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Abstract  

  The consumption of tea has many proposed health benefits thought to likely be the result 

of an abundance of unique polyphenols. In particular, one exciting potential health benefit of tea 

is its capacity to have bone supportive effects when consumed throughout life. Prior to testing 

the potential bone supportive effects, it was important to characterize several types of tea and 

determine the ideal steeping time for each tea, maximizing the quantity of polyphenols while 

also maintaining taste (Study 1). Results from this study were congruent with manufacturer’s 

recommendations. Following this, several types of teas and tisanes were tested in an in vitro 

osteoblast model to determine if there were any alterations in quantity of mineral produced 

(Study 2). Findings demonstrated that all teas effectively increased mineralization at a dietary 

concentration of polyphenols, but red rooibos tea appeared to produce the greatest effects. The 

next important aspect which needed to be clarified was if there was an optimal concentration of 

red rooibos tea that elicited maximal results (Study 3). To determine this, a dose response study 

was conducted in the same osteoblast model as study 2 and mineral quantity was measured. 

From this study a positive dose-dependent response was observed without any signs of toxicity, 

suggesting that high concentrations may be beneficial. 

  Following the initial in vitro studies it was important to test red rooibos tea in a 

physiologically relevant model of elevated bone turnover, pregnancy and lactation (Study 4). 

Female Sprague-Dawley rats were randomized to one of the following groups: PREG TEA 

(pregnant and received a supplemental level of red rooibos: ~2.6 g /kg body weight/day in 

water), PREG WATER (became pregnant and received water), or NONPREG CON (age-

matched, non-pregnant control) from 2 weeks prior to pregnancy (age 8 weeks) through to 4 

months post-lactation. Results demonstrated that there were immediate losses of both trabecular 
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and cortical bone following lactation. However, cortical bone rapidly recovered in both 

pregnancy groups while the majority of trabecular outcomes only partially recovered and 

appeared to have permanent reductions. When comparing the two pregnancy groups, there were 

no differences in cortical bone post-lactation but there were significant improvements in several 

of the trabecular outcomes in rats that received red rooibos herbal tea. The findings from this 

thesis demonstrated in progressively more complex and physiologically relevant models that tea 

does have the capacity to be bone supportive, particularly during periods of high turnover. 
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Chapter 1:  General Introduction 

  The global consumption of teas and herbal teas are continually increasing on a yearly 

basis and are the second most consumed beverage only behind water [1]. The origin of tea is said 

to have begun with emperor Shennong in China almost 5000 years ago. The emperor was sitting 

under a tree, boiling drinking water when leaves of a nearby plant (Camellia sinensis) flew into 

the water altering its taste and colour effectively creating the first instance of tea. Continuation of 

this myth claims that the emperor would poison himself with countless plants and each time 

drinking the tea would provide an antidote. Different Eastern cultures have used tea as a 

traditional medicine to treat a wide range of ailments or in cultural ceremonies [2]. More 

recently, consumption in North America has increased and one of the driving factors behind this 

is the perceived health benefits associated with tea consumption [3]. Some of these potential 

health benefits include a decreased risk of stroke, a reduced serum cholesterol, a lower weight 

gain, and a reduced risk of neurological disorders [4-7]. This thesis focused on the potential bone 

supportive effects of tea. 

   Tea is commonly prepared through pouring hot water over the leaves from the Camellia 

sinensis plant. However, depending on how the leaves are processed, a variety of tea types can 

be produced. Six main teas can be made from the leaves, including: white, green, yellow, oolong, 

black, and pu-erh teas. These teas have differing levels of oxidation including non-oxidation, 

partial oxidation, and full oxidation respectively. Despite originating from the same plant, these 

teas will differ from each other in the quantity of polyphenols as well as their polyphenol profile. 

Herbal teas (more properly called tisanes) are not made from the leaves of the Camellia sinensis 

plant, but rather an infusion of flowers, leaves, herbs or roots. These teas are commonly used in 

traditional medicine and many do not contain any caffeine, as opposed to true teas [8-10]. As all 
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herbal teas originate from plant-based tissue, they are also an abundant source of polyphenols. 

There is a large variety of tisanes, but one that has become increasingly more popular is rooibos. 

  The human skeleton is constantly adapting to different physical and biochemical stressors 

from both outside and within the body through changes to bone quantity and structure. Two of 

the most vital cells responsible for these alterations are osteoblasts and osteoclasts, which are 

primarily responsible for mineral formation and resorption, respectively. The relative activity of 

these two cells dictates bone structure and function. Early in life, formation will exceed 

resorption as the skeleton develops and matures, eventually reaching peak bone mass. This is 

followed by a period when the rate of bone formation equals that of bone resorption, causing a 

plateau in bone mineral mass. As aging occurs, bone resorption is increased relative to formation 

and leads to the progressive loss of bone mineral and three-dimensional structure. Although this 

is the typical trajectory of bone throughout life, there are periods of high turnover – as occurs 

during pregnancy and lactation - which deviate from the traditional trajectory. During pregnancy, 

it is vital that the mother provides enough nutrients not only for her own metabolic needs but 

also to support her growing fetus. One particularly important mineral for offspring development 

is calcium. During pregnancy, maternal adaptations occur to increase the efficiency of intestinal 

calcium absorption. Once the baby is born, a need for increased calcium during lactation persists 

but the efficiency of intestinal absorption returns to a pre-pregnancy level. To compensate, there 

is an increase in skeletal resorption during lactation that leads to a 5 to 10% reduction in bone 

mineral density (BMD). This reduction in BMD is generally thought to recover quickly after 

weaning. Moreover, this period of rapid bone turnover may provide a window of opportunity 

where tea consumption may be able to improve the recovery of BMD to levels greater than were 

present pre-pregnancy.   
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  Prior to testing tea in an in vivo model of pregnancy, lactation, and recovery post-

lactation, there were several questions that needed to be answered. These questions included: 1) 

What factors in preparation of tea influence its potential health promoting effects? (Study 1); 2) 

Can tea increase mineralization, and if so, is there a certain type that is more efficacious? (Study 

2); and 3) Is there an optimal concentration of tea that can elicit the greatest effects? (Study 3). 

To answer question 1, the influence of steep time on the resulting polyphenol content and 

antioxidant capacity of a wide variety of loose-leaf teas was assessed. From this study it was 

determined that the steep times recommended by the manufacturer resulted in the majority of 

polyphenols being extracted, with similar antioxidant capacities being observed independent of 

steep time. This led to the decision to use the manufacturers’ recommended steep time in 

subsequent studies. To answer question 2, whether the addition of tea could increase 

mineralization by osteoblasts was investigated. Moreover, this study also determined which teas 

are the most effective in increasing bone mineralization. All teas demonstrated the ability to 

increase mineralization at a concentration designed to reflect a dietary level of intake (2 to 3 

cups/day) but there were slight variations among teas. In particular, red rooibos (RR) produced 

the greatest quantity of mineral relative to other herbal teas and teas made from Camelia 

sinensis. The optimal concentration of RR herbal tea (the highest concentration tested: 10 

µg/mL) for eliciting the greatest quantity of mineral was determined in Study 3. A dose-

dependent relationship was observed. The findings from the initial 3 in vitro studies were then 

used to determine if consuming RR herbal tea resulted in higher BMD and improved structure 

following pregnancy and lactation. Six week old, female Sprague-Dawley rats were randomized 

to 1 of 3 groups: a pregnancy and lactation group receiving RR herbal tea prepared in water 

(PREG TEA), a pregnancy and lactation group receiving only water (PREG CON) or an age 
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matched control group that was not mated (NONPREG CON). Rats in either of the pregnancy 

groups were mated at either 8 or 10 weeks of age. Bone quantity and structure were measured 

longitudinally at the proximal tibia using micro-computed tomography (µCT) 1 week prior to 

mating, within 2 days post-lactation and at 1-month intervals up to and including 4 months post-

lactation (with non-pregnant age matched controls being scanned at the same times). Both 

trabecular and cortical quantity (BMD and TMD) and structure (BV/TV, Tb.N, Tb.Sp, Tb.Th, 

Ct.Th, and Ct.Ar/Tt.Ar) were reduced following pregnancy and lactation in both pregnancy 

groups. Cortical outcomes had recovered to similar levels as rats from the non-pregnant control 

groups by 1 or 2-months post-lactation (with the exception of Ct.Th). However, several 

trabecular outcomes (BMD, Tb.Sp, and Tb.N) for the pregnancy groups remained reduced 

compared to non-pregnant control rats even after 4-months post-lactation. Between the two 

pregnancy groups, there was significantly greater recovery in several trabecular outcomes 

(BV/TV, Tb.Sp, Tb.N, and BMD) beginning at 1 or 2-months post-lactation for rats who 

consumed RR herbal tea compared to those who consumed water alone. No differences in 

cortical outcomes were observed. As a whole, these results demonstrate that tea, and in particular 

RR herbal tea, has the capacity to stimulate mineral formation by osteoblasts and support bone 

recovery during times of high turnover that occurs during pregnancy and lactation. 
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Chapter 2: Literature Review 

Bone Health Throughout Life 

  Throughout a lifespan, bone and the skeleton as a whole are dynamic tissues that must 

constantly respond to both internal and external signals - whether they be mechanical, hormonal, 

or chemical - to achieve a balance between bone formation and resorption. In utero and during 

early life, bone formation far exceeds bone resorption leading to the acquisition of mineral and 

bone tissue during childhood and ultimately the development of the skeleton. The 

proportionately greater levels of formation continue through early adulthood until peak bone 

mass is reached at approximately 30 years of age [11]. At this point, there is no longer an 

imbalance between these processes and BMD plateaus. As aging progresses resorption begins to 

far exceed formation as osteoblasts undergo apoptosis at a quicker rate. This loss is exacerbated 

in females as menopause results in lower estrogen levels, which further increases resorption in 

relation to formation (Figure 2.1). The rate of bone formation, loss, and even when the loss 

begins will vary widely between individuals due to genetics as well as personal choices including 

physical activity and nutritional choices (Reviewed in [12]). Beyond the traditional trajectory of 

bone there are also periods of increased turnover, such as pregnancy and lactation, where bone 

will undergo a rapid transient loss of BMD but will recover shortly thereafter. 
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Figure 2.1. Female changes in bone mass throughout life. The dotted black line represents 

changes in bone mass during pregnancy, lactation, and recovery.  
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Alterations in Bone During Pregnancy, Lactation, and Recovery  

            During pregnancy and lactation there are elevated demands on the mother for several 

nutrients, including calcium, to help build the fetal and infant skeleton. To meet these demands, 

several maternal adaptations occur and allow these demands to be met. 

In Humans 

Pregnancy 

  During the first trimester of pregnancy maternal mineral demand remains unchanged as 

the majority of mineral within the fetus will be accrued during the final trimester. Despite this, 

the efficiency of intestinal calcium absorption has been shown to increase in the first trimester 

which can lead to slight increases in BMD as there is an increase in available serum calcium 

[13]. As a result of the increased calcium load from elevated intestinal absorption, renal calcium 

excretion also increases to compensate for the increase [14]. Currently, not much is known 

regarding adaptations during the second trimester due to a scarcity of research at this time point 

in pregnancy potentially due to concern of X-ray exposure. As pregnancy progresses into the 

third trimester there is a large increase in calcium demand from the fetus on the mother as the 

majority of calcium in the fetal skeleton is accrued during this period. To provide the necessary 

calcium, skeletal bone resorption will increase to provide greater levels of serum calcium as well 

as causing small reductions in BMD.  Confirming this, women from Russia who had 

inadvertently consumed radioactive strontium (Sr90) in their drinking water prior to pregnancy 

were found to give birth to offspring that had Sr90 within their skeleton [15]. Furthermore, 

offspring of women who consumed water containing Sr90 during their pregnancy gave birth to 

offspring with skeletons that contained several-fold greater Sr90 than those from mothers’ who 

were exposed pre-pregnancy [16]. This provides evidence that although there is some maternal 
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bone resorption during pregnancy, the majority of calcium is provided through increased 

intestinal absorption. Ultimately, at the end of pregnancy, BMD is either equivalent to pre-

pregnancy values or reduced (Reviewed in [17]). 

Lactation 

  During lactation the demand for calcium on the mother is still elevated as the infant 

skeleton is rapidly developing and forming. Unfortunately the maternal adaptation of increased 

intestinal absorption of calcium decreases and efficiency of calcium absorption returns to pre-

pregnancy levels [13]. To make up for this loss in serum calcium, two other adaptations will 

occur: an increase in skeletal resorption by osteoclasts - as evident by increases in key markers of 

osteoclast activity: C-terminal peptide (CTX), N-terminal peptide (NTX), and tartrate-resistant 

acid phosphatase TRAP - and a reduction in calcium renal excretion [18-20]. This effectively 

increases the amount of calcium available by increasing serum calcium and ensuring that it is 

retained in the body and not excreted. As a result of the increased rates of skeletal resorption, 

BMD has been shown to decrease ~5-10% during lactation. [21, 22]. Early research in humans 

primarily utilized single and double photon absorptiometry and dual energy X-ray 

absorptiometry (DXA) to measure BMD. While this technology measures bone mineral content 

and BMD, changes in bone structure are not measured. This increased skeletal resorption is 

potentially due to reduced estrogen levels and would explain why skeletal resorption decreases 

once lactation ends and estrogen returns back to normal levels [23].  

Post-Lactation 

  After the cessation of lactation, bone turnover quickly reverses and many studies have 

demonstrated that maternal BMD is fully recovered within 12-months post-lactation when 

compared to BMD pre-pregnancy or shortly after delivery [24-27]. Immediately post-lactation, 
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there are greater levels of bone formation, largely due to the recovery of normal estrogen levels. 

This generally stimulates osteoblasts and lowers osteoclast number and activity [28]. The exact 

duration of recovery is largely dependent on the duration of lactation- a positive correlation 

between the duration of lactation and the amount of bone lost (measured by DXA) has been 

observed and the greater quantity of bone loss will require a greater period of recovery [29].  

In Rats 

  Rats share several similarities in terms of skeletal development and physiology with 

humans, as well as many of the adaptations that occur during pregnancy and lactation. However, 

there are several key differences which will be highlighted (Reviewed in [30]). 

Pregnancy 

  Similarly to humans, the majority of calcium (~95%) needed for fetal skeleton 

development will be transferred during the final trimester [30]. Prior to the need for elevated 

calcium during the final trimester, the efficiency of intestinal calcium absorption has been shown 

to double during the second trimester [31, 32]. During this period, renal excretion of calcium is 

also elevated to manage the increased calcium load and prevent hypercalcemia [18, 33]. The 

direct alterations to the maternal skeleton during pregnancy are unclear as the majority of studies 

only have measurements prior to pregnancy and at the end – with findings demonstrating 

increased [34], decreased [35], or no change in BMD during pregnancy [36]. In general, during 

early pregnancy in rats BMD increases as intestinal calcium absorption increases; while during 

the third trimester where the majority of calcium transfer to the fetal skeleton occurs there is a 

decline in BMD. The incongruent changes in BMD during pregnancy could be affected by diet, 

bone site studied, or strain of rat used. 
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Lactation 

  In contrast to humans, rats maintain elevated rates of intestinal calcium absorption during 

lactation [31]. This apparent difference in adaptations between rats and humans may be out of 

necessity as rats have large litters and thus experience increased demands for calcium while 

human births will generally be singletons. To conserve calcium, renal excretion decreases during 

lactation [37, 38]. Prolactin levels are elevated and as a result estradiol levels are decreased. This 

stimulates an increase in osteoclastic resorption that leads to an increase in serum calcium, which 

is transferred via maternal milk to the skeleton of the growing pups [39, 40]. Compared to 

humans, rats will undergo a much larger reduction of 25-35% in BMD due to the exaggerated 

calcium demand produced by their large litter sizes [41, 42]. The majority of this loss in bone is 

largely localized to trabecular bone as it is more metabolically active, undergoing high rates of 

turnover making it susceptible to rapid changes in response to stresses, while cortical bone 

provides mainly mechanical strength and is slower to change [43, 44]. 

Post-Lactation 

  Once pups are weaned and the demand for calcium is reduced, the mother experiences a 

rapid apoptosis of osteoclasts and increases in osteoblast proliferation and maturation leading to 

a rapid recovery of BMD [45, 46]. Early after the cessation of lactation, intestinal absorption of 

calcium and skeletal resorption temporarily remain elevated leading to a transient state of 

hypercalcemia before declining [47]. Historically, the BMD in rats has been reported to recover 

within 1 to 2 months following the end of lactation [45, 48]. This observation is based on studies 

in which bone was quantified through longitudinal DXA measurements or cross-sectional bone 

ash weight measurements [39, 49]. Though, using newer technology – particularly µCT - there 

are data suggesting that trabecular bone does not make a full recovery but it is thought that 
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overall mechanical strength of the bone may not be compromised [43, 44]. These more recent 

studies have shown that adaptations in cortical bone such as an overall increase in cross sectional 

diameter and cortical perimeters may allow bone to remain stronger despite negative effects to 

trabecular bone. 

Effects of Pregnancy and Lactation on BMD and Fracture Risk 

  The majority of data available suggest that pregnancy and lactation result in no 

alterations in BMD or even in some cases slight increases in both humans and rats (Reviewed in 

[30]). This data was primarily acquired through the utilization of DXA or bone ash weights and 

as such does not distinguish between trabecular and cortical bone. In terms of fracture risk in 

women, it is generally believed that pregnancy and lactation are not risk factors for fracture as a 

large majority of the literature suggests that bone strength returns to normal and pregnancy may 

actually reduce the risk of fracture [50-53]. A study conducted by Michaëlsson et al. assessed 

population based data from women aged 50-81 years of age from Sweden and concluded that 

each birth resulted in a 5% decrease in fracture risk [54]. Similar results were also found in a 

study conducted by Specker and Binkley after performing a cross-sectional study of Hutterite 

women (40-80 years of age) and identifying associations between high parity and increased 

radial torsional strength and femoral neck size- potentially leading to a reduced risk of hip 

fracture [55]. Further supporting the idea that a past history of pregnancy or lactation does not 

increase risk of fracture is its absence from FRAX. FRAX is an assessment tool that considers 

several different factors (history of past fracture, age, weight, sex, smoking status, etc.) to predict 

the risk of suffering a fracture in the following 10 year period. Thus, there is strong evidence that 

bone cell activity is restored to its pre-pregnancy period. However, more recently there have 

been studies using more sophisticated imaging (µCT) in rats that demonstrate permanent 



 

12 
 

reductions in trabecular bone highlighting the need to distinguish and assess both trabecular and 

cortical bone [43, 44]. Despite these permanent reductions in trabecular bone it only makes up 

10% of total bone while cortical makes up the remaining 90% and could provide explanation as 

to why large relative changes in trabecular bone may not dramatically impact entire bone BMD 

(aBMD). This period of high bone turnover (high resorption transitioning to high formation) 

during pregnancy, lactation, and recovery may provide a window of opportunity for a nutritional 

intervention, such as tea polyphenols, to support and improve the recovery of bone such that 

BMD and bone structure may surpass pre-pregnancy levels.   
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A Dietary Approach to Support Bone Health: Tea  

  Tea is one of the most popular beverages in the world, second only to water. It is 

engrained in some cultural traditions and is a dietary staple in some regions of the world. For 

centuries, tea has been used in traditional medicine and is often consumed for potential health 

benefits [56]. Consumption of green or black tea is associated with a lower incidence of cancer, 

cardiovascular disease (CVD) [57-60] as well as a higher BMD and possibly a lower risk of 

fracture [61, 62]. To date, several varieties of tea have been investigated with the majority of 

research focused on green tea and its components. However, there are several other tea types 

which may also be beneficial.  

Tea Types 

True Teas 

   Tea is commonly prepared by pouring hot water over leaves from the Camellia sinensis 

plant. However, depending on how the leaves are processed, a variety of tea types can be 

produced. Six main teas can be made from the leaves of Camellia sinensis, including: white, 

green, yellow, oolong, black, and pu-erh. These teas differ in the extent of oxidation, ranging 

from no oxidation (white, green, yellow) to partially oxidized (oolong) to fully oxidized (black, 

pu-erh) and therefore each have a unique polyphenol profile. 

  Green tea is an unoxidized tea, as the enzymes responsible for the oxidation of the leaf 

are stopped due to the application of heat after it is plucked. To steep green tea, warm water 

(80°C) is poured over the leaves and steeping occurs for 1-3 minutes. It is important that the 

temperature of the water is warm as opposed to boiling because the leaves are delicate and higher 

temperatures can damage the leaf and the polyphenols released while also increasing the release 

of tannins (that can cause a bitter taste). From this mixture there are four main polyphenols, 
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commonly referred to as ‘catechins’: epicatechin (EC), epicatechin-3-gallate (ECG), 

epigallocatechin (EGC), and epigallocatechin-3-gallate (EGCG). These catechins represent 30 to 

42% of the dry matter with EGCG being the most abundant of the four [63]. After consumption, 

these catechins have been shown to exert many beneficial effects including antioxidant, anti-

inflammatory, anti-mutagenic, as well as anti-bacterial effects in cell, animal, and human models 

(reviewed in [64, 65]). Green tea and its specific polyphenols have also been demonstrated to 

promote mineralization in cell and rodent models [66-68]. Due to its multiple beneficial effects 

to many different aspects of health, green tea continues to be a highly researched tea. 

 Similar to green tea, white tea is not oxidized but differs in terms of polyphenol profile as 

the buds rather than leaf of the Camellia sinensis plant are used. Young buds are plucked from 

the plant prior to opening and allowed to dry by withering with no further processing. As such, 

they are delicate and must be steeped in hot (80˚C) as opposed to boiling (100˚C) water. As a 

result of this preparation catechins are the common polyphenol of white tea. This is similar to 

green tea, but it has been noted that the quantity of catechins in green tea exceeds that of white 

tea [69]. White tea has been associated with similar health benefits as green tea in terms of 

antioxidant and anti-inflammatory activity [70, 71] although it has generally been less studied. 

  In contrast to green tea, black tea is fully oxidized. To be produced, the leaves are 

repeatedly crushed and/or rolled, activating enzymes which are responsible for the oxidation of 

the leaves. After the leaves are rolled, they will be left for up to four hours in cool, humid 

conditions turning their colour from green to their recognizable dark brown colour. Boiling water 

is necessary for the preparation of this tea to ensure that the specific polyphenols present are 

released. The primary polyphenols produced from steeping black tea are theaflavins and 

thearubigins, oxidation products of catechins. Despite differing in the level of oxidation, 
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theaflavins from black tea have been shown to have similar antioxidant effects as catechins from 

green tea and exert similar beneficial effects to health [72]. Some of these beneficial health 

effects include antimutagenic and anti-inflammatory properties [73-75].  

Herbal Teas (Tisanes) 

  Herbal teas (more properly called tisanes) are not made from the leaves of the Camellia 

sinensis plant, but rather are an infusion of flowers, leaves, herbs, or roots. These teas are 

commonly used in traditional medicine and many do not contain any caffeine, as opposed to true 

teas defined as those from the Camellia sinensis plant [8-10]. As all tisanes originate from plant-

based tissue, they are also an abundant source of polyphenols. There is a large variety of tisanes, 

but one that has become increasingly more popular is rooibos. 

  Rooibos, or red bush tea, comes from the Aspalathus linearis plant, which can be found 

in Southern Africa. Two specific varieties of rooibos tea are commonly consumed: red and green 

rooibos. These differ in their level of oxidation, with green being non-oxidized while red is 

oxidized. Because of oxidation, red rooibos has a lower quantity of polyphenols than green 

rooibos that is essentially the natural form of rooibos [76]. Some of the polyphenols found in 

rooibos tea are quercetin, aspalathin, and nothofagin as well as luteolin and its glucoside, 

orientin. These polyphenols are found in both the oxidized and non-oxidized forms of the tea but 

the quantity of each have shown to differ [77]. More specifically, green rooibos has 

comparatively greater amounts of aspalathin and orientin while red rooibos has larger quantities 

of luteolin and quercetin. Although these polyphenols have been shown to function as 

antioxidants in vitro and to be capable of exerting positive health benefits including anti-

inflammatory as well as anti-diabetic activity, it is not yet known if the quantity found in rooibos 

tea, whether green or red, is sufficient enough to induce benefits in humans with an 
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inflammatory condition and/or diabetes [78, 79]. Currently there have been several studies 

demonstrating the beneficial effects that rooibos herbal tea and its respective polyphenols have 

on increased mineralization by osteoblasts [67, 80], and reduced resorption by osteoclasts [81]. 
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Bone Modeling and Remodeling: Mechanisms and Signaling 

  Before discussing specific findings of tea and its polyphenols on outcomes of bone 

health, it is important to first provide an overview of some of the mechanisms and signaling 

behind bone modeling and remodeling. Bone metabolism is a highly regulated process that is the 

cumulative effect of both formation and resorption of bone. This can be further classified into 

two processes that regulate the skeletal system: modeling and remodeling. Modeling is the 

process by which the body lays down new mineral as an adaptation to stressors thus increasing 

the quantity and size of bone, whereas remodeling plays a role in the homeostasis of certain 

minerals and also removes damaged bone and replaces it with new bone. 

  These processes are primarily dictated by the activity of two different cells: osteoblasts 

and osteoclasts. Osteoblasts are mononuclear cells originating from mesenchymal stem cells 

(MSCs) that are responsible for the formation of matrix, a combination of minerals which will 

ultimately become bone. Whereas osteoclasts originate from hematopoietic precursors and are 

responsible for the breakdown of bone tissue. A third cell type, osteocytes, are terminally 

differentiated osteoblasts that are able to sense stressors on the bone and subsequently release 

signaling molecules that will act on to regulate the activity of both osteoclasts and osteoblasts. 

