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Table 2.1 Risk factors of postmenopausal osteoporosis. 

Fixed Risk Factors Modifiable Risk Factors 

Menopause age (Sullivan et al., 2017) 
Inadequate calcium and vitamin D 

intake (Dawson-Hughes et al., 2005) 

Menopause and hysterectomy (Sullivan et 

al., 2017, Melton III et al., 2007) 

Alcohol consumption (Kanis et al., 

2005a) 

Estrogen deficiency and amenorrhea 

(Fazeli and Klibanski, 2018) 
Cigarette smoking (Kanis et al., 2005b) 

Family history of osteoporosis (Kanis et 

al., 2004a, Seeman et al., 1989) 

Low body mass index (<20 kg/m2) (De 

Laet et al., 2005) 

Previous fractures (Kanis et al., 2004b) Eating disorders (Misra et al., 2016) 

Height loss (>0.5 cm per year) (Moayyeri 

et al., 2008) 

Inadequate physical exercise (Kemmler 

et al., 2004, Bass et al., 2002) 

Ethnicity (Caucasian and Asian population 

are at high risk) (IOF, 2020) 
Frequent falls (Tinetti, 2003) 

Estrogen deficiency is the primary risk factor of postmenopausal osteoporosis; 

other contributors besides the genetics mentioned above include modifiable factors such 

as nutrition, certain medications, and lifestyle (Sipos et al., 2009). Bone cells (osteoblast, 

osteoclast, and osteocytes) contain estrogen receptors on their surface (Becker, 2006). 

Stimulation of estrogen receptors, particularly on osteoblasts, may inhibit the activation 

of osteoclasts and thus reduce bone resorption and protect bones from osteoporosis 

(Jahanian et al., 2016). Oxidative-stress-generating factors such as poor nutrition, low 

levels of antioxidants in the body, smoking, alcohol intake, and excessive caffeine intake 

can be modified through lifestyle changes (Rao and Rao, 2015, Rao and Rao, 2013). For 

example, a diet low in calcium may induce secretion of parathyroid hormone, which 

activates osteoclasts and bone resorption (Jahanian et al., 2016). 

Interestingly, some cross-sectional studies have found an inverse relationship 

between sleep duration and BMD in elderly women (Kim et al., 2014, Kobayashi et al., 

2012). It has been hypothesized that a shorter waketime reduces the daily mechanical 
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Figure 2.3 Simplified diagram of lycopene metabolism in the body (created using the reference 
from (Papachristodoulou et al., 2014, Anese et al., 2013, Wang, 2012, Boileau et al., 2002, Parker, 
1996, Olson, 1994, Wang et al., 1992)).  

Lycopene enters the enterocytes by an active process via scavenger receptor class B type 
protein (SR-B1) (1) and passive diffusion (2). There, it is packed in chylomicrons or converted to 
apo-lycopenoids by BCO2. Then, the chylomicrons or apo-lycopenoids are transferred to the liver 
via the lymphatic (3) and the portal venous (4) systems. Chylomicron remnants (CM) pass to the 
blood capillaries and are then absorbed by the liver via receptor-mediated endocytosis (5). 
Lycopene is packaged in very low-density lipoproteins (VLDL) and high-density lipoproteins 
(HDL) by the liver and released to the systemic circulation (6). Lycopene travels to the 
extrahepatic organs through the systemic blood and is available there for its biological action. 
Polar metabolites are excreted in the urine by the kidneys (7), and non-absorbed lycopene is 
excreted through biliary excretion in feces (8). 

 

2.2.3 Lycopene isomerization 

2.2.3.1 In vivo isomerization of lycopene 

There are many stages in the digestion, absorption and secretion processes where 

in vivo isomerization of lycopene could occur. The biology behind in vivo isomerization 

of lycopene is not yet fully understood. However, Chasse and co-workers identified 

structure and stability of the most common isomeric forms to be a major requirement for 

lycopene isomerization. They concluded that 5-cis- isomers of lycopene have the highest 

stability, followed by all-trans-,9-cis-,13-cis-,15-cis-,7-cis- and 11-cis- (Chasse et al., 





23 
 

additional processing. For instance, one study found an increased amount of cis-isomers 

from 6% to 29% after heating tomato juice for 1 hr with 10% maize oil. Similarly, a 55% 

increase in cis-isomers was obtained after heating tomato juice paste at 100 0C for 30 min 

in the presence of 10% maize oil; a lesser effect was observed when 5% oil was used 

(Unlu et al., 2007b). In human subjects who ate tomato purée for two weeks, the isomeric 

composition of lycopene in plasma was predominantly  cis-isomers (5- cis-, 13- cis- and 

9- cis-) (Holloway et al., 2000). Tomato sauce enriched with cis-isomers had higher 

lycopene absorption as cis-isomers of lycopene are preferentially absorbed in to human 

body, but 5- cis- isomers were found in plasma TRL even though this isomer was not 

present in tomato sauce (Unlu et al., 2007a). Together, these findings further demonstrate 

in vivo isomerization of lycopene from trans- to cis-forms.  

2.2.3.2  Isomerization during food processing 

Isomerization and oxidation are the changes that affect lycopene during 

processing and storage (Shi and Maguer, 2000). Deliberate isomerization is a common 

practice in the food industry, used to produce nutraceuticals, pharmaceuticals, cosmetics 

and different food supplements. Different thermal methods (heating, microwaving) and 

non-thermal methods (irradiation, light and acid treatments) can cause trans- to cis-

conversion of lycopene (Honest et al., 2011). However, no further trans- to cis- 

isomerization is reported to occur during storage; instead, retro-isomerization (cis-to-

trans- isomerization) occurs (Honest et al., 2011, Shi and Maguer, 2000). Evidence 

suggests that standard home-based methods of cooking, heating, freezing and canning 

does not induce lycopene isomerization, although trans- to cis- isomerization of all-trans- 

�t-carotene will occur under these conditions (Nguyen et al., 2001, Nguyen and Schwartz, 

1998).  

Lycopene isomerization is highly dependent on the time and intensity of heat 

processing: approximately 2000C temperature for at least 45 minutes is needed to obtain 

successful trans- to cis- isomerization (Shi and Maguer, 2000, Nguyen and Schwartz, 

1998), as lycopene loses stability at temperatures above 1500C  (Mayeaux et al., 2006). 

Another study showed that an initial temperature of 60 - 700C is needed to induce cell 

wall disruption in tomato products and to release lycopene from the matrix. Upon cell 

destruction, oxidation and enzymatic reactions can initiate lycopene release (Page et al., 

2014). Both isomerization and degradation of lycopene occur simultaneously, but 
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temperature and light intensity may determine the rate of isomerization and degradation, 

as lycopene degradation is more rapid than isomerization at 1000C and 1500C (Lee and 

Chen, 2002). Thermal processing thus can increase the amount of cis-lycopene present in 

a tomato product, thereby increasing lycopene bioavailability, but it does decrease the 

amount of total lycopene present in the food (Shi and Maguer, 2000).  

