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Abstract 22 

We investigated the effect of oral curcumin, on bone health of rats fed a high-fructose diet. 23 

Suckling pups (males= 65, females=63) were gavaged with 0.5% DMSO, curcumin 24 

(500mg.kg-1), fructose (20%, w/v) or a combination of curcumin and fructose daily from 25 

postnatal days 6 to 21. The rats were weaned onto normal rat feed and half of the rats in each 26 

group had either plain tap water or fructose (20%, w/v) to drink for six weeks.  Blood was 27 

assayed for plasma total osteocalcin. Morphometry and radiographic bone density 28 

assessments were made on the femora and tibiae. The lengths, masses and Seedor indices of 29 

the bones were similar (p>0.05, ANOVA) across the groups. Males that received curcumin 30 

with or without fructose during suckling and weaned onto a high-fructose diet had lower 31 

(p≤0.05, ANOVA) osteocalcin concentration versus the other males. In females, curcumin 32 

alone or with fructose during suckling and subsequent feeding with a high-fructose diet 33 

resulted in lower (p≤0.05, ANOVA) osteocalcin concentration versus rats administered the 34 

vehicle control during suckling followed by a high-fructose diet later. Neonatal curcumin-35 

induced decrease in plasma total osteocalcin concentration may predispose to adverse 36 

consequences on glucose metabolism and bone health.   37 

 38 

Keywords: Bone health, Metabolic syndrome, Childhood obesity, Plasma osteocalcin levels 39 

 40 

 41 

 42 

 43 

 44 



3 
 

Introduction  45 

The prevalence of metabolic syndrome and its resultant deleterious effects are increasing 46 

globally (Falkner and Cossrow, 2014). In children and adolescents, the metabolic syndrome 47 

epidemic is driven by a rising prevalence of childhood obesity (Ludwig, 2018; Powell, 2018). 48 

The increase in childhood obesity has been linked to an increase in the consumption of high 49 

fructose-containing foods and physical inactivity (Fulkerson, 2018; Kral, 2018). Childhood 50 

obesity is a multisystem disorder that results in severe complications in most systems of the 51 

body, including the skeletal system (Han et al., 2010).  52 

The skeletal system provides the structural framework for the body and plays an essential role 53 

in the regulation of glucose metabolism in the body by virtue of being an essential insulin 54 

target tissue (Tangseefa et al., 2018). Bone metabolism or remodelling continually occurs 55 

throughout an individual’s life and involves tightly regulated processes of formation of new 56 

bone tissue and resorption of old tissues (Sánchez-Duffhues et al., 2015). Osteoblasts 57 

originate from the bone marrow mesenchyme and undergo continuous differentiation over 58 

childhood/adolescence to become bone matrix tissues as well as having an adipogenic 59 

function (Ganguly et al., 2017).  60 

Osteocalcin is a bone-derived hormone that is exclusively secreted by osteoblasts and then 61 

released into the general circulation (Kanazawa, 2015). Osteocalcin undergoes carboxylation 62 

of three of its glutamyl residues which then enhances its binding to hydroxyapatite in the 63 

bone matrix (Yeap et al., 2015). There is a second form of osteocalcin which is 64 

undercarboxylated. This undercarboxylated form of osteocalcin plays an active role in 65 

glucose metabolism by serving as a link between bone metabolism and glucose metabolism 66 

(Kanazawa, 2015). Undercarboxylated osteocalcin facilitates insulin secretion directly by 67 

inducing the proliferation of the pancreatic β-cells and indirectly through its stimulation of 68 
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the secretion of glucagon- like peptide 1 from the intestines (Tangseefa et al., 2018). 69 

Osteocalcin also stimulates the secretion of adiponectin from adipocytes, further enhancing 70 

insulin sensitivity in the body (Kanazawa, 2015). Through a feedforward mechanism, both 71 

insulin and adiponectin stimulate the expression of osteocalcin in the osteoblasts as shown in 72 

figure 1 (Kanazawa, 2015). The osteoblasts have insulin receptors which control osteoblast 73 

development and subsequent secretion of osteocalcin (Fulzele et al., 2010). Therefore, a 74 

reduction in the blood osteocalcin concentration may disrupt the insulin signalling 75 

mechanism possibly leading to the development of insulin resistance (Saleem et al., 2010).  76 