Within each cell type there are specific signaling pathways which will dictate the number and 

overall activity of each cell type. 

Signaling Mechanisms in Osteoclasts 

  There are several mechanisms that have the capacity to induce differentiation in 

osteoclasts but the most important and well-studied one is the RANKL-RANK-OPG system. The 

three main components of this system are the receptor activator of nuclear factor kappa-B 

(RANK), the ligand for the receptor (RANKL), and osteoprotegrin (OPG) the decoy receptor. In 
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the absence of OPG, RANKL will bind to RANK and initiate the activation of several 

downstream factors ultimately leading to an elevation in osteoclast differentiation (Figure 2.2a). 

More specifically, after RANKL binds to RANK, the protein TNF receptor-associated factor 6 

(TRAF6) will be recruited to the intracellular portion of the RANK receptor. Following this, 

several pathways are upregulated; however, the activation of nuclear factor-kB (NF-kB) appears 

to be crucial for osteoclastogenesis. After activation, NF-kB will then undergo nuclear 

translocation and subsequently upregulate c-Fos/AP-1 which will bind to nuclear factor of 

activated T-cells (NFATc1) and exert its effects on promoting osteoclastogenesis (reviewed in 

[82]. Previously, it was thought that the majority of RANKL was produced by osteoblasts but 

recent research has demonstrated that osteocytes may play a bigger role than originally 

anticipated [83]. The expression of RANKL has been shown to increase in response to a 

multitude of factors, including glucocorticoids, vitamin D, inflammatory cytokines (Interleukin 

(IL)-1/6/11/17, and tumour necrosis factor α (TNFα)), as well as parathyroid hormone (PTH) 

[84, 85]. In contrast, estrogen and transforming growth factor beta (TGFβ) reduce the production 

of RANKL [86]. 

  When OPG is present, it is capable of having RANKL bind to it instead of the RANK 

receptor. Currently the only known ligand for the RANK receptor is RANKL so it effectively 

inhibits downstream signaling causing reductions in osteoclastogenesis.  Similarly to RANKL, 

OPG is produced and secreted by both osteoblasts as well as osteocytes. Many of the same 

factors that affect the production of RANKL also effect OPG, but in the opposite way. Estrogen, 

TGFβ, and Ca2+ ions upregulate the production of OPG, whereas bone resorptive factors such as 

glucocorticoids and vitamin D3 have been shown to downregulate OPG production [86-88]. The 

balance between RANKL and OPG quantity is highly regulated and can dictate the formation of 
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osteoclasts and overall bone resorption. For this reason the ratio of RANKL/OPG is often 

measured as it is capable of predicting any alteration in osteoclastogenesis through measurement 

of markers without direct quantification [89]. Another protein capable of affecting this pathway 

is osteopontin (OPN). OPN is an anionic protein thought to be important in the adhesion of 

osteoclasts to bone during the resorption process increasing osteoclast differentiation and 

activation [90]. 

  This ratio may not tell the whole story, however, as another molecule known as 

macrophage colony stimulating factor (m-CSF) can also play a role in dictating 

osteoclastogenesis. m-CSF will bind to its receptor c-Fms and induces the activation of several 

downstream proteins (Figure 2.2b). One of these targets will be the pathways for pro-survival 

including mitogen-activated protein kinase (MAPK) along with protein kinase B (Akt) [91, 92]. 

The activation of these pathways will increase the survival of osteoclasts. Although osteoclasts 

precursors can undergo full maturation and differentiation in the absence of m-CSF, it increases 

the transcription of RANK thus committing the osteoclast precursor to become an osteoclast and 

aiding in the process. The regulation of osteoclastogenesis has yet to be completely elucidated, 

but to date it appears that the RANK-RANKL-OPG system, and to a lesser extent m-CSF, play a 

large role in dictating any alterations.  
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Figure 2.2. a) A simplified model of RANK-RANKL-OPG signaling pathway (Adapted from 

[82]). The binding of RANKL to its’ receptor, RANK, initiates the activation of several 

downstream factors ultimately resulting in increased osteoclast differentiation. Alternatively, if 

OPG is present, RANKL will bind to it instead and downstream signaling will not occur. b) 

Simplified model of the action of m-CSF on osteoclasts (Adapted from [93]). Upon binding of 

m-CSF to its  receptor, c-Fms, downstream signaling will occur leading to the activation of Akt 

and ultimately osteoclast survival. RANKL: Receptor Activator of Nuclear Factor Kappa-B 

Ligand, RANK: Receptor Activator of Nuclear Factor Kappa B, OPG: Osteoprotegrin, TRAF6: 

TNF Receptor Associated Factor 6, NF-Kb: Nuclear factor kappa light chain enhancer activator 

of B cells, c-FOS/AP1: Activator protein 1, NFATc1: Nuclear Factor of Activated T Cells, m-

CSF: Macrophage colony stimulating factor, c-Fms: colony stimulating factor receptor 1, PI3-K: 

phosphoinositide 3-kinase, Akt: protein kinase B. 
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Signaling Mechanisms in Osteoblasts 

  As previously mentioned, mature osteoblasts capable of forming mineral originate from 

MSCs and must first undergo differentiation before becoming fully functional. This is completed 

through the integration of several signaling pathways, but for the purpose of this thesis, Wnt 

signaling (canonical) and bone morphological protein (BMP) signaling are the focus. Wnts are a 

family of proteins which are particularly important in the process of osteoblastogenesis and the 

formation of bone [94].  The exact cell type responsible for the production and secretion of Wnt 

proteins is currently not known but recent research has provided support that osterix expressing 

cells appear to produce Wnts [95]. The signaling that initiates from Wnt proteins can be 

separated into two different pathways, canonical and non-canonical pathways. The difference 

between the two being the involvement of β-catenin, which is involved in the canonical but not 

the non-canonical pathway. When Wnt signaling is turned off a complex of proteins (including 

Axin, adenomatosis polyposis coli (APC), and glycogen synthase kinase (GSK3)) leads to the 

phosphorylation and subsequent degradation of β-catenin, ultimately inhibiting osteoblastic 

differentiation [96, 97]. Activation of the Wnt canonical pathway will prevent the degradation of 

β-catenin and allow for it to exert its effects on osteoblastogenesis (Figure 2.3). Wnts will initiate 

their intracellular signaling by binding to their receptor frizzled (FZD) as well as concurrently 

interacting with their co-receptor low density lipoprotein 5/6 (LRP5/6). This binding of Wnt 

proteins to their receptors will induce translocation of Axin to the membrane where it will bind 

with LRP5/6 [98]. This binding of Axin will activate Disheveled (Dsh) through phosphorylation. 

This phosphorylation has been demonstrated to occur in part by several different proteins 

including: Casein Kinase 1 & 2, Metastasis Associated Kinase, and Par1 [99-102]. Following 

this phosphorylation and activation, Dsh will inhibit GSK3 preventing the degradation of β-
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catenin [103]. With the accumulation of β-catenin it will translocate to the nucleus of the 

osteoblast where it will work with t cell factor/lymphoid enhancer factor (Tcf/LEF) to induce 

osteoblast proliferation and differentiation by binding to specific genes (reviewed in [104]).  

 

Figure 2.3. Simplified model of canonical Wnt signaling pathway (Adapted from [98]). In the 

absence of Wnts, GSK3 will degrade β-catenin and further signaling in this pathway will be 

terminated. When Wnts are present they will bind to LRP5/6 causing translocation of Axin to the 

membrane and the subsequent phosphorylation of Dsh which will inhibit the actions of GSK3 

allowing for the downstream signaling of β-catenin to increase osteoblast proliferation and 

differentiation. DKK: Dickkopf, SOST: Sclerostin, LRP5/6: low density lipoprotein 5/6, Dsh: 

Dishevelled, GSK3: Glycogen synthase kinase 3, Tcf/LEF: t cell factor/lymphoid enhancer 

factor. 
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  The mechanisms regulating the production and release of Wnt proteins is currently not 

clear, however, a transmembrane protein, Wntless/Evi, seems to play a role [105]. As Wnt 

signaling can have such large effects on osteoblastogenesis the body regulates this through the 

utilization of several different inhibitors which stop Wnt proteins from effectively binding to 

FZD and LRP5/6. One inhibitor is Dickkopf (Dkk), which exerts its effects by binding to 

LRP5/6 causing inhibition [106]. This binding will also cause another transmembrane protein, 

Kremen, to facilitate the internalization of LRP6 further inhibiting the pathway [107]. Other 

proteins which have shown the capacity to inhibit Wnt signaling by binding to the LRP5/6 

receptor include sclerostin (SOST) and wise [108]. Secreted frizzled-related proteins (SRFPs) are 

similar in structure to FZD and because of this have been shown to be able to competitively bind 

to Wnt proteins effectively inhibiting the signaling pathway as the proteins cannot bind to their 

proper receptor [109].  

  Another important mechanism that can dictate osteoblastogenesis and the fate of 

osteoblasts is through the BMP or TGF-β pathways. Both of these pathways are very similar and 

consist of both a canonical and non-canonical signaling arms. The canonical segment of these 

pathways consist of the formation of Smad protein complexes leading to the transcription of 

runt-related transcription factor 2 (Runx2), a strong promoter of osteoblast proliferation and 

differentiation (reviewed in [110]). The two pathways differ in their receptors as well as specific 

Smad proteins involved. BMPs have been shown to be produced and secreted in both osteoclasts 

and osteoblasts [111-113]. In BMP signaling, a BMP protein will bind to a dimer receptor of one 

type 1 and one type 2 serine/threonine kinase, often denoted as BMPR1 and BMPR2. Following 

binding, activation of Smad1, 5, and 8 will occur and will proceed to associate with Smad4. The 

complex formed (Smad4:Smad1/5/8) will then translocate to the nucleus where it will interact 
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with Runx2 to promote osteogenic genes (Figure 2.4a). In the canonical arm of TGF-β signaling, 

a similar sequence of events occurs. Once binding to the receptor occurs (dimer consisting of 

type 1 and type2 receptor; TGFR-1/TGFR-2), Smad 2 and 3 are activated which will then 

associate with Smad 4 to form a complex (Smad4:Smad2/3) and translocate to the nucleus to 

upregulate genes (Figure 2.4b). In the non-canonical arms of both pathways Smad protein are not 

involved. Once the particular protein binds with their specific receptor, transforming growth 

factor β activated kinase-1 (TAK1) will be activated [114]. This will lead to a cascade of 

signaling events that will lead to the activation of c-Jun N-terminal kinases (JNK) and p38, 

which will ultimately interact with Runx2 and promote osteogenic genes [115]. 
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Figure 2.4 a) Simplified model of canonical BMP signaling in osteoblasts (Adapted from [110]). 

Following binding of BMP’s to their receptor, activation of Smad 1/5/8 will occur along with 

association to Smad4 leading to the an interaction with Runx2 and the increased expression of 

osteogenic genes  b) Simplified model of canonical TGF-β signaling in osteoblasts (Adapted 

from [110]). Similarly to BMP signaling, once TGF-β binds to its’ appropriate receptor it will 

activate Smad 2/3 and associate with Smad4 leading to an interaction with Runx2 and an 

upregulation of osteogenic genes. BMP: Bone morphological protein, BMPR 1/2. Bone 

morphological protein receptor 1/2, TGF-B:  transforming growth factor beta, TGFR 1/2: 

Transforming growth factor receptor, Runx2: runt related transcription factor 2. 

  Specific ligands capable of inhibiting and regulating both these pathways have also been 

discovered. Chordin and follistatin are antagonists that specifically target TGF-β signaling, while 

BMP signaling has been shown to be negatively regulated by the ligand Noggin which is 

produced by cells of osteogenic lineage  [116-119]. Another ligand that can decrease 

mineralization is OPN. OPN can bind to hydroxyapatite and inhibit the further formation of 
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mineral [120]. These three pathways in osteoblasts play a crucial role in determining their overall 

fate, and crosstalk between pathways has been shown to occur [121, 122]. The specific 

interactions and influences that these three pathways have on each other are complex but it is 

clear that it allows for a high level of regulation over osteoblastogenesis.  
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Signaling Alterations Affecting Bone During Pregnancy and Lactation 

  During pregnancy, PTHrP (Parathyroid hormone related protein) is increased and will 

remain elevated until the end of lactation. PTHrP has multiple functions, including: stimulation 

of calcium transport to the fetus, and increasing the activation of osteoclasts by production of 

RANKL [123, 124]. During pregnancy the bone resorptive effects of PTHrP are largely 

counteracted by estradiol [20]. However, as prolactin increases and estradiol falls around the 

onset of lactation there is an increase in skeletal resorption [30]. The reduction of estrogen during 

lactation directly influences RANKL signaling and has been demonstrated to directly increase 

the activation of this signaling pathway thus increasing osteoclastogenesis and ultimately bone 

resorption [125]. More specifically, this is due to increased expression of both RANKL and 

RANK, its receptor. Under normal non-pregnancy conditions, estrogen negatively effects the 

production of several proinflammatory cytokines (IL-6, IL-1, and TNFα) which have been 

shown to increase skeletal resorption by increasing RANKL [126]. A reduction in estrogen has 

also been shown to increase the expression of RANK. This alteration is mediated through 

elevated levels of C-C chemokine receptor 2 (CCR2). This connection was brought to light 

through analyzing the bone health of wild type mice and mice deficient in CCR2. Researchers 

observed that mice deficient in CCR2 had greater bone growth and upon further analysis 

observed significant decreases in RANK and RANK dependent genes [127]. Further 

exacerbating the increase is a decrease in OPG which normally functions to regulate the binding 

of RANKL to RANK. In vitro studies have demonstrated that the presence of estrogen promote 

the secretion of OPG from osteoblasts [128].  

  Estrogen may also function as an antioxidant and its reduction (which occurs during 

lactation) can lead to increased oxidative stress [129]. It is believed that oxidative stress and the 
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production of reactive oxygen species (ROS) may play a role in the attenuation of Wnt/β catenin 

signaling. Under normal conditions, β-catenin is able to activate downstream factors that will 

promote osteoblastic differentiation. However, when cells of the osteoblastic lineage are in a 

state of oxidative stress it has been demonstrated that proteins called forkhead box proteins 

(FoxOs) become activated [130]. These specific transcription factors function to increase the 

expression of several antioxidant enzymes to manage the increased levels of ROS. To fully 

activate, FoxOs require association with their coactivator β-catenin [131]. This ultimately diverts 

β-catenin away from the canonical Wnt pathway decreasing the transcription of factors that 

promote osteoblastogenesis. Furthermore, the presence of ROS, which are elevated under 

estrogen deficient conditions, have been demonstrated to promote the expression of SOST and 

DKK1 [132]. Both of these molecules are potent inhibitors of Wnt/β-catenin signaling through 

competitively binding with LRP5/6 significantly reducing the activity of this pathway. An 

increase in oxidative stress can also increase OPN, which directly inhibits the mineralization 

process.  
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Tea and Bone Health: Findings from Human Studies 

  There have been several recent reviews on the topic of tea consumption and bone health 

in humans with the majority of studies being conducted in older individuals, primarily women, 

and focusing on osteoporosis and bone health at older ages [133-135]. For this reason, I provide 

a brief summary of earlier studies and I have focused my discussion on studies published in the 

past 5 years.   

Cross-Sectional Studies  

BMD 

  Using cross-sectional study designs, investigators have identified potential relationships 

between tea consumption and BMD. One of the earliest cross-sectional studies was published in 

2000 [136]. At this time, the researchers noted that several studies had investigated the effects of 

coffee consumption on BMD as caffeine had been shown to negatively influence bone health and 

coffee was the main source of caffeine in the populations studied. Caffeine is also found in tea 

along with other nutrients that may be beneficial to bone such as polyphenols but there were very 

few studies assessing the influence of tea. These previous studies were conducted in females and 

were identifying risk factors associated with hip fracture, one of them being tea consumption 

[137, 138]. Females aged 65-76 were recruited from Britain as participants for this study and 

were asked to complete questionnaires regarding their tea consumption and also had their BMD 

measured at the greater trochanter, lumbar spine, femoral neck, and Ward’s triangle. Females 

who were tea drinkers had on average a 5% greater BMD. More specifically they had 

significantly greater BMD at the lumbar spine, Ward’s triangle, and greater trochanter. Similar 

findings were demonstrated a few years later in a study conducted by researchers from Australia 

(Devine et al., 2007). Similar to the study conducted in Britain, the predominant tea type 
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consumed in Australia was black tea. Researchers recruited 1027 older women (70-85y) and 

assessed their tea drinking habits through a questionnaire and also measured their BMD [139]. 

Although, not as detailed as the aforementioned study the results still demonstrated a significant 

trend for older women who habitually drink tea to have greater BMD at the hip than those who 

did not. In 2014 a research group in China assessed the relationship between oolong tea 

consumption, a specific type of black tea, and BMD at the lumbar spine, left femoral neck, 

greater trochanteric bone, and Ward’s triangle in 680 post-menopausal women [140]. All 

included participants were at least 2 years post-menopause and patients who were receiving 

hormone therapy of any kind or had diseases that affected bone metabolism were excluded from 

the study. From the 680 participants recruited, 124 were classified as tea drinkers (drank 250mL 

or more a day) while the other 556 were deemed non tea drinkers. After covariance analysis, the 

measured BMD of the trochanteric bone and Ward’s triangle was significantly higher for tea 

drinkers at both the greater trochanter and Ward’s triangle, while no differences were observed at 

the femoral neck or lumbar vertebra. A separate lab group assessed the potential relationship 

between flavonoid intake and bone health in the Scottish population by means of a cross-

sectional study [141]. In this study more than 3000 women completed a questionnaire about 

flavonoid intake, one of the active components of tea, and also measured BMD at the femur neck 

and lumbar spine. Results showed that there was a positive correlation between daily flavonoid 

intake and BMD. Interestingly, it was also noted that the majority of daily flavonoid intake of 

participants came from tea consumption. Although polyphenols are not specific to tea, it is an 

abundant source. It is estimated that one cup of tea (200mL) has approximately 100 mg of 

polyphenols, however this will vary depending on type of tea as well as the method of 

preparation [142]. Some fruits and berries have been shown to contain upwards of 200 to 300 mg 
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of polyphenols per 100 g serving. Whole foods, such as fruits and vegetables are important 

sources of polyphenols but the average North American diet does not usually consist of these 

particular foods in a large enough quantity. Importantly, tea also contains unique polyphenols 

that may have large effects, which are often in sparse quantities in whole food. Although the sites 

of higher BMD may differ between studies, the findings from this recent study supports older 

findings that tea consumption is associated with higher BMD. 

Fracture Incidence  

  More recently, several studies have been conducted in Asian populations and have 

assessed the potential relationship between tea consumption and fracture incidence (a functional 

outcome). One research group conducted a case control study in both males and females with 

recent osteoporotic hip or femur fractures and compared them to sex and age (ranging from 58 to 

82 years of age) matched individuals without recent fracture [143]. A significant difference was 

observed in males, with the data suggesting that those who drink tea have a reduced risk of 

fracture. Surprisingly no differences were observed for females. The author noted that the males 

in the study consumed greater amounts of tea on average than the females and that may be the 

cause of the differing results between sexes.  

Prospective Studies 

  Prospective studies differ from cross-sectional studies as they enable researchers to not 

only measure BMD or fracture at a certain time point, but they also allow for researchers to 

observe the effects over a designated time frame. However, prospective studies involve a greater 

financial and time investment; there are fewer of these studies compared to cross-sectional 

studies. One of the largest prospective studies to date used the Women’s Health Initiative 

Observational Study cohort [144]. The researchers found a positive correlation between habitual 
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tea consumption (tea type not measured) and total BMD for individuals who consumed 4 or 

more cups of tea a day over a 3-year period while those who drank 2 to 3 cups/day had greater 

spine BMD. Despite these benefits to bone structure (total body and total spine BMD) the 

authors noted no benefit in terms of protection from fracture.  

  Another prospective study, which measured fracture incidence in response to tea 

consumption, was conducted in Australia over a 10 year period [145]. These researchers 

recruited 1188 post-menopausal women (>75 years old), who were similar to the general 

population of this age in relation to their disease burden as well as pharmaceutical use, to provide 

data on black tea consumption and also have their medical history over the study period 

monitored for any sustained fractures. A quarter of the participants suffered an osteoporotic 

fracture over this period with roughly 75% of them being classified as major fractures. After 

analysis of the data the investigators concluded that individuals who consumed the greatest 

amount of black tea (3 or more cups a day) had a 30% reduced risk of suffering an osteoporotic 

fracture than those in the lowest group of tea consumption (1 cup or less a week). 

  The association between tea consumption and fracture risk becomes even more 

incongruent when looking at recent meta-analyses that included prospective studies. Two meta-

analysis studies were conducted in this area of research in 2014, however, the results 

contradicted each other. The first analysis consisted of 14 studies, which included 195922 

individuals, 9958 of which had sustained a hip fracture [146]. Although the tea type consumed 

was not assessed, the results from the analysis demonstrated that individuals who drank 1-4 cups 

of tea a day had a decreased risk of fracture when compared to individuals who did not consume 

tea. In contrast, the other meta-analysis came to the conclusion that tea consumption was not 

associated with a risk of fracture [147]. This analysis included data from 9 different studies and 
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assessed a total of 147950 individuals and also did not assess the influence of tea type. Cross-

sectional and meta-analysis studies from the literature appeared to provide strong evidence of a 

positive correlation between the consumption of tea and BMD, however, the effects on the 

overall risk of fracture in humans appear to be inconclusive at this point. 

Randomized Control Trials 

  A randomized control trial (RCT) assessing if supplementation of green tea extract had 

an influence on adiposity as well as BMD (as a secondary measure), showed no difference 

between those in the control or the test group [148]. The design of the study was different than 

the other studies mentioned as it was an RCT that used green tea extract rather than whole tea 

itself. It is important to note that beneficial effects for bone health may not be solely caused by 

the presence of specific polyphenols, but rather the combination of nutrients that are 

encompassed in the tea itself.  937 post-menopausal subjects (50-70 years old) received either 

green tea extract containing EGCG or a placebo for a 12-month duration. At first glance the 

findings between this RCT and the previously mentioned studies may contradict each other but it 

is possible that for beneficial effects to be seen it is necessary for it to be whole tea and not just 

supplementation of an extract of specific polyphenols. Also, this particular study followed 

subjects for a relatively short portion of their lifetime. This is important as the consumption of 

tea may be protective when it is consumed over lifetime - tea may not be able to be function as a 

treatment, but rather as a prevention strategy.  The results for BMD were also a secondary 

measure and were not the main objective of the study. As such further studies should be 

conducted to confirm.   

  Prior to the previous study, an RCT was conducted in 171 postmenopausal osteopenic 

women to determine if consumption of 500 mg of green tea polyphenols a day and 60 minutes of 
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Tai Chi  a day were beneficial to bone health [149]. Participants were randomly assigned to one 

of four groups: 1) placebo + no Tai Chi; 2) green tea polyphenols + no Tai Chi; 3) placebo + Tai 

Chi; 4) green tea polyphenols + Tai Chi. Elevations in bone specific alkaline phosphatase (BAP) 

were observed after one month of green tea polyphenols supplementation and increases in the 

ratio of BAP to tartrate resistant acid phosphatase (TRAP) (ratio of bone formation to bone 

resorption) were observed after 3 months of supplementation. These results suggest that 

supplementation of green tea polyphenols can promote bone formation in relation to bone 

resorption as indicated by the improved ratio of BAP to TRAP. 
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Tea and Bone Health: Findings from Animal Studies 

  The use of animal models allows investigators to have an accessible model with which 

they can assess the structural properties of bone over time and the potential mechanisms behind 

alterations. Compared to human studies, these studies also allow for single experimental 

manipulations to be controlled and allow for a cause and effect relationship to be identified. 

Furthermore, much of the literature relating to tea and bone in animals is related to osteoporosis 

and often includes animals that have been ovariectomized. Although ovariectomy causes greater 

losses than would occur during normal menopause it still provides a useful scenario of low 

estrogen and high bone turnover, which is useful in extrapolating what would occur during 

pregnancy and lactation, another period of low estrogen and high bone turnover.  

One of the first studies to utilize an animal model to investigate the effects of black tea 

consumption on bone properties was conducted in 2004 [150]. In this study, female rats were 

randomized to one of 3 groups: sham surgery, ovariectomy (OVX), or OVX+black tea extract for 

28 days. Animals that only underwent OVX had reduced BMD at the femur, thoracic rib, and 

thoracic spine. Coinciding with these decreases in BMD were elevations in alkaline phosphatase 

(ALP) and TRAP activity, suggesting an elevated rate of bone turnover. The loss of BMD was 

attenuated in rats receiving black tea extract but was not completely protected against OVX-

induced deterioration of BMD, while ALP and TRAP activity remained similar to sham levels.  

Since the initial study, follow-up studies have provided evidence that black tea may act as a 

phytoestrogen and through an estrogen-like effect protect against bone loss induced by 

ovariectomy in female rats [151, 152]. Phytoestrogens are compounds obtained through the 

consumption of plant based material, including polyphenols, which due to their structural 

similarity to estrogen are capable of inducing similar effects by binding to receptors for estrogen 
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[153]. In these studies, rats were ovariectomized and supplemented with black tea extract 

(similar to what is consumed by humans) or a control. Specifically, rats that were supplemented 

with black tea extract experienced an increase in serum 17-β estradiol and positive changes in 

bone, including increased BMD (measured by bone ash weight) along with increased calcium 

and phosphate levels [151]. It has also been shown that black tea is effective in preserving BMD 

mainly through reductions in osteoclast number [152]. 

