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Osteoporosis is a common metabolic bone disease, affecting a third of women and 

a fifth of men over age 65. In the US, annual health care costs associated with 

osteoporosis are estimated to be over $20 billion. Osteoporosis is associated with 

increased fracture risk, which has been demonstrated to predict mortality rates and 

nursing home admittance. Altered bone remodeling, defined by excessive bone 

resorption and/or impaired bone formation, is a major risk factor for osteoporotic 

fracture. In menopause-induced ovarian hormone deficiency, bone resorption 

exceeds formation. Menopause-induced bone resorption is associated with a 

reduced bone mineral density (BMD), and there is a relationship between low BMD 

and increased fracture risk. Given the importance of bone remodeling and fracture 

risk, there have been significant efforts to understand the ability of dietary 

components to slow bone loss.  

 

Some observational studies report that fruit and vegetable consumption is 

associated with an increase in bone mineral content (BMC) and BMD. Dietary 

nitrates, present in high concentrations in leafy green vegetables, may serve as a 

dietary component that supports bone health. Vegetable intake accounts for ~80% 

of dietary nitrate consumption in the typical human diet. Dietary nitrates can be 



 

reduced to nitric oxide (NO) via non-enzymatic reduction by lingual bacteria and a 

variety of mammalian reductases through the nitrate-nitrite-NO pathway. There is 

evidence suggesting that strategies to increase NO bioavailability using organic 

nitrates (i.e., nitroglycerin) as an NO donor may decrease bone turnover and loss in 

ovariectomized (OVX) animals, which are animals that have had their ovaries 

surgically removed to induce a postmenopausal-like state, defined by diminished 

ovarian production of female hormones, particularly estrogen and progesterone. 

Some follow up trials in postmenopausal women have demonstrated similar results. 

Since non-enzymatic reduction of dietary nitrate can account for up to 50% of NO 

production, this provides a biologically plausible link between dietary nitrate and 

bone health and suggests that dietary nitrate, as an alternate NO donor, may offer 

efficacious means of decreasing bone loss in postmenopausal women.  

 

Here, using an in vivo approach, we examined the dose-response relationship 

between dietary nitrates and bone density, microarchitecture, and turnover in OVX 

rats. We show that dietary nitrates do not improve bone density, microarchitecture, 

or turnover. Further, dietary nitrate had no beneficial effect on mineral apposition 

rate, bone formation rate, or bone volume/tissue volume in OVX rats. Our novel 

findings demonstrate dietary nitrate does not slow ovx-induced bone loss. This 

knowledge clarified the relationship between a dietary compound found in large 

quantities in leafy greens and bone loss in an OVX model. 

 

As an exploratory component of this study, we used 16S rRNA gene sequencing to 

profile the composition of fecal microbiota associated with sham surgical controls, 

OVX, and nitrate-treated groups to evaluate the ability of OVX or dietary nitrate to 

modulate the gut microbiome in OVX mammals. While dietary nitrate did not alter 

the gut microbiome in the context of OVX, we did observe gut microbiome changes 

in structure and composition associated with OVX status and identified specific 

phylotypes whose abundance stratify sham and OVX rats, including Proteobacteria, 

Firmicutes, and Bacteroidetes. These results add to the growing body of evidence 

that there is an association between the gut microbiome and sex steroid deficiency.  

 



 

Our use of the OVX model also provided an important added opportunity to further 

our understanding of the tissue effects of sex steroid deficiency observed in 

menopause. While both progesterone and estrogen influence metabolism, most 

attention has been given to the effects of ovarian hormone deficiency. Complex 

interactions between estrogen and host metabolism suggest that tissues in addition 

to serum and urine must be examined to clarify the mechanistic underpinnings of 

ovarian hormone deficiency and associated disease risk. Insufficient data are 

available from tissue-based studies using NMR-based platforms in estrogen-

deficient models. Metabolomic studies in OVX rats, a model for osteoporosis, and 

postmenopausal women have demonstrated major metabolic shifts in serum, 

plasma, and urine as a result of ovarian hormone deficiency. To our knowledge, 

metabolomics has not been used for investigating the metabolic phenotype 

observed in the postmenopausal colon. Metabolomic studies of ovarian hormone 

deficiency is limited to bone, adipose, skeletal muscle, serum, plasma, and urine. 