Tetra-cis- (5-cis-) lycopene, which is naturally present in fresh tangerine tomatoes 

(Cooperstone, 2012, Ishida et al., 2007), is thermodynamically more unstable and may be 

converted to other isomeric forms. Therefore, its presence increases the proportion of cis- 

lycopene isomers compared to all-trans- but may ultimately decrease total lycopene 

content. Hackett et al analysed the isomerization of lycopene in semi-solid, oil-based 

oleoresins made from various tomato varieties at different storage temperatures, and 

found that as the temperature increased, the amount of all-trans- isomers decreased and 

cis- isomers correspondingly increased. Oleoresin made from tangerine tomatoes showed 

the highest loss of tetra-cis- lycopene among the tomato varieties tested (Hackett et al., 

2004). Lambelet et al developed a more stable tomato extract containing a high amount 

of cis-isomers which could be stored up to one year at room temperature without losing 

total lycopene content. This isomerized tomato oleoresin contained minimal                        

13-cis- lycopene, which is the most unstable form (Lambelet et al., 2009).   

2.2.4 Lycopene intake and plasma levels 

Lycopene is not known to have any adverse effects in humans, even when eaten 

at very high doses. Olmedilla et al reported that lycopene supplementation at 13.3 mg/day 

for 20 weeks, which was the longest period reported for a human lycopene intake study, 

did not cause any observable adverse or side effects (Olmedilla et al., 2002).The median 

lethal dose in rats for synthetic lycopene  was 500 mg/kg BW. Therefore the World Health 

Organization (WHO) expert committee on food additives has established 50 mg/kg BW 

per day as the highest acceptable daily intake (ADI) for synthetic lycopene (Bend et al., 

2007). Published survey data show that  dietary intake of lycopene ranges from 1-10 

mg/person/day (Bend et al., 2007). However, many dietary intervention studies have used 

daily doses up to 25-30 mg of lycopene. A study performed to investigate the effects of 

lower levels of lycopene showed that 5-10 mg of daily lycopene intake is adequate for 

the maintenance of average plasma lycopene levels and reduction of lipid peroxidation in 

adults (Rao and Shen, 2002). There is no significant difference in serum lycopene levels 
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to examine microstructure, macrostructure, bone composition and bone remodelling. 

Dogs were found to have the most similar bone structure mimicking the human skeleton, 

while rabbits have the least similar (Pearce et al., 2007). The very short femoral neck, 

small amount of cancellous bone at the femoral neck, vertebral body and mandible make 

the rabbit an undesirable animal model for research on bone physiology. However, dogs 

are far more expensive to maintain, and there is less public support for the use of dogs in 

research. Rodents, particularly rats, are a better alternative for bone research (Bagi et al., 

2011). Rats are considered an appropriate research animal to model human osteoporosis, 

although the rate and magnitude of bone loss depends on the method used to induce 

osteoporosis. Further, it depends on the skeletal site and whether bone loss is measured 

in cancellous versus cortical bone (Lelovas et al., 2008). Ovariectomized (OVX) rats fed 

a low calcium diet demonstrate the most rapid bone loss. This model is considered a gold 

standard for the evaluation of drugs for the treatment of osteoporosis. OVX model is 

recommended for research in the pathophysiology and therapeutic efficacy of treatments 

(Gao et al., 2014).   

A weakness of this model is the fact that the indices of cancellous bone turnover 

do eventually return to the value of sham controls. Sham-operated rats, which undergo a 

matching anaesthesia and surgical procedure but are left with their ovaries intact, are 

normally used in OVX studies as a control group.  However, Kruger and Morel have 

found no difference between BMD and BMC in sham-operated versus non-manipulated 

rats over a 2-6 month period. These findings suggest that it is scientifically valid to use 

unmanipulated rats as controls, a choice which reduces the ethical impact on the animals, 

unless a true sham-operated group is required by a regulatory body such as the USA Food 

and Drug Administration for pre-clinical trials (Kruger and Morel, 2016). Moreover, the 

effect of increased skeletal size on cancellous and cortical bones is less predictable in 

aged post-OVX rats. Therefore, studies with OVX rat models for the evaluation of 

therapeutic agents should be restricted to a duration of less than 12 months and probably 

not more than 6 months. As the responsiveness of growing rats to OVX is higher than 

that of aged rats, the OVX model to assess bone turnover in cancellous bones should not 

be initiated in rats >18 months old. Overall, the OVX rat model is ideal for examining 

postmenopausal cancellous bone loss and evaluating potential therapeutic agents for the 

prevention of osteoporosis over a short period of time (Thompson et al., 1995).  
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Lactobacillus and Bifidobacterium as well as other beneficial bacteria (Xia et al., 2018). 

In another study, supplementation with the carotenoid fucoxanthin, a carotenoid, 

similarly increased the abundance of Lactobacillus and Bifidobacterium (Sun et al., 

2020). 

In conclusion, lycopene has a protective effect against bone loss; this has been 

demonstrated in in vitro studies, in animal models of osteoporosis, and in human clinical 

studies. Hence, the consumption of tomatoes can be considered a valid dietary approach 

in the management and prevention of bone loss. In addition, lycopene from tomato or 

other sources has also demonstrated a prebiotic-like effect on gut microbiota. Therefore, 

consumption of tomatoes can also be considered a safe and economical approach for the 

management of gut health as well as bone health.
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3.2.7.1 Extraction of carotenoids from tomatoes 

Carotenoids were extracted under minimum light, using the method previously 

described (Brown et al., 2004). Briefly, 5 g of tomato powder was added to a 50 mL 

plastic test tube. This was mixed with a mixture of 500 mg Na2CO3, 5 g anhydrous 

Na2SO4 with 20 mL of tetrahydrofuran (THF): methanol (2:1). Samples were shaken in 

genogrinder (2010 Geno/Grinder) at 1,750 rpm for 4 min. After 60 min of incubation in 

the dark, samples were centrifuged at 1,620 g for 10 min (Eppendorf centrifuge 5804, 

with rotor A-4) and the supernatant was collected into a 50 mL glass bottle. The extraction 

process was repeated on the remaining solid fraction and the supernatants were pooled 

together and the total volume was recorded. Extracts were analysed using uHPLC-DAD 

as given in 3.2.7.4.   

3.2.7.2 Carotenoid extraction from plasma and urine of rats 

Plasma and urine carotenoids were extracted using the methods previously 

described (Cooperstone et al., 2017, Kopec et al., 2010). Briefly, plasma (500 µL) or urine 

(1 mL) were added to the same volume of ethanol with 0.1% Butylated Hydroxy Toluene 

(BHT) and 0.5 mL of saturated NaCl. The mixture was vortexed for 15 s followed by 

addition of 2 mL of 10:6:7:7 (v/v/v/v) hexane: ethanol: acetone: toluene (HEAT). The 

mixture was vortexed again for 15 s and centrifuged at 1,000 g for 5 min at -200C (Allegra 

64R, Beckman Coulter, NSW, Australia). The top layer was transferred to a new Kimax 

tube using a soda lime pasteur pipette. Each biological sample was extracted thrice. The 

extracts were dried under nitrogen gas and stored at -20oC until analysis, which was 

carried out within two days. Samples were re-dissolved in 75 µL of THF: methanol (1:3) 

before analysis. 