Though bone remodelling occurs throughout life (Sánchez-Duffhues et al., 2015), most of the 77 

bone mass increases in humans usually occur during adolescence and the peak bone mass is 78 

achieved during this developmental stage (Boot et al., 2010). Events that interfere with these 79 

bone mass increases result in suboptimal peak bone masses at adolescence and then 80 

subsequently increase the risks of developing bone diseases, including fractures in old age 81 

(Rizzoli et al., 2010; Lee, 2013). There is evidence that programming for long-term bone 82 

health occurs during the early critical periods of developmental plasticity, a phenomenon 83 

referred to as developmental programming (Devlin et al., 2013; Vickers, 2014). This 84 

phenomenon whereby stressor events like nutritional perturbations in the critical periods of 85 

development alter gene expression and modify the individual’s physiology, can influence the 86 

attainment of peak bone mass and therefore predispose to bone diseases in later life (Firth et 87 

al., 2017). The period of developmental plasticity extends from pre-conception to infancy 88 

(Firth et al., 2017) and during this critical window, epigenetic changes such as DNA 89 

methylation, histone modification and micro RNA production are usually induced or 90 

repressed by dietary and environmental factors (Park et al., 2017). Interventions in the 91 

suckling period in rats have been shown to either program or reprogram for metabolic health 92 
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in later life. For example, neonatal administration of leptin in Wistar rats prevented the bone 93 

suppressive effects of maternal undernutrition in adult offspring (Firth et al., 2017).  94 

The administration of a high-fructose diet to rats is an established model for inducing 95 

metabolic syndrome (Tappy and Mittendorfer, 2012; Mamikutty et al., 2014). Because of the 96 

important role the skeletal system plays in metabolism, the metabolic changes induced by 97 

fructose may affect bone health (Bass et al., 2013). Interestingly, the effects of fructose on 98 

bone health have been rather conflicting with some studies reporting beneficial effects while 99 

others reported negative effects. For instance, feeding a high-fructose diet for 12 weeks was 100 

reported to lead to the formation of stronger bones with a better microarchitecture when 101 

compared to glucose in a rat model (Bass et al., 2013). Jatkar et al. (2017) also reported no 102 

negative effects on the bones of male BALB/cByJ (BALB) mice following 15 weeks of 103 

consuming a high-fructose diet. However, fructose has been shown to lead to the generation 104 

of reactive oxygen species in the body leading to oxidative stress that then causes an 105 

imbalance in the bone remodelling process by increasing bone resorption through stimulation 106 

of osteoclast activity (Yarrow et al., 2016).  107 

Management of poor metabolic and bone health usually requires chronic or lifelong 108 

medications which in addition to poor patient compliance, are also associated with side 109 

effects (Inamdar and Kulkarni, 2017). Natural products such as plant polyphenols which are 110 

perceived to be safe and readily available are currently being extensively researched for their 111 

benefits in treating chronic conditions (Tsuda, 2012; Bahmani et al., 2014). Some of these 112 

natural products have been used during suckling in rats as mentioned earlier, to program for 113 

long term protection against some metabolic diseases in later life (Lembede et al., 2018; 114 

Nyakudya et al., 2018).  115 
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Curcumin (diferuloylmethane) is a polyphenolic biologically active component of turmeric 116 

(Chainani-Wu, 2003; Sahebkar, 2013). Curcumin has demonstrated a wide array of biological 117 

activities in both in vitro and in vivo studies. Some of the documented biological activities of 118 

curcumin include: anti-obesity (Shao et al., 2012), anti-diabetic (Panahi et al., 2017), anti-119 

oxidant (Ali et al., 2018) and anti-inflammatory (Elham et al., 2018). Additionally, curcumin 120 

has demonstrated beneficial effects in promoting good bone health by increasing bone 121 

strength and microarchitecture in ovariectomised postmenopausal rat model (Putnam et al., 122 

2007; French et al., 2008). 123 

Considering the previously established beneficial activity of curcumin against the 124 

components of metabolic syndrome and its ability to promote good bone health, we 125 

hypothesised that in rats, curcumin administration during suckling would program for 126 

improved bone health later in adolescence in the rats fed a high fructose diet post weaning. 127 