Further, while it is established that ovarian hormone deficiency causes metabolic 

dysregulation, and the gut is associated with metabolic diseases and bone 

metabolism, there is also limited information available on the effects of estrogen 

loss on both gut tissue and gut microbiota. In light of this and our observed gut 

microbiome differences in OVX rats, we evaluated the effects of OVX on the colon 

using a metabolomics approach. We found the OVX colon is characterized by 

elevated levels of antioxidants, such as taurine and hypotaurine, and osmolytes, 

such as glycerophospholine, glycine, and glutamate. These novel findings suggest 

alterations to the colonic transsulfuration and methylation pathways, and they are 

suggestive of hyperosmotic and oxidative stress in the OVX colon. Previous work 

has associated hyperosmotic and oxidative stress with inflammation and intestinal 

permeability. These processes may also be present in the OVX colon; however, we 

did not quantify either inflammation or intestinal permeability in the current body of 

work. 

 

This dissertation takes advantage of a postmenopausal osteoporosis animal model 

and integrative techniques, such as osteologic, immunological, metabonomic, 

microbiomic and bioinformatic methods, to evaluate different metrics of 



 

osteoporosis, including physiological determinants influencing the rate of bone loss 

and gut-associated changes in ovarian hormone deficiency. The central findings of 

this dissertation show that dietary nitrate does not slow bone loss in ovarian 

hormone deficiency-induced rat model of bone loss. Further, dietary nitrate does 

not appear to influence the gut microbiome in the context of OVX. This is important 

in furthering our understanding of the relationship between the consumption of this 

ubiquitous component of fruit and vegetables and bone health. We also 

demonstrate that OVX is associated with shifts in gut microbiome structure and 

composition. Finally, we show OVX influences the colon metabolic phenotype, 

inducing the upregulation of metabolites involved with hyperosmotic and oxidative 

stress. Since estrogen protects against oxidative stress in many other tissues, we 

hypothesize that ovarian hormone deficiency promotes oxidative and hyperosmotic 

stress in the colon, promoting intestinal permeability and elevating the inflammatory 

response. In response, the colonic transsulfuration and methylation pathways may 

adapt by upregulating osmolytes and antioxidants. However, the specific causative 

agents of oxidative stress cannot be derived from our current work. Further 

investigation of the role these metabolites and processes play in the development of 

inflammation and metabolic dysregulation will yield insights into the physiological 

effects of ovarian hormone deficiency in postmenopausal women, allowing for more 

informed diagnosis and treatment of susceptible individuals.  
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Overview 
 

Osteoporosis is a common metabolic bone disease, affecting one out 

every three women and one out of every five men over age 65 [1]. In the US, 
annual health care costs associated with osteoporosis are estimated to be 

over $20 billion. Osteoporosis is associated with increased fracture risk, 
which has been demonstrated to predict mortality rates and nursing home 
admittance. Altered bone remodeling, defined by excessive bone resorption 

and/or impaired bone formation, is a major risk factor for osteoporotic 
fracture. Menopause-induced ovarian hormone deficiency causes an 

increase in bone turnover [2]. Increased bone resorption prevailing over bone 
formation leads to reduced bone mass and quality [2]. This increased bone 

resorption is associated with a reduced bone mineral density (BMD), and 
there is a robust relationship between low BMD and increased fracture risk 

[3].  
 

Estrogen plays a fundamental role in energy homeostasis. Estrogens 
influence energy balance by multiple mechanisms, such as controlling food 

intake and energy expenditure through the central nervous system, 
regulation of adipose tissue distribution, and dampening inflammatory 

processes [4]. Estrogen also plays a role in body fluid regulation [5–7]. Since 
estrogen is involved in the regulation of multiple tissues and metabolic 

pathways, clarifying the contribution of ovarian hormone deficiency to the 
pathophysiology of osteoporosis presents a critical challenge. Thus, it has 

been difficult to disentangle its specific contributions to osteoporosis. In 
order to address this issue, an improved understanding of the systemic and 
tissue-specific effects of ovarian hormone deficiency and the contribution of 

estrogens to osteoporosis is needed.  
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Animal models provide a controlled setting in which specific 
interactions within the host can be empirically explored. The most widely 

used models to study estrogen’s effects on the host have been rodents with 
ovariectomized-induced ovarian hormone deficiency, and estrogen receptor 