3.2.7.3 Carotenoid extraction from liver and feces of rats 

Liver and feces carotenoids were extracted using the methods previously 

described (Zaripheh et al., 2003, Boileau et al., 2000). Briefly, the frozen livers and feces 

were freeze-dried using freeze dryer (Cuddon FD18, Blenheim, New Zealand). Drying 

pressure was maintained between 0.1-0.3 mBar during the run. Vacuum temperature was 

-300C to -400C. Freeze-dried livers/feces were crushed to a powder using a porcelain 

mortar and pestle. 0.1 g of freeze-dried liver/feces were dissolved in 3 mL of KOH (60%) 

/ethanol (1:5) solution containing 1 g BHT/L. Samples were vortexed and kept in a water 
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Table 3.3 Body weights, liver weights, and daily amounts of urine and feces excreted for each 
experimental group in a five-day feeding trial.  

Parameter Control Low Mid High 

Initial body weight 

(g) 
230.5 ± 5.8 229.4 ± 3.1 228.9 ± 3.6 229.8 ± 2.8 

Final body weight 

(g) 
248.6 ± 17.4 251.7 ± 8.7 248.3 ± 15.9 246.9 ± 13.4 

% weight gain 7.9 ± 6.1 9.7 ± 3.4 8.4 ± 5.2 7.4 ± 5.4 

Liver weight (g) 8.5 ± 0.4 9.2 ± 0.6 9.2 ± 0.7 8.6 ± 0.4 

Liver weight (g/kg 

BW) 
35.9 ± 1.2 36.4 ± 1.6 37.0 ± 1.4 34.7 ± 2.0 

Feces excreted 

(g/d) 
4.4 ± 0.8 3.9 ± 1.3 5.7 ± 0.3 3.9 ± 1.1 

Feces excreted 

(g/d/kg BW) 
18.6 ± 3.5 15.4 ± 5.2 23.0 ± 1.9 15.7 ± 4.4 

Urine excreted 

(mL/d) 
5.9 ± 2.7 7.3 ± 2.5 7.3 ± 1.6 5.0 ± 2.7 

Urine excreted 

(mL/d/kg BW) 
23.2 ± 4.4 31.1 ± 6.7 29.6 ± 3.0 22.3 ± 1.2 

Values are means ± SD, n=3. Statistical analysis was performed between groups using one-way 
ANOVA and post-hoc Tukey test and there were no significant differences within the data in each 
row.  

 

3.3.2.2 Dose dependent plasma and liver lycopene concentration 

This trial was carried out to identify the appropriate dose to produce plasma and 

liver lycopene concentrations that have been reported to be beneficial in preventing 

certain non-communicable diseases in human. The peak for tetra-cis-lycopene was 

prominent in all plasma chromatograms; however, all-trans- and other-cis-isomers were 

detected only in plasma of high dose rats. Plasma chromatogram of the high dose also 

shows a considerably higher amount of �z-carotene (Figure 3.2).  
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We also performed two-way ANOVA to analyse the interaction effect of dose and 

the day (from day 2- day 5) on the proportion of lycopene excreted.  Results for both feces 

and urine revealed that there was no significant interaction between dose and day (Table 

3.7). 

Table 3.7 Two-way ANOVA for daily lycopene concentration in urine in each dose as a 
proportion of daily intake. 

Effect Feces Urine 

p value p value 

Dose 0.333 <0.0001 

Day 0.305 0.408 

Dose*Day 0.432 0.682 

  Data were analysed using two-way ANOVA, n=3 rats/group.  

Apparent absorption of lycopene was calculated in each day using the difference 

between daily dose of lycopene and the amount of lycopene present in feces. 

�#�L�L�=�N�A�J�P���=�>�O�K�N�L�P�E�K�J���K�B���H�U�?�K�L�A�J�A


L��
l
�.�U�?�K�L�A�J�A���E�J�P�=�G�A
F�.�U�?�K�L�A�J�A���E�J���B�A�?�A�O

�.�U�?�K�L�A�J�A���E�J�P�=�G�A

p�Û�s�r�r 

Apparent absorption of lycopene decreased over time with continuous feeding; 

however, the mean apparent absorptions at the end of the study were 56%, 58% and 48% 

for low, mid, and high doses respectively (Table 3.8). There was a ~7-fold difference 

among three doses of lycopene given daily to the rats; however, the mean percent apparent 

absorption was not significantly different (p<0.05) among the groups.  
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accumulated daily dose of lycopene fed to rats and total amount excreted in feces and 

urine. 

�.�U�?�K�L�A�J�A���N�A�P�A�J�P�E�K�J���E�J���P�D�A���>�K�@�U


L���:�.�U�?�K�L�A�J�A���E�J�P�=�G�A
F�:�.�U�?�K�L�A�J�A���E�J���B�A�?�A�O
E�Q�N�E�J�A�;���; 

Amount of lycopene retained in the body was significantly increased with the 

time. Percent lycopene accumulation in the liver did not significantly different throughout 

the study period (Table 3.11). 

Table 3.11 Lycopene retention and liver accumulation over time1. 

1 Values are mean ± SEM, n=3. Values in a column with a different superscript letter are 
significantly different at p<0.05. 2 Because of the exclusion of day 1 data for feces and urine, 
lycopene retention in the body was calculated and presented for days 2-5. 

Day2 
Amount of lycopene 
retained in the body 

(nmol) 

Amount of 
lycopene in the 

liver (nmol) 

Proportion of retained 
lycopene accumulated in the 

liver (%) 

2 268.65 ± 24.20d 21.32 ± 3.01b 7.85 ± 0.46 

3 422.87 ± 12.66c 26.99 ± 5.62ab 6.34 ± 1.19 

4 591.34 ± 22.39b 40.98 ± 1.51a 6.94 ± 0.23 

5 732.59 ± 2.08a 43.84 ± 3.95a 5.98 ± 0.53 
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the midpoint (Figure 4.4). Biomechanical properties were evaluated by a three-point 

bending test using a texture analyser (Shimadzu AGS-H/EZTest, Columbia, Maryland, 

USA). Femurs were placed on the bending jig with a fixed distance of 12 mm between 

two supporting rods. Constant deformation rate of 50 mm/min was applied at femur 

midpoint until the bone fractured. Values for break force (N), break stroke (mm), break 

stress (N/mm2), break strain (%), elasticity (N/mm2) and energy (J) were obtained by the 

load-deformation curve generated by TrapeziumX software. These terms are described in 

(Appendix i, Figure 17) 

 

Figure 4.4 Measuring of femur length (a), width (b), and thickness (c). 

 

4.2.4.6 Assessment of trabecular microarchitecture by microcomputed 
tomography 

The effects of tomato supplementation on microarchitectural changes in the fourth 

lumbar (L4) vertebra in female Sprague-Dawley rats were evaluated using micro-

computed tomography (micro-CT) (Skyscan 1172, Bruker, Kontich, Belgium) at 

Auckland Bioengineering Institute, Auckland University, New Zealand. Briefly, soft 

tissues were removed from the spine and the third to fifth  lumbar units dissected as a unit 

and stored in 70% ethanol. Three samples were mounted on top of each other, separated 

by foam disks, in a sealed tube maintaining a saturated vapour for imaging. Scanning was 

performed with x-ray energy settings of 72 kV, 138 µA, 700 mS exposure, 2x frame 

averaging, 4 x random movement, 1 mm Al filter, 2000 x 1332 camera pixels at a pixel 

resolution of 10.02 µm.  Vertebrae were scanned using a rotational step of 0.360 for 180° 

requiring 40 minutes per sample. The images were reconstructed using InstaRecon CBR 

Server Premium 15K (InstaRecon Inc.,1800 S. Oak St, Champaign, Illinois) and 

subsequently visualized in 3D using CTVox V 3.3 (Bruker, Kontich, Belgium). Data 

View V 1.5.4.0 (Bruker, Kontich, Belgium) was used to adjust rotational and tilt 

a b c 
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orientation to give comparable views of all samples and transverse planes. Analysis was 

done using CTAnal v.2.0.0.5 (Bruker, Kontich, Belgium). For the analysis of bone 

parameters, 500 planes (+250 & -250) from the midpoint of the 4th vertebrae was used as 

a volume of interest (VOI) (Jadzic et al., 2020).  

