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Abstract
Pharmacological therapy of osteoporosis reduces bone loss and risk of fracture in patients. Modulation of bone mineral
density cannot explain all effects. Other aspects of bone quality affecting fragility and ways to monitor them need to be better
understood. Keratinous tissue acts as surrogate marker for bone protein deterioration caused by oestrogen deficiency in rats.
Ovariectomised rats were treated with alendronate (ALN), parathyroid hormone (PTH) or estrogen (E2). MicroCT assessed
macro structural changes. Raman spectroscopy assessed biochemical changes. Micro CT confirmed that all treatments
prevented ovariectomy-induced macro structural bone loss in rats. PTH induced macro structural changes unrelated to
ovariectomy. Raman analysis revealed ALN and PTH partially protect against molecular level changes to bone collagen
(80% protection) and mineral (50% protection) phases. E2 failed to prevent biochemical change. The treatments induced
alterations unassociated with the ovariectomy; increased beta sheet with E2, globular alpha helices with PTH and fibrous
alpha helices with both ALN and PTH. ALN is closest to maintaining physiological status of the animals, while PTH
(comparable protective effect) induces side effects. E2 is unable to prevent molecular level changes associated with
ovariectomy. Raman spectroscopy can act as predictive tool for monitoring pharmacological therapy of osteoporosis in
rodents. Keratinous tissue is a useful surrogate marker for the protein related impact of these therapies.The results
demonstrate utility of surrogates where a clear systemic causation connects the surrogate to the target tissue. It demonstrates
the need to assess broader biomolecular impact of interventions to examine side effects.
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Graphical Abstract

Highlights
● Osteoporotic treatments exhibit substantial differences in biochemical impact.
● Alendronate preserved the bone tissue in the state closest to the sham group.
● Parathyroid hormone prevents ovariectomy changes, induces different changes.
● Estrogen preserves tissue macro structure, but unable to prevent biochemical changes.
● Systemic conditions affect structural proteins in both bone and claw.

Abbreviations
ALN alendronate
PTH parathyroid hormone
E2 estrogen
OVX ovariectomised (untreated)
OVXA ovariectomised treated with alendronate
OVXE ovariectomised treated with estrogen
OVXP ovariectomised treated with parathyroid

hormone
SEM standard error of the mean
BMD bone mineral density
DXA Dual energy X-ray Absorptiometry
microCT micro computed tomography
PCA Principle Component Analysis
LDA linear discriminant analysis
AUCROC area under the curve for the receiver operator

characteristics
ROI region of interest

1 Introduction

Osteoporosis is a disease characterised by a reduction in
bone mass, which can lead to bone fragility and increased
susceptibility to fracture [1]. The disease affects both men
and women, with incidence typically increasing with age
[1]. Those most at risk from osteoporosis are post-
menopausal women as the decline in estrogen (E2) level

caused by the menopause triggers severe bone loss [1].
Measurement of change in bone mineral density (BMD)
by Dual energy X-ray Absorptiometry (DXA) is the gold
standard for clinical diagnosis of skeletal complications
associated with osteoporosis. However, it is widely
understood that the ability of bone to withstand physical
stress and resist fracture depends not only on BMD but
also other multiple factors including degree of miner-
alization, microdamage and the organization of collagen
fibres mediated by the type and extent of collagen cross-
links [2].

Raman spectroscopy is a sensitive and non-invasive
optical technique that is commonly used in forensic and
pharmaceutical studies, and it has been identified as a
potential tool for evaluating bone protein using nail ker-
atin as a surrogate marker [3–6]. The authors have pre-
viously shown that Raman spectroscopy is effective for
predicting fracture risk based on assessment of nail ker-
atin [7–9], and more recently reported that Raman spec-
troscopy predicted the link between claw keratin and bone
collagen structure in a rodent model of osteoporosis [10].
Monitoring the response to anti-osteoporotic therapy is an
important part of successful management of the disease in
patients [11] and it has been acknowledged that changes
to BMD may account for as little as 16% of the fracture
risk reduction observed in bone active medication [12].
Encouraged by our recent findings, we hypothesise that
Raman spectroscopic analysis of the fibrous proteins
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collagen and keratin could be of value in monitoring the
response to pharmacological therapy of osteoporosis and
capture an aspect of therapeutic impact that is currently
unevaluated.

The approved pharmaceutical agents for treatment and
prevention of bone loss predominantly fall into two
classes, anti-resorptive and bone anabolic. Bispho-
sphonates are a class of anti-resorptive drugs that bind to
and accumulate in the bone mineral matrix with high
affinity [13]. The anti-resorptive effect of Bispho-
sphonates is sustained even after treatment has stopped
[13]. In 1995 alendronate (ALN) was the first bispho-
sphonate approved for the treatment of osteoporosis in the
US. Clinical evaluation has shown ALN increases BMD
[14] and reduces fracture risk in women [15–17]. Estrogen
(E2) deficiency is an important contributing cause of
osteoporosis, and thus E2 alone or hormone replacement
therapy involving E2 and progestin is an effective therapy
for osteoporosis [18]. Teriparatide, the human recombi-
nant Parathyroid hormone (PTH) peptide 1−34, had been
the only FDA approved anabolic agent [19] until an
analogue of PTH-related protein (PTHrP) was recently
approved by FDA for treatment of osteoporosis [20]. A
number of clinical studies have shown that PTH treatment
reduces fracture risk and increases BMD [21, 22], how-
ever further investigation of the long-term safety and
efficacy ( ≥ 2 years) is required [22]. Whilst both anabolic
and anti-resorptive therapy for osteoporosis reduces bone
fragility, encourages bone formation and reduces risk of
fracture, these effects cannot be attributed only to the
increase in bone mineral density (BMD).