(ER) knockout models. These animal models of ovarian hormone deficiency 
demonstrate estrogen’s extensive actions across multiple tissues in health 

and disease. For instance, ovarian hormone deficiency is associated with 
dramatic shifts in lipid, amino acid, and glucose metabolism, and the 

promotion of metabolic dysfunction in liver, bone, and adipose tissue [8,9]. 
These studies have provided insight into mechanisms that contribute to the 

increased risks for osteoporosis and subsequent fractures, as well as 
increased risks for obesity, cardiovascular disease, and colorectal cancer in 

postmenopausal women [2,8,10,11]. The use of these models has also 
clarified the efficacy of specific effects of dietary compounds, such as 

fermented soybeans, dried plums, blueberries, as well as non-digestible 
oligosaccharides and certain probiotic bacteria, on the osteoporotic skeleton 

[12–17]. However, their application to the study of ovarian hormone 
deficiency on other host tissues is limited. Characterizing these relationships 

is useful given that estrogen affects are pleiotropic, that estrogen receptors 
are expressed throughout the body, and that recent evidence suggests 
estrogen plays a role in modulating inflammation and oxidative stress in 

multiple tissues, such as endothelium, kidney, eye, and liver [18].  
 

Dietary factors like calcium and vitamin D are known to be important 
for bone health; however, these factors do not fully explain the associations 

between diet and osteoporosis risk [19]. A positive relationship between fruit 
and vegetable consumption and bone mineral content (BMC) and BMD has 

been reported in some observational studies of postmenopausal women [20–
23]. Currently, we have an incomplete understanding of the mechanisms that 
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contribute to the beneficial effects of fruit and vegetables on bone in 
postmenopausal women. Thus, we addressed this dearth of information by 

utilizing the OVX model to determine whether dietary intervention with 
specific compounds could reduce bone loss. The use of this animal model 

provides an important added opportunity to further our understanding of the 
tissue effects of ovarian hormone deficiency. Our systemic understanding of 

ovarian hormone deficiency is limited to bone, adipose, skeletal muscle, 
serum, plasma, and urine. Further, while we understand that ovarian 

hormone deficiency causes metabolic dysregulation and that the gut is 
associated with metabolic diseases and bone metabolism, there is limited 

information on the effects of estrogen loss on the gut. This provides a 
rationale for investigation of the estrogen-deficient gut with a global, 

descriptive approach.  The goal of this aspect of dissertation research was to 
establish a role for estrogen in metabolic pathways in colon tissues beyond 

what is currently known. A deeper understanding of the systemic adaptions 
to ovarian hormone deficiency will guide future research and ultimately allow 

for more informed diagnosis and treatment for susceptible individuals. 

This dissertation takes advantage of the OVX rat model of estrogen-
deficiency induced bone loss and an array of integrative techniques, such as 

osteologic, immunological, metabonomic, microbiomic and bioinformatic 
methods, to evaluate different metrics of osteoporosis, including 

physiological determinants influencing the rate of bone loss and gut-
associated changes in this preclinical model. The overall goals of this 

dissertation are to further understand the complex interactions between 
ovarian hormone deficiency, osteoporosis, and potential dietary interventions 

to reduce risk of this condition. This was accomplished by first establishing 
the effects of dietary nitrate, a compound present in large quantities in leafy 

greens, on bone in the preclinical rat model of ovarian hormone deficiency-
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induced bone loss. Secondly, we characterized gut microbiome-associated 
changes in rats rendered estrogen deficient via surgical ovariectomy and in 

response to dietary nitrate treatment. Finally, we investigated colonic 
metabolic profiles in the OVX model to assess changes to the colon in a rat 

model of ovarian hormone deficiency. The following aims were completed to 
accomplish these ends. 

Aim 1. Evaluate the efficacy of dietary nitrate to slow bone loss in the OVX rat 
model of postmenopausal bone loss.  

Aim 2. Characterize gut microbiome-associated changes in OVX and dietary 
nitrate treatment. 
Aim 3. Characterize colonic metabolic phenotype of sham and OVX rats to 

identify a potential role of the colon in metabolic dysregulation observed in 
menopause. 