Bone volume fraction, bone surface density, trabecular number, trabecular 

thickness, trabecular separation and structure model index were calculated. These key 

parameters are expressed in the conventional way and brief definitions, are presented in 

Table 4.3.  Stronger trabecular bone will have higher bone volume and bone surface ratios 

to total volume. In osteoporosis the thickness of trabeculae remains unchanged, but the 

number of trabeculae will decrease, resulting in a larger distance between them. Structural 

model index is included as this parameter is commonly presented when reporting bone 

microstructure, although it often gives a negative value for trabecular bone due to its 

concave surface as opposed to a 0 for plates, 3 for rods, and 4 for spheres. 

Table 4.3 Defined microarchitectural parameters of trabecular bone. 

Parameter Abbreviation Definition 

Bone volume fraction BV/TV Segmented bone volume:total volume ratio 

Bone surface density BS/TV Segmented bone surface:total volume ratio 

Trabecular number Tb. N Average number of trabeculae per mm 

Trabecular thickness Tb. Th Mean trabecular thickness 

Trabecular separation Tb. Sp Mean distance between trabeculae 

Structure model index SMI Structural indicator of trabeculae 

 

4.2.5 Statistical analysis 

IBM SPSS statistics version 25 was used for statistical analysis. Results are 

presented as means with standard error of mean (mean ± SEM). Analysis for the in vivo 

DXA data was done using repeated measures of ANOVA focusing on actual data with 

body weight at each time point considered as a covariate. Repeated measures of ANOVA 

were conducted separately for pre-surgery period (week 0-6) and post-surgery period 

(week 6-16). A secondary analysis focused on percent change in in vivo DXA measures 

between weeks 0-6, 6-12, 12-16 and 6-16 analysed using one-way ANOVA and post-hoc 

Tukey tests. Body weight, uterus weight, serum CTx-1, serum osteocalcin, three-point 

bending test and bone microarchitecture were analysed using one-way ANOVA. Each 
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time, the Sham-C (non-OVX) was excluded from the analysis and separately tested using 

independent t-test to compare with the OVX-C group.  

4.3 Results 

4.3.1 General observations 

Rats were healthy throughout the quarantine (1 month) and study (4 months) 

periods, and no adverse effects were observed following tomato feeding such as 

behaviour change, illness, or deaths. After the first week of treat-training and thereafter 

throughout the study, all rats would stand erect in their cages and actively seek to take the 

treats as the researchers provided them.  Three rats (rats #25, #77 and #79) failed to 

recover from anaesthesia after DXA scan. One rat (rat #88) was euthanised at week 14 

due to a leg/spine injury. The deaths of these rats were not related to the tomato treatment 

and the post-mortem examination results are attached in Appendix ii . Transient 

haematuria was observed in a few of the rats during the study; the Animal Welfare Officer 

could not determine a cause but as there was no time or treatment pattern discernible, it 

was deemed unrelated to the tomato treatments. 

4.3.2 Effect of ovariectomy on uterus weight of female Sprague-Dawley rats  

Rats in group B, C, D, E and F (Figure 4.2) underwent ovariectomy at 16 weeks 

of age while rats in group A underwent no surgery (Sham-C). At the end of the study, the 

uterus was collected from each rat and weighed. As seen in Figure 4.5, the uteri weight 

of Sham-C rats was significantly higher (p<0.0001) than the OVX-C.  This finding was 

expected as the rat uterus atrophies following OVX. Uterus weight did not differ among 

OVX groups (p=0.806). However, uteri weights were higher in three rats (rat #6, 1.705 

g; rat #86, 0.997 g; rat #8, 0.756 g) compared to the others. This indicates the incomplete 

removal of one or both ovaries during OVX surgery. On this basis, these three rats were 

excluded from all subsequent analyses. 
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Figure 4.6 Mean weekly body weight measurements in female Sprague-Dawley rats. Data are 
mean ± SEM, n=12-15 rats/group. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Percent body weight change from baseline in female Sprague-Dawley rats. Data are 
mean ± SEM, n=12-15 rats/group. *indicates significant difference from OVX-C: *p<0.05; 
** p<0.01. 







89 
 

there was no real difference in the percent change of BMD between OVX groups during 

pre (0-6 weeks) and post (6-16 weeks) surgery period (Table 4.4). OVX model was 

successful as percent change of right femur BMD of OVX rats was significantly lower 

(p=0.002) than that of Sham-C rats during post-surgery period (Table 4.5). Changes in 

femur BMC are given in Appendix i, Table 6 & 7, Figure 12). 

Figure 4.10 Right femur BMD in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks. Data are mean ± SEM, n=12-15 rats/group. 

 

Table 4.4 Repeated measures ANOVA for right femur BMD during pre- and post-surgery period. 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate. 

 

 Pre- surgery period (0-
6 week) 

Post- surgery period (6-16 
weeks) 

OVX only BMD BMD 

Group p=0.795 p=0.825 

Week p=0.036 p=0.824 

Group x week p=0.037 p=0.012 
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Figure 4.11 Lumbar spine BMD in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks. Data are mean ± SEM, n=12-15 rats/group. 

 

Table 4.6 Repeated measures ANOVA for lumbar spine BMD during pre- and post-surgery 
period. 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate. 

 Pre- surgery period (0-6 
week) 

Post- surgery period (6-
16 weeks) 

OVX only BMD BMD 

Group p=0.592 p=0.279 

Week p=0.313 p=0.558 

Group x week p<0.001 p=0.049 
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1995). Thus, most studies carry out ovariectomy surgery in rats aged 3-6 months to induce 

a stronger and more reproducible osteoporotic response (Kruger and Morel, 2016, Ardawi 

et al., 2016, Iimura et al., 2015, Mathavan et al., 2015, Francisco et al., 2011). The 

duration of assessment post-surgery is generally brief, as osteoporotic changes can be 

observed in as little as 4 weeks. According to FDA guidelines, OVX rat models for the 

evaluation of osteoporosis therapeutic agents should be restricted to a duration of less 

than 12 months and probably not more than 6 months (Thompson et al., 1995) as  the 

skeletal changes become unclear and the cancellous bone turn over becomes similar to 

the sham control after a longer period after OVX (Thompson et al., 1995). Our study 

performed OVX surgery on rats aged 4 months and followed them post-surgery for 

additional two months.  

The uterus size is highly dependent on estrogen levels in the body, and post-OVX 

rats have significantly reduced uteri weights compared to sham rats due to the uterus 

atrophying post-surgery (Lemini et al., 2015). Confirmation of a successful OVX surgery 

is therefore determined by final uterine weight.  All Sham-C rats in this study had uterine 

weights of >0.5 g, whereas all OVX rats had uterine weights of <0.5 g except three rats; 

those three rats demonstrating incomplete OVX were discarded from the data set.  The 

overall model was demonstrated to be successful as evinced by the OVX rats having 

significant decreases in femur and lumbar spine BMD, bone break stress, and significant 

increases in body weight, serum osteocalcin and CTx-1, and femur thickness, compared 

to ovary-intact control rats.  These are discussed in more detail below. 