  More recently, the influence of green tea on bone health in female animals has been 

studied. One study directly investigated the effects of green tea polyphenol supplementation on 

bone (BMD) in female rats that either underwent OVX or a sham operation [154]. The green tea 

polyphenol supplement differs from whole green tea as it has several fold higher concentration of 

catechins than what would be obtained from drinking tea alone [155]. The rats that were in the 

green tea polyphenol groups received the polyphenols through their drinking water at 

concentrations of either 0.1% (w/t) or 0.5% (w/t) ad libitum. The specific formulation of the 

green tea polyphenols (per 1000 mg) were as follows: 480 mg EGCG, 160 mg ECG, 60 mg EC, 

and 103 mg EGC. As expected, the polyphenols from green tea did not affect the BMD of rats 

who had only underwent a sham operation because there was no challenge to them (i.e. removal 

of estrogen).  OVX rats supplemented with green tea polyphenols (independent of concentration) 

had greater femur BMD than OVX rats not receiving the intervention. Similar results were also 

seen in another study which EGCG was given to OVX rats [156]. OVX rats fed EGCG 

experienced a greater preservation of BMD compared to those who received a placebo. OVX rats 

fed EGCG also had better bone microarchitecture: higher bone volume, greater trabecular 

thickness, higher trabecular number, and reduced trabecular separation. Green tea polyphenols 

have also been shown to improve bone health in other medical conditions that have compromised 



 

37 
 

bone health, such as obesity, chronic inflammation, and rheumatoid arthritis [66, 157-160].  

  Currently, the amount of data regarding the effects of green tea on bone health in males is 

scarce. One of the few studies in male rodents supplemented genetically obese or lean young 

male mice with a green tea extract [161]. The investigators determined that several indicators of 

bone health were reduced in male mice (regardless of genotype) in response to 6 weeks of 

supplementation of green tea extracts (concentrations equivalent ~ 7 and 14 cups/day) beginning 

at 5 weeks of age, including femur length, volume, mineral content (measured by µCT at 

endpoint), and cortical thickness. It should be noted that the results from this study only pertain 

to growing young rodents during puberty, so it is possible that the same effects may not be seen 

at other stages of life including old age. Currently, aging has been a focus whether it be through 

studying an older population or an OVX model. It is not yet known how tea can influence bone 

during other stages of life, such as development. As a whole, the studies conducted in OVX 

female mice and rats demonstrated clear evidence that there is a positive relationship between 

supplementation and consumption of tea polyphenols and bone health in an estrogen deficient 

model. However, due to a lack of data in males it is not possible to conclude the effects of tea 

consumption on bone health. It is also important to mention that to date the majority of rodent 

studies in this area have involved green tea and its polyphenols (with the exception of the one 

aforementioned lab group), while there is a noticeable gap in the literature regarding other tea 

types including rooibos. 
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Tea and Bone Health: Findings from Cell Studies 

  Cell culture can be used to isolate specific cells of interest from all other physiological 

systems which under normal conditions would interact with the system of interest and often 

make it substantially more difficult to evaluate the mechanisms behind observed changes. 

Another benefit to using a cell model is it allows for the effects of supplementation to be 

observed rapidly as opposed to human and animal models. However, there are drawbacks to cell 

culture. As cells are isolated, they are very susceptible to slight alterations in their external 

environment and can be easily contaminated, for this reason it requires a researcher skilled in 

aseptic technique as well as cell culture. Also, as previously mentioned, cells are isolated from 

the whole body so they are not necessarily an accurate representation of what would normally 

occur in a normal healthy human. In general, the origin of the cells does not impact findings 

unless there are large alterations in the signaling mechanisms in question. Despite its flaws, cell 

culture remains a useful model that continues to be implemented in determining the influence 

that tea consumption has on bone health and the mechanisms mediating it. Specific signaling 

pathways can be elucidated without the interference of crosstalk that would occur in an 

organism. As well, cell culture allows for rapid preliminary testing of multiple compounds 

expediting the process. 

  One of the first studies utilizing cell culture to investigate if tea and its polyphenols may 

be beneficial to bone health was conducted in 2005 [162]. Researchers were specifically 

interested in the possible effects that the polyphenols quercetin and rutin, which are found in 

green and red rooibos teas, respectively, as well as several different foods, may have on 

osteoclasts and their rate of mineral resorption. To investigate this, porcine bone marrow cells 

were plated on dentine slices in the presence of 1, 25-dihydroxyvitamin D3 and either quercetin, 
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rutin, or 17 β-estradiol. Dentine slices are discs composed of material that resembles bone and 

allows for the in vitro quantification of osteoclast number/activity by monitoring the resorption 

of dentine, through the appearance of pits. Following 11 days of intervention, all three conditions 

exhibited a reduction in the number of TRAP positive cells present, a biological marker of 

osteoclast differentiation, and in the size and number of resorption pits created. Taken as a 

whole, these findings present evidence that the consumption of quercetin or rutin reduces 

osteoclast activity, and thus may support bone health. In the same year a different lab group 

investigated the effects that tea may have on the differentiation and formation of osteoblasts 

[163]. To do this, researchers supplemented bone marrow MSCs with EGCG. Following 48 

hours of supplementation, the expression of several osteogenic factors (osterix, osteocalcin, and 

ALP) were elevated. After 4 days, an elevation in ALP activity was observed, and mineral 

production was enhanced after 2 weeks of supplementation. The positive findings from these two 

studies [162, 163] laid the foundation for many other studies and continues to be important 

evidence for the potential beneficial effects of tea consumption on bone in humans. 

  Since the initial studies there has been a high level of interest regarding green tea, and as 

such the majority of research has been conducted using this tea and its catechins. EGCG was 

evaluated for its potential ability to enhance mineral production by osteoblasts [68]. Saos-2 cells, 

human osteoblast like cells, were supplemented with varying concentrations of EGCG (1 µM to 

5 µM). The addition of EGCG promoted bone mineralization. This was measured through 

Alizarin red S stain as well as Von Kossa staining. The authors also documented an inhibition of 

Runx2 and an increase in ALP, which are an inhibitor of osteoblast differentiation and a marker 

of osteogenesis respectively. Following this study, the other three major catechin groups found in 

green tea (EGC, EC, and ECG) were assessed. Researchers implemented UMR-106 cells to 
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determine the effects on osteoblasts and RAW 264.7 cells to represent osteoclasts [164]. EGC 

was observed to be the most potent of the three as it was capable of stimulating ALP, 

mineralization as well inhibiting the expression of TRAP in the RAW 264.7 cells (a measure of 

osteoclast formation) at a concentration of 10 µM. The other two catechins were still beneficial 

to osteoblasts and osteoclasts, however, it was noted that a concentration of 20 µM was required 

for them to decrease the expression of TRAP. As an entire profile of catechins, green tea as a 

whole likely has a strong effect as a bone promoting supplement. Other studies using green tea 

catechins in cell culture have also shown beneficial effects in terms of either promoting 

osteoblast mineralization or suppressing osteoclast resorption, however the exact mechanisms 

are unknown [165-168]. 

  To date, very little research has been conducted on rooibos tea or compared teas among 

each other to determine if one particular tea type and their polyphenols are more effective at 

promoting bone health. Recently, our lab has begun to examine this. In 2015, our group assessed 

the potential influence of two polyphenols found in rooibos tea, orientin and luteolin, on 

mineralization in Saos-2 cells [80]. Mineralization increased as a result of supplementation of 

both luteolin and orientin. ALP was also elevated while the expression of TNFα, IL-6, SOST, 

OPN, and OPG were decreased. The findings from this study demonstrate that despite 

originating from a different plant and having largely different polyphenol profiles, rooibos tea 

may have similarly beneficial effects on bone cells as both green and black teas. Following this 

study, our lab compared the ability of commercially available green, black, and red teas to 

increase osteoblast mineral production [67]. Saos-2 cells were supplemented with either 1 µg/mL 

or 10 µg/mL of polyphenols from each tea. Normalizing the polyphenolic content allowed for an 

assessment of the effectiveness of the polyphenol profile of each tea, rather than the total amount 
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of polyphenols. All three of the teas demonstrated positive effects on mineralization and ALP at 

1 µg/mL, however 10 µg/mL of polyphenols appeared to be toxic. Markers of osteoblastic 

differentiation (OPN and SOST) were elevated in response to supplementation of these two 

polyphenols, while pro-inflammatory markers (IL-6, TNFα) were decreased. Although minimal 

differences were observed between teas, all three demonstrated significant elevation in the 

quantity of mineral produced and support the need for further research. 

  As a whole, the relevant literature utilizing cell culture models consistently provide 

evidence that tea as a whole or separated into individual polyphenols have the capacity to 

increase mineral formation and decrease mineral resorption. However, the exact mechanisms 

remain unclear. 
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Tea to Support Bone Health  

  Health benefits of tea consumption relating to reduced incidence of cancer and CVD have 

been commonly attributed to polyphenols, bioactives that will vary in type and abundance 

depending on characteristics of the tea [133]. Several factors regarding the extraction process 

have been shown to influence the polyphenol content in tea preparations, including temperature, 

concentration of tea, and steep time [169]. Of these factors, steeping time appears to be the most 

easily modifiable by consumers and is an important aspect to consider due to its large influence 

on overall polyphenol content. As has been described, polyphenols from tea appear to have the 

capacity to promote bone mineral deposition and improve bone structure. To improve bone 

quantity and structure following pregnancy and lactation one of the following must occur: 1) 

decreased resorption of bone by osteoclast;2) increased formation of bone by osteoblasts; or 3) a 

combination of elevated bone formation and decreased bone resorption. The exact mechanism by 

which this may occur is currently unknown, but one theory is that polyphenols from tea are 

acting as antioxidants. In both in vitro and in vivo models, polyphenols have been shown to 

function as antioxidants and inhibit the production of harmful free radicals [170, 171]. However, 

it should also be noted that high concentrations of polyphenols have been shown to be toxic and 

act as pro-oxidants rather than antioxidants [172]. In terms of bone resorption, a reduction in free 

radicals will ultimately lead to suppressed levels of osteoclastogenesis, preserving bone. As was 

previously mentioned, free radicals can increase the expression of RANKL. Polyphenols from 

tea may be capable of decreasing the production of free radicals, decreasing the expression of 

RANKL (Figure 2.5). 

  Another mechanism through which tea may mediate a reduction in bone resorption by 

osteoclasts is through the binding of polyphenols to estrogen receptors, which can elicit 
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downstream signaling in the absence of estrogen. This is due to some polyphenols in tea having a 

similar structure to estradiol, the main female sex hormone [173]. As a result, it is possible that 

with habitual consumption of tea estrogen receptors are activated despite an absence of estrogen. 

If this is the case, the stimulus to increase the expression of CCR2 is removed, which will 

decrease production of RANK. While expression of OPG will presumably be upregulated as the 

cells of the body believe that estrogen is still present and the specific signaling pathways will 

function as such. Upregulation of OPG and downregulation of RANK will effectively decrease 

activation of the RANKL-RANK pathway and attenuate bone resorption. 
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Figure 2.5. A simplified diagram of the proposed mechanism by which polyphenols from tea can 

decrease RANKL-RANK signaling and the expression of osteoclastogenic factors. In the 

presence of ROS, the expression of RANKL is upregulated which ultimately increases the 

production of osteoclastogenic factors. Polyphenols from tea will function as antioxidants 

decreasing the quantity of ROS and subsequently the expression of RANKL and 

osteoclastogenic factors. RANKL: Receptor Activator of Nuclear Factor Kappa-B Ligand, 

RANK: Receptor Activator of Nuclear Factor Kappa B, OPG: Osteoprotegrin, TRAF6: TNF 

Receptor Associated Factor 6, NF-Kb: Nuclear factor kappa light chain enhancer activator of B 

cells, c-FOS/AP1: Activator protein 1, NFATc1: Nuclear Factor of Activated T Cells, OPN: 

Osteopontin. 
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  In terms of bone formation, tea polyphenols can increase the activity of the Wnt/β-catenin 

signaling pathway [80]. The observed upregulation of this signaling pathway was associated with 

concomitant decreases in the inflammatory cytokine IL-6 and TNFα as well as SOST. 

Subsequently, the Wnt/β-catenin pathway had increased activation as the binding of Wnts to 

their receptor (LRP5/6) were not inhibited. Although not measured, it is highly likely that DKK1 

(which functions as a receptor antagonist) was also downregulated. This is due to the fact that 

inhibition of IL-6 and TNFα has been shown in previous studies to also inhibit the expression of 

DKK1 [132] (Figure 2.6). ROS have also demonstrated the ability to increase DKK1 and SOST 

independent of inflammatory cytokines [174]. Another mechanism through which tea 

polyphenols can increase the activation of this signaling pathway is by ensuring that β-catenin is 

readily available. As previously mentioned, ROS will accumulate under an estrogen deficient 

state which will activate the transcription of FoxOs to inhibit ROS. For this to occur β-catenin is 

needed as a co-activator, removing it from canonical Wnt signaling and attenuating the 

downstream upregulation of osteogenic genes [175]. Polyphenols from tea may be able to 

prevent this by directly inhibiting the accumulated ROS through their innate ability to act as 

antioxidants. This would effectively remove the stimulus for FoxO transcription, partitioning a 

greater amount of β-catenin for Wnt signaling. As a whole it is postulated that tea polyphenols 

can increase bone formation by osteoblasts through upregulation of the Wnt signaling pathway. 
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Figure 2.6. A simplified diagram of the proposed mechanism by which polyphenols from tea can 

increase Wnt/β-catenin signaling in osteoblasts and the expression of osteogenic genes. In the 

presence of ROS the expression of DKK, SOST, and OPN are upregulated, known inhibitors of 

canonical Wnt signaling. Addition of polyphenols from tea will decrease the quantity of ROS, 

reducing the production of DKK and SOST, ultimately increasing Wnt/ β- catenin signaling in 

osteoblasts and bone formation. DKK: Dickkopf, SOST: Sclerostin, LRP5/6: low density 

lipoprotein 5/6, Dsh: Dishevelled, GSK3: Glycogen synthase kinase 3, Tcf/LEF: t cell 

factor/lymphoid enhancer factor, OPN: Osteopontin. 

 



 

47 
 

Knowledge Gaps and Proposed Approach 

Knowledge Gaps 

  The current literature about human, animal and cell studies suggests that the consumption 

of tea may be effective in supporting bone health. The majority of research that relates to tea 

polyphenols and bone health has been done in cell models while the specific mechanisms have 

not been elucidated. Furthermore, it is not yet known if different types of tea, due to their 

respective polyphenol profiles, are more effective than others at inducing positive effects in 

bone. The majority of research in animal and cell models has focused on the effects of green or 

black tea, and there has rarely been any direct comparison of the effectiveness among different 

types of teas – including both those from Camellia sinensis and those considered herbal teas 

(such as RR). This is an important aspect to investigate further, as differing tea types have their 

own unique profiles of bioactives, which may be capable of affecting bone health differently 

from one another. Aside from tea type, steeping time also plays a large role in determining the 

overall polyphenol content of tea that is consumed and should be investigated to determine if 

there is an optimal steep time in terms of overall polyphenol extraction as well as their ability to 

function as antioxidants. It is also not yet known if there is an optimal concentration of tea which 

would elicit maximal effects without any signs of toxicity. Currently, the effect of tea on bone 

formation has only been investigated in immortalized osteoblasts and while greater 

mineralization is observed, the specific pathways of action have not been elucidated.  

  As well, there is currently no literature on whether or not tea consumption may be 

beneficial during periods of high bone turnover such as pregnancy and lactation. The period of 

high bone turnover during pregnancy and lactation has also been associated with an increased 

production of ROS and as a result increased oxidant stress [176]. As this is a period of rapid 
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bone loss transitioning to rapid gain it may provide a window of opportunity whereby tea and its 

polyphenols may be able to recover bone at a quicker rate and bring bone mass and 

microarchitecture to greater levels than were present pre-pregnancy by reducing levels of ROS 

and oxidant stress.  

Experimental Approach  

  This thesis research included four distinct studies, with each subsequent study building 

on the findings from the previous study. This utilized a “bottom up” approach where in vitro 

experiments were initially conducted to answer necessary methodological questions and then 

proceeded to a more complex and physiologically-relevant model (Figure 2.7) 

 

Figure 2.7 Progression of studies  

  To address the knowledge gaps outlined above, loose leaf teas were purchased from local 

specialty tea shops. These teas were steeped for 1 to 10 minutes (at 1-minute intervals) and the 



 

49 
 

resulting polyphenol content and antioxidant activity were assessed as a basis for later studies 

(Study 1). Following this, Saos-2 cells (osteoblast-like cells) were used. These cells have been 

shown to demonstrate a mature osteoblast phenotype when differentiation is induced. More 

specifically, osteoblastic markers (osteocalcin, bone sialoprotein, collagen, decorin, procollagen-

I and osteoprotegrin) were detected [177]. It is also possible to induce mineralization, making 

them a useful model for quantifying alterations in osteoblast activity [67, 68] and have been used 

previously by our group to test effects of whole tea and polyphenols from tea [67, 80, 178]. 

Using this model allowed for an initial evaluation of the efficacy of the different tea types on 

promoting mineral deposition as well as detecting alterations in signaling pathways that control 

mineral deposition (Study 2). Once the different tea types were evaluated at a normalized 

concentration-a dose response study with the tea type that produced the greatest amount of 

mineral (RR) was conducted in the same model to identify an optimal concentration for 

producing the largest quantity of mineral (Study 3). 

  To test RR herbal tea in an in vivo model of pregnancy and lactation, Sprague-Dawley 

rats consumed a supplemental concentration of tea (2.6 g/ kg of body weight/day: human 

equivalent dose (HED) of 12 cups/day) prior to mating and up to 4 months post-lactation with 

longitudinal in vivo measurements of trabecular and cortical quantity (BMD and tissue mineral 

density (TMD), respectively) and structure. These results were compared with rats who were 

mated but only had access to water as well as a non-pregnant control to characterize what would 

be considered normal bone quantity and structure changes over the life stage studied (Study 4). 
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Chapter 3: Objectives and Hypotheses 

Overall objective 

 The overall objective was to determine if tea supplementation (in vitro) or consumption (in vivo) 

promotes a favourable bone turnover during pregnancy, lactation, and recovery.  

Specific objectives:  

1) To characterize the polyphenol content and antioxidative capacity in relation to steep 

time in eight different commercially available and popular teas. (Study 1) 

2) Determine and directly compare the ability of different tea types including black and 

green tea as well as specialty teas (white, green rooibos, RR) to promote mineralization 

by osteoblasts (Study 2) 

3) Investigate the effects of varying concentrations of RR herbal tea on mineralization by 

osteoblasts (Study 3) 

4) Determine if consuming RR herbal tea compared to no intervention results in higher 

BMD and improved tibia structure following pregnancy and lactation. (Study 4)    

 

 

Overall Hypotheses 

  The overall hypothesis was supplementation (in vitro) and consumption (in vivo) of tea 

promotes favourable bone turnover by increasing mineralization by osteoblasts during 

pregnancy, lactation, and recovery resulting in greater bone quantity and structure post-lactation.  

Specific hypotheses:  

1) Longer steep time will result in a higher polyphenol content and potential antioxidant 
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activity among all teas but absolute polyphenol content will vary among tea types.   

2) The addition of tea will improve mineralization by osteoblasts with “true teas” (black, 

green, and white) being more effective than red and green rooibos due to the unique 

polyphenols from the Camellia sinensis plant being more effective at promoting 

osteoblast activity. 

3) Increasing the concentration of RR herbal tea will also increase the amount of 

mineralization produced but there will be a maximal concentration as higher doses can 

exert pro-oxidant activities that may decrease mineralization.  

4) Consumption of RR herbal tea during pregnancy, lactation, and recovery will result in 

greater BMD and improved structure of the tibia compared to consumption of only water.  
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Chapter 4: Study 1 - Influence of Steep Time on Polyphenol Content and Antioxidant 

Capacity of Black, Green, Rooibos, and Herbal Teas 

Michael D. McAlpine And Wendy E. Ward 

*Abstract published in FASEB Journal, 2016. Presented at Experimental Biology 2016, San 
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Abstract 

  Potential health benefits of tea consumption are often attributed to the antioxidant activity 

of polyphenols. Whether steep time, often variable in a real-life situation, makes a biological 

difference in terms of polyphenol content and antioxidant activity is uncertain. The study 

objective was to characterize eight popular and commercially available teas for total polyphenol 

content (TPC) and antioxidant capacity in relation to steep time. Dragonwell (DW), Sencha (S), 

English Breakfast (EB), Golden Monkey (GM), Green Rooibos (GR), Red Rooibos (RR), 

Chamomile (C), and Peppermint (P) loose leaf teas were individually steeped in water for 1–10 

min at 1 min intervals. TPC increased with longer durations of steep time, however, the majority 

of polyphenols observed after 10 minutes were extracted in the first 5 min regardless of tea type. 

After 5 min of steeping, differences (p < 0.05) in TPC were observed across teas (S~EB~P > 

DW > GM~GR~RR > C). Different teas also varied in their ability to inhibit the free radical 2, 2-

diphenyl-1-picrylhydrazyl (DPPH) when normalized for polyphenol concentration (1 µg/mL) 

https://faseb.onlinelibrary.wiley.com/doi/10.1096/fasebj.30.1_supplement.lb364
https://doi.org/10.3390/beverages2030017
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and there was no effect due to steep time. Predicted antioxidant capacity of teas also 

demonstrated significant differences among teas after 5 and 10 min. In conclusion, steep time 

modulates TPC but not the antioxidative capacity of tea polyphenols 
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Introduction 

  On a global level, tea is the second most commonly consumed beverage and is only 

surpassed by water. The cultivation and consumption of tea dates back thousands of years, and 

the health benefits associated with tea consumption have been well documented, including 

decreased incidence of cancer and cardiovascular diseases [57, 58]. Traditionally, only tea 

produced from the leaves of Camellia sinensis can be classified as a “true” tea. A large variety of 

teas can be produced from this plant, including black, green, white, yellow, oolong, and pu-erh. 

The particular type of tea produced depends on how the leaves are processed and their relative 

levels of oxidation. Despite not being from Camellia sinensis, herbal (i.e., Mint, Chamomile) or 

rooibos teas can have similar health benefits and have been commonly used in traditional 

medicine [9, 10, 179]. 

  The health benefits observed with the consumption of tea are often attributed to the 

unique profile and abundance of polyphenols in tea, which vary depending on tea type [133]. 

One proposed mechanism of action is through antioxidant activity. In the human body, free 

radicals are produced as a result of both normal metabolic function and external sources (smoke, 

X-rays, pollutants, and chemicals) and tend to accumulate as we age [180]. This accumulation of 

free radicals often leads to oxidative stress which is capable of modifying cellular structures: 

membranes, proteins, lipids and DNA [181, 182]. Oxidative stress has been linked with the 

development of many diseases spanning a wide range of systems, including cancer, 

cardiovascular disease, Alzheimer’s disease, osteoporosis and chronic obstructive pulmonary 

disease [183-187]. In vivo, polyphenols exhibit antioxidant activity and inhibit free radical 

production. Human consumption of approximately three cups of black or green tea per day is 

capable of significantly increasing plasma antioxidant capacity [188]. More specifically, the 
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phenolic groups of polyphenols are capable of accepting electrons to form relatively stable 

phenoxyl radicals, thereby inhibiting the propagation of oxidative damage [189]. In humans, 

studies have demonstrated the ability of tea to function as an antioxidant through elevated plasma 

ferric-reducing antioxidant power (FRAP), and oxygen radical absorbing capacity (ORAC) [170, 

190, 191]. 

  To date, much of the research regarding tea consumption and health outcomes has 

investigated either green or black teas. Beyond antioxidant effects, both teas consistently show 

antimutagenic properties, and are thus capable of protecting against mutagens—chemicals linked 

to the development of a wide array of diseases [73, 192, 193]. Recently, studies using female 

adult OVX rats have provided evidence that the consumption of either black or green tea protects 

against the loss of bone by either an increase in antioxidant capacity or a reduction in oxidative 

stress [152, 154]. More specifically, it was observed that the consumption of green tea led to a 

higher femur neck BMD and the consumption of black tea resulted in a reduced number of active 

osteoclasts and greater bone strength. Other health benefits associated with tea consumption 

include weight loss and a reduced risk of cardiovascular disease, potentially due to reduced levels of 

inflammation [75, 194-196]. In summary, there are a large number of studies that suggest the 

consumption of tea, and possibly its polyphenols, have favorable effects for health. 

  Several factors regarding the extraction process have been shown to influence the 

polyphenol content in tea preparations, including: temperature, type of tea, concentration of tea, 

and steep time [169, 197]. Steep time is commonly controlled in an experimental setting, 

however, a general consumer is unlikely to monitor the exact amount of time that their tea is 

steeping but will keep it within the steep times recommended by the brand, usually 5 min or less. 

Moreover, some experiments use steep times that do not reflect consumer habits. Currently much 
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of the research in regard to steeping time and its influence on polyphenol content has been 

conducted in vitro and has utilized different alcohols as the solvent. In general, alcohol solvents 

such as methanol and ethanol are better able to extract polyphenols from tea samples [67]. 

However, in a real-life scenario, tea is not steeped with alcohol but with water. While existing 

literature demonstrates a direct relationship between steep time in water and the quantity of 

polyphenols extracted [198, 199], the majority of studies have only investigated a few steep 

times that represent a long time-frame (i.e., minutes through hours, or beyond the first 5 min that 

is typically the maximum time used by consumers) or have only examined one or two tea types. 