 
The outcomes of these studies clarify the role of dietary nitrate in 

slowing bone loss in the OVX preclinical model, as well as provide novel 
information on the role of the gut microbiome and colon in the OVX 

preclinical model. The following sections clarify what is known about these 
topics and provide rationale for accomplishing these aims. 

 

Dietary components and bone metabolism 

There are many factors that can influence bone health, and 
understanding their respective roles allows for a more informed prescription 

for health. Of particular interest is the role of dietary components in slowing 
bone loss in ovarian hormone deficiency-induced bone loss. The ubiquitous 

advice to “eat your fruit and vegetables” is sensible; what remains unknown, 
however, are the recommended portions necessary to achieve optimal bone 

health. Epidemiologic evidence and clinical interventions have demonstrated 
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consistent beneficial effects of fruit and vegetable intake on indices of bone 
health across different age groups for both boys and girls [22], 

premenopausal women [21,23,24], postmenopausal women [25], and the 
elderly [20].  

 
Observational research does not establish causality, but interest is 

growing in potential mechanisms involving dietary components, such as the 
alkalizing effect of fruit and vegetables on acid-base balance. Furthermore, 

the necessary role of bone in acid-base homeostasis, acting as a source of 
buffer in the preservation of the body’s pH and protection against acid-base 

disorders, has been known for over 30 years. Natural, pathologic, and 
experimental states of acidosis are associated with hypercalciuria and 

negative calcium balance, and negative effects of an acidic environment on 
BMD have been demonstrated [26,27]. It has been shown that administration 

of a base (i.e., potassium bicarbonate) results in a decrease in the urinary 
excretion of calcium and phosphorous, which was accompanied by 

decreased bone resorption and increased bone formation [28]. Fruit and 
vegetables are high in precursors of bicarbonate ions that function to buffer 

acids in the body. When bicarbonate ions are not available to maintain 
normal pH, the host is able to mobilize alkaline calcium salts from the bone 
to neutralize acids consumed from diet and produced by metabolism.  

 
While the alkalizing effect of fruit and vegetable consumption has 

gained attention as a possible link to their positive influence on bone, it is 
important to highlight other plausible mechanisms, including phytoestrogens, 

vitamin K, and other potential dietary components acting alone or 
synergistically. Previous data have demonstrated that vegetables, salads, 

and herbs have an impact on bone resorption by an unknown mechanism 
not mediated by base excess [29]. A recent randomized, placebo-controlled 
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trial in 276 postmenopausal women supplementing their diet with base, 
defined by potassium citrate or 300 g/day of fruit and vegetables, did not 

increase BMD or reduce bone loss over two years [30]. This supports the 
suggestion that dietary factors other than base excess contribute to the 

benefit of fruit and vegetable intake on bone indices.  The recent Dietary 
Approaches to Stop Hypertension (DASH)-Sodium trial demonstrated the 

impact of two dietary patterns on indices of bone metabolism. The DASH 
diet emphasizes fruit, vegetables, low-fat dairy products, and limited red 

meat intake. The control diet consisted of a typical Western, high-fat diet, 
low in dairy, fruit, and vegetables. The DASH diet, compared to the control 

diet, was found to significantly reduce bone turnover and urinary calcium 
excretion [31]. This is an important intervention study that shows a clear 

benefit of increasing fruit and vegetable intake from three to nine servings 
per day on markers of bone metabolism. The Aberdeen Prospective 

Osteoporosis Screening Study (APOSS) has demonstrated specific 
associations between nutrients commonly found in fruit and vegetables and 

bone mass and resorption markers. Women (45-49 years old) in the lowest 
quartile of potassium, magnesium, vitamin C, ß-carotene, and fiber intake 

were found to have significantly lower lumbar and femoral neck BMD 
compared to the highest quartile [24]. Furthermore, APOSS has displayed a 
longitudinal benefit of fruit and vegetables in bone loss during menopause 

transition [23]. Taken together, the evidence suggests a diet rich in fruit and 
vegetables can help reduce further bone loss, although the specific 

compounds responsible are not entirely known.  
 