We show that there are no discernible changes to the bone health parameters, but the plasma 128 

total osteocalcin concentrations are decreased. 129 

Materials and methods 130 

Ethical clearance  131 

The study protocols were approved by the Animal Ethics Screening Committee of the 132 

University of the Witwatersrand, Johannesburg (AESC 2016/04/18/B).  The study complied 133 

with international ethical guidelines and standards for the use of laboratory animals.  134 

 135 

 136 

 137 

 138 
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Study location  139 

The study was conducted in the Central Animal Services (CAS) unit and the Endocrinology 140 

and Metabolism Laboratory, School of Physiology, Faculty of Health Sciences, University of 141 

the Witwatersrand, Johannesburg, Republic of South Africa.  142 

 143 

Study animals: housing and care 144 

One hundred and twenty-eight  male and female Sprague Dawley pups which were six days 145 

old and delivered by fourteen dams sourced from the Central Animal Services Unit of the 146 

University of the Witwatersrand, Johannesburg were used in the study. The pups used were 147 

only those from dams with a litter size of between 8-12 pups to prevent litter size-effect on 148 

feeding. During the suckling phase, the pups nursed freely with their dams in perspex cages 149 

which were lined with wood shavings and shredded paper for environmental enrichment. The 150 

dams had ad libitum access to pelleted commercially sourced normal rat chow (Epol®, 151 

Johannesburg, South Africa) and plain tap water to drink. The ambient temperature in the 152 

animal room was maintained at 26 ± 2ºC with adequate ventilation and a 12-hour light cycle 153 

(lights switched on at 7.00am and off at 7.00pm).  154 

At weaning (postnatal day 21), the rat weanlings were placed in individual cages under 155 

similar environmental conditions as the pre-weaning stage.  The dams were returned to stock. 156 

 157 

Chemicals and fructose used in the study 158 

For this study, dimethyl sulfoxide (DMSO; Sigma-Aldrich, Missouri, USA), curcumin 159 

(Sigma-Aldrich, Missouri, USA) and fructose (Nature’s choice, Randvaal, South Africa) 160 

were used.  The DMSO was used as the vehicle in which the other treatments were dissolved.  161 
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Study design 162 

The study was carried out in two interventional phases. The first phase of the study was 163 

conducted in the pre-weaning period; from post-natal day six to 21. The aim of the neonatal 164 

interventions was to induce programming of bone health. The second phase of the 165 

interventions extended from postnatal day 21 and continued for six weeks until postnatal day 166 

63 (late adolescence) in order to determine whether the neonatal interventions had any effect 167 

on the response of the rats to a postweaning high fructose diet.  168 

The pups (n=128: males = 65, females = 63) were allocated in a split-litter pattern to four 169 

treatment groups replicated by sex in the first phase of the study. The treatment groups were 170 

as follows: 171 

Group 1 (control):  DMSO (0.5%) in distilled water. DMSO was the vehicle used to 172 

dissolve curcumin and fructose.  173 

Group 2: curcumin, 500mg.kg-1 body mass. 174 

Group 3: fructose (20% w/v).  175 

Group 4: curcumin 500mg.kg-1 + fructose (20%, w/v). 176 

All the treatments were administered at 10ml.kg-1 body mass daily (between 8.30am and 177 

10.00am) using an orogastric tube.  178 

In the second phase of the study, the rats from each of the initial four groups were further 179 

sub-divided into two subgroups. While the two subgroups were weaned onto normal rat 180 

chow, one of the subgroups had plain tap water and the other had fructose (20%, w/v/) as 181 

their drinking fluid.  The treatments in phase two were administered for six weeks until 182 

postnatal day 63. A schematic diagram of the study design is presented below (figure 2). 183 
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Body mass measurements  184 

The pups were weighed daily using a digital weighing scale (Snowrex Electronic Scale, 185 

Clover Scales, Johannesburg, South Africa) during the first phase of the study to adjust their 186 

treatments to ensure constant dosing. In the second phase, the rats were weighed twice 187 

weekly to monitor their growth and general health. The dams were also weighed twice 188 

weekly as part of routine health monitoring and were returned to stock at weaning.  189 

Terminal procedures  190 

On postnatal day 63, the body masses of the rats were determined using a weighing scale 191 

(Snowrex Electronic Scale, Clover Scales, Johannesburg, South Africa). The rats were 192 

subsequently terminated by anaesthetic overdose using intraperitoneal sodium pentobarbitone 193 