4.4.2 Effect of tomato feeding on bone markers 

Evaluation of bone turnover markers is a reliable, sensitive and non-invasive 

method to detect changes in bone remodelling in terms of bone formation and resorption 

(Shetty et al., 2016, Naylor and Eastell, 2012). Among the available biomarkers, serum 

osteocalcin (OC) and carboxy-terminal crosslinks telopeptide of type 1 collagen (CTx-1) 

are most commonly reported in bone-related research (Ardawi et al., 2016, Wheater et 

al., 2013, Eastell and Hannon, 2008). CTx-1 is a sensitive marker of bone resorption, and 

the circulating levels of CTx-1 increase as a result of increased bone resorption (Shetty et 

al., 2016, Coleman, 2002). Osteocalcin is a bone-specific protein produced by osteoblasts 

and an increased level of osteocalcin reflects higher rates of bone formation (Garnero, 

2008). However, serum osteocalcin is elevated after menopause because the bone matrix 
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these beneficial effects were due to the lycopene in the tomato powder. As reported by 

Ardawi et al lycopene supplementation at 15-45 mg/kg BW per day significantly 

increased bone volume, trabecular number and thickness while significantly reduced 

trabecular separation (Ardawi et al., 2016). Compared to this study the lycopene dose that 

we used (0.35 mg/kg BW) was approximately 100-fold lower but still showed a positive 

trend in many variables tested, which suggests that a higher dose may provide clinically 

important improvement.  

4.4.5 Effect of tomato feeding on biomechanical properties of bones 

Measuring biomechanical properties of bones is considered a highly accurate 

parameter to assess the resistance of bone for fractures caused by external forces (Havill 

et al., 2014, Kim et al., 2004). A bone bending test can measure properties of whole bone 

that can be described using different variables (Ferretti, 1995). We used a three-point 

bending test to evaluate whole bone strength using six different variables:  break force, 

break stroke, break stress, break strain, elasticity and energy. A detailed discussion of 

each of these variables can be found in Appendix i, Figure 17. 

Compared to the Sham-C, OVX-C rats had larger femurs that were significantly 

wider and thicker at the midpoint.  However, their bones, while larger, demonstrated a 

significantly lower break stress: this is the most relevant biomechanical parameter, as a 

higher break stress directly correlates with stronger, more resilient bone. Elasticity was 

also lower in the OVX-C rats compared to Sham-C, although this did not reach statistical 

significance. Wider, thicker femurs with reduced elasticity and break stress have been 

reported elsewhere in OVX rats (Kruger et al., 2009, Kruger et al., 2008, Kruger et al., 

2006, Kruger et al., 2005).  We did not observe the expected decrease in other parameters 

such as energy and break stroke, but this may be due to the high degree of variation of 

low bone mass in rats after ovariectomy, compounded by the fact that the femurs that we 

used for three point bending tests are mainly composed of cortical bone (Clarke, 2008) 

which has slower bone turnover than trabecular bone (Jee and Yao, 2001). There is a 

reported increase in femoral bone strength during the three month period after 

ovariectomy, followed by a decline afterwards, when rats undergo ovariectomy surgery 

between 3-6 months of age (Shimizu et al., 2018, Yoshitake et al., 1999, Mosekilde et al., 

1993, Danielsen et al., 1993). One suggested reason for this transient increase in bone 

strength following ovariectomy is an increased rate of periosteal bone formation and bone 
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using a soda lime Pasteur pipette. Each biological sample was extracted thrice, and 

extracts were pooled together. The extracts were dried under nitrogen gas and stored at -

20oC until analysis, which was carried out within two days. Samples were re-dissolved in 

75 µL of tetrahydofuran: methanol (1:3) before analysis. Frozen livers were freeze-dried 

(Cuddon FD18, Blenheim, New Zealand). Drying pressure was maintained between 0.1-

0.3 mBar during the run. Vacuum temperature was -300C to -400C.   

5.2.2 Carotenoid extraction from supplement treats and rat liver 

Liver and supplement treat carotenoids were extracted using the methods 

described previously (Conlon et al., 2012, Zaripheh et al., 2003, Boileau et al., 2000). 

Briefly, frozen livers/supplement treats were freeze-dried (Cuddon FD18, Blenheim, New 

Zealand). Drying pressure was maintained between 0.1-0.3 mBar during the run. Vacuum 

temperature was -300C to -400C.  Freeze-dried livers/ supplement treats were crushed to 

a powder using a porcelain mortar and pestle. Representative samples of 0.1 g of freeze-

dried liver were dissolved in 3 mL of KOH (60%) /ethanol (1:5) solution containing 1 g 

BHT/L. Samples were vortexed and kept in a water bath at 600C for 30 min for complete 

saponification. Samples were again vortexed after adding hexane (3 mL) and distilled 

water (1 mL) and centrifuged at 1,000 g for 5 min (Allegra 64R, Beckman Coulter, NSW, 

Australia). Top layer was collected as mentioned previously. Samples were extracted 

thrice, and dried extracts were stored at -20oC until analysis, which was carried out within 

two days. Samples were re-dissolved in 100 µL of THF: methanol (1:3) before analysis 

by HPLC. Weights of liver/supplement treats were measured before and after freeze 

drying. Lycopene concentration was measured in 0.1 g of freeze-dried liver/ supplement 

treats and back calculated to fresh weights. 

5.2.3 Evaluation of caecal pH 

Caecal samples were thawed to room temperature and the pH of each caecal 

sample was tested using a pH meter (HANNA-HI99121, Woonsocket, USA). Triplicate 

measurements were taken from each sample by inserting the electrode of pH meter into 

the caeca.  

5.2.4 DNA extraction from rat caeca 

Frozen caecal samples were kept at 5ºC overnight to thaw. The following day, 

DNA was extracted from caeca using the Bioline Isolate II Fecal DNA Kit according to 
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Figure 5.6 Whole body fat percentage in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks. Data are mean ± SEM, n=12-15 rats/group. 

 

 Table 5.9 Repeated measures ANOVA for fat percentage during pre- and post-surgery period 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate. 

 Pre-surgery period (0-6 
week) 

Post-surgery period (6-
16 weeks) 

OVX only fat % fat % 

Group p=0.040 p=0.140 

Week p=0.999 p=0.188 

Group x week p=0.091 p=0.512 
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Figure 5.7 Whole body lean mass in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks. Data are mean ± SEM, n=12-15 rats/group. 

 

 Table 5.11 Repeated measures ANOVA for lean mass during pre- and post-surgery period. 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate 

 Pre-surgery period (0-6 
week) 

Post-surgery period (6-
16 weeks) 

OVX only Lean mass Lean mass 

Group p=0.502 p=0.740 

Week p=0.002 p=0.163 

Group x week p=0.663 p=0.278 
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group. Gut bacteria produce SCFA by fermenting resistant dietary fiber (Scott et al., 

2008), and high levels of SCFA correlate with more acidic pH (Lupton and Kurtz, 1993). 