Fruit and vegetable intervention studies in humans present a unique 
challenge, as they are complicated by the presence of multiple dietary 

components. As a result, most intervention studies are accomplished using 
compounds isolated from fruit and vegetables. It is critical to investigate the 
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types of fruit and vegetables that have the most direct impact on the 
skeleton and what quantities are necessary for a maximum effect on bone 

metabolism. Dietary nitrates that are present in high concentrations in leafy, 
green vegetables are another component of vegetables and fruit that may 

serve such a function. Dietary nitrates can be reduced to nitric oxide (NO) via 
non-enzymatic reduction by lingual bacteria and a variety of mammalian 

reductases through the nitrate-nitrite-NO pathway [32,33].  NO is a free 
radical gas that plays extensive roles in physiological processes ranging from 

vascular homeostasis to host defense, cellular energetics, and nerve 
transmission [34]. There are two major sources of NO in the body: the 

endogenous L-arginine-NOS system and our diet (Figure 1). Aging is 
associated with decreased eNOS-dependent NO synthesis and endothelium-

dependent vasodilation [35]. This suggests a role for NO donors, such as 
dietary nitrate or organic nitrates, to support NO production in age-related 

conditions, such as atherosclerosis and osteoporosis [36].  
 

The relationship between NO and bone physiology is complex. Both 
osteoclasts (OCs) and osteoblasts (OBs) constitutively express the 

endothelial isoform of nitric oxide synthase (eNOS), implying a role for NO in 
bone metabolism. Exogenous nitrates, such as nitroglycerin, may influence 
bone cells indirectly as NO donors, inducing local vasodilation. The 

molecular targets for NO action in bone cells are poorly understood. In vitro 
work suggests that NO has biphasic effects on both OCs and OBs, 

demonstrating the ability to both stimulate and inhibit cell activity depending 
on the amount of NO present, as well as which NOS isoform is producing NO 

[37–39]. Nitrates may also have direct action on OCs and OBs. NO may 
influence OC activity, in part, via the receptor activator of NF-kappaB ligand 

(RANKL)/osteoprotegerin (OPG) pathway. High levels of NO stimulate OPG, 
which binds to RANKL and prevents the binding of RANKL to the receptor 
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activator of NF-kappaB (RANK), decreasing OC activity [40]. eNOS-knockout 
animals demonstrate lower BMD,  bone formation, and OB activity, with little 

to no effect on bone resorption, suggesting NO may be important for OB 
function [41,42]. Previous research shows that NO synthesis is induced in 

OB and osteocytes by mechanical strain and shear stress [43–46]. This 
dissertation addresses the effect of dietary nitrate, as an NO donor, on bone, 

as vegetables constitute ~80% of daily nitrate intake [47]. Notably, one study 
ascribed estrogenic activity to dietary nitrate in an in vitro transcription assay 

[48]. However, the strongest data associating nitrate intake with positive 
effects on bone health are from studies of organic nitrate administration in 

both OVX models and postmenopausal women. 
 

Organic nitrates have been used as a therapeutic agent in treating 
angina pectoris and other cardiovascular disorders for over 100 years, while 

the oldest document account of using nitrate for angina dates back to the 8th 
century [49,50]. More recently, it was found that postmenopausal women 

using organic nitrates had improved BMD compared to non-nitrate users 
[51]. This led to the original hypothesis that age-associated decreases in NO 

production may be related to osteoporosis risk and that organic nitrates may 
slow bone loss. In vivo experiments demonstrate that the main effect of NO 
on bone metabolism occurs through OC inhibition. Studies in OVX rats have 

demonstrated there is equivalent efficacy of the NO donor nitroglycerin (NG) 
compared to a standard dose of estrogen in the prevention of bone loss [52–

54]. Follow up human clinical trials have led to conflicting results. A pilot 
study evaluating the effects of nitroglycerine ointment compared to oral 

estrogen in oophorectimized women demonstrated that NG’s efficacy in 
preserving BMD was equivalent to a standard estrogen dose. Furthermore, 

NG significantly decreased NTx (bone resorption) and increased serum 
osteocalcin and serum bone specific alkaline phosphatase (BSAP) (bone 
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formation) [55]. A randomized controlled trial conducted in postmenopausal 
women reported equivalent beneficial effects on lumbar BMD after 12 

months of treatment with isosorbide mononitrate (ISMO) (20 mg/day) or 
alendronate (70 mg/week) [56]. A more recent randomized controlled trial 

comparing placebo and ISMO on markers of bone turnover in 
postmenopausal women found that compared with placebo, women 

randomized to ISMO at either 5 mg or 20 mg per day had a significant 
decrease in NTx (bone resorption) and increase in BSAP (bone formation) 

