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A b s t r a c t

Introduction: Calcium phosphate cement (CPC) is a promising bone substi-
tute but lacks osteogenicity and mechanical strength. This study investigat-
ed the effects of CPC doped with palm tocotrienol, a bone-protective agent, 
on bone regeneration in ovariectomised rats with tibial defects. 
Material and methods: Female Sprague-Dawley rats were divided into sh-
am-operated controls, ovariectomised rats (OVX), ovariectomised rats with 
bone defects implanted with CPC (OVX + CPC) and ovariectomised rats with 
bone defects implanted with palm tocotrienol-doped CPC (OVX + CPC/T3). 
A tibial bone defect was created 11 weeks after ovariectomy.
Results: Whole-body BMC was higher in OVX + CPC (10.89 ±0.07 g) and OVX 
+ CPC/T3 (11.26 ±0.07 g) than OVX (10.24 ±0.14 g) (p < 0.05). Whole-body 
BMD of OVX + CPC/T3 (0.175 ±0.003 to 0.182 ±0.003 g/cm2), left tibia BMC 
of OVX + CPC (0.308 ±0.016 to 0.343 ±0.022 g) and OVX + CPC/T3 (0.313 
±0.020 to 0.343 ±0.016 g) increased from week 11 to 15 (p < 0.05). The OVX 
+ CPC/T3 group had higher bone stiffness (23.31 ±1.07 vs. 8.35 ±3.84 N/
mm), collagen (scoring: 3 ±0.75 vs. 2 ±0), trabecular bone formation (scoring:  
3 ±0 vs. 2 ±0), and trabecular bone volume (36.30 ±3.58 vs. 20.86 ±1.03%) 
but lower osteoclast surface (1.65 ±0.49 vs. 6.60 ±1.36%) than OVX (p < 
0.05). Tibial BMP-2 in OVX + CPC/T3 (78.96 ±8.30 pg/mg protein) was higher 
than OVX (30.65 ±3.69 pg/mg protein) and OVX + CPC (48.09.96 ±8.39 pg/mg  
protein) (p < 0.05). Tibial Runx-2 in OVX + CPC/T3 (2589.75 ±204.74 pg/mg 
protein) was higher than OVX (1652.97 ±156.85 pg/mg protein) and OVX + 
CPC (1845.77 ±158.17 pg/mg protein) (p < 0.05).
Conclusions: Palm tocotrienol enhanced the osteogenic properties of CPC, 
promoting collagen and trabecular bone formation in ovariectomised rats 
with bone defects. These findings suggest its potential to overcome the 
drawbacks of CPC and promote bone regeneration.

Key words: bone regeneration, bone substitutes, osteoporosis, vitamin E.

Introduction

The physiological process of bone remodelling involves the removal of 
old or damaged bone by osteoclasts (the bone-resorbing cells) and the for-
mation of new bone by osteoblasts (the bone-forming cells). The process 
involves the careful regulation and maintenance of a  balance between 
osteoclast-mediated bone resorption and osteoblast-mediated bone for-
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mation, ensuring no net changes in bone mass 
or mechanical strength in healthy individuals [1]. 
A bone defect is the loss of bone tissue resulting 
from surgery (resection of tumour), congenital mal-
formation, diseases (osteoporosis and osteosarco-
ma), high-energy trauma (fractures), and infections 
(osteomyelitis) [2]. Bone remodelling represents 
the last stage of natural self-repair mechanisms 
after haematoma formation, inflammation, tissue 
granulation, and callus creation [3, 4]. Osteoporo-
sis is a systemic skeletal disease characterised by 
low bone mass and microstructural deterioration 
caused by a disruption in bone remodelling where-
by bone resorption exceeds bone formation [5]. An-
imal studies have demonstrated that compromised 
bone metabolism negatively affects the repair pro-
cess by slowing cellular differentiation, reducing 
callus formation and impairing bone mineralisation 
[6, 7]. In addition, clinical studies have identified 
poor bone quality as a  risk factor for non-union 
fracture and delayed healing [8–10]. 

Bone graft offers a  regenerative solution by 
supplying tissue to the defect, fostering integra-
tion, promoting vascularisation, and facilitating 
local bone repair. Biomaterials from both natural 
and synthetic origins have been predominant-
ly used to rectify bone defects. Autologous bone 
grafts are the gold standard due to their osteo-
conductive, osteoinductive, and osteogenic prop-
erties, along with a  low risk of infectious and 
immunologic complications [11]. The major dis-
advantages of autologous bone grafting include 
donor site injury, morbidity, deformity, higher 
costs, and high surgical risks, such as bleeding, 
inflammation, infection and chronic pain [12]. The 
use of allogeneic and xenogeneic bone grafts is 
limited because of possible immunological rejec-
tion, pathogen transmission, as well as a  lack of 
adequate integration and vascularisation with 
the host [13]. Thus, the development of bioactive 
materials that enhance skeletal regeneration is 
crucial, particularly for conditions associated with 
low bone mass. Artificial bone graft is favourable 
for its unlimited supply, low risk of disease trans-
mission or immunoreaction, ease of sterilisation 
and storage, adaptability in various shapes and 
sizes for surgery, scar reduction and minimally in-
vasive procedure [14]. 

Calcium phosphate cement (CPC) is a biomate-
rial composed of calcium phosphate powders and 
a liquid phase capable of self-setting in situ, forming 
a supportive scaffold [15]. It chemically resembles 
natural bone, thus serving as a promising hard tis-
sue substitute to repair bone defects. Their advanta-
geous properties include good biocompatibility, bio-
activity, osteoconductivity, injectability, mouldability, 
resorbability, self-setting ability and feasibility in 
controlled drug delivery. However, the clinical appli-

cation of CPC as bone replacement is critically lim-
ited by its intrinsic poor mechanical properties and 
osteogenic capacity, necessitating functionalisation 
with bioactive compounds to enhance its therapeu-
tic efficacy, particularly in osteoporotic conditions. 
Recent research attempted to address the limita-
tions of CPC by incorporating it with biological (such 
as proteins, polysaccharides, or blood components) 
[2] and synthetic (such as polymers, biomimetics, or 
chemical elements) materials [16]. 