In this study, we used an integrative approach that uti-
lises data from Raman microscopic analysis of the fibrous
proteins collagen and keratin, and microCT analysis of bone
volume and architecture to assess the response of ovar-
iectomised rats to E2 replacement, to anti-resorptive ALN
and to bone anabolic PTH. Our results provide evidence to
suggest that Raman Spectroscopy analysis of structural
changes of fibrous proteins could be of value in monitoring
the effects of the pharmacological treatments of
osteoporosis.

2 Materials and methods

2.1 Animal experiments

All animal experiments were approved by the Animal
Welfare and Ethical Review Body of the University of
Edinburgh (Scotland, UK) and conducted in accordance
with the UK Animals (Scientific Procedures) Act 1986.
Animals were housed under standard conditions of tem-
perature (25 ± 1 °C) and relative humidity (60 ± 10%) on

12 h light/dark cycle with ad libitum access to standard
pellet diet and tap water.

Ovariectomy or sham ovariectomy was performed in
12 weeks old Sprague–Dawley rats as previously described
[23]. The experiment was terminated on day 77 and bone
mineral density was measured at the tibial metaphysis by
micro computed tomography (microCT).

2.2 Animal study design

The animal study was designed and carried out at the
University of Edinburgh (Scotland, UK).

A total of 56 Sprague–Dawley rats (23 weeks old at
sacrifice) were used in this study as following ovariectomy
they provide a suitable model of postmenopausal
osteoporosis.

The rats were randomly assigned to 1 of 5 groups and
underwent surgical intervention and treatment; the duration
of intervention was 12 weeks (Table 1). Groups 1 and 2 are
the same animals used in preparation of our recent study on
the parallel impact of ovariectomy on both bone and claw
tissues [10].

After completion of surgical intervention the bone sam-
ples (right femur) were collected and stored at −20 °C, and
the claw samples (right and left claw) were collected and
stored at 4 °C.

2.3 Sample analysis using Raman spectroscopy

The bone and claw samples were analysed using Raman
spectroscopy at Queen’s University Belfast (Belfast, UK) as
previously described [10]. Briefly, Raman spectra were
recorded using an Avalon Instrument RamanStation R1
(Avalon Instruments, Belfast, UK) at excitation wavelength
785 nm with a spectral resolution < 4 cm−1. Exposure times
of 18 and 15 s were recorded with a total of 196 and
45 spectra collected in a grid on each bone and claw sample,
respectively. The analyst was blinded to sample treatments

Table 1 Study design, surgery and treatments

Group Surgical
intervention

Treatment N

Sham Sham OVX Vehicle (dH2O) 11

OVX OVX Vehicle (dH2O) 11

OVX-A OVX Alendronate (1 mg/Kg per
week)

11

OVX-E2 OVX Estrogen (75 μg/Kg, once
during surgery)

11

OVX-P OVX Parathyroid Hormone (75 μg/
Kg, 3 per week)

12

OVX Ovariectomy, OVX-A ALN, OVX-E2 E2, OVX-P PTH, N number
of rats per group, dH2O distilled water
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throughout data acquisition and data processing. Sample
stability was tested by exposing the samples under the
same conditions for 10x longer than the planned analytical
time followed by PLS regression against time and no
changes were observed.

2.4 Data analysis of Raman spectroscopy spectra

Spectral processing was as previously described [10] with
cosmic rays manually removed, baseline correction [24, 25]
and principle component analysis (PCA) based normal-
isation [26, 27]. Data reduction of the normalised data was
performed using PCA followed by a t-test to check of sig-
nificant differences between groups. The resulting reduced
data set was used to calculate a linear discriminant analysis
(LDA) whose scores were used to calculate sensitivity,
specificity and area under the curve for the receiver operator
characteristics (AUCROC) performance characteristics. To
evaluate the impact of the pharmaceutical agents on the
bone and claw tissues compared to OVX, LDA models
were applied to the spectral data including OVX against
OVX-A (1st PC), OVX-E2 (9th PC) and OVX-P (1st, 2nd

and 8th PC).
Partial subtraction bone and claw spectra for detailed

evaluation were calculated by scaling the subtrahend to the
point just before any negative features appeared in the
result.

Based on published methods [28, 29], the intensities of
three chemical constituents of bone were calculated as:

1. Apatite—mean intensity from 948–978 cm−1 minus
the mean local baseline at 896–904 and 988–996 cm−1

2. Protein—mean intensity from 1100–1300 cm−1 and
since no individual peak was to be discriminated no
local baseline was calculated

3. Carbonate (type B substitution)—mean intensity from
1062–82 minus the mean local baseline at 1052–1056
and 1092–1096 cm−1.

The ratio of apatite intensity to protein and to carbonate
were calculated for each sample before calculating the mean
ratio and its standard deviation and 95% confidence inter-
vals within each treatment group. Unpaired T-tests were
used to compare the ratios between groups.

The percent protective effect of treatments was analysed
as the proportion of a parameter change upon treatment
relative to that of the change observed between sham and
ovariectomised. This was calculated as

Percent Protective Effect ¼ 100� 100 � S� T

S� O

Where S is the parameter value in the sham group, T is the
parameter value in the treatment group and O is the value in

the ovariectomised group. Briefly this value would be
expected to be 100 if T is identical to S (T is completely
protective), 0 is it fails to modulate the OVX induced
change. Values above 100 indicate that a change is induced
in the opposite direction to the OVX, while a value below 0
would indicate an enhancement of the OVX induced
changes.