[57]. While pilot studies suggest a beneficial effect, the Phase III trial, NOVEL 
(Nitroglycerin as an Option: Value in Early Bone Loss) found no significant 

differences in lumbar spine BMD between the NTG and control group after 
two years of intervention. The authors suggest suboptimal dosing, non-

compliance and side-effects were contributing factors to the null findings 
[55,56,58]. As a result, evaluation of the efficacy of alternative exogenous 

sources of NO, via dietary sources of nitrate, to slow bone loss is warranted.  
 

The available evidence provides biological plausibility that dietary 
nitrate may act via the nitrate-nitrite-NO pathway to restore age-associated 

decreases in NO production that may be related to osteoporosis risk. Since 
dietary nitrate accounts for up to 50% of its NO production [59], this dietary 
compound may be a viable option for reducing bone loss.  Thus, the first aim 

of this dissertation was to address the putative role of dietary nitrate in 
reducing bone loss in the ovariectomized rat model for postmenopausal 

osteoporosis by testing the novel hypothesis that dietary nitrates improve 
bone quality and bone mass by reducing bone turnover. 

 

Metabolomics approach to studying systems 

Recognizing the complex and interactive nature of the pathways 
underlying the function of organisms, researchers are increasingly using 
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system’s biology approaches to advance the understanding of how 
multicellular biological systems operate in their environment. Traditional 

scientific methods evaluate particular genes, proteins, or substrates, while ‘-
omics’ techniques examine the entire system in question, yielding a number 

of endpoints. The data are analyzed by looking for trends and patterns. This 
approach leads to a difference in how the scientific question is constructed. 

In the traditional approach, scientists use hypothesis-led strategies to 
examine one factor at a time, and subsequent experiments test that 

particular hypothesis. In systems biology, data are often collected without a 
pre-existing hypothesis. The trends and patterns seen post-analysis are used 

to generate a novel hypothesis that is then tested using suitable 
experimental methods. Occasionally, a single marker will provide an 

adequate measure of a disease endpoint. However, most diseases are 
polygenic in origin and conditionally linked to environmental influences (i.e., 

cardiovascular disease, osteoporosis). Accordingly, a complex fingerprint of 
molecular markers is often associated with a disease.  

 
Emergence of the ‘-omics’ technologies was facilitated by advances in 

both high- throughput technologies, such as microarrays, allowing for a large 
number of biological endpoints to be measured simultaneously, concomitant 
with advances in computational power and mathematical modeling to 

interpret the massive datasets this approach produces. Systems-based 
analyses applying the ‘omics’ approach have mostly focused on other 

aspects of host biology, such as the genome, transcriptome, and proteome. 
Recently, evaluating metabolite profiles of the metabolome has received 

more attention. The metabolome refers to the complete set of low molecular 
weight metabolites in a given organism. As it represents the endpoint of 

biological processes, it may be most closely related to phenotype and 
function. While the genome is considered the ultimate potential of the 



 12 

organism being investigated, exploring the information further downstream in 
the hierarchy can reveal what actually is happening. Identification of patterns 

of similarities in health or disease states, known as metabolic fingerprinting, 
provides a better understanding of underlying biochemical process without a 

priori knowledge of these processes in hopes of revealing potential 
therapeutic targets in disease. 

 
The most commonly used analytical platforms for detection of these 

low molecular weight metabolites are mass spectrometry (MS) and nuclear 
magnetic resonance spectroscopy (NMR), the latter having the advantage 

that a separation step is not required and, therefore, less sample preparation 
is required. The principal techniques used in metabolomics for sample 

analysis are those of high frequency nuclear magnetic resonance 
spectroscopy (1H-NMR). NMR detects and characterizes thousands of 

endogenous molecules simultaneously. Mass spectrometry (MS), which is 
more sensitive than NMR but gives poorer pattern quantification, is also 

used. MS generally requires a separation step using either gas 
chromatography (GC), liquid chromatography (LC), or chemical derivization 

before the analysis stage. High performance liquid chromatography (HPLC) 
and optical spectroscopic techniques are other procedures with similar 
properties.  