Tocotrienol and tocopherol are two different 
forms of vitamin E made up of four distinct ana-
logues, namely alpha (α), beta (β), gamma (γ) and 
delta (δ)-isomers. They share a similar chromanol 
head but differ in the side chain structures. To-
cotrienol has an unsaturated farnesyl tail, while 
tocopherol has a  saturated phytyl tail. Compared 
to tocopherol, tocotrienol exhibited superior an-
ti-inflammatory, antioxidative, cholesterol-lower-
ing, and osteogenic properties [17]. Furthermore, 
tocotrienol demonstrated enhanced bioavailability 
[18] and higher cellular uptake [19] than tocoph-
erol, suggesting more potent physiological activity 
of tocotrienol. Major dietary sources of tocotrienol 
include rice bran oil, annatto seeds, and palm fruits. 
The bone-protective property of tocotrienol has 
been extensively reviewed [20, 21]. Previous stud-
ies using animal models of osteoporosis induced by 
sex hormone deficiency [22], glucocorticoids [23], 
nicotine [24], and metabolic syndrome [25, 26] have 
demonstrated that oral supplementation of tocot-
rienol prevented bone loss. In addition, tocotrienol 
administration has been found to promote fracture 
healing in a rat model of postmenopausal osteopo-
rosis [27, 28]. Tocotrienol modulated key regulators 
of bone metabolism, including inflammatory me-
diators, oxidative stress markers, growth factors, 
hormones, phosphate metabolism, and receptor 
activator of nuclear factor kappa-Β ligand (RANKL)/
osteoprotegerin (OPG) ratio [29, 30]. Given its os-
teogenic and bone healing potential, incorporating 
tocotrienol into CPC presents a  novel strategy to 
enhance its regenerative capabilities. The effects of 
tocotrienol in enhancing the characteristics of CPC 
for bone regeneration in animals with oestrogen 
deficiency and bone defects remain unexplored. 

This study aims to investigate the effects of 
CPC doped with palm tocotrienol on bone regen-
eration using an ovariectomised rat model tibial 
bone defect. We hypothesise that tocotrienol can 
improve the drawbacks of CPC by enhancing bone 
biomechanical strength and encouraging new 
bone formation at the defect site. 

Material and methods

Treatment preparation 

All the ingredients in powder form – including 
monocalcium phosphate monohydrate (MCPM) 
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(Sigma Aldrich, Germany), beta-tricalcium phos-
phate (β-TCP) (Sigma Aldrich, Germany), citric 
acid (Sigma Aldrich, Germany), and sodium hy-
aluronate (BBI Life Sciences, China) – were steril-
ised by γ radiation at 25 kGy. The CPC used in this 
study was prepared by mixing MCPM and β-TCP 
at a ratio of 45 : 55. The mixture was mixed with 
citric acid with a weight ratio of 80 : 1. Before im-
plantation, the mixture of CPC was mixed with 2% 
sodium hyaluronate (dissolved in distilled water). 
Subsequently, the mixture was incorporated with 
oil-based suspension with or without palm tocot-
rienol at an oil-to-powder ratio of 0.35 g/g. The 
ingredient composition was based on a previous 
study by Luo et al. reporting a ready-to-use calci-
um phosphate paste incorporating an oil suspen-
sion, demonstrating good injectability and ade-
quate shelf life [31]. The tocotrienol isolated from 
Elaeis guineensis (batch number: 19060070A0) 
used in this study was gifted by Davos Life Sci-
ence Sdn. Bhd. (Selangor, Malaysia). It consists of 
28.3% α-tocopherol, 26.8% α-tocotrienol, 2.3% 
β-tocotrienol, 29.5% γ-tocotrienol, 8.3% δ-tocot-
rienol, and 4.6% α-tocomonoenol. 

Study design

All experimental protocols were evaluated and 
approved by the Universiti Kebangsaan Malaysia 
Animals Ethics Committee (UKMAEC) (approv-
al code: FAR/FP/2020/WONG SOK KUAN/22-JU-
LY/1112-OCT.-2020-SEP.-2022). The timeline of 
experimental protocols is depicted in Figure 1 A.  
Twelve-week-old female Sprague-Dawley rats were 
procured from the Laboratory Animal Resource 
Unit (LARU), Universiti Kebangsaan Malaysia (Kuala 
Lumpur, Malaysia). The animals were randomly as-
signed to four experimental groups: (a) sham-oper-
ated controls (sham); (b) ovariectomised rats (OVX); 

(c) ovariectomised rats with bone defects implant-
ed with CPC (OVX + CPC); (d) ovariectomised rats 
with bone defects implanted with palm tocotrien-
ol-doped CPC (OVX + CPC/T3). All rats were housed 
in individual cages with an ambient temperature of 
25 ±2°C and an alternated 12-hour light/dark cycle 
at the animal laboratory, Department of Pharma-
cology, Faculty of Medicine, Universiti Kebangsaan 
Malaysia (Kuala Lumpur, Malaysia). The rats were 
provided with standard rat chow (Gold Coin, Malay-
sia) and tap water ad libitum. The rats were accli-
matised for 1 week before surgery. All surgical pro-
cedures were conducted under anaesthesia using 
100 mg/kg ketamine and 10 mg/kg xylazine, given 
via intraperitoneal injection. For the sham-operat-
ed controls, the rats were subjected to laparotomy 
and their ovaries were retained. The remaining 
groups were subjected to bilateral ovariectomy 
mimicking a model of postmenopausal osteoporo-
sis in humans. After 11 weeks of ovariectomy, bone 
defects were created in the OVX + CPC and OVX 
+ CPC/T3 groups, while the sham and OVX groups 
were subjected to surgical stress. A  bone defect  
(2 mm in diameter and 2 mm in depth) was made 
5 mm below the left knee joint using a 2 mm wood 
drill (Figure 1 B). The freshly prepared treatment 
material (CPC with or without palm tocotrienol) 
was gradually added until the bone defect cavity 
was filled and the cement had hardened. Follow-
ing surgery, Baytril® (enrofloxacin, 5 mg/kg daily for  
5 days) were administered intramuscularly as an 
antibiotic to prevent infections. For pain manage-
ment, tramadol (25 mg/kg daily for 5 days) was 
intramuscularly injected after surgery. Iodine solu-
tion was applied to the site as a post-operative an-
tiseptic. Post-operative monitoring was conducted 
daily to assess wound healing, signs of infection, 
distress, and overall well-being. The rats were sac-
rificed using an overdose of ketamine-xylazine 

Figure 1. A – Timeline represents the experimental protocol utilised in the present study. B – A bone defect (diam-
eter: 2 mm; depth: 2 mm) was created 5 mm below the left knee joint using a wood drill (diameter: 2 mm). The 
treatment material (CPC with or without palm tocotrienol) was inserted into the bone defect cavity until it was 
filled completely and the cement had hardened

Time 
[week]

Ovariectomy

A B

 –1 0 11 15 19

Bone defect

Acclimatisation In vivo measurement of body 
weight, body composition,  

BMC and BMD

After sacrifice

Blood collection
•	 Bone markers
•	 Serum markers

Excised left tibia
•	 Biomechanical strength 

test
•	 Bone histomorphometry
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combination (300 mg/kg ketamine and 30 mg/kg 
xylazine) 8 weeks after implantation. Blood was 
collected and left tibias were harvested for analysis.