2.5 Micro-computed tomography

Bone architecture was assessed using microCT at the Uni-
versity of Edinburgh (Scotland, UK). Trabecular and cor-
tical bone parameters were analysed as previously describe
by Campbell & Sophocleous [30], using a Skyscan 1172
instrument (Brucker, Belgium) set at 70 kV and 142μA and
at a resolution of 10 μm. Acquired images were then
reconstructed using the Skyscan NRecon program and
analyzed using Skyscan CTAn software (Bruker Micro-
CT). Trabecular bone was analysed at the left distal femoral
metaphysis, on a region of interest (ROI) extending 1 mm
proximally from the proximal tip of the primary spongiosa.
Analysis of cortical bone focused on a region extending
1.25 mm distally from the midpoint of the femur. The ROI
was selected adjacent to the endocortical surface using a
freehand drawing tool at five to seven different levels. Auto-
interpolation between these levels produced the total ROI
for all frames selected.

2.6 Statistical analysis

Significant differences between groups with regard to %
change from vehicle-treated sham-operated rats (sham-veh)
were assessed using one-way analysis of variance
(ANOVA) followed by Tukey HSD post hoc test (for equal
variances) or Games– Howell post hoc test (for unequal
variances). The significance threshold level was set at
p < 0.05.

2.7 Scatter graphs

For plotting the parameter changes they were standardised
against the value observed in the sham. For values with an
absolute scale these were calculated as the percentage
change from the sham vehicle:

percentage change from the sham vehicle ¼ 100 � T � S

S

For discriminant scores (which measure the relative
balance of two extreme factors) the scores were standar-
dised to unit sham value:

standardised discriminant score ¼ T

S
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The data was plotted with shaded blocks representing the
confidence intervals for parameter values of sham (blue,
RGB [0,0,0.5]) and OVX (yellow, RGB [0.5,0.5,0]) as the
background variation that we wish to compare our treat-
ments against. Overlap of these boxes is coloured red (RGB
[1,0.5,0.5]), which indicates overlap of the 95% confidence
intervals. Mean of each treatment group is plotted over
these blocks along with error bars representing the 95%
confidence interval.

3 Results

3.1 ALN, E2 and PTH protect against ovariectomy-
induced bone loss in rats

MicroCT analysis of bone at the tibial metaphysis con-
firmed that administration of ALN (OVX-A), E2 (OVX-E2)
and PTH (OVX-P) in rats protected against ovariectomy-
induced bone loss as evident by increased trabecular bone
volume (BV/TV) (Fig. 1a). In addition the treatments all
maintained trabecular separation (Tb.Sp) and pattern factor
(Tb.Pf) and trabecular number (Tb.N) closer to that found in
the sham group than the ovariectomised group (Fig. 1b, c
and e, Table 2).

Analysis of the cortical compartment of bone showed
that ALN and PTH induced gain in cortical bone volume
while E2 fell somewhere between the values of sham and
OVX (Fig. 1f). The same treatments induced increases in
cortical thickness (this had been unaffected by ovar-
iectomy). Ovariectomised rats that received PTH treatment
(OVX-P) exhibited a dramatic increase in the thickness of
both trabeculae and cortex (Fig. 1d, g) when compared to
ALN (OVX-A) or E2 (OVX-E2), indicative of the bone
anabolic activity of PTH. Note that there was no significant
difference in either thickness between the sham and ovar-
iectomised, indicating this is a change that is independent of
effects that can be attributed to the ovariectomy procedure.

3.2 E2, but not ALN or PTH, counteracted
ovariectomy-induced body weight gain in rats

E2 deficiency caused a significant gain in body weight in
ovariectomised rats and this was significantly prevented by
E2 (OVX-E2) (Fig. 1h). In contrast, ALN (OVX-A) and
PTH (OVX-P) treatments had no significant protective
effect on ovariectomy-induced body weight gain (Fig. 1h).

3.3 Bone and claw Raman signatures

Figure 2a i, iii illustrate the Raman signatures of rat bone
and claw tissue as compared to spectra recorded from
purified samples of hydroxyapatite, collagen and keratin

(Figure 2a ii, iv, v, respectively). Literature based
assignments for the major peaks present in the spectra are
provided in Table 3. Raman spectroscopy reveals char-
acteristic vibrational frequencies within the both the
mineral and collagen matrix phases of the bone, and
within claw keratin. The peaks that dominate the bone
spectrum below 1100 cm−1 are attributable to primarily
mineral components of the bone, while the main con-
tributor to the peaks above 1100 cm−1 is collagen matrix.
Comparison between the protein region of the bone
(collagen) and the same region of the claw keratin spec-
trum shows similar protein peaks are present in both tis-
sues, including amide III, CH2 and amide I.

3.4 Evaluation of how osteoporosis pharmaceutical
agents alter bone and tissue structure using
Raman spectroscopy

As shown previously, ovariectomy alters the secondary and
tertiary structures of bone and claw tissue in a similar and
concurrent manner [10], with ovariectomy inducing a less
ordered structure within both collagen and claw keratin. In
this study, using the same animal model as previously, the
impact of ovariectomy (OVX) followed by treatment with
ALN, E2 or PTH on bone and claw tissue structure com-
pared to the OVX without treatment groups and also to
sham operation animals was evaluated by detailed analysis
of Raman spectra. The partial subtraction mean Raman
spectra for bone (Fig. 2b) and claw (Fig. 2c) for (i) OVX-A,
(ii) OVX-E2, (iii) OVX-P minus the OVX are shown.