 
Metabolomic analyses have successfully clarified mechanistic 

relationships in disease, as revealed metabolic fingerprints associated with 
specific disease states, such as obesity and osteoporosis (cite). 

Metabolomic studies in ovariectomized (OVX) rats, a model for ovarian 
hormone deficiency induced osteoporosis, and postmenopausal women 

have demonstrated major metabolic shifts in serum, plasma, and adipose 
tissue in response to ovarian hormone deficiency. Menopause-associated 
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ovarian hormone deficiency has several well-established metabolic 
consequences. Menopause promotes atherosclerosis through alterations in 

lipid profiles, endothelial dysfunction, and oxidative stress [60,61]. Hormonal 
changes in menopause promote higher body fat and contribute to the 

increased CVD and metabolic risk [62,63]. In support, metabolomic studies 
reveal changes in lipid and amino acid metabolism associated with metabolic 

dysregulation. 
 

Serum metabolomics studies reveal OVX rats have prominent changes 
in lipid metabolism associated with both obesity and inflammatory processes  

[64–67]. Specifically, changes in polyunsaturated fatty acids (PUFAs) 
(increased n-6 fatty acids and reduced n-3 fatty acids), cholesterol 

(increased), and low-density lipoproteins (LDL) are observed in OVX serum. 
PUFAs are precursors to potent lipid mediator signaling molecules and 

eicosanoids, and regulate inflammation [68]. Generally, n-6 PUFAs are pro-
inflammatory, while n-3 PUFAs are anti-inflammatory [69,70]. Increased 

ratios of n-6 PUFA to n-3 PUFA are consistently associated with chronic, 
inflammatory diseases, such as obesity, cardiovascular disease (CVD), non-

alcoholic fatty liver disease, and inflammatory bowel disease, for which 
postmenopausal women have an elevated risk [68,71–73]. This suggests that 
ovarian hormone deficiency-induced inflammation is, in part, driven by shifts 

in PUFA composition. Increased cholesterol and LDL are major risk factors 
for CVD, and postmenopausal women have increased cholesterol and LDL 

levels, as well as increased risk for CVD [62]. Further, visceral fat 
accumulation, particularly abdominal fat, increases in women after 

menopause. There has been one metabolomics study evaluating visceral fat 
composition in post-menopausal women that showed altered fatty acid 

metabolite profiles compared to pre-menopausal women [9]. However, it 
remains to be shown if these data are associated with the development of 
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metabolic syndrome that occurs in postmenopause. A large-scale study of 
over 26,000 persons evaluating the effects of menopause on serum 

metabolites demonstrated that menopause is associated with shifts in 
cholesterol and fatty acid concentrations, and a pattern of pro-atherogenic 

lipid changes [74]. These data support metabolic shifts in lipid metabolism 
during menopause that may contribute to the metabolic phenotype of 

obesity, as well as increased risk for CVD.  
 

Ovarian hormone deficiency also alters amino acid metabolism. A 
consistent finding in OVX is increased serum levels of the branched-chain 

amino acids (BCAA’s) leucine, isoleucine, and valine [66,67]. The relationship 
between obesity and elevated BCAA’s has been observed for many years 

[75] and is attributed to lower levels of fatty acid oxidation and decreased 
energy expenditure. In OVX, higher urine concentrations of glycine and 

hippurate and lower levels of taurine, glutamate, and alanine are observed 
[64]. Antioxidants, such as taurine and glutathione, are upregulated to 

counter oxidative stress, as commonly seen in ovarian hormone deficiency 
[76,77]. This may explain the decreased urine levels of taurine and glutamate, 

the precursor to glutathione, in OVX. Altered amino acid metabolism in 
ovarian hormone deficiency has also been shown in humans [74]. The 
aforementioned large-scale study consistently showed altered amino acid 

metabolism, with postmenopausal women having higher glutamine, tyrosine, 
glycine, and isoleucine concentrations than premenopausal women. Both the 

BCAAs and the aromatic amino acids tyrosine and phenylalanine have been 
linked to insulin resistance and the development of type 2 diabetes in an 

obesity-dependent manner [78,79]. Further, postmenopausal women on 
hormone replacement therapy (HRT) had more similar metabolic profiles to 

premenopausal women, suggesting estrogen is a main driver in the 
metabolic changes observed [74]. The amino acids shifts observed in ovarian 
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hormone deficiency are consistent in both OVX models and humans. These 
observed changes are associated with the hallmarks of menopause, such as 

reduced energy expenditure, obesity, and oxidative stress. Thus, menopause 
may contribute to the risk for reduced energy expenditure, obesity, and 

oxidative stress by affecting amino acid levels, in addition to lipid changes.  
 