Sample size calculation 

A power analysis was conducted using G*Power 
software to ensure adequate power for detecting 
significant differences between groups. The calcu-
lation was based on trabecular bone volume (BV/
TV) as the primary outcome, referencing from pre-
liminary data. The inputs were: mean (group 1 = 
35.96; group 2 = 22.58), standard deviation (group 
1 = 3.14; group 2 = 1.90), effect size (5.156), sig-
nificance level (0.05), power (0.8) and N1/N2 ratio 
(1). Based on this calculation, a minimum of 6 ani-
mals per group was required to detect statistically 
significant differences, and this was approved by 
the animal ethics review board. 

Measurements of body weight, body 
composition, bone mineral content (BMC) 
and bone mineral density (BMD)

The body weight, body composition, BMC, and 
BMD of the rats were recorded prior to the ova-
riectomy procedure (week 0), before bone defect 
creation (week 11), and after the implantation 
of treatment materials (week 15 and 19). Body 
weight was measured using a weighing scale. All 
rats were maintained in the ventral recumbency 
position on the scanning table under general an-
aesthesia via intraperitoneal injection (100 mg/kg  
ketamine and 10 mg/kg xylazine). Whole-body 
and high-resolution scans were performed to 
measure body composition, BMC, and BMD using 
a dual-energy X-ray absorptiometer (DXA) (Holog-
ic QDR-1000 System, Hologic Inc., Waltham, USA). 

Bone histomorphometry

Left tibias were fixed in 15% formaldehyde. 
Half of the tibias were decalcified in ethylene-
diaminetetraacetic acid (EDTA) solution for  
2 months, while the other half of the tibias were 
left undecalcified. Both parts were dehydrated 
with a  series of ethanol solutions of increasing 
concentrations. After that, the decalcified part 
was paraffinised and the undecalcified part was 
embedded in polymerised resin. Using a  micro-

tome, the decalcified bone was sectioned into  
5 µm slices and the undecalcified bone into 7 µm 
slices (Leica RM2235, USA). 

The decalcified sections were stained using hae-
matoxylin and eosin (Leica, United State of Amer-
ica) and Masson’s trichrome (Bio Optica, Italy) 
staining kits. Both stained sections were observed 
under a  light microscope equipped with ZEN Mi-
croscopy 2.6 software (ZEISS, Germany) with mag-
nifications of 400× and 40×, respectively. Static 
bone histomorphometry parameters were calcu-
lated using the Weibel grid method based on in-
teractions between lines or points of surface mea-
surement on the haematoxylin and eosin staining 
images. The parameters were osteoblast surface/
bone surface (OB/BS, unit = %), osteoclast surface/
bone surface (OC/BS, unit = %), eroded surface/
bone surface (ES/BS, unit = %), osteoid surface/
bone surface (OS/BS, unit = %) and osteoid vol-
ume/bone volume (OV/BV, unit = %). The presence 
of haematopoietic cells, collagen, and trabecular 
bone at the defect site was graded semi-quanti-
tatively in a blinded manner by an anatomist with 
expertise in bone histomorphometry to ensure 
consistency and minimise subjective bias. Estab-
lished scoring criteria were used to maintain accu-
racy and reproducibility (Table I) [32, 33]. 

The undecalcified sections were used for von 
Kossa staining. The structural bone histomor-
phometry parameters were observed under a light 
microscope equipped with CellSens Standard soft-
ware (Olympus, Japan) at a magnification of 400×. 
The structural bone histomorphometry parame-
ters were measured using the Fiji image analysis 
software [34]. The parameters obtained were BV/
TV (unit = %), trabecular thickness (Tb.Th, unit = 
mm), trabecular number (Tb.N, unit = mm–1), and 
trabecular separation (Tb.Sp, unit = mm).

Measurement of bone biomarkers

The blood samples were immediately pro-
cessed into serum after collection from the rats, 
centrifuged at 3,000 rpm for 10 min, and stored 
at –70°C until analysis. The left tibia was cut 
(approximately 17 mm from the proximal end of 
the tibia) and weighed. The bone was cleaned 
with phosphate-buffered saline to remove red 
blood cells and clotted blood. The bone was then 

Table I. Semi-quantitative assessment scale for the presence of haematopoietic cells, collagen, and trabecular 
bone at the defect site

Score Extent of the presence 

0 None

1 Scant (less than one-fourth of the area surrounding the defect)

2 Moderate (more than one-fourth and less than one-half of the area surrounding the defect)

3 Abundant (more than one-half of the area surrounding the defect)
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crushed using a mortar and pestle in the presence 
of liquid nitrogen. The samples were homogenised 
on ice in radioimmunoprecipitation assay buffer 
containing 50 mM Tris (pH 7.4), 150 mM sodium 
chloride, 1% Triton X-100, 1% sodium deoxycho-
late, 1 mM EDTA, 0.1% sodium dodecyl sulphate 
with the addition of protease (phenylmethylsul-
fonyl fluoride) and phosphatase (sodium fluoride 
and sodium orthovanadate) inhibitors (catalogue 
number: E-BC-R327; Elabscience Biotechnology 
Inc., China). The sample tube was vortexed, left on 
ice for 30 min, and centrifuged using a Microfuge 
22R centrifuge machine (Beckman Coulter, USA) 
at 12,000 rpm for 10 min at 4°C. The supernatant 
was collected and stored at –70°C until analysis. 

The levels of bone morphogenetic protein-2 
(BMP-2) (catalogue number: E-EL-R0002; Elab-
science Biotechnology Inc., China), Runt-related 
transcription factor 2 (Runx-2) (catalogue num-
ber: ELK8429, ELK Biotechnology, China) and os-
teocalcin (OCN) (catalogue number: E-EL-R0243; 
Elabscience Biotechnology Inc., China) in bone and 
serum were measured using enzyme-linked im-
munosorbent assay kits according to the protocol 
provided by the supplier. Protein concentrations of 
bone samples were measured using the Bradford 
method (Quick Start Bradford Protein Assay, Bio-
Rad Laboratories Inc., CA, USA). 

Measurements of bone biomechanical 
strength

The tibias were cleaned of soft tissues, wrapped 
in gauze moistened with phosphate-buffered sa-
line, and kept at –80°C upon sacrifice until analy-
sis to prevent false negative results caused by dry 
and brittle bones that are prone to breaking when 
load is applied. Bone biomechanical strength test 
was conducted using a universal testing machine 
(Autograph AGS-X 500N, Shimadzu, Kyoto, Ja-
pan). The three-point bending test was initiated 
by placing the metaphyseal part of the tibia on 
an aluminium support with a groove. In contrast, 
the distal diaphyseal part was placed on an alu-
minium support without a groove. A load (speed:  
1 mm/min) was applied to the tibia in the me-
taphyseal region until it fractured. Trapezium Lite 
X software (Shimadzu, Kyoto, Japan) was used 
to obtain load (unit = N), displacement (unit = 
mm), stress (unit = N/mm2), and strain (unit = %). 
A  load-displacement graph was plotted, and the 
slope of the curve was obtained as stiffness (unit 
= N/mm). A stress-strain graph was plotted, and 
the slope of the curve was used to define Young’s 
modulus of elasticity (unit = N/mm2). 