(150mg.kg-1 body mass, Euthapent; Kyron laboratories, South Africa).  Blood was taken via 194 

cardiac puncture and transferred into heparinised blood collecting tubes (Becton Dickinson 195 

Vacutainer Systems Europe, Meylan Cedex, France). The blood was subsequently processed 196 

in a centrifuge (Hermle Z 230A, B Hermle AG, Germany) at 4000 x g at 4ºC for 15 minutes 197 

and the plasma was collected and stored in microtubes (Eppendorf, Hamburg, Germany) at    198 

-80ºC (ESCO, Lexicon® ULT Freezer, Hatboro, PA, USA) for osteocalcin assay. The 199 

carcasses of the rats were stored in a freezer until dissection of the long bones. 200 

 201 

Determination of bone morphometric parameters   202 

The carcasses were removed from the freezer and allowed to thaw overnight at 4℃. The left 203 

hind limbs were carefully detached from the acetabulum and the femora and tibiae were 204 

defleshed with a scalpel and scissors. The two bones were disarticulated from each other and 205 

dried in an oven (Salvis) at 50°C for 5 days till constant masses were achieved. The masses 206 

of the bones were determined using an electronic weighing scale (Precisa 310M, Instrulab, 207 
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Johannesburg, South Africa). The lengths of the bones were then determined using a digital 208 

Vernier caliper (Major Tech (Pty) Ltd., KTV 150 digital caliper, Elandsfontein, South 209 

Africa). 210 

The relative densities of the bones were computed using the Seedor index (Seedor et al., 211 

1991)  as follows: 212 

Seedor index = mass/length (mg.mm-1). 213 

The higher the Seedor index, the greater the density of the bone (Monteagudo et al., 1997). 214 

 Radiographic assessment of the relative bone densities  215 

Radiographs of representative samples of tibiae and femora from each treatment group were 216 

taken using a Shimadzu Mux 200 X-ray machine (Shimadzu Corporation, Kyoto, Japan). The 217 

bones were placed on a Fujifilm FCR 24×30 cm IP Cassette type CC at a 100 cm distance 218 

from the radiation light source. Settings of 2.8 MAS and 58 kV were used for exposure. The 219 

radiographs were digitised using a Fujifilm FCR PRIMA and viewed using MeDiViewer 220 

(version 1.3.2, JDK 1.3.1_08, Schaf Systemtechnik GmbH, Falkenstrabe 22, 91580 221 

Petersaurach). 222 

 223 

Determination of plasma osteocalcin concentration  224 

Total plasma osteocalcin concentration was determined using a commercial rat-specific 225 

sandwich enzyme-linked immunosorbent assay kit (Elabscience®, Rat OC/BGP (Osteocalcin) 226 

ELISA kit, Houston, TX, USA). The ELISA protocol was followed according to the 227 

manufacturer’s instructions. The plasma osteocalcin concentrations (ng. mL-1) were 228 

extrapolated from standard curve generated using known osteocalcin concentrations. 229 

 230 
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Statistical analysis 231 

Data was analysed using GraphPad Prism version 7.0 statistical software (GraphPad Software 232 

Inc., San Diego, CA, USA) and expressed as mean ± standard error of mean (SEM). Data 233 

was analysed using a one-way analysis of variance (ANOVA), followed by a comparison of 234 

the means using the Bonferroni post hoc test. Statistical significance was assumed when 235 

p≤0.05. 236 

 237 

Results  238 

Body mass changes  239 

The body mass changes at induction, weaning and termination of male and female Sprague 240 

Dawley rats that were administered with oral curcumin during suckling are presented in 241 

figures 3a and 3b, respectively. There were no differences (p>0.05, ANOVA) in the mean 242 

body masses across the treatment groups at each of the three time points in both male and 243 

female rats. However, both male and female rats gained significant (p<0.0001, ANOVA) 244 

body mass from induction through weaning and termination. 245 

 246 

Indices of femora and tibiae health 247 

Tables 1a and 1b show the effect of the interventions on the lengths, masses and Seedor 248 

indices of femora and tibiae of male and female rats respectively. There were no differences 249 