The bone spectral signatures show OVX-A appears more
similar to OVX-P than any other group, while OVX-E2
visually appears very similar to the OVX spectrum. The
protein peaks are relatively weak in both the OVX-A and
OVX-P spectra, indicating demineralisation was reduced by
these two treatments, while more has occurred in the OVX-
E2 group. This visual interpretation is strengthened by
statistical analysis of the ratio of mineral to protein features
in the respective spectra (Table 4). The variation in apatite
to protein ratio, derived from the Raman features, is shown
in Fig. 3a. None of the interventions were capable of
maintaining the mineral to protein ratio present in the sham,
but ALN and PTH were able to significantly reduce the
impact of the ovariectomy by a factor of 0.45, reducing loss
from 16 (13.8–18.6) to 7.5 (5.5–9.6) % of the sham mean.
The trend for apatite to carbonate ratio is shown in Fig. 3b,
where it is observed that ALN maintained the level of
carbonate substitution equivalent to that of the sham, while
E2 failed to significantly prevent alteration to levels
observed in the untreated ovariectomised rats (ratio of
apatite to carbonate declined by 2.3 (1.7–2.9) %. PTH
increased the ratio of apatite to carbonate by 2.7 (2.0–3.4) %
relative to the mean value observed in the sham group.
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3.5 Discrimination between OVX and drug
treatments using a LDA models

Previously, we have shown that healthy bone and claw
tissue can be discriminated from osteoporotic tissue using a
LDA model calculated based on Raman spectral data [10].
Here we have used the same model to test whether bone and
claw tissue from animals that underwent ovariectomy fol-
lowed by treatment with either ALN, E2 or PTH can be
discriminated from baseline, sham OVX, OVX or the dif-
ferent treatments administrated.

Figure 4 shows the Sprague-Dawley bone sample LDA
results for a range of models projected onto each group,
with p-values for the sham-OVX model projected onto
the others listed in Table 5. This shows how the variation
separating any two groups is shared with the remaining
groups in the data set. The LDA based on the changes
between sham and ovariectomised classified the sham
group and OVX-A and OVX-P groups as significantly
different to OVX, whereas OVX-E2 was not significantly
different to the OVX (Table 5). When comparing OVX to
the other treatments (Table 5), all were significantly

Fig. 1 (A:G,I) % change from sham group for parameters derived from
MicroCT analysis of bone at the distal femoral metaphysis and dia-
physis of ovariectomised rat treated with vehicle (OVX), ALN (OVX-
A), E2 (OVX-E2) or PTH (OVX-P) and sham operation rats (sham).
a Trabecular bone volume (BV/TV); b Trabecular Separation (Tb.Sp);
c Trabecular pattern factor (Tb.Pf); d Trabecular thickness (Tb.Th); e

Trabecular Number (Tb.N); f Cortical bone volume (Ct.BV); g Cor-
tical thickness (Ct.Th); h Body weight gain; i Representative images of
microCT analysis. Values are means ± SEM from 10–12 mice. #p <
0.05 from sham; *p < 0.05 from OVX. Blue and yellow regions are
non-overlapping regions of the 95% confidence intervals for sham and
OVX groups, respectively, while the red region indicates overlap
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different with OVX plus E2 having the smallest effect
size.

Comparing OVX to the other treatments, OVX is sig-
nificantly different from the sham OVX. None of the OVX
plus treatment (ALN, E2 and PTH) groups were sig-
nificantly different from OVX alone, with the ALN treat-
ment having the least impact.

However, the LDA results modelled on OVX against
OVX-A (Fig. 4 for bone and claw, respectively) or OVX-P
(Fig. 4c and F for bone and claw, respectively) show OVX-A
is significantly different from OVX alone in both models. The

PTH treatment group is also significantly different from OVX
group in the OVX against OVX-P models (both tissues) and
the OVX-A bone model. In the latter models, OVX-E2 is
classified as more similar to OVX. When the OVX against
OVX-E2 model was applied (Fig. 4b), the E2 treatment was
classed as significantly different from OVX; however, this
model had a lower AUCROC value of 76%, while the claw
model was not significant with an AUCROC of 55%.

In Fig. 5 i, ii the difference between the treatment vs
sham discriminant function and the ovariectomy vs sham
discriminant function is shown. This subtraction operation
removes the variation that can be explained as a direct
prevention of the expected effects of an ovariectomy. This
leaves the residual signal as the variation induced by the
treatment that is not related to prevention of ovariectomy
induces changes. In both the claw and the bone the ALN
exhibits lower residual variation than PTH, suggesting that
the ALN is maintaining the bone collagen and the claw
keratin in a state closer to the expected physiological state
of the sham group.

3.6 Differences between drug treatments

Figure 4 allows observation how the pattern of the variation
described by each model varies within each treatment. The
sham vs OVX and ALN vs OVX show very similar patterns
across all models, while E2 shows weak effects in all these
models. This is echoed in the PCs used by each model, with
the sham-OVX (PC 1,5), OVX-OVXA (PC 1) and OVX-
OVXP (PC 1,6,8) models share contribution from the 1st PC,
suggesting a common factor in the associated variation. The
OVX-OVXE only uses PC9, which is not exploited by any
other model suggesting its variation is orthogonal to the effect
of ovariectomy and a mechanism of response that is ortho-
gonal to the other two treatments. Furthermore, the OVX-
OVXE model uses the lowest ranked PC of any other study,
indicating the weakest effect. Compared to the sham the OVX
is consistently lower, with the biggest difference occurring for
the PTH vs OVX model. Models involving PTH are only
models to give scores exceeding the sham, with the largest
differences occurring in the PTH samples themselves.