Therefore, the negative correlation observed between gut bacteria and pH could be due 

to less production of SCFA when there is a lower number of gut bacteria. Studies suggest 

that fiber and phenolic compounds are effective promoters of gut bacteria populations 

and this in turn will facilitate production of SCFA (García-Alonso et al., 2017). It has also 

been found that phenolic compounds are not absorbed in the stomach but rather reach the 

large intestine, where they can promote the abundance of gut bacteria (Dueñas et al., 

2015b). Phenolics, their catabolites produced in vivo, and their overall accumulation can 

all affect gut microbial profile (Pérez-Conesa et al., 2009, Crozier et al., 2009). As we 

utilised whole tomato powder in the current study, it is likely that phenolic compounds 

and fiber, along with lycopene may have contributed to the beneficial effects observed. 

5.4.5 Effect of tomato feeding on body composition  

The OVX model successfully induced increased weight gain to a state similar to 

obesity in humans, via accelerated fat mass gain and lean mass loss. Rats gained 

significantly more fat mass post-OVX compared to Sham-C, as reported previously 

(Kurrat et al., 2015, Zoth et al., 2010, Isken et al., 2008, Wu et al., 2004) and this is widely 

believed to be due to the low level of estrogen after menopause/ovariectomy (McCarthy 

et al., 2013). The mechanism behind this phenomenon remains unclear and is only 

partially explained by increased energy intake. Some studies suggest that the presence of 

estrogen receptors in adipocytes may have a role in the increase of fat mass (Brown and 

Clegg, 2010, Pallottini et al., 2008). A study carried out with adipose tissue-specific 

androgen receptor knock-out mice showed increased subcutaneous obesity and 

hyperleptinemia due to an increased level of intra-adipose estradiol (Yu et al., 2008). In 

addition, changes in energy homeostasis due to low estrogen could result in accumulation 

of intra-abdominal body fat (Lizcano and Guzmán, 2014). It has also been found that 

estrogen affects the nuclei of the hypothalamus which control energy homeostasis and it 

also regulates the activity of hypothalamic neurones via gene regulations and neuronal 

excitability (Roepke, 2009). Estrogen regulates the expression of enzymes involved in 

glucose/energy metabolism (Lizcano and Guzmán, 2014, Hart-Unger and Korach, 2011) 

and estrogen deficiency after ovariectomy induces additional food intake by regulating 

the activity of molecules involved in appetite (Lizcano and Guzmán, 2014).  
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6.1 Introduction  

Bone is a highly dynamic structure that undergoes constant remodelling (Datta et 

al., 2008). Bone remodelling allows bone to repair damage and maintain the integrity of 

the skeletal system (Raggatt and Partridge, 2010). Bone remodelling occurs throughout 

life (Kini and Nandeesh, 2012, Baron and Hesse, 2012, Rao et al., 2003), and governs the 

function and formation of the skeleton as well as the maintenance of calcium and 

phosphate homeostasis (Rao and Rao, 2015). Equilibrium in the opposing processes of 

bone formation by osteoblast cells and bone resorption by osteoclast cells plays a major 

role in terms of bone health (Feng and McDonald, 2011), whereas excessive osteoclast 

activity leads to skeletal disorders such as osteoporosis (An et al., 2016, Das et al., 2010). 

Clinical treatments for osteoporosis, such as bisphosphates, induce inhibition of 

osteoclast activity (Drake and Cremers, 2010). Osteoclasts are large multinucleated cells 

originating from haematopoietic lineage; their main function is degrading the mineralized 

bone matrix (Marino et al., 2014). Two major cytokines, macrophage-colony stimulating 

factor (M-CSF) and receptor activator of NF�NB ligand (RANKL), are produced by 

osteoblasts and are involved in the regulation of osteoclast differentiation, function and 

survival (Pallottini et al., 2008, Matsuo and Irie, 2008). Therefore RANKL and its 

receptor RANK play a vital role in differentiation and activation of osteoclasts (Ha et al., 

2004).   

Tartrate resistant acid phosphatase (TRAP) is an enzyme expressed by osteoclasts, 

inflammatory macrophages and dendritic cells (Rissanen et al., 2008). Its presence and 

concentration correlate with the number of osteoclasts present rather than changes in 

resorptive activity of individual osteoclasts. The measurement of TRAP is a useful marker 

of bone resorption (Rissanen et al., 2008) and is used to monitor the effectiveness of 

antiresorptive treatments in clinical settings (Civitelli et al., 2009, Halleen et al., 2006).  

It is also used in cell studies to assess osteoclast generation and activity (Rantlha et al., 

2017). The use of in vitro models is a practical way of predicting in vivo bone resorption. 

The RAW 264.7 macrophage cell line has the capacity to differentiate into mature 

osteoclasts in the presence of RANKL (Wattel et al., 2004, Hsu et al., 1999). Therefore 

RAW 264.37 cells are commonly used as a model to study osteoclast formation and 

function (Collin-Osdoby and Osdoby, 2012), including the production of TRAP and its 

enzymatic activity.  
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(1 mL/well) into triplicate wells of a 24 microwell plate in culture medium containing 15 

ng/mL of RANKL ± tomato extracts at four different lycopene concentrations (0.01, 0.1, 

1.0 and 10.0 µmol/L) and incubated for 5 days. Lycopene concentrations were chosen 

based on previously reported studies (Feng et al., 2010, De Stefano et al., 2007). Calcitriol 

(10-8 M) was used as a positive control and DMEM (10% FBS) with 0.1% DMSO was 

used as a vehicle control (Appendix i, Layout 2). Cell culture media were replaced after 

72 hours with fresh media DMEM containing treatments matching the originals. After 5 

days of exposure to the tomato extracts, medium in each well was removed in to 2 mL 

Eppendorf tubes and stored at -800C until analysis. Each experiment was repeated thrice 

to provide experimental replicates. 

6.2.8 Tartrate -resistant acid phosphatase (TRAP) activity assay 

Eppendorf tubes containing conditioned medium were completely thawed and 30 

µL of the test material was added to triplicate wells in 96 well plates (Appendix i; Layout 

3) with 170 µL of acetate (100 mM) - tartrate (26.67 mM) buffer containing p-nitrophenyl 

phosphate (pNPP) at a final concentration of 5 mM. After incubation at 370C for 1 hour, 

the reaction was stopped by adding 50 µL 1M NaOH. After colour formation, absorbance 

was recorded at 405 nm. 

6.2.9 Tartrate -resistant acid phosphatase (TRAP) staining assay 

After removing the media on day 5, the TRAP staining assay was carried out for 

counting TRAP-positive multinucleated osteoclast cells. TRAP staining method was 

performed according to method described by Boeyens et al with slight modifications 

(Boeyens et al., 2014). Briefly, cells were washed with warm PBS and fixed with 3% 

Formaldehyde/66% Acetone/Citrate (fixative buffer) for 30-60 sec and washed with 

warm MQ water three times. Naphthol AS-BI-phosphate (12.5 mg/mL) in acetate (100 

mM)-tartrate (26.67 mM) buffer (500 µL) was added in each well and incubated at 370C. 