For example, one study steeped black tea at 23.2 °C in one of multiple solvents (methanol, 

ethanol, DMSF, acetone or water) and determined the polyphenol content and antioxidant 

capacity after 2, 8, and 18 h. Others investigated the polyphenol content and antioxidant capacity 

after a greater range of steep times (0, 1, 2, 4, 6, 8, 10, 12, 14 and 20 min) but for only one 

specific type of black tea (Ceylon) [199]. 

  To more fully characterize the potential health benefits of tea, it is important to first 

identify how steep time influences the polyphenol content, and in turn, antioxidant activity. We 

hypothesized that steep time is an important variable to control in experimental studies. 

Therefore, the aim of this study was to characterize the polyphenol content and antioxidative 

capacity in relation to steep time in eight different commercially available and popular teas. This 

included black (English Breakfast (EB) and Golden Monkey (GM)) and green (Dragonwell 

(DW) and Sencha (S)) teas as well as rooibos (Green (GR) and Red Rooibos (RR)) and herbals 

(Peppermint (P) and Chamomile (C)). Steep times of 1–10 min were selected to represent 

realistic durations used by consumers.  
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Materials and Methods 

  The eight whole-leaf teas (DW, S, GM, EB, GR, RR, P, and C) were purchased from 

local specialty tea shops (Table 4.1. for sample characteristics). All other chemicals, including 

Folin-Ciocalteu’s reagent and 2, 2-diphenyl-1-picrylhydrazyl (DPPH), were purchased from 

Sigma Aldrich (Oakville, ON, Canada). Optical density measurements were determined with a 

BIO-TEK Synergy HT Multi-Detection Microplate Reader (Winooski, VT, USA). 

Table 4.1. Characteristics of whole-leaf tea samples. 

Sample Identification Common Name Scientific Name (Variety) Type 

EB English Breakfast C. sinensis  Black Tea 

GM Golden Monkey C. sinensis  Black Tea 

DW Dragonwell C. sinensis  Green Tea 

S Sencha C. sinensis  Green Tea 

GR Green Rooibos A. linearis  Herbal 

RR Red Rooibos A. linearis  Herbal 

P Peppermint M. piperita Herbal 

C Chamomile M. chamomilla Herbal 

 

Extraction of Polyphenols 

  Tea polyphenols were extracted according to the International Organization of 

Standardization (ISO 14502-1) with slight modification. Tea samples (200 mg) were steeped 
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with 5 mL of dH2O for 1 to 10 min (1 min intervals) at the manufacturer’s recommended 

temperature (79 °C: DW, S, 96 °C: EB, GM, GR, RR, P, C). Following the prescribed steeping 

time, samples were centrifuged at 200× g and subsequently filtered with a 0.2 µm filter to 

remove any debris from tea leaves. 

Determination of Total Polyphenol Content 

  Total polyphenol content (TPC) of tea preparations were determined using Folin-

Ciocalteu’s method (ISO 14502-1) with gallic acid used as a standard [200]. In brief, tea 

preparations were diluted to 1:100 using dH2O. Diluted tea samples (250 µL) were subsequently 

added to 1.25 mL of Folin-Ciocalteu’s reagent (10% v/v in dH2O). After 5 min, 1 mL of sodium 

carbonate (7.5% m/v in dH2O) was added and the resulting mixture was allowed to incubate at 

room temperature for 1 h. Following the incubation period, the resulting optical density (OD) of 

each sample was measured in triplicate at 765 nm. TPC is expressed as mg gallic acid 

equivalents (GAE)/gram of tea. 

Determination of Antioxidant Activity 

  Following the determination of TPC, the ability of a normalized amount of tea 

polyphenols (1 µg GAE/mL) to scavenge the free radical DPPH was measured [201]. In brief, 50 

µL of each tea sample (40 µg GAE/mL) were added to 1.95 mL of 60 µM DPPH (in methanol) 

giving a final polyphenol concentration of 1 µg GAE/mL. The mixture was then incubated at 

room temperature in the dark for 1 h. As a control, 50 µL of dH2O was added to 1.95 mL of 60 

µM DPPH. The resulting OD of each sample and control were then measured in triplicate at 517 

nm. To further quantify the antioxidant activity of each tea, the percentage of DPPH inhibition 

was calculated according to Equation (1). 
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DPPH Inhibition (%) = 
Control-Sample

Sample
×100% (1) 

  The total antioxidant capacity of each tea was then calculated. The antioxidant activity 

that was calculated using Equation (1) was used in Equation (2) to calculate the concentration of 

DPPH that was inhibited per unit of GAE. This value was then converted into mM and 

multiplied by the TPC that was expressed as GAE (Equation (3)). 

DPPH Inhibited (μM)=%DPPH Inhibition×60μM (2) 

Total Antioxidant Capacity (mM)=DPPH Inhibited (mM)×TPC (GAE) (3) 

Statistical Analysis 

  One-way analysis of variance (ANOVA) was used to assess differences in TPC and 

predicted total antioxidant capacity. More specifically, the following comparisons were analyzed 

for each measurement: (1) within a tea type after varying durations of steep time; and (2) among 

tea types at each steeping duration. For DPPH inhibition, only differences among teas were 

assessed and this was conducted through the use of a one-way ANOVA. Differences between 

means were deemed significantly different if p < 0.05. If a significant difference was observed in 

any of the statistical analyses, Tukey’s post-hoc test was performed to further identify where the 

specific differences are located. To further evaluate potential differences within a specific tea 

type after 5 and 10 min of steeping, T-tests were performed to assess TPC and predicted total 

antioxidant capacity and considered significant if p < 0.05. All statistical analysis was conducted 

using GraphPad Prism™ V5 (La Jolla, CA, USA). Results are reported as mean ± standard error 

of the mean (SEM).  
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Results 

Total Polyphenol Content 

  Samples from eight different tea types were steeped from 1–10 min, at 1 min intervals, 

and the resulting TPC was measured. There was a visual increase in TPC with a longer steep 

time for each tea investigated (Figure 4.1a). However, it was not a linear relationship as the 

majority of polyphenols observed after 10 min of brewing were extracted in the first 5 min 

regardless of tea type (% of total TPC extracted after 5 min: DW = 66.08 ± 6.36, S = 81.94 ± 

2.00, EB = 71.75 ± 9.47, GM = 74.41 ± 8.43, GR = 67.78 ± 6.47, RR = 77.52 ± 10.46, P = 83.90 

± 1.85, C = 56.58 ± 14.23). TPC was observed to be significantly greater (p < 0.05) after 10 

minutes of brewing than it was after 5 min for all tea types (Figure 4.1b). After 5 min of 

steeping, there was a significant difference in TPC among the teas (S > EB~P > DW > 

GM~GR~RR > C, p < 0.05). After 10 min of steeping, significant differences were also observed 

in TPC among teas (EB~S > P~DW > GM~GR > RR > C, p < 0.05) (see Table A1 for further 

detailed statistical analysis). 
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Figure 4.1. Influence of steep time on TPC of eight different types of tea. (a) TPC/g of tea at 

steep times of 1–10 min; (b) Comparison between TPC/g of tea after a 5 (closed bars) and 10 

min (open bars) steep time. Error bars are ±SEM, n = 4/sample, GAE = Gallic acid equivalents. * 

indicates a significant difference (p < 0.05) between 5 and 10 min within a tea, differing letters 

indicate a significant difference (p < 0.05) in TPC among teas after 5 (a–e) and 10 min (f–j). 

Antioxidant Capacity  

  Following the determination of TPC for each sample, the ability of a normalized amount 

of polyphenols from each tea sample (1 µg GAE/mL) to inhibit the free radical DPPH was 

monitored. Steep times of 1–10 min, at 1 min intervals, did not alter the antioxidant capacity for 

any of the teas (Figure 4.2a). As a result, all time points shown in Figure 2a were compressed for 

a specific type of tea, and the mean antioxidant capacity was calculated and compared across teas 

(Figure 4.2b). Significant differences (p < 0.05) among the antioxidant capacity of different teas 

were observed: DW > GM~EB~S > P~GR > RR~C (Figure 2b). 
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Figure 4.2. Ability of a normalized amount of tea polyphenols (1 µg/mL) to scavenge and inhibit 

the free radical DPPH. (a) The % inhibition of DPPH by a normalized amount of tea polyphenols 

(1 µg GAE/mL) with steep times of 1–10 min; (b) Comparison between % inhibition of DPPH 

for all teas when values for steep times from 1–10 min are averaged. Steep time did not influence 

the overall capacity to scavenge DPPH within a tea. Error bars are ±SEM, n = 4/sample. 

Differing letters indicate a significant difference (p < 0.05) in % inhibition of DPPH among teas. 

Predicted Total Antioxidant Capacity 

  After determination of the TPC and the ability of a normalized amount of polyphenols (1 

µg GAE/mL) to function as an antioxidant, the predicted total antioxidant capacity of each 

sample was calculated. The predicted total antioxidant capacity increased (p < 0.05) with the 

steep time for all teas investigated (Figure 4.3a). It was also observed that DW, EB, S, and P had 

a greater (p < 0.05) predicted total antioxidant capacity than GM, GR, RR, and C after both 5 and 

10 min of steep time (Figure 4.3b). Also, GM and GR had a greater (p < 0.05) predicted 

antioxidant activity than RR and C (Figure 4.3b). 
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Figure 4.3. Predicted total antioxidant capacity (per gram) of eight different teas after varying 

durations of steep time. (a) Predicted total antioxidant capacity per gram of tea at steep times of 

1 to 10 min; (b) Comparison between predicted total antioxidant capacity/g of tea after a 5 

(closed bars) and 10 min (open bars) steep time. Error bars are ±SEM, n = 4/sample. * indicates 

a significant difference (p < 0.05) between 5 and 10 min within a tea, differing letters indicate a 

significant difference (p < 0.05) in TPC among teas after 5 (a–e) and 10 min (f–j). 
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Discussion 

  We characterized a wide range of eight different teas for both polyphenol content and 

antioxidant capacity after each subsequent minute of steeping from the onset of steeping to a 

final time of 10 min. TPC was influenced by steep time, as the measured TPC after 10 min was 

significantly greater than what was measured after 5 min. However, it was determined that the 

increase in TPC with steep time was not linear, as the majority of polyphenols measured at 10 

min of steeping were extracted in the first 5 min. The observation that the TPC increased with 

the longer duration of steep time is supported in the literature by several studies that investigated 

individual tea types and/or a limited number of time points [202, 203]. Past studies have 

experimentally determined the half time (time to reach 50% extraction of the total polyphenols) 

to be between 100–150 s for "true teas”, which provides evidence as to why commercial tea 

companies recommend 2–3 min of steeping [204]. Theoretically, if the health benefits that are 

associated with the consumption of tea are due to the presence of polyphenols, then having a 

greater quantity would be beneficial and would support the supposition of steeping tea longer to 

extract more polyphenols. However, when tea leaves are steeped for too long they release 

tannins, compounds which create a bitter taste and can cause the drink to be unpleasant [205]. 

One method of receiving more polyphenols without consuming a bitter drink is to selectively 

choose a tea type that has a greater quantity of polyphenols extracted after similar durations of 

steeping. Steeping “true” teas (black and green teas) for 5 and 10 min displayed greater 

polyphenol content than their herbal and rooibos tea counterparts, with the exception of Golden 

Monkey. We did not directly measure the specific polyphenol profile but future studies should 

investigate the specific profile of polyphenols from each tea after varying durations of steep time 
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as some polyphenols may have different biological effects (i.e., stronger antioxidants and/or act 

via another mechanism) or have synergistic effects in the presence of other polyphenols. 

  As previously mentioned, black and green teas are produced from the leaves of Camellia 

sinensis with the only difference being the level of oxidation of the leaves themselves (black tea 

is 100% oxidized) [206]. Thus, the differences in TPC among teas could simply be attributed to 

the plant source as Camellia sinensis may have a larger quantity of polyphenols than the plants 

and herbs that are used to make the herbal and rooibos teas. One discrepancy that is seen with 

this postulation is the higher levels of polyphenols from Peppermint, a herbal tea, when 

compared to Golden Monkey, a black tea. However, this could be due to differences in the size 

of the tea leaves used. The Peppermint leaves used in the current study are much finer than that 

of Golden Monkey, but not all brands of Peppermint tea may have fine leaves. The size of the tea 

leaf has been shown to be inversely proportional to the extraction time of polyphenols [207]. 

Therefore, it is possible that the polyphenols from Peppermint tea were extracted faster and that 

could be the reason behind the observed discrepancy. 

  The ability of a normalized amount of tea polyphenols to inhibit the free radical DPPH 

after each steep time was measured as an indirect way of monitoring if the polyphenol profile of 

each specific tea changed over time. Our finding that black and green teas had higher antioxidant 

capacity when compared to the rooibos and herbal teas is in agreement with past studies that 

have assessed herbal teas in comparison to teas from Camellia sinensis. One study determined 

the antioxidant potency of tropical and temperate herbal teas (peppermint, rosemary, and 

oregano) after 1 h of steeping to be less than that of teas (green, black, and oolong) coming from 

Camellia sinensis [208]. This finding supports the notion that polyphenols in black and green 

teas are more potent antioxidants and could lead to greater health benefits. The polyphenol 
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profile of green tea in particular has a large quantity of catechins including epigallocatechin 

gallate (EGCG) and epigallocatechin (EGC), whereas theaflavins and thearubigins primarily 

dominate the polyphenol profile of black tea [209]. Despite being chemically different, these 

compounds have been shown to be equally effective antioxidants [72]. This specific difference in 

the polyphenol profile between “true” and herbal or rooibos teas could be the direct cause of the 

differences in the antioxidant capacity between tea types in the current study. Surprisingly, there 

were no alterations in the measured antioxidant capacity of any of the teas after varying the 

duration of the steep time. This indirectly suggests that the polyphenol profile of each tea is 

unaltered by the steeping time. It is also possible that the alterations could have been too small to 

detect with the techniques used or that changes in the profile did occur, though they did not 

affect the antioxidant capacity. 

  Taking into account both the polyphenol content and the ability of a normalized amount 

of tea polyphenols to act as antioxidants, a predicted total antioxidant capacity was calculated. 

The results showed similar comparisons to what was observed when looking at TPC alone; 

however, there appeared to be a divergence between the “true” teas and herbal or rooibos teas as 

the steeping time increased. As such, green and black teas not only have a greater quantity of 

polyphenols but their unique profile also acts as a more potent antioxidant than the polyphenols 

in herbal teas. However, herbal teas are used in traditional medicine as natural remedies and have 

been shown to help with many ailments including stomach aches, hypertension, and asthma [8, 

210, 211]. The usefulness of herbal teas in treating these ailments could be due to the synergistic 

effects of the polyphenols in their profiles, due to trace elements or other mechanisms. 
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Conclusions 

  In conclusion, our study demonstrated that “true” teas such as black and green tea have 

greater quantities of polyphenols and more potent antioxidant capacity than rooibos and herbal 

teas. This suggests that in terms of health benefits associated with greater antioxidant activity, 

these teas may be the most effective. We have also established that steep time directly influences 

TPC. However, longer steep time is not associated with a corresponding higher antioxidant 

activity. Thus, steep time is a modifiable factor that could potentially affect the ability of tea to 

improve health outcomes and it should be monitored and controlled for within experiments. 
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Chapter 5: Study 2- Black and Green Tea as well as Specialty Teas Increase Osteoblast 

Mineralization with Varying Effectiveness  

Michael D. McAlpine, William Gittings, Adam J. MacNeil and Wendy E. Ward 

*Abstract published in The Journal of Bone and Mineral Research, 2017. Presented at the 

American Society of Bone and Mineral Research Annual Conference 2017, Denver. McAlpine, 

M.D, et al., Comparative Study of the Effect of Different Tea Types on Mineral Deposition in an 

Osteoblast Cell Model. Journal of Bone and Mineral Research, 2017. 32: p. S342-S342. 

*Paper published in the Journal of Medicinal Foods. McAlpine, M.D., et al., Black and Green 

Tea as Well as Specialty Teas Increase Osteoblast Mineralization with Varying Effectiveness. J 

Med Food, 2020. http://doi.org/10.1089/jmf.2020.0139 

Abstract 

   Many human studies suggest a benefit of tea consumption on bone health. The study 

objective was to compare the ability of different tea types to promote mineralization. Saos-2 cells 

underwent mineralization (5 days) in the presence of tea (white: WT, green: GT, black: BT, 

green rooibos: GR, or red rooibos: RR; 1 µg/mL of polyphenols) or control. Total polyphenol 

content (TPC, Folin-Ciocalteau’s reagent), antioxidant capacity (DPPH scavenging), 

mineralization (alizarin red staining), gene expression (RT-qPCR), and cell activity (MTT assay) 

were determined. TPC was highest in GT and BT. The ability of each tea to inhibit DPPH also 

differed (WT, GT > RR) after normalizing for polyphenol quantity. Each tea increased 

mineralization and differences were observed among types (GT/BT/GR/RR > WT, GT = BT = 

GR, RR > BT/GT). mRNA expression of alkaline phosphatase (ALP) and ecto-nucleotide 

http://doi.org/10.1089/jmf.2020.0139
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pyrophosphatase/phosphodiesterase (NPP1) remained unchanged while OPN and sclerostin 

(SOST) were reduced in cells treated with tea, regardless of type. At 24- and 48-hours post-

exposure to tea, cell activity was greater in cells receiving any of the teas compared to vehicle 

control. Supplementation increased mineralization regardless of tea type with both rooibos teas 

and black tea stimulating greater mineralization than white tea, while green tea is similar to the 

others. While future study is needed to confirm in vivo effects, the results suggest that consuming 

any of the teas studied may benefit bone health. 
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Introduction 

  The Camellia sinensis plant is the source of “true teas”, including white, green, and black 

teas. The tea type produced depends on the level of processing and this, in turn, influences the 

content and profile of polyphenols that define the unique taste characteristics. Many of the 

documented health benefits of tea are often attributed to its polyphenols and their ability to 

function as antioxidants [1]. Higher consumption of more common teas – black and green – have 

been associated with reduced incidence of cancer, stroke, and cardiovascular disease [4, 212, 

213], and higher BMD [136, 139]. Although not made from Camellia sinensis, herbal teas – 

prepared from roots, leaves, seeds, flowers, or bark of plants – also contain an abundance of 

unique polyphenols, are often caffeine-free, and have commonly been used in traditional 

medicine [2]. As of 2015, the Canadian tea market has seen increases in tea consumption with a 

third of this consumption being regular teas (green and black) and the remaining two thirds being 

specialty teas (rooibos, white, chai, and flavoured teas) [3]. Furthermore, the market is likely to 

shift even more as younger generations have been shown to prefer specialty teas over regular 

teas.[3] Rooibos is a specialty tea that has increased in popularity [214]. Derived from the South 

African Aspalathus linearis plant, rooibos tea can be classified as either red or green rooibos 

depending on the level of oxidation during processing; red rooibos is oxidized while green is not. 

Of the teas originating from the Camellia sinensis plant, white tea is the least processed and 

oxidized with a refreshing mild taste. 

  Other than the aforementioned health effects associated with consumption of green and 

black teas, tea polyphenols may also support bone health. During childhood and early 

adolescence, BMD increases rapidly and is traditionally followed by a period where there is no 

net change. After this period a slow reduction in BMD begins which is often exacerbated in 
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females due to menopause and estrogen loss ultimately increasing osteoclast activity and of bone 

resorption [215]. Eventually, this may lead to osteoporosis, or a general weakening of the bones, 

and an increased risk of fracture. The effects of tea and its specific polyphenols on both 

osteoblasts and osteoclasts have been studied using cell models [67, 68, 80, 81, 163, 166, 216-

218]. The majority of studies using osteoblasts have studied the effects of green or black teas and 

have consistently shown increases in mineralization in response to tea. More specifically black, 

green, and rooibos (red and green) teas have been shown to increase mineralization at 

concentrations likely attainable through diet [67, 216, 217]. As well, individual polyphenols and 

extracts derived from black, green, and rooibos teas have been studied and demonstrate a 

capacity to increase mineralization, however; the concentrations required to demonstrate these 

effects are usually at a level that would require supplementation [68, 80, 163]. While studies in 

osteoclasts are limited, previously published studies have shown that black, green, or green 

rooibos teas elicit a decrease in activity [81, 166, 218]. The majority of literature has investigated 

green and black teas. Based on current trends of tea consumption in the Canadian market, 

information regarding the influence of specialty teas on health, including bone health, may 

further increase interest among consumers. 

   It is unclear if certain tea types are more effective at promoting mineralization than 

others. Previously, only one study has compared the effects of a normalized concentration [1 

µg/mL of GAE] of green, black, and green rooibos tea on osteoblast cell mineralization after 7 

days [67]. Similar to other cell studies investigating individual tea types [167, 216, 217], findings 

demonstrated increased osteoblast mineralization independent of tea type, with minimal 

differences between the tea types, despite differing polyphenol profiles. Thus, the quantity rather 

than the profile of polyphenols in tea may be more important to increased mineralization effects. 
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Of note was that this previous study investigated green rooibos rather than red rooibos, though 

red rooibos is more commonly consumed. Given the interest of consumers in specialty teas, 

beyond black and green tea, the objective of this study was to measure and directly compare the 

ability of different tea types including black and green tea as well as specialty teas (white, green 

rooibos, red rooibos) to promote mineralization by osteoblasts. It was hypothesized that the 

addition of tea will improve mineralization by osteoblasts with “true teas” (black, green, and 

white) being more effective than red and green rooibos due to the unique polyphenols from the 

Camellia sinensis plant being more effective at promoting osteoblast activity. 

  



 

73 
 

Materials and Methods 

 Materials and Chemicals 

  Saos-2 cells were obtained from the American Type Culture Collection (ATCC: 

Manassas, VA, USA). Whole-leaf teas were purchased from a local tea shop and the same batch 

was used to ensure consistency. Ham’s F12 medium and antibiotic-antimycotic were purchased 

from Lonza (Mississauga, ON, Canada), while fetal bovine serum (FBS), and trypsin-versene 

were purchased from GIBCO (Thermo Fisher Scientific, Waltham, MA, USA). All other 

chemicals were purchased from Sigma Aldrich (Oakville, ON, Canada). Lab consumables were 

purchased from Sarstedt (Nümbrecht, Germany) and OD measurements were determined using a 

BIO-TEK Synergy HT Multi-Detection Microplate Reader (Winooski, VT, USA). Use of Saos-2 

cells was approved by the Brock University Bioscience Research Ethics Board (#17-347). 

Preparation of Tea Samples 

  Loose-leaf tea (0.2 g) was steeped in water (5 mL) at the manufacturer’s recommended 

temperature and duration (Table 5.1) to reflect how a consumer would steep their tea. The 

resulting tea preparations were filtered through a 0.2 µm filter to ensure there was no solid 

debris. 
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Table 5.1. Loose-leaf tea characteristics and steeping conditions 

 

Determination of Total Polyphenol Content and Antioxidant Capacity 

  Total polyphenol content (TPC) was determined according to the International 

Organization of Standardization (ISO 14502-1) with slight modifications as previously described 

[76, 216, 219]. To determine the antioxidant capacity of each tea type, the ability to inhibit the 

free radical DPPH was measured as previously described [76, 201, 216, 219]. In brief, tea 

preparations were diluted to a concentration of 40 µg/mL and 50 µL of diluted sample was added 

to 1.95 mL of 60 µM DPPH and incubated in the dark for 1 hr. The OD of the sample was 

measured at 517 nm. 

Cell Culture 

  Saos-2 cells were treated as previously described with slight modifications [216]. Cells 

were maintained at 37 °C in 5% CO2 in media-1 [Ham’s F12 media supplemented with 10% 

FBS (v/v), 1% antibiotic/antimycotic (v/v), 2.0 mM L-glutamine, 28 mM HEPES buffer, and 1.0 

mM CaCl2]. To induce differentiation, cells were seeded in 24-well plates at a density of 1 × 104 

cells/well in media-2 (media 1 + 10 nM dexamethasone and 50 µg/mL ascorbic acid) for 8 days. 

After differentiation, media-3 [media-2 supplemented with 10 mM β-glycerophosphate and 

Sample 

Identification
Common Name

Steep Time 

(min)

Steep 

Temperature 

(˚C)

Scientific Name 

(Variety)
Type

WT Bai Hao Yin Zhen 5 79 C. sinensis  (L.) Kuntze White Tea

GT Dragonwell 3 79 C. sinensis  (L.) Kuntze Green Tea

BT English Breakfast 3 96 C. sinensis  (L.) Kuntze Black Tea

GR Green Rooibos 5 96
A. linearis  (Burm.f.) 

R.Dahlgren
Herbal

RR Red Rooibos 5 96
A. linearis  (Burm.f.) 

R.Dahlgren
Herbal
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either vehicle control (dH2O) or one of the tea preparations (concentration of 1 µg/mL of GAE)] 

was added to initiate mineralization. This concentration was determined through previous 

literature which found that after consumption of 2 to 3 cups of green tea in humans, plasma 

levels of several of the main polyphenols of green tea (EGCG, EGC, and EC) measured a total 

polyphenol concentration of ~1 µg/mL [220]. All experiments were done using cells at passages 

between 50–60 and media was replenished every 2 or 3 days to ensure consistency. An 

illustration of the timeline of methodology can be found in Appendix A2 

Mineralization and Cellular Activity 

  Cell mineralization was quantified using alizarin red s (ARS) staining as previously 

described previously.[216] OD of the resulting mixture was then measured in triplicate at 550 

nm. To measure the influence of tea preparations (concentration of 1 µg/mL of GAE) on cell 

activity the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was 

performed as has been described [216]. OD of the mixture was measured in triplicate at 570 nm 

with background at 690 nm.   