(p>0.05, ANOVA) across the treatment groups in the lengths, masses and Seedor indices of 250 

the femora and tibiae of the male and female rats. The representative radiographic images of 251 

the femora and tibiae of male and female Sprague Dawley rats that were administered with 252 

curcumin during suckling and subsequently fed a high-fructose diet post weaning are 253 
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presented as figures 4a and 4b. There were no discernible differences in the density of both 254 

the femora and tibiae of male and female rats across the treatment groups. 255 

 256 

Plasma osteocalcin concentration changes 257 

The effect of a high-fructose diet on the plasma concentration of osteocalcin in male and 258 

female Sprague Dawley rats that were orally administered with curcumin during suckling are 259 

presented in figures 5a and 5b. Male rats that were administered with curcumin alone and 260 

those administered with a combination of curcumin and fructose during suckling and 261 

subsequently fed a high-fructose diet had significantly lower (p≤0.05, ANOVA) total plasma 262 

osteocalcin concentration compared to that of rats from other treatment groups.  In the female 263 

rats, administration of curcumin alone or combined curcumin and fructose during suckling 264 

and then subsequent feeding with a high-fructose diet post weaning resulted in significantly 265 

lower (p≤0.05, ANOVA) total plasma osteocalcin concentration compared to administration 266 

of DMSO during suckling and then feeding with a high-fructose diet post weaning.  267 

 268 

Discussion 269 

The major finding in this study was that administration of curcumin alone or in combination 270 

with fructose during suckling resulted in a reduced total plasma concentration of osteocalcin 271 

following a postweaning high-fructose diet in both male and female rats. The total plasma 272 

osteocalcin comprises of the carboxylated and undercarboxylated forms of osteocalcin, thus, 273 

the findings could be interpreted in two different ways. Whereas, a low concentration of 274 

carboxylated osteocalcin implies a low bone turnover, reduced bone loss and good bone 275 

health; a low concentration of undercarboxylated osteocalcin may imply an impairment of 276 

glucose metabolism probably because of the postweaning high fructose diet. It is important to 277 
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mention here that both the fasting blood glucose and plasma insulin concentration were 278 

similar across treatment groups in both male and female rats (data not shown but presented in 279 

supplemental tables 1 and 2). 280 

A high-fructose diet is known to induce features of metabolic syndrome including 281 

hyperglycaemia and insulin resistance (Stanhope and Havel, 2010; Tappy and Mittendorfer, 282 

2012). The low levels of osteocalcin that were noted only in the high fructose groups that had 283 

previously been administered with curcumin during suckling may imply that curcumin 284 

predisposed the rats to the adverse effects of the post weaning high fructose diet. Osteocalcin 285 

is an important non-collagenous protein biochemical marker of bone turnover that is found in 286 

abundance in the bone matrix (Nikel et al., 2018). Most of the osteocalcin exists in the 287 

carboxylated form and is involved in bone remodelling (Namai et al., 2018). 288 

Undercarboxylated osteocalcin is involved in glucose metabolism regulation and its 289 

deficiency leads to the development of insulin resistance (Saleem et al., 2010; Namai et al., 290 

2018). Previous studies on the effects of neonatal administration of fructose in rats focused 291 

on its programming effects on metabolism (Huynh et al., 2008; Ghezzi et al., 2012) and not 292 

on long-term bone health. However, it has been previously shown that a 25% fructose (w/v) 293 

administered to 12-week old male Wistar rats did not induce any significant changes in the 294 

plasma osteocalcin concentration (Dai et al., 2017). It is therefore not surprising that we did 295 

not observe significant effects in the groups that had only fructose without curcumin when 296 

compared to the control in both sexes.  297 

Contrary to our findings, curcumin was found to induce osteoblast differentiation by 298 

increasing the expression of genes that induce osteoblast differentiation, such as runt-related 299 

transcription factor 2 (Runx2) and osteocalcin in an in vitro study, (Son et al., 2018). The 300 

beneficial effects of curcumin on bone health were further shown in another study involving 301 

spinal cord injury subjects with low bone density where it prevented further bone loss and 302 
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improved the bone density (Hatefi et al., 2018). It is possible that curcumin only lowers 303 

osteocalcin levels when a high fructose diet disrupts the positive feedback loop that exist 304 

between osteocalcin and insulin concentrations (Kanazawa, 2015). Therefore, the pre-305 

weaning administration of curcumin may have epigenetically programmed the rats for lower 306 

osteocalcin concentration later in life.  307 

We did not find any differences in the bone lengths, masses and Seedor indices in both male 308 

and female rats.  This further suggests that it is probably the endocrine functions of the bones 309 

that were affected by our interventions and not the bone density. Though postweaning 310 

feeding with fructose has been reported in several studies not to exert any effect on the 311 

morphometry of the femora and tibiae of rats (Ibrahim et al., 2017; Lembede et al., 2018); 312 