Figure 5 i, ii show an expanded view of the amide I and
III regions of the discriminant functions created when
classifying each pair of treatments in the bone and the claw
tissues after correction against the sham-OVX model. A
treatment that perfectly preserves the physiology of the
sham group would therefore exhibit only noise in the resi-
dual, while any deviations from that physiological state will
be evident in the subtraction. It is noticeable that in both
tissues the peak at 1656 cm−1 follows the same trend, with
negative peaks with intensity ranked E2 > PTH > ALN. This
was a key change observed in the progression of the ovar-
iectomised rats, reflecting a disordering in the proteins with

Table 2 Stastical analysis showing p-values for unpaired t-tests
between treatments for the microCT parameters listed in each
section header and body weight gain

BV/TV (%)

Ovx Ovx-A OVX-E2 Ovx-P

Sham 4× 10−8 0.263 0.611 0.441

Ovx 7× 10−9 2× 10−7 6× 10−11

Ovx-A 0.583 0.608

OVX-E2 0.447

Tb.Th (U)

Ovx Ovx-A OVX-E2 Ovx-P

Sham 0.198 0.220 0.514 4× 10−10

Ovx 0.027 0.061 3× 10−12

Ovx-A 0.496 2× 10−7

OVX-E2 1× 10−9

Tb.Sp (U)

Ovx Ovx-A OVX-E2 Ovx-P

Sham 5× 10−7 0.188 0.512 0.008

Ovx 5× 10−7 4× 10−7 2× 10−6

Ovx-A 0.534 3× 10−4

OVX-E2 0.006

Tb.N (1/U)

Ovx Ovx-A OVX-E2 Ovx-P

Sham 4× 10−10 0.462 0.766 0.001

Ovx 3× 10−12 5× 10−10 3× 10−8

Ovx-A 0.705 4× 10−5

OVX-E2 0.001

Body weight gain

Ovx Ovx-A OVX-E2 Ovx-P

Sham 4× 10−8 5× 10−5 6× 10−5 6× 10−5

Ovx 0.26 8× 10−10 0.26

Ovx-A 3× 10−8 0.99

OVX-E2 2× 10−8

Values below 0.05 are bolded to indicate statistically significant results
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the development of pathology. In addition, the peak corre-
sponding to b-sheet conformation shows the same trend,
with a shift in peak centre from 1672 for PTH to 1678 cm−1

for E2 within bone (shift not observed in the claw tissue).
Globular alpha helices, identified by peaks at 1645 and 1305
cm−1 were more prevalent in the bone with PTH and ALN
treatments, with E2 exhibiting the lowest rate of globular
alpha helix formation. In the claw tissue exhibits a much
stronger response in terms of globular alpha helix.

The spectra also suggest the level of ionisation of amino
acid side groups between treatments, as evidenced by the
peak around 1420 cm−1 for all three treatments. The peak at
1440 cm−1, sensitive to how hydrophilic the local envir-
onment of the protein chain is. In all three treatments the
peak at 1440 cm−1 is negative, indicating increased hydro-
phobic interactions compared with sham.

3.7 Protective effect

The percentage of change observed between the sham and
ovariectomised groups was reduced for the key Raman
derived parameters measured in this study (Table 6), with
ALN and PTH exhibiting similar levels of protections and
E2 exhibiting a weaker influence. ALN and PTH but only
35% for E2. Interestingly the changes in mineral content
are unable to explain most of this reduction (a reduction of
only 54% for ALN and PTH, 5% for E2), but the dis-
criminant score calculated using the protein only region of
the spectrum exhibits a much stronger preventative effect
(80% for ALN and PTH, 26% for E2). The claw shows
similar performance for ALN and PTH (53 and 56%,
respectively) with E2 exhibiting a weaker protective effect
(34%).

Fig. 2 Effect of treatments after ovariectomy on the Raman spectro-
scopic signatures of bone and claw tissues. a Average normalised
Raman spectra of Sprague-Dawley bone (i) and claw (iii) samples. The
average spectra for the bone and claw models are compared to
hydroxyapatite (ii), collagen (iv) and keratin (v). b, c Subtraction
spectra for average (i) OVX-A, (ii) OVX-E2 and (iii) OVX-P minus

OVX from bone b and claw c samples. Selected Raman bands are
labelled against Table 3 with the corresponding wavelength in
brackets. d The discriminant function for Sprague-Dawley (i) OVX-A,
(ii) OVX-E2 and (iii) OVX-P vs OVX models, with dashed line for
bone and solid line for claw samples
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4 Discussion

The clinical application of ALN, E2 or PTH in the treatment
of osteoporosis enhances BMD and reduces risk of fracture
in in postmenopausal women [31–33]. However, the
osteoprotective and bone anabolic effects associated with
these treatments cannot be attributed only to the increase in
BMD [34]. Bone quality and fragility also depend on the
maturation, orientation and organization of fibrous proteins
[35, 36]. We have recently used a rodent model of osteo-
porosis to show that analysis of keratinous tissue by Raman
spectroscopy acts as surrogate marker for monitoring bone
health deterioration caused by E2 deficiency in rats [10]. In
this study, we assessed the effects of post-ovariectomy
administration of ALN, E2 or PTH on structural changes

Table 3 Bone and claw Raman
spectroscopy band assignments

Peak no. Raman shift
(cm−1)

Assignment Keratin/Collagen/
Mineral

References

1 430 PO4
3−ν2 AS Mineral [44]

2 510 Disulfide, ν (S-S) Keratin [4]

3 580–590 PO4
3−ν4 AS Mineral [44]