Statistical analysis

All data were analysed using Statistical Pack-
age for the Social Sciences (SPSS) version 24 (IBM, 

Armonk, USA). The normality of data was assessed 
using the Shapiro-Wilk test. The comparison of 
normally distributed data between groups (for 
biomechanical strength, bone markers, static and 
structural bone histomorphometric parameters) 
was performed using one-way analysis of variance 
(ANOVA), followed by Tukey’s or Dunnett’s post 
hoc test, depending on the homogeneity of vari-
ance using Levene’s test. For data with multiple 
time intervals (including body weight, lean mass, 
fat mass, BMC and BMD), the comparisons be-
tween groups were performed using mixed-design 
ANOVA with small effect analysis. All normally dis-
tributed data are reported as mean ± standard er-
ror of the mean (SEM). Discrete data obtained from 
histomorphometry analysis (including the pres-
ence of haematopoietic cells, collagen, and trabec-
ular bone) are presented as median ± interquartile 
range and were analysed using the Mann-Whitney 
U test. Statistical significance was set at p < 0.05. 

Results

Effects of CPC and CPC/T3 implantation 
on body weight and body composition of 
ovariectomised rats with bone defects

The body weight of rats in all experimental 
groups increased significantly at weeks 11, 15, 
and 19 as compared to week 0 (p < 0.05). The 
OVX and OVX + CPC/T3 groups showed a signif-
icant increase in body weight at weeks 15 and 
19 compared to week 11 (p < 0.05). A significant 
increase in body weight was observed in the OVX 
+ CPC group at week 19 compared to week 11 
(p < 0.05). The OVX, OVX + CPC, and OVX + CPC/
T3 groups showed a significant increase in body 
weight at week 19 compared to week 15 (p < 
0.05). For between-group comparisons, a signifi-
cant increase in body weight was observed in the 
OVX, OVX + CPC, and OVX + CPC/T3 groups com-
pared to the sham group at weeks 11, 15, and 
19 (p < 0.05). The OVX + CPC and OVX + CPC/
T3 groups showed a significant increase in body 
weight compared to the OVX group at week 15  
(p < 0.05) (Table II A). 

The lean mass of rats of the sham group at weeks 
15 and 19 was significantly higher than week 0  
(p < 0.05). The OVX, OVX + CPC, and OVX + CPC/
T3 groups showed increased lean mass at weeks 
11, 15, and 19 compared to week 0 (p < 0.05). 
For between-group comparisons, the OVX + CPC/
T3 group had significantly higher lean mass than 
the sham group at weeks 15 and 19 (p < 0.05) 
(Table II B). 

The fat mass of rats in all groups was signifi-
cantly higher at weeks 11, 15, and 19 compared to 
week 0 (p < 0.05). The OVX, OVX + CPC, and OVX 
+ CPC/T3 groups showed a significant increase in 
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Table II. Effects of CPC and CPC/T3 implantation on body weight, lean mass, and fat mass in ovariectomised rats 
with bone defects at weeks 0, 11, 15, and 19

Parameter Week 0 Week 11 Week 15 Week 19

A Body weight [g] 

Sham 206.67 ±3.28 251.55 ±5.20* 256.43 ±4.86* 260.97 ±4.52*

OVX 213.78 ±1.16 302.12 ±3.88a,* 324.05 ±4.91a,*,# 334.72 ±5.02a,*,#,@

OVX + CPC 214.02 ±4.65 298.27 ±6.14a,* 305.03 ±5.34a,b,* 323.07 ±2.61a,*,#,@

OVX + CPC/T3 213.63 ±1.38 297.50 ±7.18a,* 310.88 ±2.86a,b,*,# 328.42 ±4.17a,*,#,@

B Lean mass [g]

Sham 194.17 ±1.54 213.30 ±8.82 222.19 ±4.36* 222.68 ±6.42*

OVX 195.46 ±1.10 227.69 ±12.73* 243.69 ±12.46* 233.95 ±14.25*

OVX + CPC 195.23 ±3.57 254.03 ±8.93* 250.87 ±6.16* 255.92 ±5.52*

OVX + CPC/T3 190.84 ±1.27 254.18 ±12.17* 274.08 ±8.24a,* 276.83 ±6.11a,*

C Fat mass [g]

Sham 23.10 ±4.19 37.90 ±6.39* 40.17 ±8.37* 47.92 ±7.74*

OVX 12.75 ±1.28 29.52 ±3.47* 36.78 ±2.95* 66.35 ±3.74*,#,@

OVX + CPC 18.42 ±2.29 37.4 ±4.40* 41.52 ±3.39* 57.75 ±2.38*,#,@

OVX + CPC/T3 17.78 ±2.57 42.72 ±5.66* 43.8 ±6.12* 59.63 ±1.09*,#,@

Data are expressed as mean ± SEM. Notes: ‘a’ indicates a  significant difference compared to the sham group (p < 0.05), ‘b’ indicates 
a  significant difference compared to the OVX group (p < 0.05), ‘*’ indicates a  significant difference compared to week 0 (p < 0.05),  
‘#’ indicates a significant difference compared to week 11 (p < 0.05), ‘@’ indicates a significant difference compared to week 15 (p < 0.05).

Table III. Effects of CPC and CPC/T3 implantation on whole-body and left tibia BMC and BMD in ovariectomised 
rats with bone defects at weeks 0, 11, 15, and 19

Parameter Week 0 Week 11 Week 15 Week 19

A Whole-body BMC [g]

Sham 7.00 ±0.02 8.65 ±0.14* 8.54 ±0.18* 8.80 ±0.23*

OVX 7.28 ±0.10 9.61 ±0.15a,* 10.25 ±0.21a,*,# 10.24 ±0.14a,*,#

OVX + CPC 7.41 ±0.18 10.31 ±0.13a,b,* 10.36 ±0.11a,* 10.89 ±0.07a,b,*,#,@

OVX + CPC/T3 7.45 ±0.13 10.45 ±0.12a,b,* 10.52 ±0.08a,* 11.26 ±0.07a,b,*,#,@

B Whole-body BMD [g/cm2]

Sham 0.144 ±0.002 0.167 ±0.002* 0.172 ±0.003* 0.173 ±0.004*

OVX 0.151 ±0.004 0.177 ±0.005* 0.177 ±0.003* 0.180 ±0.003*

OVX + CPC 0.153 ±0.001 0.175 ±0.003* 0.180 ±0.003* 0.181 ±0.002*

OVX + CPC/T3 0.148 ±0.002 0.175 ±0.003* 0.182 ±0.003*,# 0.184 ±0.002*,#

C Left tibia BMC [g]