RT-qPCR 

  Gene expression (ALP, NPP1, OPN, and SOST) was quantified following 5 days of 

mineralization as previously published [216]. Extraction of total RNA was completed using 

RNeasy© plus mini kit (Qiagen: Hilden, Germany) according to the manufacturer’s 

recommendations and the purity and quantity of collected RNA was determined using a 

NanoVue Plus system (Biochrom, Holliston, MA, USA).  Reverse transcription of RNA to 

cDNA was completed using EcoDry double-primed premix (Clontech: Mountain View, CA, 

USA). All primers were synthesized by Integrated DNA Technologies (IDT: Coralville, IA, 
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USA) and prior to testing were validated for efficiency and specificity in the used Saos-2 cell 

model. Samples were run in duplicate on a 96-well reaction plate and analyzed using the 2−ΔΔCT 

method with GAPDH as a reference gene. For forward and reverse primer sequences see Table 

5.2. 

Table 5.2 Forward and Reverse Primer Sequences 

 

Statistical Analysis 

  One-way ANOVA were conducted to assess differences in TPC, antioxidant activity, 

mineralization, cellular activity, and gene expression. If a significant difference (p < 0.05) was 

observed in any of the statistical analyses, Tukey’s post-hoc test was performed to further 

identify where the specific differences were located. All statistical analysis was conducted using 

GraphPad Prism™ V5 (La Jolla, CA, USA). Results are reported as mean (TPC and antioxidant 

activity), mean % of control (mineralization and cellular activity), and mean fold change 

compared to control (gene expression) with errors reported as ± SEM. 
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Results 

Total Polyphenol Content 

  After steeping loose-leaf tea at the recommended temperature and duration, TPC of tea 

types differed significantly (p < 0.05) (Figure 5.1). BT had the greatest TPC followed by GT and 

GR. There were no significant differences in TPC between the two varieties of rooibos (GR and 

RR); while WT had the lowest TPC of all teas tested.  

 

Figure 5.1. TPC of different types of tea after steeping. Error bars are ± SEM, n = 8 biological 

replicates. Differing letters indicate a significant difference (p <0.05) between tea types. 

Antioxidant Capacity 

  Following normalization for polyphenol content (1 µg/mL of GAE), significant 

differences (p < 0.05) in the antioxidant capacity of tea types were observed (Figure 5.2). WT 

and GT inhibited a significantly greater amount of DPPH when compared to RR while BT and 

GT did not differ from the other tea types. 
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Figure 5.2. The ability of a normalized amount (1 µg/mL) of polyphenols from different tea 

types to inhibit the free radical DPPH. Error bars are ± SEM, n = 5 biological replicates. 

Differing letters indicate a significant difference (p < 0.05) between tea types. 

Mineralization 

  After 5 days of mineralization, the quantity of mineral produced was measured. Cells 

exposed to any tea type produced significantly greater (p < 0.05) quantities of mineral than 

control; WT produced the least mineral of all teas while RR produced significantly more mineral 

than GT and BT (Figure 5.3). 

 



 

79 
 

 

Figure 5.3. Effect of varying tea types on mineralization. (a) Mineralization following 5 days in 

the presence of different types of tea or a vehicle control. Error bars are ± SEM, n = 24 wells. 

Different letters indicate a significant (p < 0.05) difference between condition. (b) Representative 

images of mineralization after alizarin red stain. 

Cell Activity 

  After the addition of MTT (5 mg/mL), the resulting formation of formazan crystals was 

measured after 24 and 48 hours of exposure to different tea types or a vehicle control. After 24 

hours, all tea types displayed increased cell activity compared to control (p < 0.05) (Figure 5.4a). 

Among teas, BT, GR, and RR, elicited greater cell activity than WT. In comparison, after 48 

hours elevated levels of cell activity persisted in cells exposed to tea, regardless of type, 

compared to control (p < 0.05); while differences were observed among tea types (Figure 5.4b). 

More specifically, BT had greater cell activity than WT, GT, and RR; GR elicited greater cell 

activity than WT and GT. 
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Figure 5.4. Cell activity measured through the formation of formazan crystals by the reduction 

of MTT following (a) 24 hours, and (b) 48 hours of exposure to varying tea types or a vehicle 

control. Errors are ± SEM, n = 15 wells. Different letters indicate a significant difference (p < 

0.05) between conditions. 

Quantification of Gene Expression 

  After 5 days of mineralization, the expression of several genes were measured. ALP 

expression did not differ between any of the groups (Figure 5.5a); while there were only slight 

differences in NPP1 expression with GR being greater than WT (Figure 5.5b). OPN gene 

expression (Figure 5.5c) and SOST (Figure 5.5d) showed similar alterations with all tea types 

displaying reduced expression compared to control with no differences among tea types. 
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Figure 5.5. Gene expression following 5 days of mineralization for (a) ALP, (b) NPP1, (c) OPN, 

and (D) SOST. Error bars are ± SEM, n = 6 biological replicates. Different letters indicate a 

significant difference (p < 0.05) between conditions. 
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Discussion 

  Findings from this study demonstrate that black, green, and both rooibos teas stimulated 

mineralization more than white tea but all five tea types investigated significantly increased 

mineralization when compared to a vehicle control. This finding aligns with a previous study that 

directly compared black, green, and green rooibos tea and showed that all three increased 

mineralization compared to control though no differences among these tea types was observed. 

These results provide support to the potential beneficial effects that tea may have on bone 

formation and possibly BMD [61]. In the present study, the observed increase in mineralization 

for all tea types may be due to polyphenols in tea functioning as antioxidants and as a result 

reducing oxidative stress [221-223]. Oxidative stress has been shown to negatively impact 

osteoblasts through reductions in both differentiation and mineralization [224]. Non-tea 

polyphenols, such as astragalin and sciadopitysin, have been shown to increase osteoblast 

differentiation and mineralization through their ability to function as antioxidants and decrease 

oxidant stress [225, 226]. Interestingly, despite a normalized quantity of polyphenols from each 

tea there were differences in mineralization between the tea types (GT/BT/GR/RR > WT, GT = 

BT = GR, RR >BT/GT) suggesting that the unique polyphenol profile of each tea may be 

responsible for the observed differences in mineralization between tea types. As well, the 

mineralization data does not follow the antioxidant capacities of the teas. WT had one of the 

greatest antioxidant capacities of the teas studied, however; it elicited the lowest amount of 

mineralization of all teas. This suggests that mechanisms in addition to antioxidant activity may 

also be occurring to cause the changes in mineralization. It is also possible that these other 

mechanisms may be the result of other healthful components found in tea (i.e., trace minerals and 

vitamins). 
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  Cell activity was increased for all tea types. It has been well documented that osteoblasts 

will undergo apoptosis and a reduction in activity in response to oxidative stress [227-229]. 

Several studies have also demonstrated that antioxidants from plant sources such as apigenin, 

curcumin, and aucubin are able to increase osteoblast viability in many osteoblast cell models, 

including; Saos-2, MC3T3-E1, and MG-63.[230-232] These findings provide support that 

polyphenols found in the tea likely acted as antioxidants to reduce oxidative stress thus 

increasing activity, and mineralization. More specifically, using the same cell model researchers 

have observed both elevated cell activity and mineralization in response to tea (black, green, and 

rooibos) [67, 216, 217]. 

  ALP and NPP1 are genes encoding for proteins directly related to phosphate balance and 

mineralization. More specifically, ALP increases free phosphate which can be used to produce 

mineral; while NPP1 increases pyrophosphate which inhibits mineralization.[233] In spite of the 

increased mineralization from cells exposed to tea there were no alterations in gene expression of 

either ALP or NPP1 following 5 days of mineralization. It is possible that despite there being no 

significant changes in mRNA expression of ALP or NPP1, there may be extensive post-

translational modification to these proteins [234]. Previous studies involving tea and osteoblasts 

have generally seen increases in both ALP protein quantity and activity [67, 80]. In osteoblasts, 

OPN functions to inhibit the mineralization process [120]. OPN has been shown to be regulated 

by oxidative stress, with greater amounts of stress eliciting greater expression of OPN [235-237]. 

After 5 days of mineralization, the expression of OPN was significantly reduced for cells 

receiving any tea compared to cells that received a vehicle. Polyphenols from the tea likely 

functioned as antioxidants reducing oxidant stress in the cells and as a result OPN as well; 

providing a mechanistic change that may partially explain the observed changes in 
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mineralization and aligns with findings in the literature [216]. Sclerostin (SOST) is another well 

documented inhibitor of mineralization functioning to inhibit the Wnt pathway and osteoblast 

differentiation, proliferation and activity [238-240]. Our findings demonstrate that tea, regardless 

of type, reduced expression of SOST and inhibition of mineralization.  

  In the present study, polyphenol content was normalized for each tea to compare the 

different polyphenol profiles rather than the amount of polyphenols present. However, it is likely 

that the effectiveness of tea to promote mineralization is dependent on both the quantity and 

specific profile of polyphenols within a tea and more work is needed to clarify this aspect. For 

example, despite rooibos teas eliciting similar levels of mineralization as black tea, due to the 

~2-fold greater quantity of polyphenols found in black tea twice as much rooibos tea will need to 

be consumed to receive similar levels of polyphenols. Although there were observed differences 

in mineralization among tea types this may not translate to clinical differences in humans, 

measured as differences in BMD or risk of fracture. The key message for a consumer is that all 

tea types increased mineralization, and while future study is needed to confirm in vivo effects, 

consuming any of the teas studied may benefit bone health. 

  In conclusion, our findings demonstrate that supplementation of Saos-2 cells with tea 

increased mineralization regardless of tea type, however, there are differences among tea types 

with both rooibos teas and black tea eliciting greater mineralization than white tea. Future studies 

should try to elucidate mechanisms other than antioxidant effects that are playing a role in 

causing the observed increase in mineralization and the biological significance of the findings in 

vivo. 
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Abstract 

  Most studies show a positive association between higher tea intake and BMD, while 

associations with fracture are inconclusive. Although a few studies have investigated the 

potential effects of rooibos tea on the bone cell metabolism, only 1 or 2 doses were tested or 

specific flavonoids were evaluated in isolation. A dose-response study is needed to 

comprehensively identify whether a level that modulates bone cell activity is associated with 

dietary or supplemental levels of red rooibos (RR) tea. We investigated if RR tea stimulates 

mineralization in a dose-dependent manner. Mineralization was induced in Saos-2 cells in the 

presence of RR tea (0.1–10 µg/mL of polyphenols) or control (dH2O) for 5 days. Cell activity, 

mRNA, protein expression and activity of key regulators of mineralization were measured. A 

https://doi.org/10.3390/beverages5040069


 

86 
 

positive dose-dependent relationship was observed between RR tea concentration and 

mineralization accompanied with similar trends in cell activity. With high concentrations of tea, 

protein expression of enzymes directly regulating mineralization (ALP and NPP1) were 

unchanged but ALP activity was significantly elevated. OPN was significantly downregulated 

midway through mineralization while sclerostin (SOST) was upregulated in response to higher 

concentrations of RR tea. In conclusion, RR tea stimulated osteoblast mineralization in a dose-

dependent manner and were accompanied with downregulation of OPN, increased ALP activity, 

and increased cell activity.  
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Introduction 

  Throughout the lifespan, bone is in a constant state of remodeling, a balance between 

mineral formation and resorption, which are performed by specialized cells known as osteoblasts 

and osteoclasts, respectively. During childhood and early adulthood this balance favors mineral 

formation resulting in an increase in bone mineral density (BMD), however, as aging progresses 

this balance begins to favor increased resorption and a loss in BMD and compromised structure 

[241]. This imbalance between osteoblast and osteoclast activity as we age is exacerbated even 

further in women as menopause causes a reduction in estrogen production leading to even greater 

osteoclast activity and loss of BMD [242]. Over time and depending on the rate of loss, 

osteoporosis and related fragility fracture may result; common sites of fracture are at the spine, 

hip, and wrist [243]. Such fractures can be associated with a higher risk of mortality, reduced 

ability to live independently, compromised mobility and an increased risk of future fracture [244, 

245]. While there are treatments that assist in managing osteoporosis and reducing the risk of 

future fractures, diet can help support bone health throughout life and may provide a preventive 

strategy or delay the onset of osteoporosis.  

  Beyond calcium and vitamin D, a wide range of foods, nutrients, and food components 

have been studied for their bone building or supportive actions [246-250]. One potential strategy 

of promoting and supporting bone health is through the consumption of tea [251]. Consumption 

of black and green tea is associated with reduced incidence of cancer as well as cardiovascular 

disease, often attributed to the presence of polyphenols found in tea [212, 213]. Polyphenols are 

a class of compounds found naturally in plants that function as antioxidants by inhibiting the 

formation and propagation of harmful ROS [171]. Teas are an abundant source of polyphenols 
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and depending on the plant source as well as the preparation (i.e., level of oxidation), each tea 

contains unique polyphenols that alter their ability to function as an antioxidant [76].  

  The majority of literature regarding bone health and tea consumption has specifically 

investigated “true teas,” which originate from the leaves of the Camellia sinensis plant and 

include green and black teas. In humans, the association between “true tea” consumption and 

BMD has been investigated with the majority demonstrating a positive relationship [136, 139, 

252]. A recent meta-analysis reported a positive trend between “true tea” consumption and BMD 

[61]. While a higher BMD may be associated with a lower risk of fracture, the current literature 

regarding “true tea” consumption and fracture incidence is inconclusive with some studies 

showing beneficial effects (reviewed in [253]) while others conclude that there is no association 

(reviewed in [147]). This discrepancy could be due to bone strength being the result of not only 

the quantity (BMD) but also the structure of bone, the latter being more difficult to measure in 

humans. Researchers have also used rodent models and demonstrated that feeding green or black 

tea as well as their specific polyphenols improved BMD in an ovariectomized rat model [151, 

154, 156] as well as an aging female rat model [254].  

  The mineralization process by osteoblasts is highly regulated by the interaction of many 

proteins. Two important proteins involved in the balance of inorganic phosphates, and as a result 

the mineralization process in bone, are alkaline phosphatase (ALP) and ecto-nucleotide 

pyrophosphatase/phosphodiesterase (NPP1). The initial step of mineralization by osteoblasts is 

the formation of hydroxyapatite crystals. ALP plays a role in the hydrolysis of pyrophosphate 

resulting in inorganic phosphate, while NPP1 is one of the proteins responsible for the formation 

of inorganic pyrophosphate. Inorganic phosphate stimulates the formation of hydroxyapatite and 
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inorganic pyrophosphate is an inhibitor, making the balance between ALP and NPP1 an 

important one in the mineralization process [255]. OPN an anionic protein that binds to 

hydroxyapatite and inhibits further mineral growth is one potent inhibitor of mineralization 

[256]. Once osteoblasts have been entombed under mineral, they will undergo terminal 

differentiation to osteocytes which is accompanied by an increase in SOST—a protein produced 

primarily by osteocytes and a well-defined marker of terminal differentiation of osteoblasts to 

mature osteocytes [257]. 

  Herbal teas, or more specifically tisanes, are infusions of leaves, seeds, fruit, stems, 

flowers, or roots from plants other than Camellia sinensis and may present another viable option 

for promoting and supporting bone health. These infusions have often been used as home 

remedies to treat symptoms of various health problems and ailments. In terms of variety, there 

are a wide range of different herbal teas with commonly consumed ones including: chamomile, 

mint, and rooibos. One particular herbal tea which is gaining popularity among consumers is red 

rooibos (RR) tea, which originates from the Aspalathus linearis plant found solely in South 

Africa. RR tea is fully oxidized giving it a flavorful taste as well as a unique polyphenol profile 

consisting of aspalathin, rutin, orientin, as well as many other flavonoids [258]. Another unique 

aspect of RR tea is that it is caffeine free, as opposed to green and black teas, making it a 

desirable alternative for those who are pregnant or caffeine sensitive. Despite the recent increase 

in popularity there is limited research on the influence of RR tea or other herbals on bone health.  

  To better understand the direct effects of both “true teas” and herbals on bone formation 

and resorption, osteoblast, and osteoclast cell models have also been used. In both osteoblast and 

osteoclast models, cells supplemented with black or green tea or specific polyphenols present in 
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these teas have consistently shown positive effects as measured by increased mineral formation 

[67, 68, 163] and reduced bone resorption [166, 218]. Previously, two different concentrations of 

green rooibos tea (1 and 10 µg/mL of polyphenols) had been tested in an osteoblast cell model 

[67]. Both concentrations demonstrated significant increases in mineralization when compared to 

control; however, there was no significant difference between the two concentrations. Similar to 

RR tea, green rooibos tea originates from the Aspalathus linearis plant but is unfermented giving 

it a different polyphenol profile compared to red rooibos (which is fermented). Another study 

tested varying concentrations of specific flavonoids, luteolin, and orientin, which are naturally 

found in RR tea [80]. Researchers observed that both flavonoids increased mineralization in a 

cell model, but only at certain concentrations. More specifically, orientin significantly increased 

mineralization at concentrations of 0.1–1 µM as well as 15–100 µM; while luteolin significantly 

increased mineralization at 5 µM. Extracts from both red and green rooibos tea have 

demonstrated the ability to inhibit the formation of osteoclasts as well as their activity in a rodent 

cell model suggesting potential health benefits in bone [81]. Furthermore, it was demonstrated 

that RR tea extracts inhibited osteoclast formation and activity in a dose-dependent manner and 

were more potent than green rooibos tea extracts. A dose-response in osteoblasts has not been 

studied and such information will be useful in designing in vivo experiments that aim to 

investigate the benefit of consuming RR for bone health. 

  The main objective of this study was to investigate the effects of varying concentrations 

of RR tea on mineralization by osteoblasts. It was hypothesized that increasing the concentration 

of red rooibos herbal tea will also increase the amount of mineralization produced but there will 

be a maximal concentration as higher doses can exert pro-oxidant activities that may decrease 

mineralization.  Based on previous research [32], a plateau in mineralization was anticipated at a 
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concentration lower than 10 µg/mL. Dose was an important variable to test as many of the 

characterized general health benefits of tea are dependent on the amount consumed [259-261]. 
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Materials and Methods 

Materials and Chemicals 

  Saos-2 cells [262] were obtained from the American type tissue culture (ATCC: 

Manassas, VA, USA). Ham’s F12 cell medium and antibiotic-antimycotic were purchased from 

Lonza (Mississauga, ON, Canada), while fetal bovine serum (FBS), and trypsin-versene were 

purchased from GIBCO (Thermo Fisher Scientific, Waltham, MA, USA). Whole-leaf RR tea 

was purchased from a local specialty tea shop and the same batch was used throughout the 

experimentation to ensure consistency. Antibodies for proteins of interest as well as reference 

proteins were purchased from Abcam (Cambridge, UK, USA). All other chemicals, including 

Folin-Ciocalteau’s reagent were purchased from Sigma Aldrich (Oakville, ON, Canada). 

Consumables were purchased from Sarstedt (Nümbrecht, Germany) and optical density (OD) 

measurements were determined with a BIO-TEK Synergy HT Multi-Detection Microplate 

Reader (Winooski, VT, USA). Use of Saos-2 cells was approved by the Brock University 

Bioscience Research Ethics Board (#17-347). 

Preparation of Red Rooibos Tea, Determination of Total Polyphenol Content, and Antioxidant 

Activity 

  RR tea preparations were extracted according to the International Organization of 

Standardization (ISO 14502-1) with minor changes as previously reported [67]. TPC of RR 

preparations were measured by Folin-Ciocalteau’s method (ISO 14502-1) using gallic acid as a 

standard [41] and as previously reported [15]. To determine the antioxidant activity of varying 

concentrations of RR tea preparations (final polyphenol concentrations of 10, 5, 2, 1, 0.75, 0.5, 

and 0.1 µg/mL of GAE) the ability to scavenge the free radical DPPH was measured, as 

previously reported [201].  
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Cell Culture 

  Saos-2 cells were sub-cultured weekly at 80% confluency and maintained at 37 °C in 5% 

CO2 in Ham’s F12 media supplemented with 10% FBS (v/v), 1% antibiotic/antimycotic (v/v), 

2.0 mM L-glutamine, 28 mM HEPES buffer, and 1.0 mM CaCl2 (Media-1). To initiate 

osteoblastic differentiation, cells were seeded in 24-well plates at a density of 1 × 104 cells/well 

and media-1 was supplemented with 10 nM dexamethasone and 50 µg ascorbic acid/mL (Media-

2). Following 8 days of differentiation, Media-2 was further supplemented with 10 mM β-

glycerophosphate and either a control vehicle (dH2O) or varying concentrations of RR tea 

preparations (final polyphenol concentrations of 10, 5, 2, 1, 0.75, 0.5, or 0.1 µg/mL of GAE) to 

induce mineralization (Media-3). These doses were chosen to encompass a wide range of 

quantities; 1 µg/mL is representative of what would likely be consumed through diet (2–3 

cups/day) while 10 µg/mL would be an amount consumed through supplementation (20–30 

cups/day). All experiments were done with cells between passage 50–60 and media was 

replenished every 2 or 3 days. RR tea was added following proliferation and differentiation to 

ensure that any differences observed occurred during the mineralization phase. An illustration of 

the timeline of methodology can be found in appendix A2 

Mineralization 

  To quantify mineralization, cells were stained with alizarin red S as previously described 

[263]. In brief, following 5 days of mineralization, media was removed and Saos-2 cells were 

washed with PBS. Following aspiration of PBS, cells were fixed by the addition of 500 µL of 4% 

paraformaldehyde and allowed to incubate overnight at 4 °C. The following day the 

paraformaldehyde was removed and cell monolayer was washed twice with dH2O. After 

washing, 500 µL of alizarin red stain (40 mM, pH 4.2) was added to each well and allowed to 
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incubate for 20 min at room temperature on an orbital shaker. Cells were subsequently washed 

another four times with dH2O to remove any excess dye. Next, 500 µL of cetylpyridinium 

chloride was added to each well and gentle agitation by an orbital shaker was applied for 1 h at 

room temperature to solubilize dye for measurement of OD. Aliquots (150 µL) from each well 

were transferred in triplicate to a 96-well plate and the resulting absorbance was measured at 550 

nm. 

Cellular Activity Assay 

  To compare the effects of RR tea concentration on cell activity, as well as cellular 

viability, an MTT assay was performed [264]. Cells were seeded in 96-well plates at a density of 

1 × 104 cells/well in media-1 for 24 h. After cells adhered for 24 h, media was aspirated and cells 

were washed with PBS. Media-1 supplemented with varying concentrations of RR tea (10, 5, 2, 

1, 0.75, 0.5, or 0.1 µg/mL of polyphenols) or a control vehicle (dH2O) was added to the cells. 

Following 24 or 48 h of tea or control vehicle exposure, MTT (5 mg/mL) in the absence of tea 

was added to each well and cells were incubated at 37 °C for 4 h. After incubation, crystals were 

solubilized with the addition of 100 µL 10% SDS (w/v) in 10 mM HCl and incubation overnight 

followed by 30 min of gentle agitation by orbital shaker. The resulting OD of the solution was 

measured at 570 nm with the background read at 690 nm being subtracted. 

RT-qPCR 

  The expression of genes (ALP, NPP1, OPN, and SOST) were quantified following 3 and 

5 days of mineralization using a StepOnePlus real time polymerase chain reaction (PCR) system 

(Applied Biosystems: Foster City, CA, USA) and KAPA SYBR Fast (Kapa Biosystems: 

Wilmington, MA, USA) as previously described [265]. Total RNA was extracted from cells 
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using an RNeasy© plus mini kit (Qiagen: Hilden, Germany) according to manufacturer’s 

recommendations. Following extraction, purity and quantity of collected RNA was assessed 

using a NanoVue Plus system (Biochrom, Holliston, MA, USA). RNA was then reverse-

transcribed to cDNA using EcoDry double-primed premix (Clontech: Mountain View, CA, 

USA). Primers were synthesized by Integrated DNA Technologies (IDT: Coralville, IA, USA) 

and validated for amplification efficiency and target specificity in the Saos-2 cell model prior to 

testing. Samples were run in duplicate on a 96-well reaction plate and analyzed using the 2−ΔΔCT 

method with GAPDH as a reference gene. Specific forward and reverse primer sequences can be 

found in Table 5.2. 

Immunoblotting 

  After 3 and 5 days of mineralization, Saos-2 cells were lysed and protein was extracted 

with radioimmunoprecipitation assay (RIPA) buffer containing phosphatase (PhosSTOP) and 

protease (cOmplete) inhibitors. Protein content was measured by Bradford assay and samples 

were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

Following separation, protein was transferred to a 0.2 µm polyvinylidene fluoride (PVDF) 

membrane and subsequently blocked and probed with the corresponding antibodies for the 

proteins of interest (ALP, NPP1, OPN, and SOST) in either 5% (w/v) bovine serum albumin 

(BSA) or 5% (w/v) non-fat milk in tris-buffered saline and tween-20 (TBST). Membranes were 

then visualized using a FluorChem system (Alpha Innotech, San Leandro, CA, USA) and 

densitometry analysis was completed using Image Studio Lite software. Specific immunoblotting 

conditions and antibodies for each protein can be found in Appendix A1. 
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ALP Activity Assay 

  Following 3 and 5 days of mineralization the activity of ALP was determined by 

quantifying the dephosphorylation of p-nitrophenol phosphate (pNPP) [266]. In brief, cells were 

rinsed twice with 50 mM Tris-HCl (pH 7.35) then scraped in 500 µL of 0.05% Triton-X100 Tris-

HCl and transferred to 1.5-mL Eppendorf tubes. Eppendorfs were then agitated and centrifuged 

for 10 min at 10000 rpm, and the supernatant was collected in fresh tubes. To 25 µL of cell 

sample, MgCl2-Sigma 221 Buffer (90 µL) and pNPP solution (10 µL) was added and the 

reaction proceeded for 5 min at room temperature and stopped through the addition of 0.5M 

NaOH and transfer to ice. Samples were then read at an OD of 405 nm. All readings were 

normalized to protein content determined through Bradford assay. 

