama). Ann. Anat. 1995, 177, 525–532.

35. Krauss S, Wagermaier W., Estevez JA, Currey JD, Fratzl P. Tubular frameworks guiding orderly bone
formation in the antler of red deer (Cervus elaphus). J. Structural Biology 2011, 175:457–464.

36. Burr DB, Akkus O. Bone Morphology and organization. In: Basic and Applied Bone Biology. Burr David
B. and Allen Matthew R. eds, Elsevier, 2014, pp 3–27.

37. Bertassoni LE, Swain MV. The contribution of proteoglycans to the mechanical behavior of mineralized
tissues. J Mech Behav Biomed Mater 2014, 38:91–104. doi: 10.1016/j.jmbbm.2014.06.008 PMID:
25043659

Effects in Deer Antlers of Manganese Supplementation

PLOS ONE | DOI:10.1371/journal.pone.0132738 July 15, 2015 14 / 15

http://dx.doi.org/10.1016/j.bone.2011.10.026
http://dx.doi.org/10.1016/j.bone.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22071000
http://dx.doi.org/10.4098/j.at.0001-7051.070.2008
http://www.ncbi.nlm.nih.gov/pubmed/3944652
http://www.ncbi.nlm.nih.gov/pubmed/5810830
http://dx.doi.org/10.1016/j.physbeh.2010.02.008
http://dx.doi.org/10.1016/j.physbeh.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20156465
http://dx.doi.org/10.1016/8756-3282(93)90081-K
http://www.ncbi.nlm.nih.gov/pubmed/8274302
http://dx.doi.org/10.2527/jas.2014-7716
http://dx.doi.org/10.2527/jas.2014-7716
http://www.ncbi.nlm.nih.gov/pubmed/588531
http://dx.doi.org/10.1080/00380768.2004.10408447
http://dx.doi.org/10.1016/j.tplants.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16839801
http://dx.doi.org/10.1016/j.envpol.2006.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16996179
http://www.ncbi.nlm.nih.gov/pubmed/13018131
http://dx.doi.org/10.1016/j.msec.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/3882911
http://www.ncbi.nlm.nih.gov/pubmed/9845481
http://dx.doi.org/10.3382/ps.2013-03354
http://www.ncbi.nlm.nih.gov/pubmed/24570460
http://www.ncbi.nlm.nih.gov/pubmed/9708701
http://dx.doi.org/10.1016/j.jmbbm.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25043659


38. Launey ME, Chen PY, McKittrick J, Ritchie RO. Mechanistic aspects of the fracture toughness of
elk antler bone. Acta Biomater 2010, 6(4):1505–14. doi: 10.1016/j.actbio.2009.11.026 PMID:
19941980

Effects in Deer Antlers of Manganese Supplementation

PLOS ONE | DOI:10.1371/journal.pone.0132738 July 15, 2015 15 / 15

http://dx.doi.org/10.1016/j.actbio.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/19941980