Sham 0.255 ±0.009 0.330 ±0.012* 0.340 ±0.011* 0.335 ±0.010*

OVX 0.238 ±0.007 0.335 ±0.006* 0.335 ±0.014* 0.332 ±0.012*

OVX + CPC 0.237 ±0.013 0.308 ±0.016* 0.343 ±0.022*,# 0.350 ±0.023*,#

OVX + CPC/T3 0.245 ±0.012 0.313 ±0.020* 0.343 ±0.016*,# 0.352 ±0.014*,#

D Left tibia BMD [g/cm2]

Sham 0.172 ±0.007 0.208 ±0.007* 0.209 ±0.008* 0.209 ±0.007*

OVX 0.181 ±0.003 0.205 ±0.002* 0.212 ±0.004* 0.211 ±0.004*

OVX + CPC 0.184 ±0.007 0.205 ±0.009* 0.210 ±0.007* 0.218 ±0.009*

OVX + CPC/T3 0.181 ±0.002 0.200 ±0.006* 0.212 ±0.005* 0.208 ±0.005*

Data are expressed as mean ± SEM. Notes: ‘a’ indicates a  significant difference compared to the sham group (p < 0.05), ‘b’ indicates 
a  significant difference compared to the OVX group (p < 0.05), ‘*’ indicates a  significant difference compared to week 0 (p < 0.05),  
‘#’ indicates a significant difference compared to week 11 (p < 0.05), ‘@’ indicates a significant difference compared to week 15 (p < 0.05).
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fat mass at week 19 as compared to weeks 11 and 
15 (p < 0.05). However, the fat mass of the rats 
showed no difference between groups throughout 
the study (p > 0.05) (Table II C). 

Effects of CPC and CPC/T3 implantation on 
whole-body and left tibia BMC and BMD of 
ovariectomised rats with bone defects

The whole-body BMC increased significantly at 
weeks 11, 15, and 19 as compared to week 0 in 
all experimental groups (p < 0.05). The OVX group 
showed a  significant increase in whole-body 
BMC at weeks 15 and 19 compared to week 11  
(p < 0.05). The OVX + CPC and OVX + CPC/T3 
groups showed a significantly higher whole-body 
BMC at week 19 as compared to weeks 11 and 
15 (p < 0.05). The between-group comparison 
showed significantly higher whole-body BMC in 
the OVX, OVX + CPC, and OVX + CPC/T3 groups 
as compared to the sham group from week 11 to 
19 (p < 0.05). The OVX + CPC and OVX + CPC/T3 
groups showed a  significant increase in whole-
body BMC compared to the OVX group at weeks 
11 and 19 (p < 0.05) (Table III A). 

The whole-body BMD for all groups increased 
significantly at weeks 11, 15, and 19 as compared 
to week 0 (p < 0.05). The whole-body BMD of the 
OVX + CPC/T3 group showed a significant increase 
at weeks 15 and 19 as compared to week 11 (p < 
0.05). However, no significant difference was ob-

served for the whole-body BMD between groups 
throughout the study (p > 0.05) (Table III B). 

The left tibial BMC and BMD for all groups 
showed significant increases at week 11, 15, and 
19 as compared to week 0 (p < 0.05). The OVX + 
CPC and OVX + CPC/T3 groups showed significant 
increases in left tibial BMC at weeks 15 and 19 as 
compared to week 11 (p < 0.05). However, left tib-
ia BMC and BMD showed no significant difference 
between groups throughout the study (p > 0.05) 
(Table III C, D). 

Effects of CPC and CPC/T3 implantation on 
bone histomorphometry of ovariectomised 
rats with bone defects

Static bone histomorphometry showed that 
the osteoclast surface (OC/BS) of the OVX + CPC/
T3 group was significantly reduced compared to 
the sham and OVX groups (p < 0.05). On the other 
hand, the OVX + CPC/T3 group had a significantly 
higher eroded surface (ES/BS) compared to the 
OVX group (p < 0.05). Meanwhile, OB/BS, OS/BS, 
and OV/BV showed no significant difference be-
tween groups (p > 0.05) (Figure 2). Representative 
images of the trabecular bone stained by haema-
toxylin and eosin are illustrated in Figure 3. Os-
teoblast and osteoclast cells were stained purple 
whereas the trabecular bone was stained pink. 

There was no significant difference in the pres-
ence of haematopoietic cells at the tibial defect 

Figure 2. Effects of CPC and CPC/T3 implantation 
on static bone histomorphometry in ovariecto-
mised rats with bone defects at the end of the 
study. Data are expressed as mean ± SEM. Notes: 
‘a’ indicates a  significant difference compared to 
the sham group, ‘b’ indicates a  significant differ-
ence compared to the OVX group
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Figure 3. Haematoxylin and eosin staining of tibial trabecular bone in ovariectomised rats at 400× magnification. 
Notes: ‘ES’ indicates the eroded surface, ‘Os’ indicates the osteoid surface, ‘OB’ indicates the osteoblast surface, 
‘OC’ indicates the osteoclast surface

 Sham OVX
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 OVX + CPC OVX + CPC/T3

Figure 4. A – Presence of haematopoietic cells at the tibial defect site of rats at the end of the study. B – Haematox-
ylin and eosin staining of the left tibial defect site in ovariectomised rats at 40× magnification. Data are presented 
as median ± interquartile range. Notes: ‘+’ in the boxplot represents the mean, ‘Tb’ indicates trabecular bone
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site of ovariectomised rats implanted with CPC 
and CPC/T3 (p > 0.05). Haematopoietic cells were 
stained purple and pink but are located outside 
the trabecular area (Figure 4). 

Masson’s trichrome staining showed that the 
presence of collagen and trabecular bone in the 
OVX + CPC/T3 group was significantly higher 
than that in the OVX + CPC group (p < 0.05) (Fig- 
ure 5 A). Representative Masson’s trichrome stain-
ing images of the left tibial bone defect in ovariec-
tomised rats are illustrated in Figure 5 B. Collagen 
was stained blue, trabeculae were stained red, 
and cement residues were stained pink. 

Structural histomorphometry indicated that 
BV/TV was significantly lower in the OVX group 
than the sham group (p < 0.05). The OVX + CPC/
T3 group exhibited higher BV/TV than the OVX 
group (p < 0.05). Tb.Th, Tb.N, and Tb.Sp showed 
no difference between the groups (p > 0.05) (Fig-
ure 6). Representative von Kossa staining images 
of the left tibial in ovariectomised rats are illus-
trated in Figure 7. The trabecular bone appeared 
brown, and darker staining indicated higher calci-
um deposition. 