NPP1 Activity Assay 

  The activity of NPP1 was determined at day 3 and 5 of mineralization by quantifying the 

hydrolysis of p-nitrophenyl 5′-thymidine monophosphate (p-Nph-5′-TMP) and the resulting 

change in color [267]. Cells were rinsed twice with 50 mM Tris-HCl (pH 7.35) then scraped in 

500 µL of 0.05% Triton-X100 Tris-HCl and transferred to 1.5-mL Eppendorf tubes. Eppendorfs 

were then agitated and centrifuged for 10 min at 10,000 rpm, and the supernatant was collected 

in fresh tubes. 40 µL of cell sample was then mixed with 45 µL of buffer (Tris-HCl, KCl, NaCl, 

and glucose) and 20 µL of 5 mM p-Nph-5′-TMP. Following 75 min of incubation at 37 °C the 

reaction was stopped with 0.2 M NaOH and the resulting mixture was read at 405 nm. All 

readings were normalized to protein content determined through Bradford assay. 

Statistical Analysis 

  One-way ANOVA were conducted to assess differences in mineralization, cellular 
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activity, gene expression, and protein expression. Differences between means were deemed 

significantly different if p < 0.05. If a significant difference was observed in any of the statistical 

analyses, Tukey’s post-hoc test was performed to further identify where the specific differences 

were located. All statistical analysis was conducted using GraphPad Prism™ V5 (La Jolla, CA, 

USA). Results are reported as mean (% of control) ± SEM (with the exception of gene 

expression, which is expressed as mean fold change compared to control ± SEM). 
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Results 

Antioxidant Activity 

  The ability of RR tea to inhibit the free radical DPPH differed between concentrations (p 

< 0.05) (Figure 6.1). More specifically, there was a dose-dependent relationship whereby 

increasing concentrations of RR tea elicited greater inhibition of DPPH except for concentrations 

of 0.5 and 0.75 µg/mL as well as 5 and 10 µg/mL.  

 

Figure 6.1. Ability of varying RR tea polyphenols to function as antioxidants and inhibit the free 

radical DPPH. Error bars are ± SEM, n = 5. Differing letters indicates a significant difference (p 

< 0.05) among rooibos concentrations. 

Mineralization 

  Following 5 days of mineralization, the amount of mineral produced by Saos-2 cells 

varied greatly depending on the concentration of RR (Figure 6.2a, b). When supplemented with 

tea at concentrations ≥ 0.5 µg/mL of polyphenols, cells produced significantly greater (p < 0.05) 

quantities of mineral than those receiving vehicle control. When comparing the effectiveness of 
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varying concentrations of RR tea on mineralization there is a dose-dependent relationship, with 

greater concentrations of tea yielding greater mineral production. 

 

Figure 6.2. Influence of RR tea polyphenol concentration on mineralization. (a) Mineralization 

after 5 days in the presence or absence of RR tea polyphenols; error bars are ± SEM, n = 5 (each 

sample was the resulting average of three wells). CON = control. * indicates a significant 

difference (p < 0.05) between rooibos concentration and control, while differing letters indicate a 

significant difference (p < 0.05) among concentrations. (b) Images of representative alizarin red 

stain showing mineralization. 

Cell Activity 

  To investigate if RR tea influenced cellular activity, the formation of formazan crystals 

was measured following 24 and 48 h of incubation in the presence of RR tea preparations or a 

control vehicle and the subsequent addition of MTT. Results indicate that following 24 h there 

was a significantly (p < 0.05) higher cell activity in cells receiving tea preparations with ≥ 0.5 

µg/mL of polyphenols than control, and cells that received RR tea with 10 µg/mL of polyphenols 

had the greatest cell activity (Figure 6.3a). After 48 h, all concentrations of RR tea elicited 
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significantly greater cell activity than control, with concentrations of 10 µg/mL having the 

greatest cell activity followed by 0.5–5 µg/mL and then 0.1 µg/mL of polyphenols (Figure 6.3b).  

 

Figure 6.3. Cell activity following exposure to varying concentrations of RR tea polyphenols for 

(a) 24 h; and (b) 48 h. Quantity of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) reduced to formazan crystals expressed as % of control. Error bars are ±SEM, n = 12. 

CON = control. * indicates a significant difference (p < 0.05) between rooibos concentration and 

control, while differing letters indicate a significant difference (p < 0.05) among concentrations. 

Expression of ALP, NPP1, SOST, and OPN Genes 

  Following 3 and 5 days of mineralization, the expression of several genes were assessed 

to elucidate potential mechanisms behind alterations in mineral production elicited by the 

presence of RR tea. 

Mineralization Day 3 (Gene Expression) 

  After 3 days of mineralization there were no differences in ALP expression between cells 

that were exposed to lower concentrations of RR tea (≤ 2 µg/mL of polyphenols) and the control 
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vehicle (dH2O). However, at concentrations ≥ 5 µg/mL or higher there is a statistically 

significant (p < 0.05) decrease in ALP (ALPL) expression (Figure 6.4a). NPP1 (ENPP1) 

expression remained similar between all conditions regardless of RR tea concentration (Figure 

6.4b). SOST remained unchanged at lower concentrations (≤ 2 µg/mL) but expression was 

significantly (p < 0.05) increased, when supplemented with higher concentrations of RR tea (≥ 5 

µg/mL of polyphenols) relative to cells treated with control vehicle (Figure 6.4c). Levels of OPN 

(SPP1) expression were similar across all concentrations after 3 days of mineralization with no 

statistical differences among them (p < 0.05) (Figure 6.4d). 
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Figure 6.4. Gene expression following 3 days of mineralization and varying concentrations of 

RR tea. (a) ALP; (b) NPP1; (c) SOST; (d) OPN. Values expressed as fold change compared to 

control condition (dH2O). Error bars are ±SEM, n = 6. CON = control. Differing letters indicate a 

significant difference (p < 0.05) among conditions. 

Mineralization Day 5 (Gene Expression) 

  Following 5 days of mineralization ALP expression in Saos-2 cells were significantly 

decreased (p < 0.05) when supplemented with concentrations of RR tea ≥ 2 µg/mL of 

polyphenols compared to control (Figure 6.5a). Cells supplemented with RR tea at a 

concentration of 0.1 µg/mL of polyphenols also demonstrated significantly elevated ALP 

expression when compared to all other conditions receiving polyphenols. Similarly, NPP1 

expression differed (p < 0.05) among concentrations, with cells supplemented with RR tea at 
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concentrations ≥ 2 µg/mL of polyphenols exhibiting reduced expression compared to the other 

concentrations (Figure 6.5b). Once again, in terms of SOST expression, significant differences 

were observed in cells receiving RR tea at concentrations ≥ 2 µg/mL of polyphenols or greater 

when compared to control. More specifically, these cells had elevated levels of SOST expression 

compared to control (Figure 6.5c). In contrast, after 5 days of mineralization there were 

significant differences (p < 0.05) among the expression of OPN by cells supplemented with RR 

tea at concentrations ≥ 0.5 µg/mL of polyphenols and those supplemented with lower 

concentrations (0.1 µg/mL) or a control vehicle; with the former exhibiting decreased OPN 

expression (Figure 6.5d).  
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Figure 6.5. Gene expression following 5 days of mineralization and varying concentrations of 

RR tea. (a) ALP; (b) NPP1; (c) SOST; (d) OPN. Values expressed as fold change compared to 

control condition (dH2O). Error bars are ±SEM, n = 6. CON = control. Differing letters indicate a 

significant difference (p < 0.05) among conditions. 

Protein Expression of ALP, NPP1, SOST, and OPN 

  To uncover mechanistic alterations potentially responsible for the observed changes in 

mineralization, protein expression of ALP, NPP1, SOST, and OPN were assessed following 3 

and 5 days of mineralization. 

Mineralization Day 3 (Protein Expression) 

  Three days into the mineralization process, protein expression remained mostly 

unchanged when compared to control with the exception of OPN (Figure 6.6a). More 
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specifically, there were no observed differences in ALP, NPP1, and SOST (Figure 6.6b–d); 

while OPN was significantly reduced at RR tea concentrations ≥ 0.5 µg/mL of polyphenols when 

compared to the control (Figure 6.6e). 

 

Figure 6.6. Protein expression following 3 days of mineralization and varying concentrations of 

RR tea. (a) representative Western blot analysis of the influence of RR tea polyphenols on Saos-

2 cells. Densitometric analysis of (b) ALP; (c) NPP1; (d) SOST; and (e) OPN protein 

expression. Values are normalized to reference protein (Vinculin; ALP, OPN, SOST, and β-

actin: NPP1) and presented as % of control with error bars ± SEM, n = 3. Differing letters 

indicate a significant difference (p < 0.05) among conditions. 

Mineralization Day 5 (Protein Expression) 

  Protein expression was determined after 5 days of mineralization in the presence or 

absence of RR tea (Figure 6.7a). After 5 days of mineralization, the expression of ALP and 

NPP1 remained unchanged, with no significant differences between any of the concentrations 
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(Figure 6.7b, c). The protein expression of SOST, which was previously unaltered among 

concentrations after 3 days of mineralization, demonstrated a significant difference (p < 0.05) 

between cells receiving RR tea at a concentration of 1 µg/mL of polyphenols and control, with 

the former producing elevated levels of SOST (Figure 6.7d). Concentrations > 1 µg/mL appeared 

to also have elevated levels of SOST; however, it was not statistically significant. In terms of 

OPN protein expression, the large differences present following 3 days of mineralization 

disappeared, and no significant differences were observed (Figure 6.7e). 

 

Figure 6.7. Protein expression following 5 days of mineralization and varying concentrations of 

RR tea. (a) representative western blot analysis of the influence of red rooibos polyphenols on 

Saos-2 cells. Densitometric analysis of (b) ALP; (c) NPP1; (d) SOST; and (e) OPN protein 

expression. Values are normalized to reference protein (Vinculin; ALP, OPN, SOST and β-actin: 

NPP1) and presented as % of control with error bars ± SEM, n = 3. Differing letters indicate a 

significant difference (p < 0.05) among conditions. 
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ALP and NPP1 Activity 

  The specific activity of ALP and NPP1, key proteins involved in the mineralization 

process by osteoblasts, were investigated following 3 and 5 days of mineralization. Following 3 

days of mineralization the activity of both ALP and NPP1 significantly differed from the control 

in response to RR tea. Concentrations of RR tea at concentrations ≤ 2 µg/mL of polyphenols 

elicited similar ALP activity than cells which had received a volume control. While 

concentrations ≥ 5 µg/mL resulted in significantly (p < 0.05) elevated activity (Figure 6.8a). In 

terms of NPP1, RR tea resulted in little alteration to activity when compared to control with the 

exception of cells receiving 2 µg/mL which demonstrated a significantly reduced activity after 3 

days of mineralization (p < 0.05) (Figure 6.8b). Following 5 days of mineralization the activity 

of ALP and NPP1 were similar among groups regardless of RR concentration (Figure 6.8c, d). 
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Figure 6.8. Activity of (a) ALP (3 days); (b) NPP1 (3 days); (c) ALP (5 days); and (d) NPP1 (5 

days) in the presence or absence of tea during mineralization. Values are presented as % of 

control with error bars ± SEM, CON = control, n = 5 or 6. Differing letters indicate a significant 

difference (p < 0.05) among conditions. 
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Discussion 

  The study findings demonstrate that RR tea is capable of increasing mineralization by 

osteoblasts in a dose-dependent manner, whereby higher concentrations yielded higher mineral 

production. The mineralization process in osteoblasts has been shown to be influenced by the 

amount of oxidative stress present [268]. More specifically, greater amounts of ROS in relation 

to antioxidants will in turn elicit a low amount of mineralization and vice versa supporting our 

finding that higher RR tea concentration, and in turn polyphenols and antioxidants, elicited 

higher mineralization [269, 270]. 

  The accumulation of ROS and the corresponding oxidative stress have been shown to 

directly influence the osteoblast viability. In relation to osteoblasts, ROS can induce apoptosis as 

well as reduce differentiation [224, 271]. In contrast, N-acetyl cysteine, a potent antioxidant, has 

been shown to inhibit osteoblastic apoptosis as well as increase osteoblast differentiation [272, 

273]. These previous studies support the current finding that cell viability, measured by the 

reduction of MTT, increased with increasing RR tea concentrations. Polyphenols from black, 

green, and rooibos teas have previously demonstrated antioxidant abilities in vitro and in vivo 

[76, 171]. In the present study, higher concentrations of RR tea elicited higher cell viability. 

Although not directly measured, this could possibly be due to a greater inhibition of ROS by 

polyphenols in RR tea. As well, larger differences in cell viability between RR concentration and 

control were seen following 48 h. This could be explained by a potentially greater accumulation 

of ROS in control cells following 48 h compared to 24 h, leading to a larger amount of oxidative 

stress. Although not evaluated in the current study, oxidative stress also influences osteocytes as 

well as osteoclasts. More specifically, ROS has been shown to increase osteoclast differentiation 

and osteocyte apoptosis [274, 275].  
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  Past research has demonstrated that addition of tea to osteoblasts corresponds with higher 

amounts of ALP [67, 80, 149]; however, there is currently no literature on how tea influences the 

NPP1 gene and protein expression. In the present study there were slight reductions in ALP gene 

expression following 3 and 5 days of mineralization in the presence of higher RR tea 

concentrations; while NPP1 gene expression remained unchanged until 5 days of mineralization, 

where it was reduced at higher concentrations. However, after translation of the genes, there 

were no statistical differences in ALP and NPP1 protein expression at any time point. This 

suggests that in the present study RR tea induces minimal alterations in terms of ALP and NPP1 

protein expression. Despite similar protein expression of ALP, there was a significantly higher 

activity at 3 days of mineralization in cells that received RR tea at concentrations ≥ 5 µg/mL of 

RR polyphenols. This finding suggests that at day 3 of mineralization RR tea can increase the 

activity of ALP and may partially explain the ability of RR tea to induce increased 

mineralization by osteoblasts. It is also possible that there were alterations in other proteins that 

regulate mineralization but were not investigated, including 

phosphoethanolamine/phosphocholine phosphatase (PHOSPHO1) and progressive ankylosis 

protein homolog (ANKH) proteins. 

  Following 5 days of mineralization OPN gene expression was reduced in cells receiving 

RR tea at concentrations of ≥ 0.5 µg/mL of polyphenols, and OPN protein expression was 

significantly reduced at similar concentrations following 3 days but were absent at 5 days. The 

observed reductions in OPN gene and protein expression support the concurrent increases in 

mineralization with higher concentrations of RR tea and may provide a mechanism to explain the 

observed effects. Another proposed function of OPN is that it is capable of sensing ROS and in 

turn reacting to oxidant stress by altering its expression [276]. These studies observed that in 
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response to ROS, OPN was subsequently upregulated which support the alterations in OPN 

found in this study. 

  In the present study, following 3 days of mineralization SOST gene expression was 

elevated with higher concentrations of RR tea, an effect that persisted to 5 days. Protein 

expression of SOST was also upregulated following 5 days of mineralization at higher 

concentrations. These findings suggest that higher concentrations of RR tea may lead to induced 

osteoblast differentiation to osteocytes. Saos-2 cells have previously been shown to be capable of 

transitioning to osteocytes under mineralizing conditions confirmed by the appearance of 

dendritic extensions and expression of SOST [277]. SOST primarily functions to inhibit Wnt 

signaling which is a key pathway involved in osteoblast differentiation and subsequent bone 

formation by osteoblasts [278]. However, in the current study Saos-2 cells were supplemented 

with ascorbic acid and dexamethasone (Media- 2) for 8 days prior to the addition of β-

glycerophosphate (Media-3) and the initiation of mineralization to ensure differentiation before 

the addition of test conditions. 

  A limitation of the present study is the use of a cell model in which osteoblasts are 

isolated from all other physiological systems that can regulate bone cell activity. Thus, the 

mechanism by which RR tea stimulated mineralization by osteoblasts in a dose-dependent 

manner requires further study. Though, RR tea may exert its effect, at least partially, by 

functioning as antioxidants and possibly decreasing the amount of ROS and oxidant stress within 

the cell and increasing cell viability. This in turn may downregulate the expression of OPN, 

leading to a reduced inhibition of mineralization. As greater quantities of mineral are produced, 

osteoblasts would become entombed and differentiate to mature osteocytes, increasing SOST. 
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Findings also suggest that increased levels of ALP activity with higher concentrations of RR tea 

may increase inorganic phosphate availability leading to elevated mineralization as well as an 

expedited transition to osteocytes. Whether RR tea modulates mineralization through antioxidant 

activities or whether other mechanisms are occurring requires future study. Nonetheless, results 

from this study support the use of supplemental concentrations of RR tea in preclinical in vivo 

models as the cells produced greater amounts of mineral while displaying no detrimental effects 

on cell viability and do not appear toxic at the doses studied. Another aspect that should be 

evaluated further is the safety of higher RR tea concentrations on multiple tissues, as the current 

study only confirmed safety in an isolated osteoblast cell model and not an entire organism.  

  A strength of this study is the wide range of concentrations that were encompassed (0.1–

10 µg/mL) including RR tea concentrations which could be obtained through diet (≤ 1 µg/mL of 

polyphenols) as well as through supplementation (≥ 2 µg/mL of polyphenols). Additionally, we 

investigated physiological concentrations as opposed to supraphysiological studies that have 

been previously investigated in the literature [178]. However, a limitation is that cells were 

exposed to RR tea directly rather than the metabolites that may act on bone cells following 

digestion and absorption. In conclusion, RR tea stimulated osteoblast mineralization in a dose-

dependent manner and were accompanied with downregulation of OPN, increased ALP activity, 

and increased cell activity. 
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Abstract 

  During pregnancy and lactation in humans, maternal bone mineral density (BMD) is 

reduced as calcium is mobilized to support offspring bone development. Studies suggest that 

BMD returns to pre-pregnancy levels shortly after delivery, shifting from a high rate of bone 

resorption during pregnancy and lactation, into a rapid phase of bone formation post-lactation. 

This rapid phase may provide an opportunity to stimulate a greater gain in BMD and stronger 

structure than was present pre-pregnancy. Providing polyphenols that are present in red rooibos 

herbal tea may promote such an effect. In vitro, these polyphenols stimulate osteoblast activity, 

reduce osteoclastic resorption, and increase mineral production. The objective of this study was 
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to determine if consuming red rooibos resulted in higher BMD and improved trabecular and 

cortical bone structure of tibia following pregnancy and lactation. Female Sprague-Dawley rats 

(n=42) were randomized to one of the following groups: PREG TEA (pregnant and received a 

supplemental level of red rooibos: ~2.6 g /kg body weight/day in water), PREG WATER 

(became pregnant and received water), or NONPREG CON (age-matched, non-pregnant control) 

from 2 weeks prior to pregnancy (age 8 weeks) through to 4 months post-lactation. All groups 

received AIN-93G diet ad libitum. Litter characteristics (number of pups, weight, sex ratio) were 

also measured. BMD and trabecular structure (bone volume fraction, trabecular number, 

trabecular separation) were improved (p < 0.05) by 1- or 2-months post-lactation when 

comparing PREG TEA to PREG CON, though neither group recovered to the level of 

NONPREG CON. Cortical outcomes (cortical area fraction, cortical thickness, tissue mineral 

density) for PREG TEA and PREG CON were reduced (p < 0.05) following lactation but 

returned to the level of NONPREG CON by 2-months post-lactation, with the exception of 

cortical thickness. There were no differences in litter size, litter weight or sex ratio of offspring 

between PREG TEA and PREG CON groups. Consumption of red rooibos supports partial 

recovery of trabecular BMD and 3-dimensional structure following pregnancy and lactation. The 

findings also provide insight into timing and dose of polyphenols for future interventions. 
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Introduction 

  In humans, there is a decrease in BMD and structure during pregnancy and lactation due 

to an increased demand in mobilized calcium for offspring bone development [30]. Reductions in 

BMD during human pregnancy and lactation are often in the range of 5-10% and based on 

previous literature using DXA [30, 279] it is believed that women typically return to their pre-

pregnancy BMD after delivery as number of pregnancies and duration of breast-feeding is not 

considered a risk for developing osteoporosis later in life [280-282]. More specifically, to meet 

the elevated calcium demand by the fetus, intestinal calcium absorption is increased beginning in 

the first trimester. However, intestinal calcium absorption returns to pre-pregnancy levels during 

lactation in humans [279] while there is a concurrent increase in skeletal resorption to provide 

calcium for offspring bone growth [19]. This results in an uncoupling of bone turnover with 

elevated levels of bone resorption compared to formation leading to reductions in BMD and 

structure observed in both humans and rodents. Despite the loss in BMD following lactation, it is 

transient as an uncoupling of bone turnover persists but it is reversed with greater formation than 

resorption occurring [20, 21, 283]. These high rates of bone turnover observed during pregnancy, 

lactation, and recovery may provide a “window of opportunity” to stimulate a greater gain in 

BMD and stronger structure than was present pre-pregnancy.  

  A key contributing factor to the promotion of bone health is diet. Several nutrients, 

including calcium and vitamin D, as well as various foods and food components have been 

studied for their bone promoting or supporting effects [247-250]. Tea and its polyphenols may 

promote bone health and mineral production [67, 284]. Several retrospective studies in different 

populations have also identified positive associations between tea consumption and greater BMD 

later in life [61, 136, 139]. Also, in vitro, a wide variety of teas derived from Camellia sinensis 
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and herbal teas from other plants have been shown to increase osteoblast activity and 

proliferation; while also having the capacity to decrease osteoclast activity and proliferation 

[166, 216, 285, 286].  While mechanisms have not been identified, polyphenols are organic 

compounds that function as antioxidants and can decrease ROS.  ROS have been shown to 

suppress mineral formation and increase resorption in vitro [228, 269, 287]. During pregnancy 

and lactation metabolism is elevated due to the requirements for developing fetal tissues and as a 

result ROS have been shown to increase in response [176].  Reduction of ROS by tea and its 

respective polyphenols may counter these effects leading to greater mineral formation by 

osteoblasts and a reduction of osteoclast resorption.  

  Commonly consumed teas, such as green and black teas, are known to contain caffeine 

and thus would not be recommended for pregnant women while red rooibos (RR) herbal tea does 

not contain caffeine. RR herbal tea originates from the Aspalathus linearis plant. It is fully 

oxidized giving it a unique profile of polyphenols that are not present in other teas. Previously 

our lab has shown RR to have the capacity in vitro to increase mineralization by osteoblasts 

(Saos-2 cells) in a dose-dependent manner [216] using levels that can be achieved in diet through 

to supplementation. Moreover, improved cell viability was also observed. With respect to bone 

resorption, RR and non-oxidized rooibos (green rooibos) was shown to reduce osteoclast 

formation and activity in vitro using RAW264.7 cells, and displayed oxidant scavenging activity 

without any cytotoxic effects [81]. Taken together, an increase in mineral formation and 

concurrent reduction in resorption would lead to an increase in bone formation which may 

support the acquisition of greater BMD and structure following pregnancy and lactation. 

  The objective of this study was to determine if consuming red rooibos resulted in higher 

BMD and improved tibia structure following pregnancy and lactation. It was hypothesized that 
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consumption of red rooibos herbal tea during pregnancy, lactation, and recovery will result in 

greater BMD and improved structure of the tibia compared to consumption of only water.  
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Materials & Methods 

Animals and Diets 

  Forty-two female and fourteen male Sprague-Dawley rats (5 weeks of age) were 

purchased from Charles Rivers Laboratories (St. Constant, QC, Canada). Rats were singly 

housed under a controlled environment (20˚C, and 12hr light and dark cycles) and supplied with 

water and diet (AIN-93G, Envigo; Indianapolis, IN, USA) ad libitum. Each rat had access to 

physical enrichment in their cage including crinkle nest and a red rat retreat. Body weight was 

measured weekly while diet and water intake were measured bi-weekly using an electronic scale. 

Experimental Design 

  Following 1 week of acclimatization to handling and the environment of the animal 

facility, female rats were randomly assigned to one of three groups (n=14/group): a pregnancy 

and lactation group receiving red rooibos herbal tea prepared in water (PREG TEA), a pregnancy 

and lactation group receiving only water (PREG CON) or an age matched control group that was 

not mated (NONPREG CON). A priori sample size analysis was conducted using findings from 

previous literature and it was determined that a sample size of 11 would be necessary for the 

study (Appendix A3). An extra 3 animals were included for each group in case not all females 

delivered a healthy litter or became ill. Rats in the PREG CON and NONPREG CON groups had 

ad libitum access to AIN-93G diet and water, while those in the PREG TEA group received 

AIN-93G diet and red rooibos herbal tea ad libitum (concentration of approximately 2.6 g of 

RR/kg of body weight per day). This concentration of tea is comparable to consuming 

approximately 12 cups of red rooibos tea daily and was chosen based on previous research 

demonstrating greater concentrations of red rooibos herbal tea eliciting greater levels of 

mineralization in vitro [216] (See appendix A4 for the calculation). For the following 2 weeks, 
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rats were further acclimatized to the facility and their respective group while water intake was 

measured to ensure rats in PREG TEA had a greater level of circulating polyphenols and did not 

have an aversion to the taste. After 3 weeks of total acclimatization half of the rats from each of 

the PREG TEA and PREG CON groups were mated one to one with males of the same age and 

the remaining rats from the group were mated 2 weeks later with the same group of males to 

ensure any potential paternal differences were equally distributed between groups; Figure 7.1. 