Douard et al. (2013) had previously reported shorter femora in male Sprague Dawley rats that 313 

were fed a 63% fructose diet for 4 weeks when compared to control rats due to decreased 314 

calcium absorption and vitamin D deficiency caused by the high fructose diet. Fructose 315 

metabolism in the body has been associated with generation of reactive oxygen species 316 

leading to oxidative stress (Yarrow et al., 2016). This oxidative stress induces osteoblast 317 

apoptosis which inhibits bone growth (Dai et al., 2017). In our present study, we did not 318 

observe any obvious inhibition of bone growth as a result of either the administration of 319 

curcumin or the high-fructose diet.  320 

We did not observe any differences in the body masses of both male and female rats across 321 

the treatment groups even though all the animals gained significant body mass through the 322 

stages of the study. This suggests that both the neonatal and postweaning interventions did 323 

not have any adverse effect on the growth of the rats. Although high fructose administration 324 

has been shown to induce changes in body mass due to increased adiposity (Bocarsly et al., 325 

2010; Mamikutty et al., 2014), younger rats were shown to be resistant to this body mass 326 

change due to their rapid growth and higher metabolic rate (Tillman et al., 2014) into which 327 
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they channel the consumed calories rather than into deposition of adipose tissue . Body mass 328 

changes due to fructose administration were found to become obvious only after postnatal 329 

day 100 in rats (Patel and Srinivasan, 2010). The rats in this study were terminated on 330 

postnatal day 63 and therefore this might explain the similarity in their body masses. 331 

Though the use of Seedor index to estimate bone density is acceptable (Monteagudo et al., 332 

1997), measuring bone mineral content and bone mineral density of bones with dual-energy 333 

x-ray absorptiometry (DXA) (VanGompel et al., 2017) would have been preferable. Bone 334 

breaking strength tests would have given more information on the density of the bones. We 335 

measured total osteocalcin concentration and not the different forms which may provide 336 

different results and suggest an alternative mechanism. 337 

 338 

Conclusion  339 

Oral administration of curcumin alone or with fructose during suckling reduced total plasma 340 

osteocalcin concentration following a postweaning high fructose diet. These findings suggest 341 

that while administration of curcumin during periods of developmental plasticity may worsen 342 

the disruption of glucose homeostasis induced by a high fructose diet, it probably reduces 343 

bone turnover. Thus, despite the potential role for curcumin in the prevention of fructose 344 

induced bone diseases, it should be used with caution in the neonatal age groups.  345 

 346 
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 517 

 518 

Figure 2: Schematic diagram of the study design 519 

Newly born pups were obtained as described in the materials and methods. They were 520 

assigned to four treatment groups and treated with DMSO, curcumin (CC), fructose (FW), 521 

and a combination of curcumin and fructose (CCFW). NRC, normal rat chow; PTW, plain 522 

tap water; M, males; F, females. 523 

 524 

 525 

 526 

Figures 3: Effect of a high-fructose diet on body mass changes from induction to termination 527 

of (a) male and (b) female Sprague Dawley rats that were administered curcumin orally 528 

during suckling 529 

***= significantly different at p<0.0001. DMSO + TW= 10ml.kg-1 of a 0.5% dimethyl 530 

sulfoxide solution as neonates and plain tap water post-weaning, DMSO + FW= 10ml.kg-1 of 531 

a 0.5% dimethyl sulfoxide solution as neonates and fructose (20%, w/v) as drinking fluid 532 

post-weaning, CC + TW= Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and plain tap 533 

water post-weaning, CC + FW= Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and 534 

fructose (20%, w/v) as drinking fluid post-weaning, FW + TW= fructose (20%, w/v) as 535 

neonates and plain tap water post-weaning, FW + FW= fructose (20%, w/v) as neonates and 536 

fructose (20%, w/v) as drinking fluid post-weaning, CCFW + TW= curcumin (500mg.kg-1) 537 

and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap water post-weaning, 538 
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CCFW + FW= curcumin (500mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as neonates 539 

and fructose (20%, w/v) post-weaning. Data expressed as mean ± SEM, n= 6-8 per group. 540 