4 644 Cysteine, ν (CS) Keratin [5]

5 830 Tyrosine, δ (CCH) OP Collagen/Keratin [45]

6 850 Tyrosine/O-P-O, δ (CCH) ring
breathing

Collagen/Keratin/
Mineral

[45]

7 856 Hydroxyproline Collagen [44]

8 936 α-helix, ν (CC) Collagen/Keratin [45]

9 960 PO4
3−ν1 Mineral [44]

10 1004 Phenylalanine Collagen/Keratin [45]

11 1032 Phenylalanine Collagen/Keratin [45]

12 1070 CO4
3− (ν) Mineral [46]

13 1078 Carbon backbone, ν (CC) RC Collagen/Keratin [45]

14 1126 Carbon backbone, ν (CC) TC Collagen/Keratin [45]

15 1206 Tyrosine and Phenylalanine,
ν (C-C6H5)

Collagen/Keratin [45]

16 1240 β-sheet, Amide III Collagen/Keratin [44]

17 1256 Random, Amide III Collagen/Keratin [45]

18 1305 α-helix, Amide III Collagen/Keratin [44]

19 1420 C-H bonding, δ (CH3) deformation Collagen/Keratin [45]

20 1450 C-H bonding, δ (CH2) scissoring Collagen/Keratin [45]

21 1614 Tyrosine and Tryptophan, C=C
stretching

Keratin [45]

22 1642–44 α-helix, ν (CO) amide I Collagen/Keratin [47]

23 1652–56 Random, ν (CO) amide I Collagen/Keratin [47]

24 1668–75 β-sheet, ν (CO) amide I Collagen/Keratin

The main peaks present in the bone and claw spectra are listed in numerical order including their
wavenumbers, band assignments, whether they are keratin, collagen or mineral bands and band assignment
references. Asymmetric stretch (AS), out of plane (γ), in plane (δ) random conformation (RC), trans
conformation (TC) and stretch (ν)
AS asymmetric stretch, γ out of plane, δ in plane, RC random conformation, TC trans conformation, v stretch

Table 4 P-values from unpaired t-test for the ratio of apatite to protein
peaks in the Raman spectra of bone from each experimental group

Ovx Ovx-A OVX-E2 Ovx-P

Apatite/Protein

Sham 2.8e-05 0.011 0.003 0.004

Ovx 0.013 0.877 0.006

Ovx-A 0.098 0.984

OVX-E2 0.074

Apatite/Carbonate

Sham 0.036 0.793 0.0846 0.026

Ovx 0.007 0.650 2.65e−5

Ovx-A 0.024 0.023

OVX-E2 0.0001

Values below 0.05 are highlighted in bold

Journal of Materials Science: Materials in Medicine (2019) 30:25 Page 9 of 15 25



within the bone tissue (collagen and mineral phases), and
claw tissue (keratin) using Raman spectroscopy. Our data
provide evidence to suggest that Raman spectroscopy can
act as predictive tool for monitoring pharmacological ther-
apy of osteoporosis in rodents.

4.1 Analysis of effects of anti-osteoporotic
treatments on long bones

Although ALN, E2 and PTH have been used for many years
to treat and prevent osteoporosis and their influence on

Fig. 3 % change from sham
group for mineral parameters
derived from the Raman spectra
a apatite band to protein band
intensity ratio b Phosphate to
Carbonate ratio

Fig. 4 Comparison of the discriminant scores by treatment for a range of discriminant models derived from Raman measurement of bone a–e and
claw f–j tissue. Models were created to discriminate between the specified groups then projected onto all samples. Scores were normalized against
the mean for the sham group within each model. The models are a, f sham vs OVX, b, g OVX-A vs OVX, c, h OVX-E2 vs OVX d, l OVX-P vs
OVX and e, j OVX-A vs OVX-P. Values are means ± SEM from 10–12 mice. #p < 0.05 from sham; *p < 0.05 from OVX. Blue and yellow regions
are non-overlapping regions of the 95% confidence intervals for sham and OVX groups, respectively, while the red region indicates overlap
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BMD has been well studied [31], how these agents effect
bone collagen matrix and subsequently bone fragility is less
well understood. The stability and maturity of collagen
mediated through cross-link formation (intra- and inter-
molecular) is understood to have significant importance
(positive or negative) for bone toughness and post-yield
bone properties [37]. Moreover, the disorder osteogenesis
imperfecta is characterised by disorganized collagen and
increased susceptibility to bone fracture. Thus, under-
standing how these osteoporosis agents impact on bone
collagen is likely to be important in the reduction and
prevention of bone fractures.

The microCT analysis of bones in our study indicates
that all interventions tested prevented loss of bone material
caused by ovariectomy in rats, with ALN and E2 offering
similar macroscopic bone structure protection, while the
PTH caused a similar effects but additionally it enhanced
trabeculae thickness indicative of its anabolic activity.
Analysis of microCT data is insufficient to detect the bio-
chemical changes caused by E2 deficiency within the
remodelled rat tissue. In contrast, the Raman microscopic
signature indicates that a number of critical changes to bone
composition do occur, indicating that reliance on gross
anatomical information gives an incomplete picture.

The Raman data demonstrates that ALN and PTH are
only able to prevent approximately half of the deminer-
alisation that otherwise occurs in untreated ovariectomised
rats, while E2 is not able to prevent any relative deminer-
alisation. ALN is the only treatment that maintained phy-
siological levels of carbonate relative to apatite, while E2
failed to prevent relative apatite loss and PTH encouraged a
higher level of apatite relative to carbonate.