After 30 min, this was removed and warm pararosaniline dye in acetate (100 mM)-tartrate 

(26.67 mM) buffer (500 µL) was added and incubated at 370C. After 20 min, this was 

removed, and the plate was rinsed with warm MQ water three time. Haematoxylin was 

added to each well to cover the cells and left for 30-60 sec for counter staining. Images 

were taken with Olympus Camedia C-5060 camera using 20X objective lens of an 

inverted microscope (Olympus CK40). Stained cells with more than four nuclei were 

identified as TRAP-positive multinucleated cells.  
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6.3.3 TRAP-positive cell count  

RAW 264.7 cells did not differentiate into mature osteoclasts without RANKL 

being present (Figure 6.4). The cells remained as small, dark-staining amorphous shapes.  

In contrast, with RANKL present, mature osteoclasts were easily identified by their large 

size, definitive cell membrane, pink-stained cytoplasm, and multiple nuclei. Every well, 

except for the negative control with no RANKL present, contained at least one 

identifiable osteoclast. The inclusion of calcitriol, as expected, appeared to reduce the 

number of visible osteoclasts, with fewer large, pink osteoclasts visible and more small, 

dark, undifferentiated cells present. In addition, the osteoclasts appeared to be smaller and 

contained fewer nuclei. A similar effect, although to a lesser degree, was seen in wells 

containing tomato extracts at the highest dose.
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(Nara et al., 2001). It is also unclear whether the effect of lycopene on cellular function 

and signalling pathways is caused by intact lycopene or its derivatives (Wang, 2012). 

Studies have demonstrated biological effects of lycopene derivatives (Landrum, 2009, 

Mein et al., 2008). Among identified lycopene metabolites, acyclo-retinoic acid, an 

analogue of lycopene, has been demonstrated to inhibit cell proliferation and induce 

apoptosis in several cell lines (Mein et al., 2008). Several studies have found that the 

formation of lycopene metabolites and oxidation products does occur in vitro (dos Anjos 

Ferreira et al., 2003, Caris-Veyrat et al., 2003, Zhang et al., 2003, Kim et al., 2001). This 

suggests that the lycopene, rather than other components, was responsible for the 

observed cytotoxic effect of tomato powder in the current study. As we used lipid extracts 

of tomatoes where the predominant bioactive compound is lycopene (Hwang and Bowen, 

2005), it is less likely that this cytotoxicity was due to the ionic or macronutrient 

components of tomato powders. 

Osteoclast activity was assessed by tartrate resistant acid phosphatase (TRAP) 

enzymatic activity in conditioned medium. At low concentrations, neither tomato extract 

induced a significant difference in TRAP activity. However, a significant difference was 

observed between the treatments of 1 versus 10 µmol/L lycopene in tomato powder, with 

the higher dose resulting in lower TRAP activity. This is in accordance with Rao et al 

who found a significant functional inhibition of PTH-stimulated resorption by osteoclasts 

at a lycopene concentration of 10 µmol/L (Rao et al., 2003). Similarly, Stefano et al 

demonstrated significant inhibition of production of reactive oxygen species (ROS) with 

lycopene concentration at 20 µmol/L (De Stefano et al., 2007). Feng et al found that 

lycopene from 1-10 µmol/L dose-dependently inhibited the production of nitric oxide, a 

ROS, by RAW 264.7 cells (Feng et al., 2010). It is suggested in the literature that 

oxidative stress caused by ROS is involved in the bone resorption process caused by 

osteoclasts (Silverton, 1994, Zaidi et al., 1993).  

Osteoclastogenesis was assessed by quantifying the number of TRAP-positive 

osteoclasts present after RANKL-induced differentiation. These results did not mirror 

those observed for TRAP enzymatic activity.  At 1 µmol/L, both tomato extracts slightly 

increased TRAP activity but slightly decreased osteoclast numbers compared to vehicle 

control. At 10 µmol/L, both tomato extracts slightly reduced TRAP activity but 

significantly reduced osteoclast numbers by >50% compared to vehicle control. It is 

suggested that TRAP activity increases with increasing TRAP-positive cells (Rissanen et 
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7.5 Correlation between BMD, body composition and gut microbiota 

Measurement of bone mineral density (BMD) is considered the most clinically 

relevant indicator of fracture risk (Nguyen et al., 2005, Marshall et al., 1996) and thus is 

an effective way to diagnose the onset of post-menopausal osteoporosis. The combination 

of fat mass and lean mass (fat free mass) are collectively termed body weight (Ho-Pham 

et al., 2010). BMD is directly correlated with body weight (Nguyen et al., 1994) indicating 

that people with higher body weight have stronger bones (Nguyen et al., 1994). There are 

a number of large epidemiological studies reporting a positive relationship between body 

weight and BMD (Nguyen et al., 1997, Edelstein and Barrett-Connor, 1993, Felson et al., 

1993), although it is not fully established whether the benefit is due to lean mass, fat mass, 

estrogen produced by adipose cells, or a combination of these factors (Kremer and 

Gilsanz, 2016). The mechanisms by which adipose tissues influence BMD are less clear. 

However, adipokines and molecules secreted by osteoclasts and osteoblasts may play a 

role in the relationship between bone and fat (Salamat et al., 2013). It is also suggested 

that obesity may improve bone mass due to conversion of androgen into estrogen by 

adipocytes (El Hage et al., 2009). The relationship between increased BMD and lean mass 

can be due to mechanical loading of the skeleton as higher lean mass is related to physical 

activity (Chubak et al., 2006). Muscle contractions exert a higher force on bones than 

other weight-associated gravitational forces (Burr, 1997). Several cross-sectional studies 

of pre- and post-menopausal women have reported a positive relationship between fat 

mass and BMD (Reid et al., 1994, Reid et al., 1992), while other studies reported both fat 

and lean mass positively correlate with BMD (Seeman et al., 1996, Lindsay et al., 1992). 

However, these relationships may depend on the method by which BMD is measured 

(Khosla et al., 1996). The relationship between fat and lean mass and BMD can also be 

influenced by environmental factors (Nguyen et al., 1998).  

We observed that BMD in the right femur and lumbar spine of OVX rats was 

positively correlated with body weight (BW), fat mass and lean mass (Appendix i, Table 

18-23).  However, the relationship between BW and BMD becomes more complex during 

the postmenopausal period or post-ovariectomy, as estrogen deficiency may induce both 

fat deposition and bone loss (Pitroda et al., 2009, Bolland et al., 2006). In addition, 

estrogen deficiency increases the loss of calcium from bones (O'Loughlin and Morris, 

1998). Moreover, a correlation between elevated levels of parathyroid hormone and body 

weight was found in obese menopausal women (Bolland et al., 2006), and another study 
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identified low levels of circulating vitamin D in obese people (Drincic et al., 2012). A 

study in obese, ovariectomised rats showed that although there were significant 

correlations between fat and lean mass, BW and fat mass, and BW and lean mass, the 

data overall showed that lean mass was more strongly correlated with BMD than BW and 

fat mass itself (Siriarchavatana, 2021). This finding validated the multiple linear 

regression analysis in postmenopausal women that revealed lean mass is the strongest 

predictor of BMD in all sites (Ho-Pham et al., 2010). However, increased BW after 

menopause/ovariectomy is usually due to a proportionally greater increase in fat mass 

than lean mass. Therefore, the relationships between BMD, fat mass, lean mass, and body 

weight in ovariectomized rats have not yet been fully defined. 