Effects of OVX + CPC and OVX + CPC/
T3 implantation on bone biomarkers 
expressed in ovariectomised rats with bone 
defects

In bone, the BMP-2 level in the OVX + CPC/T3 
group was significantly higher compared to the 
sham, OVX, and OVX + CPC groups (p < 0.05). The 
level of Runx-2 in the OVX+CPC/T3 group was sig-
nificantly higher than in the OVX and CPC groups 
(p < 0.05). There was no difference in the OCN 
expression among all the experimental groups  
(p > 0.05) (Figure 8 A). In serum, significantly lower 
levels of BMP-2 and OCN were noted in the OVX + 
CPC/T3 group relative to the OVX group (p < 0.05). 
However, the Runx-2 expression did not differ be-
tween the groups (p > 0.05) (Figure 8 B). 

Effects of CPC and CPC/T3 implantation 
on bone biomechanical strength of 
ovariectomised rats with bone defects

The left tibia of the OVX + CPC/T3 group had 
significantly higher stiffness compared to the 
sham and OVX groups (p < 0.05). However, no sig-

 OVX + CPC OVX + CPC/T3

Figure 5. A – Presence of collagen and trabecular bone at the tibial defect site of rats at the end of the study.  
B – Masson’s trichrome staining of the left tibial defect site in ovariectomised rats at 40× magnification. Data are 
presented as median ± interquartile range. Notes: ‘+’ in the boxplot represents the mean value, ‘*’ indicates signif-
icant difference compared to the OVX+CPC group, ‘Tb’ indicates trabecular bone, ‘Col’ indicates collagen
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 Sham OVX

 OVX + CPC OVX + CPC/T3

Figure 6. Effects of CPC and CPC/T3 implantation on structural bone histomorphometry in ovariectomised rats 
with bone defects at the end of the study. Data are expressed as mean ± SEM. Notes: ‘a’ indicates a significant 
difference compared to the sham group, ‘b’ indicates a significant difference compared to the OVX group
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Figure 7. von Kossa staining of the tibial trabecular bone in ovariectomised rats at 400× magnification. White 
arrows indicate trabecular thickness, while red arrows indicate trabecular separation
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Figure 8. Effects of CPC and CPC/T3 implantation on BMP-2, Runx-2 and OCN expression in (A) bone and (B) serum 
of the ovariectomised rats with bone defects at the end of the study. Data are expressed as mean ± SEM. Notes: 
‘a’ indicates a significant difference compared to the sham group, ‘b’ indicates a significant difference compared 
to the OVX group, ‘c’ indicates a significant difference compared to the OVX + CPC group
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nificant difference between groups was noted for 
other bone biomechanical strength parameters  
(p > 0.05) (Figure 9). 

Discussion

In this study, implantation of CPC supplement-
ed with tocotrienol increased whole body BMC, 
stiffness, eroded surface, and bone volume, and 
decreased osteoclast surface in the ovariecto-
mised rats. Higher expression of BMP-2 and  
Runx-2 as well as higher formation of collagen and 
trabecular bone were noted at the defect site of 
the ovariectomised rats, indicating higher osteo-
genic capacity of CPC supplemented with tocot-
rienol than CPC alone. The findings of this study 
will increase the commercial value of tocotrienol 

and improve the application of CPC as a bone sub-
stitute to offer an alternative treatment for bone 
defects in osteoporosis.

In the preparation of CPC mixture with or with-
out palm tocotrienol, citric acid acts as a retardant 
that prolongs the setting time of the cement [35]. 
Sodium hyaluronate in distilled water acts as 
a  gel-forming polymer, increasing the viscoelas-
ticity and hydrating properties of CPC paste [26]. 
Sodium hyaluronate and distilled water should be 
added immediately after creating the bone defect 
cavity at the rat’s tibia, because the CPC paste 
hardens within minutes after mixing with sodium 
hyaluronate and distilled water. Blood oozing from 
the bone defect cavity due to drilling stops after 
the paste hardens and fills the cavity. 
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Figure 9. Effects of CPC and CPC/T3 implantation on bone biomechanical strength in the ovariectomised rats with 
bone defects at the end of the study. Data are expressed as mean ± SEM. Notes: ‘a’ indicates a significant differ-
ence compared to the sham group, ‘b’ indicates a significant difference compared to the OVX group
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The body weight and fat mass of sham-operat-
ed rats increased from the onset of the study to 
week 11, then plateaued until week 19. Similarly, 
the lean mass of sham-operated rats increased 
until week 15 and remained stable until the end 
of the study. On the other hand, the body weight 
and fat mass in the OVX, OVX + CPC, and OVX + 
CPC/T3 groups continued to increase throughout 
the study period. These observations could be at-
tributed to the increase in food consumption after 
the ovaries were removed (oestrogen level was 
decreased), leading to the increase in body weight 
and fat mass [36, 37]. Our findings were in line 
with studies by Ekeuku et al. and Mohamad et al. 
demonstrating that the rats gained weight after 
undergoing ovariectomy [22, 38]. 

In this study, DXA was used to evaluate the im-
pact of CPC with or without tocotrienol on BMC 
and BMD in the whole body and at the tibial bone 
defect site in ovariectomised rats. DXA measures 
bone density using a small dose of ionising radi-
ation [39]. The implantation of CPC and CPC sup-
plemented with tocotrienol increased whole-body 
BMC compared to the sham and OVX groups. 
Our findings also indicated that the whole-body 
BMD continued to increase at week 15 in ova-
riectomised rats following CPC/T3 implantation, 

which was not seen in other experimental groups. 
After CPC and CPC/T3 implantation, the left tib-
ia BMC in ovariectomised rats also increased at 
week 15, but these observations were not seen 
in the sham and OVX groups. The study findings 
suggested that CPC alone and CPC doped with 
tocotrienol enhanced whole-body and tibial BMC. 
The incorporation of tocotrienol offered slight im-
provement, whereby the whole-body BMD con-
tinued to increase at week 15. Tocotrienol can 
increase the mineral content and density of the 
bone, augmenting the properties of CPC. Our re-
sults are supported by a previous study by Ibrahim 
et al., which demonstrated that tocotrienol (given 
through oral administration and intraosseous in-
jection) was effective in preserving bone quality 
by increasing BMC and BMD in the tibia of ova-
riectomised rats [40]. Since BMC and BMD are key 
predictors of fracture risk [41], moderate improve-
ments in BMC and BMD can lead to substantial re-
ductions in fracture incidence in a clinical setting. 
These findings highlighted the potential clinical 
relevance of CPC supplemented with tocotrienol 
as a bone-protective strategy.