 541 

Figures 4: Representative radiographs showing the effect of a high-fructose diet on the of the 542 

femora (top) and tibiae (bottom) of adolescent (a) male and (b) female Sprague Dawley rats 543 

that were administered with curcumin during suckling 544 

A= DMSO + TW= 10ml.kg-1 of a 0.5% dimethyl sulfoxide solution as neonates and plain tap 545 

water post-weaning, B= DMSO + FW= 10ml.kg-1 of a 0.5% dimethyl sulfoxide solution as 546 

neonates and fructose (20%, w/v) as drinking fluid post-weaning, C= CC + TW= Curcumin 547 

(500mg.kg-1 in 0.5% DMSO) as neonates and plain tap water post-weaning, D= CC + FW= 548 

Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid 549 

post-weaning, E= FW + TW= fructose (20%, w/v) as neonates and plain tap water post-550 

weaning, F= FW + FW= fructose (20%, w/v) as neonates and fructose (20%, w/v) as drinking 551 

fluid post-weaning, G= CCFW + TW= curcumin (500mg.kg-1) and fructose (20%, w/v) in 552 

0.5% DMSO as neonates and plain tap water post-weaning, H= CCFW + FW= curcumin 553 

(500mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) 554 

post-weaning. Representative images of n= 6-8 per group are shown. 555 

 556 

Figures 5: Effect of a high-fructose diet on the plasma concentration of total osteocalcin of 557 

(a) male and (b) female Sprague Dawley rats that were administered curcumin during 558 

suckling 559 

a, b, c, d= significantly different at p ≤0.05. DMSO + TW= 10ml.kg-1 of a 0.5% dimethyl 560 

sulfoxide solution as neonates and plain tap water post-weaning, DMSO + FW= 10ml.kg-1 of 561 

a 0.5% dimethyl sulfoxide solution as neonates and fructose (20%, w/v) as drinking fluid 562 
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post-weaning, CC + TW= Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and plain tap 563 

water post-weaning, CC + FW= Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and 564 

fructose (20%, w/v) as drinking fluid post-weaning, FW + TW= fructose (20%, w/v) as 565 

neonates and plain tap water post-weaning, FW + FW= fructose (20%, w/v) as neonates and 566 

fructose (20%, w/v) as drinking fluid post-weaning, CCFW + TW= curcumin (500mg.kg-1) 567 

and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap water post-weaning, 568 

CCFW + FW= curcumin (500mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as neonates 569 

and fructose (20%, w/v) post-weaning. Data expressed as mean ± SEM, n= 6-8 per group. 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 
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 584 

Tables 1: Effect of a high-fructose diet on the lengths, masses, Seedor and robusticity indices 585 

of the bones of (a) male and (b)female Sprague Dawley rats that were fed curcumin during 586 

suckling 587 

 588 

DMSO + TW= 10ml.kg-1 of a 0.5% dimethyl sulfoxide solution as neonates and plain tap 589 

water post-weaning, DMSO + FW= 10ml.kg-1 of a 0.5% dimethyl sulfoxide solution as 590 

neonates and fructose (20%, w/v) as drinking fluid post-weaning, CC + TW= Curcumin 591 

(500mg.kg-1 in 0.5% DMSO) as neonates and plain tap water post-weaning, CC + FW= 592 

Curcumin (500mg.kg-1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid 593 

post-weaning, FW + TW= fructose (20%, w/v) as neonates and plain tap water post-weaning, 594 

FW + FW= fructose (20%, w/v) as neonates and fructose (20%, w/v) as drinking fluid post-595 

weaning, CCFW + TW= curcumin (500mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as 596 

neonates and plain tap water post-weaning, CCFW + FW= curcumin (500mg.kg-1) and 597 

fructose (20%, w/v) in 0.5% DMSO as neonates and fructose (20%, w/v) post-weaning. Data 598 

expressed as mean ± SEM, n= 6-8 per group. 599 

 600 

 601 

 602 

 603 

 604 

 605 
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 606 

 607 

Figure 1: schematic representation of the interactions between osteoblasts, pancreatic β cells 608 

and adipocytes  609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 
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 Figure 2: schematic diagram of the study design 619 
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 630 
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 632 