These results indicate that treatment with these agents
prevents demineralization and modulates carbonate content.
Furthermore, the Raman data suggests that E2 replacement
failed to reverse the ovariectomy-induced changes in the
mineral to protein ratio when compared to the sham group
—unlike its effects on body weight gain and bone volume.
These data suggest that while microCT analysis of bone
reveals the effects of anti-osteoporotic treatments on the
physical bone macro-structure in ovariectomised rats, the
changes in biochemical composition are better detected by
Raman microscopy.

ALN and PTH significantly protected the structure of
bone collagen, with some overlap compared to sham and
some subtle differences more prevalent in the PTH. E2
appears to be the most different, exhibiting very little
reversal of biochemical composition of bone, as shown by
which shows that the Ovx vs E difference is in a different
direction to the difference between Ovx and Sham (as
evidenced by the sham lying the same side of the zero line
as the ovariectomised tissue) and for the OVX vs Sham
model where the E2 shows only an insignificant amount of

Table 5 p-values for T-test between OVX-Sham discriminant scores
for pairs of treatments within the bone and claw tissue

Ovx Ovx-A OVX-E2 Ovx-P

Bone

Sham 5.37e−6 0.044 0.008 0.022

Ovx 0.0002 0.239 3.62e−5

Ovx-A 0.067 0.814

OVX-E2 0.037

Claw

Sham 2.93e−6 0.016 0.002 0.035

Ovx 0 0.0101 0.119 0.009

Ovx-A 0 0 0.342 0.878

OVX-E2 0 0 0 0.285

Values below 0.05 are highlighted in bold

Fig. 5 Protein only region of the difference between discriminant
models for treatment vs OVX minus sham vs OVX. These models
were derived based on Raman spectroscopic measurement of (i) bone
tissue and (ii) claw tissue. Vertical lines indicate peaks discussed in the
text
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reversion to the ovariectomy-induced changes. ALN and
PTH prevented some ovariectomy-induced changes in bone
but each treatment also caused some changes not related to
ovariectomy with ALN showing the smallest additional
changes. This is particularly interesting in the light of the
clear difference in morphological features (esp. trabecular
thickness ad spacing) that was observed after PTH admin-
istration. These general observations agree with where the
subtraction spectra for OVX-A and OVX-P are visually
similar, while the OVX-E2 subtraction exhibits a different
spectral profile.

ALN treatment (10 mg/day) for three years has been
shown to reduce fracture rate by increasing bone strength
facilitated through a higher degree of mineralization [38]
and crystalline homogeneity [38, 39]. The impact of ALN
on collagen structure has also been assessed by Allen et al.
[35, 40]. Using a skeletally mature canine model they
demonstrated ALN can alter collagen cross-linking (enzy-
matic (pyridinoline (PYD) and deoxypyridinoline (DPD))
and non-enzymatic (pentosidine (PEN)) and increase col-
lagen isomerization (decreased α/β C-telopeptide (CTX)
ratio compared to vehicle), and the authors suggested these
changes may impact on bone fracture risk [35, 40]. Their
results also indicate that ALN lowered the rate of bone
remodelling and this effect was adversely correlated with
increased non-enzymatic cross-links that are associated with
enhanced microdamage [40]. This adverse effect of ALN
treatment has also been observed in data from a skeletally
mature canine model treated with high doses of the
bisphosphonate [41], in which the authors concluded that
these effects may impact fracture resistance [41]. A major
limitation of these studies is that the models used were
healthy [35, 40], and as such the reported effects of
bisphosphonate treatment may not apply to osteoporosis.
Contrasting with these studies, the data presented in the
present study suggest that ALN alter collagen structure
post-ovariectomy as evident by the ALN Raman micro-
scopic signature that is different to those observed in sham
and ovariectomised rats, although much closer to sham
group than to the ovariectomised group.

The results of the present study have shown that
administration of E2 treatment post-ovariectomy in rats—
unlike ALN and PTH interventions—shows a similar
Raman profile to ovariectomy alone. Thus, suggesting that
the hormone treatment of E2 has minimal protective

capability for the bone composition and the organisation of
the mineral or matrix phases. Paschalis et al. have shown
that E2 hormone treatment modifies collagen structure;
following 2 years of hormone replacement therapy (HRT)
there was an increase in collagen cross-links ratio by 40% in
iliac crest biopsies taken from postmenopausal women
measured using Fourier transform infrared microscopic
imaging [42]. While the findings from Paschalis were based
on a different treatment regime (cyclic E2 and progestogen),
treatment duration and model as well as measurement
technique used, such a mechanism may explain why the
protein phase does not show a reversion of ovariectomy-
induced changes. The LDA bone model findings indicate
the ovariectomized and ovariectomized plus E2 groups are
significantly different, albeit having the least significance of
the treatment groups. The results indicate that the majority
of the protective effects against OVX are common between
ALN and PTH but there are differences between the two
(Figs. 3a, 4 and 5). The ALN shows very similar pattern of
scores compared to sham under all the LDA models pre-
sented, suggesting that the majority of its influence is pre-
vention of changes that would otherwise be induced by the
ovariectomy, although the quantity is not quite fully
reversed.