Bone histomorphometry is a  quantitative 
analysis used to evaluate bone tissue during the 
healing process. In static bone histomorphom-
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etry, haematoxylin and eosin staining is used to 
visualise the number and activity of bone cells 
(osteoblasts and osteoclasts) in response to im-
planted materials at a  specific time point [42, 
43]. In this study, the implantation of CPC incor-
porated with tocotrienol resulted in a decrease in 
OC/BS but an increase in ES/BS compared to the 
OVX group. Bone resorption occurs before bone 
formation during bone remodelling under physi-
ological conditions. The increase in bone resorp-
tion might be a result of active osteoclast activity 
that occurred earlier (after ovariectomy surgery 
and creation of the bone defect) to absorb bone 
fragments around the bone defect. After 8 weeks 
of implantation, the osteoclast count started to 
decrease, protecting ovariectomised rats against 
bone loss and initiating bone formation for bone 
repair. These results were consistent with a study 
conducted by Abdul-Majeed et al. in which the 
osteoclasts in ovariectomised rats treated with 
a  combination of lovastatin and delta-tocotrien-
ol decreased after 8 weeks of treatment [44]. In 
other research, ovariectomised rats treated with 
palm tocotrienol (consisting of 37.2% α-tocotrie-
nol, 39.1% γ-tocotrienol, and 22.6% δ-tocotrienol) 
had fewer osteoclasts after 4 weeks of treatment 
[45]. Another study by Mohd Ramli et al. found 
that annatto tocotrienol given orally decreased 
osteoclast count in adrenalectomised rats after  
2 months of treatment [46].

Haematopoietic cells are multipotent cells 
with the capacity to differentiate into blood cells 
[47]. Haematopoietic cells can differentiate into 
osteoclasts to start the bone repair process [48]. 
At the tibial bone defect site of ovariectomised 
rats, the incorporation of CPC with tocotrienol did 
not cause any change in haematopoietic cells be-
tween the OVX + CPC and OVX + CPC/T3 groups. 
To date, research on the effects of tocotrienol on 
hematopoietic cells in bones is limited. 

Masson’s trichrome staining is used to differ-
entiate newly deposited bone containing type 1 
collagen from older calcified bone [49]. Collagen 
assembles into fibrils, which are then mineralised 
into bone via the formation of apatite crystals 
[50]. The incorporation of CPC with tocotrienol re-
sulted in increased collagen and trabecular bone 
formation at the tibial bone defect site of ovariec-
tomised rats compared to those implanted with 
CPC alone. In accordance with the findings of the 
current study, an earlier study found that applica-
tion of a tocotrienol-rich fraction increased colla-
gen deposition in skin wounds of mice with type 2 
diabetes mellitus [51]. 

von Kossa staining is a histological technique 
used to quantify mineralisation (calcium deposits) 
in bone using two-step reactions. Firstly, silver re-
acts with phosphate in bone resulting in the for-

mation of transient yellow colouration. Secondly, 
bound silver is converted to black metallic silver 
with the aid of light. Thus, bone-containing miner-
al deposits have a dark brown to black colouration 
[52]. In this study, BV/TV was lower in the OVX 
rats compared to the sham group. The ovariec-
tomy-induced reduction in oestrogen production 
causes a rise in bone resorption and a fall in bone 
formation, which accelerates the deterioration of 
the trabecular bone structure. Therefore, the ova-
riectomy model mimics the pathophysiology of 
postmenopausal osteoporosis, which delays the 
healing of bone defects. The results of this investi-
gation were in line with earlier research reporting 
that the ovariectomised rats exhibited reduced 
trabecular bone volume as compared to normal 
rats [22]. In the present study, the implantation 
of CPC enhanced with tocotrienol into the tibial 
bone defects increased BV/TV in the ovariecto-
my rats compared to the OVX group, supporting 
the view that the presence of tocotrienol slowed 
down bone loss in ovariectomised rats with bone 
defects. A study by Ekeuku et al. showed that to-
cotrienol inhibited the decrease in metaphyseal 
and subchondral femur BV/TV caused by ovariec-
tomy [53]. 

In this research, the effects of CPC combined 
with palm tocotrienol on bone markers (such 
as BMP-2, Runx-2, and OCN) in ovariectomised 
rats with bone defects were examined. BMP-2 is 
a transforming growth factor-beta that promotes 
the differentiation of mesenchymal stem cells 
into osteoblasts. BMP-2 binds to type I and type II  
serine/threonine kinase receptors expressed on 
target cells to phosphorylate downstream Smad 
proteins. Subsequently, the activated Smad pro-
motes upregulation of Runx-2 and Osterix, lead-
ing to expression of alkaline phosphatase (ALP), 
collagen I, OCN, and osteopontin for bone matrix 
synthesis [54]. 

In this study, the results demonstrated that 
incorporating tocotrienol into CPC enhanced the 
expression of BMP-2 and Runx-2 but did not af-
fect OCN level in the bone. BMP-2 and Runx2 are 
early-stage markers of osteogenesis primarily in-
volved in osteoblast differentiation and initiation 
of bone formation. On the other hand, OCN is 
a  late-stage marker of bone mineralisation, typ-
ically expressed at the final stages of osteoblast 
maturation. The results of the current findings 
showed that the early stage of osteogenic differ-
entiation was active (as evidenced by BMP-2 and 
Runx2 upregulation), while the later stage of bone 
matrix mineralisation had not begun at the time 
of assessment. Our findings are supported by Chin 
et al., who reported that BMP-2 level was elevat-
ed in ovariectomised rats treated with oral tocot-
rienol and oral lovastatin [55]. An in vitro study 
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showed that tocotrienol enhanced the expression 
of BMP-2 in murine pre-osteoblast cells [56]. Prior 
research revealed that rats subjected to ovariecto-
my and treated with tocotrienol exhibited higher 
Runx-2 levels [28]. In nicotine-induced osteopo-
rotic animals, treatment with palm tocotrienol for 
two months raised the expression of Runx-2 in 
the femur compared to the negative control group 
[57]. Research by Mohamad et al. also showed 
that treatment with annatto tocotrienol orally in 
a rat model of osteoporosis induced by buserelin 
did not show a  significant difference in the ex-
pression of OCN after 3 months of treatment [58]. 

The circulating BMP-2 and OCN levels were 
decreased in the OVX+CPC/T3 group compared 
to the OVX group in the current study, indicating 
increased bone retention of these markers. BMP-2 
and OCN have a strong affinity with bone matrix 
(hydroxyapatite), responsible for bone mineralisa-
tion [59, 60]. Thus, the presence of bone defects 
in osteoporosis is often associated with decreased 
hydroxyapatite crystal formation, resulting in 
increases in serum BMP-2 and OCN levels. In 
a  study examining the level of bone turnover 
markers among osteoporotic and non-osteoporot-
ic patients, Jiang et al. reported that patients with 
osteoporosis had higher levels of OCN and C-te-
lopeptide cross-linked type 1 collagen (β-CTX) in 
peripheral blood than non-osteoporotic subjects, 
indicating elevated bone turnover [61]. 