Mating at the two distinct time periods allowed for the frequent in vivo scans throughout the 

study which take sufficient time making it difficult to study the entire cohort at one time. Of the 

initial 14 rats randomized to the PREG CON group, one rat did not become pregnant after 2 

estrous cycles and was removed from the study. At postnatal day 3 (PND 3) litters were culled to 

5 male and 5 females to normalize milk production among dams. Pups were selected to be culled 

based on their weight in comparison with the average weight of their litter. Litter weight was 

measured at PND 3 (prior to culling), 7, 14, and 21. At PND 21 pups were weaned. From the end 

of lactation through 4 months post-lactation, dams were fed AIN-93M (Envigo; Indianapolis, IN, 

USA). Due to the lack of a litter in rats from NONPREG CON and the need to protect the red 

rooibos herbal tea from light by wrapping drinking bottles in tinfoil, experimenters were not 

blinded to groups during the in vivo portion of the trial. The protocol (#18-03-02) was approved 

by the Animal Care Committee at Brock University. 
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Figure 7.1. Mating Design. After 3 weeks of acclimatization, half of PREG TEA and 

NONPREG CON groups were paired with a male and mated. Two weeks later, and after 

successful mating (measured by an increase in body weight) the remaining half of each group 

were paired with a male (2 weeks later) that was previously mated with the opposite group. F: 

females, M: males, orange squares: PREG TEA, blue squares: PREG CON, green squares: 

males, and each number represents a unique animal. 

Preparation of Red Rooibos Herbal Tea 

  Loose leaf red rooibos herbal tea was prepared twice weekly following the 

manufacturer’s recommended directions. Tea was weighed to the appropriate amount and 

transferred to tea bags to mimic what would normally be consumed. Tea bags were then placed 

in glass beakers and steeped for 5 minutes in water at 96˚C. Following 5 minutes of steeping, tea 

bags were removed and the resulting RR was cooled to room temperature. Once cooled, all 

beakers of RR were mixed together to ensure a homogenous mixture. To ensure rats received 
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approximately 2.6 g of RR/kg of body weight, concentration was constantly adjusted depending 

on both average body weight and fluid intake from the previous weeks’ measurements. This 

allowed for intake of tea to remain consistent relative to body weight throughout the study 

despite any changes in water intake while also allowing rats ad libitum access. An example 

scenario and calculation can be found in appendix A5. 

In vivo µCT Scanning of Tibia 

  The right tibia of rats were scanned at 6 time points using high resolution in vivo µCT 

(SkyScan 1176, Bruker microCT, Belgium): prior to mating (5-7 days before the initiation of 

mating), immediately following the end of lactation (within 48 hours), and at 1, 2, 3, and 4 

months post-lactation; denoted as Pre, PL, 1PL, 2PL, 3PL, and 4PL respectively (or at an 

identical age in NONPREG CON). Prior to scanning, rats were anaesthetized with isoflurane. 

Rats were placed in an induction chamber with a steady flow rate of approximately 2% 

isoflurane and anaesthesia was confirmed by the absence of a response to a toe pinch. Rats were 

then transferred and placed in supine position on the scanning bed and isoflurane (~2% flow 

rate) was given by nose cone to ensure adequate anaesthesia to prevent movement during the 

scan [288]. All scans were performed with parameters that have previously been shown by our 

lab to be safe for longitudinal measurements – both in terms of the recovery of the rat between 

scans and without causing radiation damage to bone structure (18 µm voxel size, 1 mm 

aluminum filter, 700 ms exposure time, 60 kV of voltage, 200 uA of amperage, a rotation step of 

0.5˚ over a 360˚ scanning frame) [288, 289]. Monthly in vivo scans of rat tibias using the same 

machine have previously shown no detrimental effects or repeated irradiation to BMD or bone 

structure [289]. Within a time point, scans were completed for rats from alternating groups until 

all scans were complete to minimize the potential for any variability when scanning. Following 
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the 4-month post-lactation scan (or age matched equivalent) rats were anaesthetized with 

isoflurane in an induction chamber and euthanized by CO2 asphyxiation. Blood was then 

immediately collected by cardiac puncture for future serum analysis. Bones (tibia, femur, lumbar 

vertebrae, mandible, and maxilla) were collected and stored for future ex vivo analysis; and 

organs (kidneys and liver) were collected, weighed by digital scale, and stored in a -80˚C freezer. 

Organ weights were measured as a preliminary sign of the possibility of any toxicological 

effects. Study design is shown in Figure 7.2. 
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Figure 7.2. Study design. Female Sprague-Dawley rats arrived at 5 weeks of age and were randomized to either a PREG TEA, PREG 

CON, or NONPREG CON group (n = 14) following 1 week of acclimatization. Once randomized, animals were then acclimatized 

another 2 weeks to their respective group prior to mating. Females were mated for a duration of 2 estrous cycles (10 days). In vivo 

scans for measurement of bone structure and quantity of the right proximal tibia using µCT are denoted by an asterisk (*) and were 

completed at pre-pregnancy (Pre), immediately after lactation (PL), and 1, 2, 3, and 4 months post-lactation (1PL, 2PL, 3PL, 4 PL). 

Rats from NONPREG CON were scanned at the same time points to provide an age-matched control. Body weight was measured 

weekly and both water and food intake were measured twice weekly.
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Image Reconstruction and Analysis 

  Following acquisition of all scans, images were reconstructed using a Gaussian filter 

under the same parameters to ensure accurate comparisons. The region of interest (ROI) for 

analysis of trabecular bone began 150 slices (2.64 mm) distal from the point where the growth 

plate and the metaphysis of the tibia met and spanned 75 slices (3.96 mm) distally. While the 

ROI for cortical bone began 400 slices (7.04 mm) distal from the point where the growth plate 

and the metaphysis of the tibia met and spanned 100 slices (8.80 mm) distally. The differing 

ROIs were to ensure analysis was performed on trabecular and cortical rich regions of the bone, 

respectively. Within each ROI, the distinction between trabecular and cortical bone was 

performed manually and saved as their own distinct ROI for analysis. For analysis of trabecular 

and cortical bone, images were first binarized using global thresholding. Following binarization, 

images underwent several morphological operations to ensure that only bone tissue was being 

analyzed. Trabecular bone was analyzed for following structure outcomes: bone volume fraction 

(BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), trabecular number (Tb.N), 

and bone mineral density (BMD). Cortical bone was analyzed for the following structure 

outcomes: cortical area fraction (Ct.Ar/Tt.Ar) periosteal perimeter (Ps.Pm), cortical thickness 

(Ct.Th), endocortical perimeter (Ec.Pm), marrow area (Ma.Ar), and tissue mineral density 

(TMD). Specific task lists for analysis of trabecular and cortical bone are summarized in 

Appendix A6 and A7, respectively. 

Statistical Analysis 

  The effect of group, time, and the interaction on food and fluid intake, body weight, and 

bone outcomes were evaluated using a two-way repeated measures ANOVA. Differences 

between means were deemed significantly different if p < 0.05. When a significant interaction 
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was identified a Bonferroni post-hoc was performed to locate the specific difference. In the case 

of missing values, series mean imputation was performed. All statistical analysis was conducted 

using GraphPad Prism™ V5 (La Jolla, CA, USA). 
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Results 

Food Intake, Fluid Intake, Body Weight, Organ Weights, and Litter Characteristics 

  Average RR intake was calculated to be 2.66 g/kg of body weight per day for rats in the 

PREG TEA group. A significant interaction (p < 0.001) was observed for food intake with a 

significant increase during pregnancy and lactation for PREG TEA and PREG CON (Figure 7.3). 

There was a significant interaction (p < 0.001) and main effects for time (p < 0.001) and group (p 

< 0.001) for water intake (Figure 7.4). At weeks 4 and 6 through 10 of the study there was a 

significant increase in water intake for PREG TEA and PREG CON when compared to 

NONPREG CON. For body weight there was a significant interaction (p < 0.001) and main 

effect of time (p < 0.001). Significant increases in body weight occurred at weeks 5 and 6 during 

lactation and a significant reduction was observed at week 9 following delivery (Figure 7.5). 

  There were no significant differences in kidney weight (left or right) or liver weight 

between the two groups at endpoint when normalized to body weight (Table 7.1). For litter 

characteristics, there were no differences in litter sizes or in the proportion of males and females 

within each litter. As expected, there was a main effect for time (p < 0.001) for average pup 

weight due to growth (Figure 7.6). 
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Figure 7.3. Mean daily food intake of female Sprague-Dawley rats. Values are mean ± SEM, n = 

13 or 14/group and each tick on the x-axis represents 1 week. Significant differences (p < 0.05) 

between pregnancy and lactation groups (PREG TEA and PREG CON) and NONPREG CON 

within a time point are denoted by *. The arrow above data points represents the onset of 

pregnancy. 
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Figure 7.4. Mean daily water intake of female Sprague-Dawley rats. Values are mean ± SEM, n 

= 13 or 14/group and each tick on the x-axis represents 1 week. Significant differences (p < 0.05) 

between pregnancy and lactation groups (PREG TEA and PREG CON) and NONPREG CON 

within a time point are denoted by *. The arrow above data points represents the onset of 

pregnancy. 
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Figure 7.5. Body weight of female Sprague-Dawley. Values are mean ± SEM, n = 13 or 

14/group and each tick on the x-axis represents 1 week. Significant differences (p < 0.05)  

between pregnancy and lactation groups (PREG TEA and PREG CON) and NONPREG CON 

within a time point are denoted by *. The arrow above data points represents the onset of 

pregnancy. 

 

Table 7.1 Litter characteristics and normalized organ weights of females at 4 months post-

lactation 

 PREG TEA PREG CON p-value 

Litter Size (n)ǂ 13 ± 2 15 ± 2 0.114 

        # of males (% of total) 7 ± 2 (54) 7 ± 2 (47) 0.854 

        # of females (% of total) 6 ± 2 (46) 8 ± 2 (53) 0.086 

L. Kidney Weight (mg/g of body weight) 2.90 ± 0.22 2.84 ± 0.27 0.477 

R. Kidney Weight (mg/g of body weight) 2.95 ± 0.27 2.89 ± 0.26 0.559 

Liver Weight (mg/g of body weight) 32.21 ± 1.92 34.18 ± 3.34 0.072 
ǂ Litter size at delivery 
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Figure 7.6 Average body weight of an individual Sprague-Dawley pup from each litter. Values 

are mean ± SEM, n = 13 or 14/group. 

In Vivo Measurements of Tibia Trabecular Microarchitecture and Quantity 

  There was a significant interaction (p < 0.05) for all trabecular outcomes measured 

(Figure 7.7). As a result of pregnancy and lactation, BV/TV was significantly reduced (p < 0.05) 

in both PREG TEA and PREG CON groups for the remainder of the study compared to 

NONPREG CON; while at 2- and 4-months post lactation rats in PREG TEA had significantly 

greater (p < 0.05) BV/TV than PREG CON (Figure 7.8a). Tb.Th was significantly (p < 0.05) 

reduced in PREG TEA and PREG CON following pregnancy and lactation but had recovered to 

the levels of NONPREG CON by 2PL, with PREG TEA recovering more rapidly (Figure 7.8b). 

Trabecular spacing (Tb.Sp.) was significantly (p < 0.05) increased post-lactation in PREG TEA 

and PREG CON which persisted till the end of the study. Tb.Sp was significantly lower in PREG 

TEA than PREG CON at 1, 3, and 4PL (Figure 7.8c). Trabecular number (Tb.N.) was reduced (p 
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< 0.05) in PREG TEA and PREG CON following lactation compared to NONPREG CON and 

only partially recovered by the end of the study; while PREG TEA was significantly (p < 0.05) 

greater than PREG CON at 2 and 4PL (Figure 7.8d). BMD was significantly (p < 0.05) reduced 

in PREG TEA and PREG CON beginning at PL and persisted for the remainder of the study, 

while BMD for PREG TEA was significantly (p < 0.05) greater than PREG CON at 1, 3, and 

4PL (Figure 7.8e). 
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Figure 7.7. Representative 3D images of trabecular bone from right proximal tibia in female Sprague-Dawley rats pre-pregnancy, 

post-lactation, and 1, 2, 3, and 4 months post-lactation. Representative scans for each group are of the same rat at each time point. Pre: 

pre-pregnancy, PL: post-lactation, 1PL: 1 month post-lactation, 2PL: 2 months post-lactation, 3PL: 3 months post-lactation, and 4PL: 

4 months post-lactation. Representative images were chosen by selecting the rat with the closest value for BV/TV to the group mean. 
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Figure 7.8. Graphical comparisons of trabecular outcomes for PREG TEA, PREG CON, and 

NONPREG CON; a) BV/TV, b) Tb. Th, c) Tb. Sp, d) Tb. N, and e) BMD. Values are mean ± 

SEM, n = 13 or 14/group. Differing letters denote a significant difference among groups within a 

time point. Pre: pre-pregnancy, PL: post-lactation, 1PL: 1 month post-lactation, 2PL: 2 months 

post-lactation, 3PL: 3 months post-lactation, and 4PL: 4 months post-lactation. 

In Vivo Measurements of Tibia Cortical Microarchitecture and Quantity 

  Ps.Pm, Ec.Pm, and M.Ar were similar between all groups at all time points (Figure 7.9, 

7.10 a,b,e). However, there were significant (p < 0.05) reductions in Ct.Th, Ct.Ar/Tt.Ar, and 

TMD in PREG TEA and PREG CON following pregnancy and lactation (7.10 c,d,f). More 

specifically, Ct.Ar/Tt.Ar and TMD recovered to levels of NONPREG CON by 2PL while Ct.Th 

remained reduced (p < 0.05) in PREG TEA and PREG CON for the remainder of the study.



 

136 
 

 

Figure 7.9. Representative 3D images of cortical bone from right proximal tibia in female Sprague-Dawley rats pre-pregnancy, post-

lactation, and 1, 2, 3, and 4 months post-lactation. Representative scans for each group are of the same rat at each time point. Pre: pre-

pregnancy, PL: post-lactation, 1PL: 1 month post-lactation, 2PL: 2 months post-lactation, 3PL: 3 months post-lactation, and 4PL: 4 

months post-lactation. 
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Figure 7.10 Graphical comparisons of cortical outcomes between TEA, WATER, and CON; a) 

Ps.Pm, b) Ec.Pm, c) Ct.Th, d) Ct.Ar/Tt.Ar, e) M.Ar, and f) TMD. Values are mean ± SEM, n = 

13 or 14/group. Differing letters denote a significant difference among groups within a time 

point. Pre: pre-pregnancy, PL: post-lactation, 1PL: 1 month post-lactation, 2PL: 2 months post-

lactation, 3PL: 3 months post-lactation, and 4PL: 4 months post-lactation. 
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Discussion 

  There were two key findings from this study. The first was that deficits in BMD and 

structure of trabecular bone following pregnancy and lactation remained at 4 months post-

lactation in Sprague-Dawley rats. This finding was unexpected as the majority of rodent studies 

have reported a complete recovery of BMD following pregnancy and lactation within 4-8 weeks 

[30, 290, 291] and the few studies that have shown an incomplete recovery in terms of trabecular 

bone structure measured rats for a shorter recovery period post-lactation (6 weeks) [43, 44]. In 

these previous studies, rat tibias were scanned weekly - prior to mating through 6 weeks post-

lactation – with similar findings to the present study in which BV/TV, Tb.N, and Tb.Sp did not 

fully recover when compared to non-pregnant control rats [43]. The other key finding was that 

consumption of red rooibos herbal tea consumption supported the recovery of trabecular BMD 

and structure following pregnancy and lactation though not to the level of non-pregnant control 

group, but significant improvements in trabecular BMD and structure (BV/TV, Tb.N, and Tb.Sp) 

were evident by 1 or 2-months post-lactation when comparing PREG TEA to PREG CON. 

  There are several potential reasons why the present findings differ from earlier studies in 

terms of trabecular recovery. One potential reason is the differing imaging techniques used 

between the current study and the majority of previous literature. DXA and bone ash weights 

were formerly the primary methods used which include assessment of the entire bone - both 

cortical and trabecular portions - without differentiating between these two distinct types of bone 

as the primary outcome of interest was BMD. As well, ash weight is an endpoint measure 

making it impossible to observe longitudinal changes in bone. The present study used µCT that 

allowed for the separate analysis of trabecular and cortical bone. As trabecular bone contributes 

~10% of total bone (depending on site) it is possible that significant reductions in trabecular 
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bone may not be significantly different when measuring whole bone BMD. Evidence for this 

explanation includes similar findings of permanently reduced trabecular bone structure for other 

studies in older rats which have also measure bone structure using µCT without reliance on DXA 

or ash weights to determined BMD or bone mineral content, respectively [43, 44]. Another 

potential reason for the finding of an incomplete trabecular recovery could be the age at which 

the rats underwent pregnancy and lactation. In the current study, mating began at 8 or 10 weeks 

(56 or 70 days) of age, which is likely comparable to adolescence [292]. At this age rats have not 

yet reached their peak bone mass which is evident by trabecular BMD and cortical TMD of 

NONPREG CON continuing to increase after the scan at Pre and appearing to plateau beginning 

at the PL scan (15 or 17 weeks of age). This demonstrates that mating in PREG TEA and PREG 

CON occurred prior to accrual of peak bone mass. Similar trends were also observed for cortical 

TMD. Previously, our lab measured trabecular BMD and cortical TMD by in vivo µCT starting 

at 13 weeks of age through to 25 weeks of age (at 4 week intervals) in female Sprague-Dawley 

rats and no differences in BMD or TMD were detected between time points indicating that peak 

bone mass had likely been reached [289]. The younger ages at time of mating (8 or 10 weeks 

old) were selected as this is the typical age at which they would be mated by the breeder and 

there is a high probability that data for each rat would be obtained at every longitudinal scan. 

Other reasons for selecting this mating age were the increased cost of housing rats until older 

ages and the increased cost of purchasing older rats from a breeder. A benefit to mating rats at a 

young age is it may have provided a greater opportunity for bone to be stimulated due to a 

greater receptiveness for change.  

  RR herbal tea consumption stimulated a greater recovery of BMD and bone structure 

outcomes (BV/TV, Tb.N, and Tb.Sp) by 1 or 2 months post-lactation and for most of these 
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outcomes, this benefit persisted compared to the group not receiving tea. Though, it is important 

to consider that outcomes remained lower than the growth control. Previously, RR herbal tea has 

been shown to contain a large quantity of unique polyphenols (aspalathin, aspalalinin, 

nothofagin) with antioxidant capacity [76, 219]. Antioxidants have been shown to decrease ROS 

supporting osteoblast proliferation, preventing osteocyte apoptosis and inhibiting osteoclast 

activity [273, 287, 293]. This increased quantity of antioxidants provided by polyphenols within 

RR herbal tea may be able to attenuate the rise in ROS which occurs as a result of pregnancy and 

lactation leading to greater rates of bone formation.  There were no significant differences in the 

timing of recovery of cortical outcomes between PREG TEA and PREG CON. This may be due 

to cortical bone being less metabolically active than trabecular bone with lower rates of turnover 

making it more resilient to acute changes. 

  Although not measured, the mechanical strength of tibia at 4 months post-lactation is 

likely to be lower in rats who underwent pregnancy and lactation due to reductions in both 

trabecular BMD and structure. However, recent literature has demonstrated that this may be due 

to the specific site (tibia) that was analyzed. More specifically, researchers measured trabecular 

structure of two distinct sites (tibia and vertebrae) in Sprague-Dawley rats prior to mating 

through to post-weaning and related this to the proportion of a load that they are responsible 

carrying [44]. Trabecular structure (BV/TV, Tb.N, Tb.Sp) in the tibia were greatly reduced but 

was also found to be responsible for bearing a significantly lower mechanical load than the 

vertebrae which did not have as large a reduction in quantity and structure. As well, the 

researchers observed no difference in compressive properties (peak load, stiffness, and energy to 

failure) of lumbar vertebrae between virgin rats and rats who were 6 weeks post-lactation, 

signifying a complete recovery of mechanical strength. The authors propose that these findings 
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may support and explain findings of decreased BMD without any alterations in fracture risk as 

areas which are more mechanically loaded do not have as severe bone loss and are able to retain 

their mechanical properties whereas much of the bone loss is localized to areas that are not as 

mechanically loaded (i.e., tibia). 

 Water intake was similar between PREG TEA and PREG CON groups. As rats had ad 

libitum access to water this signifies that the rats had no aversion to the taste of the tea despite 

the need for it to be highly concentrated in order for rats to reach levels that would be 

comparable to a human drinking approximately 12 cups a day. Though safety of consuming red 

rooibos tea at the level studied requires more comprehensive investigation, liver and kidney 

weights – surrogate measures of organ health - did not differ between PREG TEA and PREG 

CON. Organ weight is frequently used as an indicator of overall organ health and safety [294]. 

Moreover, pup weights were similar between PREG TEA and PREG CON during lactation at 3, 

7, 14, and 21 days of age. Since litters were culled to a total of 10 pups (5 male and 5 female) per 

dam during lactation this suggests that milk production and calcium requirements for pups were 

similar between dams.   

  Sprague-Dawley rats are cost effective (compared to clinical models), easily accessible, 

and provide a good model for initial in vivo studies while also having similar bone anatomy and 

physiology to humans [295]. However, there are some key similarities and differences between 

the current preclinical model implemented and humans which should be stated. Rat litters 

contain significantly more pups and as a result the demand for calcium is also substantially 

increased. While humans lose 5-10% of their BMD following pregnancy and lactation, rats 

commonly lose 25-35% [30]. Although this does not directly represent the human situation the 

greater magnitude of change provides an exaggerated model in which potential interventions can 
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be tested. As well, during pregnancy and lactation to provide calcium to their offspring 

physiological adaptations are similar between humans and rats with the exception of intestinal 

absorption of calcium during lactation. In humans, skeletal resorption is able to provide enough 

calcium for their offspring during lactation but due to the greater demand placed on rats by larger 

litter sizes, intestinal calcium absorption stays elevated during lactation. 

  Strengths of this study include longitudinal in vivo measurements within the same animal 

over a long duration of recovery. This provided greater statistical power for the study as it 

controls for many of the variables between subjects. Longitudinal measures can also identify 

when the ideal timing of an intervention (i.e., consumption of red rooibos herbal tea) may be to 

elicit the greatest effects. As well, the long duration of the study allowed for statistically 

significant differences to be observed between the two groups in terms of trabecular recovery. 

Another strength of this study was the mating strategy used. By crossing over the males during 

mating paternal genetics were controlled for by being evenly distributed between both pregnancy 

groups. Previous research has demonstrated that the skeletal size of the father can influence the 

amount of mineral accrual in utero making it an important aspect to be controlled for [296].  

Furthermore, every dam in each group was mated with a different male reducing the genetic 

contribution that any one male may have within a group. However, there are some limitations to 

the present study. Rats were mated at 8 or 10 weeks of age which in human age would be 

comparable to young adolescence. As they underwent trabecular resorption (lactation) during a 

period of their lives when they should have been accruing bone and greater BMD it is possible 

that greater losses in trabecular bone occurred. Another limitation to this study is that only one 

concentration of red rooibos herbal tea was used. Although a beneficial effect of consumption 

was observed at this concentration, future studies should assess other concentrations of RR 
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herbal tea to determine if a higher concentration would elicit greater benefits or what the lowest 

effective concentration would be. 

  In conclusion, findings from this study demonstrate that consumption of red rooibos 

herbal tea is a viable method of expediting and increasing the ability of bone to recover post-

lactation in a rat model. As a result of pregnancy and lactation there were significant reductions 

in trabecular BMD and structure that unexpectedly did not fully recover after 4 months post-

lactation.  
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Chapter 8: General Discussion  

Main Thesis Findings 

  A summary of the main thesis findings are depicted in Figure 8.1. Study 1 investigated 

the influence that several practical variables of tea preparation may have on the quantity of 

polyphenols and their ability to function as antioxidants in vitro. More specifically, the effect of 

tea type and steeping time (from 1 to 10 minutes, at 1 minute intervals) on polyphenol content 

and the respective antioxidant capacity were investigated. Previous literature had only 

investigated the influence of steep time at a limited number of time points which did not reflect 

how it would be prepared at home and only included a limited variety of teas (commonly black 

and green) [198, 199]. In the current study, true teas (black and green) originating from the 

Camellia sinensis plant had the highest polyphenol content and it was determined that 

manufacturer’s recommended steeping times were appropriate for extracting the majority of 

polyphenols from all tea types investigated. As well, the antioxidant capacity of a normalized 

quantity of polyphenols from each tea did not change with steep time. This suggests that the 

profile of polyphenols extracted from each tea remains consistent over time or that if they are 

changing, they do not appear to significantly impact the antioxidant activity of the tea. However, 

polyphenols from green and black teas had a greater antioxidant capacity than their tisane 

counterparts. The main takeaway from this study was that manufacturer’s recommended steep 

time was effective in extracting the majority of polyphenols and would be used for tea 

preparation in all subsequent studies. 

  Once proper steeping conditions of the teas were determined it was important to 

determine if tea is capable of increasing mineral formation and if certain varieties are more 

effective than others. The objective of study 2 was to evaluate if the addition of a wide variety of 
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teas and their respective polyphenols could increase mineral formation by osteoblasts. An in 

vitro osteoblast cell model (Saos-2) was used which allowed for mineral formation to be 

quantified and alterations in key biochemical markers to be readily and rapidly measured. 