Figure 3: Effect of a high-fructose diet on body mass changes of male (A) and female (B) 633 

Sprague Dawley rats that were administered oral curcumin during suckling 634 

 635 

 636 
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 637 

 638 

Figure 4a: Representative radiographs showing the effect of a high-fructose diet on the of the 639 

femora (top) and tibiae (bottom) of adolescent male Sprague Dawley rats that were 640 

administered with curcumin during suckling 641 

 642 

 643 

 644 
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 646 

     647 

Figure 4b: Representative radiographs showing the effect of a high-fructose diet on the of 648 

the femora (top) and tibiae (bottom) of adolescent female Sprague Dawley rats that were 649 

administered with curcumin during suckling 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 
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A 658 

 659 

 660 

B 661 

 662 

Figure 5: Effect of a high-fructose diet on the plasma concentration of total osteocalcin of 663 

male (A) and female (B) Sprague Dawley rats that were administered curcumin during 664 

suckling 665 
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Table 1a: Effect of a high-fructose diet on the lengths, masses and Seedor index of the bones of male Sprague Dawley rats that were fed 666 

curcumin during suckling 667 

    Femur                                                                             Tibia 

Treatment 

groups 

Length (mm) Mass (mg) Seedor index 

(mg.mm-1) 

Length 

(mm) 

Mass 

(mg) 

Seedor index 

(mg.mm-1) 

DMSO + TW 32 ± 0.46 479 ± 16 15 ± 0.32 36 ± 0.53 400 ± 13 11 ± 0.23 

DMSO + FW 32 ± 0.44 484 ± 11 15 ± 0.17 36 ± 0.29 378 ± 14 10 ± 0.33 

CC + TW 33 ± 0.61 488 ± 21 15 ± 0.38 37 ± 0.53 414 ± 14 11 ± 0.26 

CC + FW 32 ± 1.20 442 ± 32 14 ± 0.69 36 ± 0.51 364 ± 29 10 ± 0.73 

FW + TW 33 ± 1.10 526 ± 29 16 ± 0.37 37 ± 0.57 441 ± 15 12 ± 0.33 

FW + FW 31 ± 0.43 468 ± 14 15 ± 0.28 36 ± 0.41 386 ± 12 11 ± 0.29 

CCFW + TW 33 ± 0.93 508 ± 21 15 ± 0.45 37 ± 0.56 424 ± 14 11 ± 0.23 

CCFW + FW 31 ± 0.70 468 ± 30 16 ± 1.10 36 ± 0.87 394 ± 19 11 ± 0.39 

 668 

 669 
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  670 

Table 1b: Effect of a high fructose diet on the lengths, masses and Seedor index of the bones of female Sprague Dawley rats that were fed 671 

curcumin during suckling 672 

 Femur                                                            Tibia 

Treatment 

groups 

Length (mm) Mass (mg) Seedor index 

(mg.mm-1) 

Length 

(mm) 

Mass 

(mg) 

Seedor index 

(mg.mm-1) 

DMSO + TW 30 ± 0.42 432 ± 16 14 ± 0.35 35 ± 0.33 354 ± 11 10 ± 0.23 

DMSO + FW 30 ± 0.30 414 ± 17 14 ± 0.43 35 ± 0.27 335 ± 14 9.7 ± 0.34 

CC + TW 32 ± 0.93 438 ± 11 14 ± 0.39 35 ± 0.27 358 ± 9.6 10 ± 0.20 

CC + FW 30 ± 0.16 431 ± 9.5  14 ± 0.28 35 ± 0.21 354 ± 4.2 10 ± 0.08 

FW + TW 30 ± 0.15 457 ± 6.2 15 ± 0.15 36 ± 0.91 368 ± 6 10 ± 0.31 

FW + FW 31 ± 0.53 449 ± 14 15 ± 0.46 35 ± 0.17 370 ± 5.5  11 ± 0.12 

CCFW + TW 31 ± 0.32 463 ± 15 15 ± 0.34 37 ± 1.3 369 ± 8.1 10 ± 0.23 

CCFW + FW 30 ± 0.56 433 ± 28 14 ± 0.66 35 ± 0.51 343 ± 15 9.9 ± 0.34 
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