The bone biomechanical strength test is a use-
ful metric for evaluating a bone’s resistance to frac-
ture, determined by load, displacement, stiffness, 
stress, strain, and Young’s modulus of elasticity 
of the bone. Load, displacement, and stiffness 
represent extrinsic qualities related to the gen-
eral composition of the bone. Stress, strain, and 
Young’s modulus of elasticity represent the intrin-
sic properties associated with the features of bone 
tissue. Load and stress represent the maximum 
force required to break a bone. Displacement and 
strain refer to the degree of deformation when 
maximum load or stress is applied. Stiffness and 
Young’s modulus of elasticity describe the degree 
of resistance in a bone towards deformation [62]. 
The results of this study showed that the bones 
implanted with CPC supplemented with tocotrie-
nol had higher stiffness than the bones without 
implantation, indicating that the incorporation of 
tocotrienol into CPC was required to enhance the 
bone biomechanical strength at the tibial bone 
defect site. Comparable studies by Ibrahim et al. 
and Mohamad et al. demonstrated that tocotrie-
nol enhanced the femur’s biomechanical strength 
in ovariectomised rats [22, 40]. Additionally, treat-
ment with emulsified palm tocotrienol promotes 
bone stiffness in the femur of ovariectomised rats 
[53]. However, other biomechanical parameters 

did not show significant differences. The results 
suggested that CPC with tocotrienol contributed 
to some structural reinforcement, but its overall 
biomechanical enhancement might be limited 
or required a  longer duration to observe mea-
surable changes. The improvement in stiffness 
of the bones implanted with CPC supplemented 
with tocotrienol might be due to early osteogenic 
differentiation and better collagen matrix organi-
sation. No significant changes in maximum force, 
resistance to deformation, and elasticity were ob-
served, as bone mineralisation might take longer 
to occur and translate into significant biomechan-
ical improvements. 

This study effectively demonstrated the poten-
tial of tocotrienol-doped CPC in promoting bone 
regeneration using multiple assessment modali-
ties such as bone densitometry, histological anal-
ysis, biochemical markers, and biomechanical 
testing. These diverse approaches ensure a robust 
interpretation of the results and strengthen the 
reliability of the findings, offering a  comprehen-
sive evaluation of bone quality, cellular activity 
and strength. However, this study has several lim-
itations. Firstly, the tocotrienol release rate from 
CPC was not evaluated, making it unclear how 
tocotrienol is released from the CPC matrix over 
time. Without understanding whether tocotrie-
nol is rapidly diffused or released in a sustained 
manner, its long-term effectiveness in bone heal-
ing remains unclear. To address this, in vitro drug 
release studies should be performed using sim-
ulated body fluids to analyse the elution profile 
of tocotrienol over time. High-performance liquid 
chromatography can be used to quantify tocotrie-
nol release and provide insights into its potential 
therapeutic efficacy. Secondly, the mechanism of 
action of tocotrienol in improving the shortcom-
ings of CPC and enhancing bone repair was not 
studied. Tocotrienol may affect bone metabolism 
through its potent effects in regulating inflamma-
tion, oxidative stress, hormonal changes, and bone 
peptides [63, 64]. Molecular and cellular analyses, 
including the profiling of gene expression, oxida-
tive stress markers and inflammatory cytokines, 
are essential to validate the proposed mecha-
nisms underlying the biological effects of tocotrie-
nol-doped CPC on bone regeneration. Thirdly, the 
effects of CPC doped with tocotrienol on bone re-
sorption markers were not investigated. Osteopo-
rosis is a systemic skeletal disorder resulting from 
bone-resorbing activity outweighing bone-form-
ing activity, delaying the bone healing process. 
Hence, the balance between bone formation and 
bone resorption activities should be investigated 
further. Another limitation of this study was the 
absence of a control group receiving systemic to-
cotrienol supplementation. Since tocotrienol has 
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systemic effects on bone metabolism, the absence 
of a  direct comparison makes it unclear wheth-
er local application provides a distinct advantage 
over systemic delivery or if a combination of both 
approaches would yield superior outcomes.

Several suggestions are recommended to un-
derstand the effects of CPC doped with tocotrie-
nol as a bone-repair therapy. It is anticipated that 
an in vivo study with a  duration of longer than 
8 weeks may result in a rise in bone production, 
aiding the understanding of the impact of CPC 
doped with tocotrienol in enhancing bone forma-
tion. Bone healing and remodelling are dynamic 
processes that occur over several months. While  
an 8-week study may be adequate to assess ear-
ly-stage bone healing, it may not capture long-
term effects such as the mineralisation of newly 
formed bone, potential degradation of CPC ma-
terial and late-stage bone cell activities involved 
in bone remodelling. Furthermore, research with 
varying tocotrienol concentrations can be con-
ducted to determine the optimal concentration 
to be incorporated with CPC in promoting bone 
regeneration. Angiogenesis (the process of new 
blood vessel formation) is also essential for de-
livering nutrients and oxygen during bone repair. 
Research on the angiogenic effects of CPC doped 
with tocotrienol is recommended to determine 
its potential in defect site vascularisation, thus 
suggesting it as a viable approach for accelerated 
bone regeneration. 

While CPC serves as a promising scaffold, the 
incorporation of tocotrienol introduces bioactive 
properties that may actively enhance bone re-
generation. To establish its clinical application, 
a direct comparison with other bone grafting ap-
proaches (autografts, allografts, synthetic scaf-
folds and growth factor-based therapies such 
as BMP-2 or platelet-rich plasma) is necessary. 
Additionally, regulatory and commercial aspects 
must be considered, including biocompatibility 
and toxicity assessments, scalability of production 
for medical-grade applications, and cost-effective-
ness analysis to ensure its viability as a market-
able bone graft alternative. Addressing these clin-
ical translation challenges will provide a stronger 
foundation for the potential use of CPC-tocotrienol 
in orthopaedic and dental applications, ultimately 
bringing it closer to clinical application.

In conclusion, the incorporation of palm tocot-
rienol has the potential to overcome the limita-
tions of CPC, particularly in its mechanical and 
osteogenic properties. This is evidenced by the 
implantation of CPC containing palm tocotrienol, 
which increases bone marker expression, collagen 
deposition and trabecular bone formation while 
reducing the number of osteoclasts. These effects 
contribute to greater stiffness at the bone defect 

site of ovariectomised rats. In contrast, CPC alone 
lacks biomechanical strength and osteogenic ca-
pability. Investigating the effects of CPC supple-
mented with tocotrienol in an established animal 
model provides valuable translational insights 
into its potential therapeutic applications for oste-
oporotic fractures and bone defects in postmeno-
pausal women. CPC enriched with tocotrienol may 
serve as a  scaffold to support bone formation, 
accelerate healing and improve bone quality in 
patients with compromised bone healing capac-
ity, highlighting its strong commercialisation po-
tential in orthopaedic and regenerative medicine 
markets. The positive outcomes obtained from 
this study await further validation through human 
trials to explore its clinical applications. 
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