Gut microbiota may affect bone health in several ways, as they can break down 

macromolecules into micro-components which may improve bone health via increasing 

bone mineral density (Quigley, 2013). For instance, Lactobacillus and Bifidobacterium 

can improve BMD via increasing the absorption of minerals such as calcium, magnesium 

and phosphorus (Rodrigues et al., 2012). Gut microbe composition also regulates gut pH 

which is important in calcium absorption (Palmer and Rolls, 1981). Further, gut microbes 

regulate BMD via both alteration of immune system and regulation of hormones and 

neurotransmitters (He et al., 2020, Ding et al., 2020). Our current study showed an 

increased abundance of five bacterial species tested (Lactobacillus, Bifidobacterium, 

Enterococcus, Bacteroides and E. coli), and the tomato feeding prior to ovariectomy led 

to significantly higher abundance of all gut microbes (Chapter 5). However, we did not 

see a significant relationship between BMD and the abundance of gut microbiota 

(Appendix i, Table 18-23). There remains a scarcity of studies related to the effect of 

carotenoids on gut microbiota. (Bohn et al., 2015). Gut microbes produce short chain fatty 

acids (SCFAs) as fermented end products, which regulate intestinal pH and growth of 

harmful bacteria and also maintain the homeostasis of the intestinal environment (Sun et 

al., 2020). Therefore, changes in microbiota are associated with the SCFA profile (García-

Alonso et al., 2017). As our study found no significant correlation between lycopene 

content and bacterial groups or SCFA, we hypothesise that the observed changes in 

microbiota and SCFA were induced by phenolic compounds and/or fiber in tomatoes, 

rather than lycopene (García-Alonso et al., 2017). Tomatoes are a good source of dietary 

fiber (Koh et al., 2010), although the dietary fiber present in tomatoes is mainly insoluble 

and thus poorly fermented by gut microbes (Lattimer and Haub, 2010).  
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Figure 4 Photographs of red (A1) and tangerine (Solanum lycopersicon L. hybrid FG10-314) 
tomatoes (B1) with corresponding light micrographs at 400× magnification of fresh red tomato 
(A2) and tangerine tomato (B2) mesocarp. Arrows and arrowheads denote crystalline and non-
crystalline carotenoid containing structures, respectively (Cooperstone et al., 2015)(Copyright 
permission is granted for using this image). 
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Figure 9 Carotenoid chromatogram of standard rat chow. 

       Figure 10 Carotenoid chromatogram of control supplements (wheat flour + peanut butter + 
honey). 
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Figure 11 Pharmacokinetic model of carotenoid disposition (adapted from (Diwadkar-
Navsariwala et al., 2003). 
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Table 4 Amount of feces excreted from day 1-5. 

 Feces (mg/day) 

Day Control Low Mid High 

1 3.25 ± 0.06 4.68 ± 0.13 3.52 ± 0.97 4.26 ± 0.60 

2 4.68 ± 0.89 4.19 ± 0.68 3.30 ± 0.98 3.83 ± 0.93 

3 4.16 ± 0.85 6.16 ± 0.63 5.86 ± 0.22 3.34 ± 0.58 

4 3.84 ± 0.38 4.45 ± 1.03 6.36 ± 1.16 3.38 ± 0.54 

5 4.41 ± 0.87 3.88 ± 1.34 5.69 ± 0.30 3.86 ± 1.07 

Values are means ± SEM, n=3. Statistical analysis was performed between days in each dose 
using one-way ANOVA and post-hoc Tukey test. 

 

Table 5 Amount of urine excreted from day 1-5. 

 Urine (ml/day) 

Day Control Low Mid High 

1 4.33 ± 0.73 7.83 ± 0.93 7.33 ± 1.30 5.00 ± 0.58 

2 5.00 ± 1.76 5.17 ± 1.09 6.50 ± 1.53 4.50 ± 0.58 

3 5.50 ± 1.04 6.33 ± 1.76 8.00 ± 0.29 4.50 ± 0.76 

4 5.50 ± 1.61 6.50 ± 1.04 7.20 ± 0.91 4.67 ± 0.88 

5 6.00 ± 1.32 6.00 ± 1.26 7.33 ± 0.73 5.50 ± 0.29 

Values are means ± SEM, n=3. Statistical analysis was performed between days in each dose 
using one-way ANOVA and post-hoc Tukey test. 
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Figure 12 Right femur BMC in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks. 

 

Table 6 Repeated measures ANOVA for right femur BMC during pre- and post-OVX feed period. 

 
Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate. 

 Pre-surgery period (0-6 
week) 

Post-surgery period (6-
16 weeks) 

OVX only BMC BMC 

Group p=0.950 p=0.972 

Week p=0.078 p=0.400 

Group x week p=0.052 p=0.061 
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Figure 13 Ex vivo right femur BMC and BMD in female Sprague-Dawley rats (n=12-15) fed 
control or experimental supplements for 16 weeks. Statistical significance between OVX-C and 
experimental diet groups is indicated by asterisks ** p<0.01. 
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Figure 14 Lumbar spine BMC in female Sprague-Dawley rats (n=12-15) fed control or 
experimental supplements for 16 weeks.  

 

Table 8 Repeated measures ANOVA for lumbar spine BMC during pre- and post-surgery period. 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
used as covariate. 

 Pre-surgery period (0-6 
week) 

Post-surgery period (6-
16 weeks) 

OVX only BMC BMC 

Group p=0.701 p=0.636 

Week p=0.813 p=0.353 

Group x week p=0.002 p=0.103 
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Figure 15 Ex vivo lumbar spine BMC and BMD in female Sprague-Dawley rats fed control or 
experimental supplements for 16 weeks. 
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Table 10 Repeated measures ANOVA for whole body BMC and BMD during pre- and post-
surgery period. 

Data were analysed using repeated measures of ANOVA, n=12-15 rats/group. Body weight was 
taken as covariate. 

 

 

 

 Pre-surgery period (0-6 week) Post-surgery period (6-16 
weeks) 

OVX only BMC BMD BMC BMD 

Group       p=0.186       p=0.808       p=0.384       p=0.829 

Week       p=0.972       p>0.001       p=0.854       p=0.309 

Group x week       p=0.013       p=0.009       p=0.011       p=0.001 
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Figure 16 Whole body BMC and BMD in female Sprague-Dawley rats fed control or 
experimental supplements for 16 weeks.  
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Figure 17 Force-displacement curve. 

 

Elastic phase- slope of linear phase of curve where bone could spring back to original 
shape if load released. 

Plastic phase- deformation increases more rapidly than force thus bone sustains 
permanent damage. 

Breaking force (N) and break stroke (mm) are defined as the bending force and the 

displacement at breaking point (failure), respectively. Breaking force reflects the strength 

of the bone while break stroke reflects the brittleness of bone. The higher the stores, the 

weaker the bone is. Break stress (N/mm2) is defined as the force per unit area where the 

greater the break stress the stronger the bone is. Break strain (%) is the deformation 

percentage of the femur just before the bone breaking point (failure) and it is measured 

relative to its length. Elasticity is the force needed to bend the bone and this deformation 

is reversible (elastic phase). Elasticity reflects the resistance of bone to deformation which 

is called stiffness. With the continuous force, the permeant deformation may happen, and 

this phase is called plastic. Breaking energy (J) is a final measure of the bone strength. It 

is the amount of energy required to break the bone. Energy value is calculated using the 

area under the force/displacement curve.��bone store energy during the mechanical test 

and released at the point of fracture. Higher energy value reflects that bone can store more 

energy prior to breaking, indicating how stronger the bone is. 














