Saito et al. have shown that PTH treatment altered col-
lagen cross-links; increased enzymatic cross-links and,
dissimilar to ALN treatment, decreased non-enzymatic
cross-links suggesting a reduction in collagen maturation,
and suggested these alterations improved bone strength
[36]. A study measuring biopsies from osteoporotic post-
menopausal women using confocal and electron micro-
scopy has also shown PTH (1–34) treatment significantly
altered the orientation of collagen fibres compared to pre-
treatment. Moreover, they showed PTH treatment increased
mineral calcification using micro-X-ray data [43]. In the
present study, the models including PTH explicitly (PTH vs
OVX and ALN vs PTH) show that the PTH exhibits another
qualitative change that is much more strongly evident in this
treatment group than any other. Unlike the maintenance
associated with ALN, the PTH appears to induce new
changes in the bone tissue not observed in the sham nor
ovariectomised groups, suggesting that this treatment is
introducing new elements to the bone structure or compo-
sition. Both ALN and PTH indicate a protection of the bone
mineral to protein ratio upon treatment. In contrast the E2

Table 6 Percent protective effect
achieved by each treatment for
parameters affected by
ovariectomy

Overall bone
discriminant score

Bone apatite to
protein ratio

Bone protein
discriminant score

Claw discriminant
score

OVX-A 76.7 53.8 80.2 53.2

OVX-E 34.5 4.6 26.2 33.7

OVX-P 77.2 54.1 78.2 55.7
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Raman data suggests that this treatment has a much lower
effect on the composition of the bone after ovariectomy and
most of this effect appears to be in the protein phase rather
than reverting the mineral to protein ratio. Combining this
relative compositional data from Raman with the micro CT
results, which provide insight into the absolute volume of
bone mineral informs us that although all three treatments
yielded a maintenance of bone mass within levels not sig-
nificantly different to the sham samples, the composition of
the bone after each treatment is significantly different.

Overall the analysis of the data shows that while the
interventions vary in their efficacy at maintaining physio-
logical bone structure, their protective effect is stronger on
the proteins than the mineral phase. Protective effects on the
protein phase include preventing formation of random
protein structure, reducing free acid side chains and main-
taining hydrophilicity of chain for bioavailability. ALN and
PTH also reduced the amount of mineral loss (relative to
protein) to approximately half, but E2 had no significant
effect. The interventions also vary in the nature and quantity
of the non-physiological structural changes such as indu-
cing globular alpha helices and beta sheet conformation.
There is a considerable amount of protein level changes
consequent upon application of each regime that is poorly
understood. Most of the investigation into the mechanism of
action of these drugs has focused on BMD. These data,
combined with the authors recent publications [9, 10], make
it clear that there is considerable influence that protein
structure has on bone health. The authors would contend
that the data illustrates an urgent and compelling need to
more comprehensively examine the contribution of struc-
tural proteins to bone health and the impact of the methods
commonly used to try ameliorating the risk of fracture.

4.2 Analysis of effects of anti-osteoporotic
treatments on claws

The data presented suggests that both treatment with the
ALN and PTH prevent significant changes in the nail ker-
atin, however, significant changes were observed in the E2
treated group, largely aligned with the changes observed
upon ovariectomy. The lack of protective effect on com-
position from E2 is surprising taking into account its
complete reversal of body weight gain and loss of both
trabecular and cortical bone by ovariectomy. In all three
treatments the pattern of effects due to treating ovar-
iectomised tissue exhibit very similar trends between bone
and claw for each treatment model. For the OVX vs OVX-
A model the sham, OVX-A and OVX-P groups are positive,
while OVX and OVX-E2 are negative and the same applies
for the OVX vs OVX-P model. While the discriminatory
power of the OVX vs OVX-E2 models is weaker, the only
difference between the two tissues is that OVX-A differs

but exhibits very large error bars in the bone indicating a
very large amount of uncertainty in this group. Comparing
the discriminant functions between the two tissues is
restricted to the non-mineral region of the spectrum and
here we see broad similarities between the two tissues,
especially in the region sensitive to protein secondary
structure.

4.3 Concluding remark

The authors have recently shown ovariectomy can induce
changes to bone and keratin structure in a similar concurrent
manner. The present study has demonstrated that treatment
with three anti-osteoporotic pharmaceutical agents used in
the clinic influenced the structure of bone collagen and claw
keratin post-ovariectomy in rat. Mineral factors such as
relative mineral to protein content were less strongly
affected. It is notable that each treatment affected the pro-
tein phase of the bone differently. A better understanding of
the protein status could therefore provide a better insight
into an appropriate treatment to counteract the specific
protein deficiencies within a specific patient. The changes in
keratin are not as dramatic as observed in the bone collagen
but have been shown to nevertheless act as useful surrogate
markers of the bone remodelling under treatment with ALN
and PTH. Thus, Raman spectroscopy measurement of ker-
atinous tissue could be of value in monitoring the response
to bone anabolic and anti-resorptive therapy of
osteoporosis.

4.4 Limitations and further work

Unlike bone, once the claw tissue is formed it is no longer a
living tissue and will no longer be significantly impacted by
systemic changes. Further research is needed into the
sampling patterns associated with different growth intervals
to allow differentiation of pre- and post-intervention areas
of the claw. This would be expected to improve sensitivity
of the method.

It is not within the scope of this work to interpret the
precise molecular implications of the differences beyond
observing that

1. ALN is the closest to reverting the effects of
ovariectomy.

2. Parathyroid hormone induces an extra change to the
composition of the bone protein and mineral

3. E2, while allowing bone tissue volume to survive,
yields bone tissue with a composition similar to that of
untreated ovariectomised rats.

Studies designed to supplement the Raman data with
additional independent methods of chemical and structural
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analysis will help to elucidate these changes in more detail,
especially for determining what factors are causative and
which are correlative. For example, does the collagen
deform thereby affecting its interactions with the mineral
phase, or does the mineral phase change inducing structural
deformation in the collagen? Furthermore, it would be
important to establish how these compositional changes are
related to the morphological changes observed.
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