Utilizing an in vitro model allowed for the testing of multiple types of tea. Results demonstrated 

that all tea types could effectively increase mineral formation and cell activity at a normalized 

concentration which could likely be achieved by dietary means (1 µg/mL) [220]. However, there 

were slight differences in the effectiveness among tea types. This highlighted what was observed 

in study 1, that even though the quantity of polyphenols is important the profile of polyphenols 

and source are vital factors to consider. There were no alterations in the gene expression of 

proteins directly related to phosphate balance and mineral formation (ALP and NPP1); but there 

were reductions in OPN and SOST in response to all tea types. OPN is a known inhibitor of 

mineral formation and has been shown to be upregulated in response to oxidative stress making 

it an interesting candidate for a potential mechanism behind the observed alterations in mineral 

formation [276, 297]. One of the main limitations of this study was that cells were exposed to the 

whole tea whereas in an in vivo model, tea polyphenols would be digested, absorbed, and likely 

modified into other metabolites before reaching the osteoblasts [298]. Several novel techniques 

are being developed to increase the bioavailability of polyphenols including encapsulation with 

polysaccharides, starch, cellulose, proteins, lipids, and marine extracts [299]. The major 

takeaway from this study was that all tea types demonstrated the potential to increase mineral 

formation in an isolated osteoblast model but RR herbal tea was the most effective at a 

normalized concentration - and was selected for use in all subsequent studies for this reason and 

also because it is caffeine free and thus may have greater widespread use in many different life 

stages. 
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  After observing that RR herbal tea was the most effective of the teas at a normalized 

concentration in study 2 it was important to identify if there is an optimal concentration which 

would elicit the greatest increase in mineral formation (study 3). A 100-fold concentration range 

of red rooibos herbal tea (from 0.1µg - 10µg of polyphenols/mL of water) was investigated using 

the same osteoblast cell model that was utilized in study 2 while also investigating the potential 

mechanisms more in depth by measuring gene and protein expression after 3 and 5 days of 

mineralization (5 days of total mineralization studied). It was observed that red rooibos herbal 

tea increased mineral formation in a dose-dependent manner, and that all concentrations ≥ 0.5 

µg/µL produced significantly greater quantities of mineral than a vehicle control. It was 

anticipated that concentrations on the higher end of the range would cause detrimental effects as 

the literature has shown antioxidants to function as pro-oxidants at high concentrations in both 

humans and rodents [300-302]. As well, previous literature has shown a greater improvement in 

osteoblast mineral formation in response to 1 µg/mL (of tea) than 10 µg/mL [67]. Supporting this 

finding were congruent dose-dependent increases in cell viability or activity signifying that 

despite relatively high concentrations there were no signs of toxicity. There were reductions in 

ALP gene expression (at 3 and 5 days of mineralization) and NPP1 gene expression (5 days of 

mineralization) at higher concentrations but there were no alterations in the translation of these 

proteins (measured by western blotting). Despite there being no changes in the translation of 

ALP there was an increase in activity (3 days of mineralization) with no change in NPP1 

activity. These findings suggest that although there is no change in the overall quantity of ALP 

or NPP1 proteins the relative increase in activity for ALP would result in greater availability of 

inorganic phosphate to aid and stimulate the mineralization process. SOST transcription was 

increased but there was no effect on translation of the protein; while OPN transcription (5 days 
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of mineralization) and translation (3 days of mineralization) were greatly reduced at higher 

concentrations further highlighting its’ likely mechanistic role in the ability of tea to increase 

bone mineral formation. Findings from this study determined that red rooibos herbal tea 

increased mineral formation in a dose dependent manner and suggested that higher 

concentrations are likely to elicit greater benefits in more physiologically relevant models 

without any toxic effects. As a result, a supplemental level of RR herbal tea (approximately 

equivalent to consumption of 12 cups/day) was selected for study 4 as higher concentrations 

were demonstrated to show the greatest increase in mineral formation. However, an even greater 

concentration was not selected due to potential toxicity effects in an in vivo rodent model which 

includes other physiological systems as well as possible issues with palatability. 

  Study 4 was the culmination of the previous studies and tested if consuming red rooibos 

herbal tea resulted in higher BMD and improved bone structure following pregnancy and 

lactation. This was completed through longitudinal in vivo µCT measurements at the proximal 

tibia of three distinct groups (PREG TEA: underwent pregnancy and lactation while receiving 

red rooibos herbal tea, PREG CON: underwent pregnancy and lactation while drinking water, 

and NONPREG CON: age-matched non-pregnant controls) prior to mating, post-lactation, 1, 2, 

3, and 4 months post-lactation. In the literature, there are only a few cases reports of adverse 

effects (hepatotoxicity) associated with rooibos herbal tea consumption (a 42 year-old woman 

that drank roughly 4 cups per day with diagnosed Waldenstrom macroglobulinemia, and a 52 

year-old man with a history of hyperlipidemia and chronic kidney disease that consumed rooibos 

herbal tea in combination with buchu tea daily) [303, 304]. As well, it was observed in study 2 

that red rooibos herbal tea was the most effective of the evaluated teas at stimulating mineral 

formation by osteoblasts at the tested concentration (1 µg/mL). Though, a higher dose was 



 

150 
 

selected based on findings from study 3 demonstrating that there was a dose-dependent 

relationship between RR herbal tea concentration and mineralization by osteoblast cells without 

any deleterious effects (cell activity). Following lactation, significant reductions in trabecular 

quantity (BMD) and structure (BV/TV, Tb.Th, Tb.N, and Tb.Sp) were observed compared to 

pre-pregnancy and the non pregnancy control  and reductions in some but not all cortical 

outcomes (TMD, Ct.Th, Ct.Ar/Tt.Ar). Cortical bone TMD and structure recovered to similar 

levels of NONPREG CON (with the exception of Ct.Th which remained reduced) by 1 or 2-

months post-lactation. However, trabecular BMD and the majority of trabecular structure 

outcomes (BV/TV, Tb.N, and Tb.Sp) did not completely recover even 4 months after lactation 

had ended for either PREG TEA or PREG CON. Recent literature using µCT and Sprague-

Dawley rats have also observed permanent reductions in trabecular bone with full recovery of 

cortical bone following pregnancy and lactation [43, 44]. Older literature has predominantly 

suggested that bone makes a complete recovery following pregnancy and lactation. However, 

these older studies were largely limited in their visualization and characterization of bone due to 

the use of older techniques (DXA and ash weight) when compared to µCT.  

  There were no differences in cortical bone outcomes at any time points when comparing 

PREG TEA and PREG CON. However, despite the absence of a complete recovery in either of 

the pregnancy groups there was improved recovery of trabecular BMD and some of the structure 

measurement (BV/TV, Tb.N, and Tb.Sp) for PREG TEA when compared to PREG CON. Of 

notes is that these improvements did not occur until several months after the cessation of 

lactation. These findings tell us that the improvements in trabecular bone occurred during 

recovery post-lactation and were not due to the attenuation of bone loss during lactation - if this 

were the case, significant differences at the post-lactation scan would be present. Liver and 
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kidney weights were also measured at end point and no differences in weights were observed 

between PREG TEA and PREG CON,  suggesting the absence of any toxicity effects. Findings 

from this study provide evidence for the ability of red rooibos herbal tea to support the recovery 

of bone (mainly trabecular) following pregnancy and lactation at a concentration that is safe 

without any signs of toxic effects.  

 

Figure 8.1 Summary of main findings from each of the four experimental studies. 

Tea Consumption to Support Bone During High Periods of Bone Turnover 

  This thesis has demonstrated that the consumption of tea can have beneficial and 

supportive effects on bone during periods of high bone turnover. More specifically, red rooibos 

herbal tea can help support the recovery of trabecular bone following pregnancy and lactation. 
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The exact mechanism behind these effects is unclear but findings from this thesis provide 

possible explanations. In order for bone to recover to a greater extent, bone formation must 

increase more in relation to resorption. For this to occur there are three possible scenarios: 1) 

formation increases, 2) resorption decreases, or 3) a combination of increased formation and 

decreased resorption or increased resorption (but to a lesser extent than formation). Based on 

findings from studies 2, 3, and 4 mineral formation by osteoblasts is increased in response to tea 

in vitro and possibly in vivo. Mechanistically, this could occur through reductions in ROS 

eliciting decreases in OPN and is congruent with the findings observed in both studies 2 and 3. 

Previous literature has identified OPN as an inhibitor of mineral formation with the ability to 

function as a sensor of oxidative stress – a reduction in oxidative stress reduces the transcription 

and translation of OPN thus lowering the inhibition of mineral formation [256, 297]. As well, the 

ability of polyphenols within tea to function as antioxidants will result in a reduction of ROS 

decreasing the inhibition of osteoblast proliferation and differentiation. ROS are produced by 

mitochondria as a by-product of normal metabolism that are be elevated during certain periods 

such as pregnancy and lactation where there is an increased metabolic demand [176]. Both of 

these alterations would trigger downstream changes in the Wnt/β-catenin pathway in osteoblasts 

effectively removing the inhibition of this pathway increasing proliferation, differentiation, and 

mineral formation by osteoblasts (Figure 8.2). 
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Figure 8.2. Illustration of the mechanism by which polyphenols from tea may influence the Wnt/β-catenin pathway in osteoblasts and 

RANK/RANKL/OPG pathway in osteoclasts. Tea polyphenols can function as antioxidants inhibiting the formation of ROS and as a 

result decrease the production of OPN, RANKL, Dkk and SOST increasing the activity of the Wnt/β-catenin pathway and decrease the 

activity of the RANK/RANKL/OPG pathway.
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  Although osteoclasts were not directly studied in this thesis there is evidence in the 

literature of antioxidants decreasing osteoclast activity, proliferation, and differentiation. ROS 

have demonstrated the ability to increase the RANK/RANKL/OPG pathway by increasing 

RANKL and downstream signaling. ROS have been shown to increase during pregnancy and 

lactation placing a potentially greater amount of oxidative stress on the mother while also 

increasing osteoclast formation and activity [176, 287]. Similar to what was observed in 

osteoblasts, tea polyphenols may function as antioxidants decreasing the quantity of ROS present 

which may decrease the transcription and translation of RANKL, lowering the activation of this 

pathway and decreasing the production of osteoclastogenic factors. Secondly decreasing the 

quantity of ROS can also reduce the quantity of OPN further decreasing activation of this 

pathway. This is due to OPN having the capability to function as a sensor for oxidative stress - 

when oxidative stress is present OPN increases and vice versa (Figure 9.2). 

  Although it is possible that tea components other than polyphenols may influence the 

observed positive effects on bone it is likely that at minimum, they are one of the major 

contributing factors. In order to determine specifically which components of the tea are 

responsible for the benefits they would need to be tested in isolation. However, this is not what 

would happen in a real world situation. Individuals are much more likely to consume whole tea 

rather than specific extracts of the tea. As well, it is possible that the benefits are due to the 

overall matrix of the tea and that several components need to be consumed together to get 

maximal effects.  From the findings of this thesis, it is clear that tea is a promising candidate to 

support bone health particularly during periods of high bone turnover that warrants future 

clinical trials during pregnancy and lactation.  
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Novelty and Applicability of Findings   

  Study 4 is one of the first studies to show that there are long lasting reductions in 

trabecular bone quantity and structure following pregnancy and lactation in the model used, and 

the first to show that these effects persist for at least 4 months post lactation. This thesis contains 

several novel findings that have advanced what is currently known about tea and bone health.  It 

is the first study to show that consumption of red rooibos tea before, during, and after pregnancy 

and lactation results in improved recovery of trabecular quantity and structure.  

  Decisions on methodology were made to make findings as relevant in humans as 

possible. In the literature to extract the maximal amount of polyphenols from plant based 

materials (including tea leaves) several different solvents including methanol and acetone are 

commonly used [305-307]. However, this is not what is commonly consumed by the general 

public and a conscientious decision was made to steep tea with water for all studies despite lower 

levels of polyphenols extracted compared to extraction with other solvents. As well, several of 

the studies using in vivo rodent models demonstrating positive effects in bone have used tea 

extracts of specific polyphenols and not the tea as a whole [154, 166, 284]. Specific polyphenols 

could be obtained in the form of a lyophilized supplement but the majority of the population 

would consume the polyphenols together as a whole tea. It is possible that to produce the greatest 

benefit the polyphenols from tea may need to be consumed as an entire food matrix including 

polyphenols and trace minerals. Another aspect that was controlled for which increased the 

applicability of the results to a real-life scenario was making the decision to supply rats red 

rooibos herbal tea ad libitum rather than through gavage. 

  For this thesis a wide range of concentrations which could be realistically consumed were 

tested. In Study 2 a normalized concentration of 1 µg/mL of polyphenols, which is roughly 
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equivalent to 2-3 cups of tea/day, was used to represent what a daily tea drinker would likely 

consume. To encompass a larger portion of tea drinkers Study 3 included a wide range of red 

rooibos herbal tea concentrations from 0.1 to 10 µg/mL of polyphenols. These concentrations 

range from what could be obtained by drinking less than a cup a day all the way to a 

supplemental level of 20-30 cups/day. Lastly, Study 4 used a concentration that would be 

equivalent to the consumption of approximately 12 cups of red rooibos herbal tea a day. 

Although this concentration is likely greater than what would regularly be consumed on a dietary 

level for the majority of people it could still be reached in the form of a supplement. 
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Chapter 9: Conclusions  

Study 1: Influence of Steep Time on Polyphenol Content and Antioxidant Capacity of 

Black, Green, Rooibos, and Herbal Teas 

• Steep time directly influences TPC with longer steep times resulting in greater TPC 

independent of tea type. 

• True teas (black and green) generally have greater TPC and antioxidant capacity than 

herbal teas at a given steeping time. 

• Longer steep time is not associated with a corresponding higher antioxidant activity of a 

normalized concentration of polyphenols. 

• The majority of polyphenols were extracted in the first 5 minutes of steeping time 

supporting the use of manufacturer’s recommended steeping time not only for taste but 

also for potential health benefits. 

• Steep time is a modifiable factor that could potentially affect the ability of tea to improve 

health outcomes and it should be monitored and controlled for within experiments. 

 

Study 2: Black and Green Tea as well as Specialty Teas Increase Osteoblast Mineralization 

with Varying Effectiveness 

• Supplementation of Saos-2 cells with tea increased mineralization regardless of tea type, 

however; there are differences among tea types with both rooibos teas and black tea 

eliciting greater mineralization than white tea. 

• Results indicate that the increase in mineralization at least partially explained by 

increased antioxidant activity (decreased OPN/SOST) 
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Study 3: Red Rooibos Tea Stimulates Osteoblast Mineralization in a Dose-Dependent 

Manner 

• All red rooibos herbal tea concentrations ≥ 0.5 µg/mL of polyphenols elicited improved 

levels of mineral formation 

• Red rooibos herbal tea stimulated osteoblast mineralization in a dose-dependent manner 

with higher concentrations eliciting the greatest increases in mineral formation 

• Increased mineralization was accompanied with downregulation of OPN gene and protein 

expression, increased ALP activity, and increased cell activity. 

 

Study 4: Pregnancy and lactation in Sprague-Dawley rats result in permanent reductions 

of tibia trabecular bone mineral density and structure but consumption of red rooibos 

herbal tea supports the partial recovery 

• Following pregnancy and lactation in a young adolescent rat model there is complete 

recovery of cortical bone but only partial recovery of trabecular bone with reductions in 

BMD and structure 4 months post-lactation. 

• Consumption of red rooibos herbal tea prior to, during, and after pregnancy and lactation 

improved the recovery of trabecular BMD and structure but permanent reductions were 

still present. 
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Chapter 10: Future Research 

  Future studies should focus on in vivo models of pregnancy and lactation. In terms of 

using in vivo rodent models, replicating study 4 in older rats would provide evidence as to if the 

results observed were age dependent. In study 4 the age of the rats could be compared to young 

adolescence and it was evident that they had not yet reached peak BMD or TMD and were still in 

a period of rapid bone formation (trabecular BMD and cortical TMD continued to increase until 

the post-lactation scan). It is possible that pregnancy and lactation during this period may have 

resulted in a greater bone loss than would have occurred if they were older due to them not only 

having elevated levels of skeletal resorption during lactation but also because they are missing a 

significant period of formation during growth. If this is the case, the present findings are still 

valid and important as it would suggest women who give birth at a very young age, such as their 

teenage years, may be particularly at risk for permanent bone loss and should be monitored 

closely. 

  Another aspect which should be further investigated is the concentration of red rooibos 

herbal tea that was used in study 4. In this study, recovery of trabecular BMD and structure 

following pregnancy and lactation was supported to a greater extent in rats consuming the 

equivalent of approximately 12 cups of red rooibos herbal tea than those which only consumed 

water. Future studies should consider using both higher and lower concentrations of red rooibos 

herbal tea. Higher concentrations would allow for it to be determined if greater rates of recovery 

may be attained and potentially attenuate the loss due to pregnancy and lactation. While lower 

concentrations may identify the minimal concentration that may improve recovery following 

pregnancy and lactation.  
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  In the future it will be important to perform clinical studies regarding consumption of RR 

herbal tea prior to, during, and after pregnancy and lactation and its influence on bone. Although 

rodent and human skeletal physiology are similar, the demand for calcium is much greater in 

rodents due to their large litter size and poses a much greater challenge for them to overcome. As 

a result, it is important to determine if the consumption of red rooibos herbal tea can make 

significant enough improvements to be detectable following pregnancy and lactation in humans. 

As well, since red rooibos herbal tea demonstrated the ability to improve the recovery of 

trabecular BMD and structure following pregnancy and lactation – a period of high bone 

turnover – it would be interesting to evaluate if it also has the ability to attenuate the loss of bone 

due to menopause (another period of high bone turnover). Results from this study could provide 

support for the lifelong consumption of tea to maximize BMD and structure and delay the onset 

of the detrimental effects associated with age related loss of bone. 
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Appendix 

 

A1. Immunoblotting Protocol for Specific Proteins 

 Proteins of Interest (POI) Housekeeping Proteins 

Protein ALP NPP1 SOST OPN Vinculin β-Actin 

Protein 

Loaded 

4 µg 4 µg 6 µg 6 µg 4 or 6 µg 

(Dependin

g on POI) 

4 µg 

Stacking 

Gel 

4% 4% 4% 4% 4% 4% 

Running 

Gel 

10% 8% 10% 10% 10% 8% 

Sample 

Running 

90min @ 

120V 

90min @ 

120V 

90min @ 

120V 

90min @ 

120V 

90min @ 

120V 

90min @ 

120V 

Membran

e 

.2µm 

PVDF 

.2µm 

PVDF 

.2µm 

PVDF 

.2µm 

PVDF 

.2µm 

PVDF 

.2µm 

PVDF 

Sample 

Transfer 

60min @ 

100V 

60min @ 

100V 

60min @ 

100V 

60min @ 

100V 

60min @ 

100V 

60min @ 

100V 

Blocking 5% 

BSA/TBS

T for 1hr 

5% 

BSA/TBS

T for 1hr 

5% 

BSA/TBS

T for 1hr 

5% 

milk/TBST 

for 1hr 

5% BSA or 

milk 

(depending 

on 

POI)/TBST 

for 1hr 

5% 

BSA/TBS

T for 1hr 

1° 

Antibody 

1:1000 

rabbit 

(ab108337) 

in 5% 

BSA/TBS

T 

overnight 

1:1000 

rabbit 

(ab217368) 

in 5% 

BSA/TBS

T 

overnight 

1:1000 

rabbit 

(ab85799) 

in 5% 

BSA/TBS

T 

overnight 

1:1000 

rabbit 

(ab33046) 

in 5% 

milk/TBST 

overnight 

1:1000 

rabbit 

(ab129002) 

in 5% BSA 

or 

milk/TBST 

overnight 

1:1000 

rabbit 

(ab8227) in 

5% 

BSA/TBS

T 

overnight 

2° 

Antibody 

1:10000 

goat anti-

rabbit 

(ab205718) 

in 5% 

BSA/TBS

T for 1hr 

1:10000 

goat anti-

rabbit 

(ab205718) 

in 5% 

BSA/TBS

T for 1hr 

1:10000 

goat anti-

rabbit 

(ab205718) 

in 5% 

BSA/TBS

T for 1hr 

1:10000 

goat anti-

rabbit 

(ab205718

) in 5% 

milk/TBST 

for 1hr 

1:10000 

goat anti-

rabbit 

(ab205718) 

in 5% BSA 

or 

milk/TBST 

for 1hr 

1:10000 

goat anti-

rabbit 

(ab205718) 

in 5% 

BSA/TBS

T for 1hr 

ECL 

Substrate 

Biorad 

Clarity ™ 

Western 

for 5min 

Biorad 

Clarity ™ 

Western 

for 5min 

Biorad 

Clarity ™ 

Western 

for 5min 

Biorad 

Clarity ™ 

Western 

for 5min 

Biorad 

Clarity ™ 

Western 

for 5min 

Biorad 

Clarity ™ 

Western 

for 5min 

Exposure 5 seconds 30 seconds 3 minutes 3 minutes 5 seconds 2 seconds 
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A2. Illustration of timeline of methodology 

The following diagrams depict illustrations pertaining to the timing of methodology used in 

study 2 and 3. 
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A3. A priori sample size calculation for study 4 

 

Sample Size Calculation 

Effect size (Cohen’s d): 

d =  
mean

BV
TV of treatment − mean

BV
TV  of control

standard deviation of control
 

d =  
22.1 − 21.0

. 9
 

d =  1.22 

α = 0.05 

power = 0.80 

σ = 2.80 (as a function of α and power) 

d = 1.22 

 

N = 2 [
σ

d
]

2

 

N = 2 [
2.8

1.22
] ^2 

N = 11 
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A4. Red rooibos dose calculation through allometric scaling 

 

To achieve a dose that is representative of a level attainable through diet but on the ‘high end’ of 

intake = 12 cups/day 

• Average amount of tea/cup of red rooibos = 2.08 grams/cup (Measured previously) 

• 2.08 𝑔𝑟𝑎𝑚𝑠/𝑐𝑢𝑝 𝑥 12 𝑐𝑢𝑝𝑠/𝑑𝑎𝑦 = 24.96 𝑔𝑟𝑎𝑚𝑠/𝑑𝑎𝑦 𝑥 1000 𝑚𝑔/𝑔𝑟𝑎𝑚 = 24960 

𝑚𝑔/𝑑𝑎𝑦 

• Reference weight for a human is 60 kg  

• 𝐻𝑢𝑚𝑎𝑛 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐷𝑜𝑠𝑒 (𝐻𝐸𝐷) = 24960 𝑚𝑔/𝑑𝑎𝑦 𝑥 1/60 𝑘𝑔 = 416 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

• Conversion factor from human to rat is 6.2 

• Animal Equivalent Dose (𝐴𝐸𝐷)=𝐻𝐸𝐷 𝑥 6.2 

• 𝐴𝐸𝐷 = 416𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦  𝑥 6.2 = (2579  𝑚𝑔/𝑘𝑔)/𝑑𝑎𝑦  ~ (2600 𝑚𝑔/𝑘𝑔)/𝑑𝑎𝑦 

• AED for rats is approx. 2600 mg/kg/day OR 2.6 g/kg/day 
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A5. Example calculation for red rooibos concentration 

0.350 kg average weight, average fluid intake=20 mL/day 

2600 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦  𝑥 0.350 𝑘𝑔 = 910 𝑚𝑔/𝑑𝑎𝑦 

910 𝑚𝑔/𝑑𝑎𝑦 ÷ 20 𝑚𝐿/𝑑𝑎𝑦 = 45.5 𝑚𝑔/𝑚𝐿 

Knowing this information helps to determine how much tea to prepare based on a number of 

days and number of rats. 
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A6. Trabecular task list 

The following task list was used to distinguish trabecular from cortical bone in the proximal tibia 

and analyze the corresponding trabecular BMD and structure outcomes 

• Thresholding 

o Adaptive – 2D space 

▪ Low: 42 

▪ High: 255 

▪ Constant: 2 

o Pre-thresholding 

o Kernel: round (radius: 2) 

o Background: dark 

• Despeckle 

o Sweep – 3D space 

o Remove: all except largest image 

o Apply to: image 

• Morphological operations 

o Closing – 3D space 

o Kernel: round (radius: 2) 

o Apply to: image 

• Morphological operations 

o Opening – 3D space 

o Kernel: round (radius: 1) 

o Apply to: image 

• Morphological operations 

o Erosion – 2D space 

o Kernel: round (radius: 1) 

o Apply to: image 

• Save bitmaps 

o Apply to: image inside ROI 

o File format: BMP (custom subfolder: bitmaps) 

o Copy shadow projection 

o Copy dataset log file 

o Insert scale bar 

• Histogram  

o Unit: BMD - 3D space (inside VOI) 

• 3D analysis 
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A7. Cortical Task list 

The following task list was used to distinguish cortical from trabecular bone in the proximal tibia 

and analyze the corresponding cortical TMD and structure outcomes 

• Thresholding 

o Global 

▪ Low: 63 

▪ High: 255 

• ROI shrink-wrap 

o Mode: shrink-wrap – 2D space 

o Stretch over holes (diameter: 8 pixels) 

• Morphological operations 

o Opening – 3D space 

o Kernel: round (radius: 4) 

o Apply to: image 

• Morphological operations 

o Closing – 3D space 

o Kernel: round (radius: 3) 

o Apply to: image 

• Morphological operations 

o Erosion – 2D space 

o Kernel: round (radius: 1) 

o Apply to: image 

• Save bitmaps 

o Apply to: image inside ROI 

o File format: BMP (custom subfolder: bitmaps) 

o Copy shadow projection 

o Copy dataset log file 

o Insert scale bar 

• Histogram 

o Unit: BMD - 3D space (inside VOI) 

2D analysis 