These findings support the well established metabolic dysregulation 
observed in ovarian hormone deficiency, characterized by reduced energy 

expenditure, weight gain, dyslipidemia, oxidative stress, and inflammation. 
Available studies have mostly evaluated serum and plasma, likely due to 

cost, convenience, and efforts to assess global changes in ovarian hormone 
deficiency. However, estrogen plays an active role in dampening 

inflammatory responses in multiple tissues, and deficiency induces oxidative 
stress in many tissues, including endothelium, liver, eye, kidney, and heart 

[60,61,80–85]. Additionally, complex interactions between estrogen and host 
metabolism suggest that tissues in addition to serum, plasma, and urine 

must be examined to clarify the mechanistic underpinnings of ovarian 
hormone deficiency and associated disease risk. Insufficient data are 

available from tissue-based studies using NMR-based platforms in estrogen-
deficient models. Our understanding of ovarian hormone deficiency is limited 
to bone, adipose, skeletal muscle, serum, plasma, and urine. While estrogen 

has been suggested to play a protective role in the colon, the physiological 
role of estrogen in the colon is unknown [86,87]. Further, while we 

understand that ovarian hormone deficiency causes metabolic dysregulation 
and that the gut is associated with metabolic diseases and bone metabolism, 

there is also limited information on the effects of estrogen loss on the gut 
[88–91]. A deeper understanding of the systemic adaptions to ovarian 

hormone deficiency will allow for more informed diagnosis and treatment for 
susceptible individuals. To our knowledge, metabolomics have not been 
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used for investigating the metabolic phenotype observed in the estrogen-
deficient colon.  

 

 

Gut microbiome and bone metabolism 

One factor within the colon, the host gut microbiome, has been 
suggested to be an important determinant of human susceptibility to several 

age-related conditions, including metabolic syndrome, cancer, and 
osteoporosis. The gut microbiome constitutes trillions of bacteria that 
collectively contain more genes than the human genome [92]. The infant 

microbiome is largely determined by manner of birth and early environmental 
exposures [93,94]. The gut of the human infant is considered highly dynamic 

and unstable and exhibits a low diversity of microorganisms [95]. During 
early human development (i.e., infancy to three years of age), there is 

relatively rapid diversification of the gut microbiome [94]. Around three years 
of age, it stabilizes toward an adult-like structure [95]. During this time, the 

neonatal immune system quickly matures under the influence of the gut 
microbiome and environmental factors, such as diet, infections, and 

antibiotics. There are age-associated changes in the gut microbiome, 
however it is extremely variable between older persons [96,97].  

 
The gut microbiota form a complex and dynamic ecosystem that 

constantly interacts with host metabolism, facilitating the absorption of 
complex carbohydrates and influencing amino acid homeostasis, as well as 

protecting from invading pathogens. The gut microbiome composition is 
modifiable by environmental factors, such as diet, antibiotics, and pollutants. 

Changes in gut microbiota and the metabolites they produce can be either 
beneficial or harmful to the host and have been shown to influence gut 
permeability, the immune system, and disease progression. During 
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symbiosis, gut microbiota protect the host from invading bacteria and other 
pathogens by supporting immune and epithelial processes, also known as 

colonization resistance. Perturbations to the gut microbiome, called 
dysbiosis, caused by pathogens, diet, or antibiotics can induce inflammation, 

increased intestinal permeability, and tissue damage that may contribute to 
the development of disease. Changes in the gut microbiome may also 

contribute to inflammation through the mediation of nutrient metabolism and 
immunity [98,99]. This may include shifts in bacterial metabolites and in the 

production of inflammatory mediators influencing local and systemic 
processes such as gut permeability and immune function. This may, in turn, 

increase the host’s susceptibility to inflammation and related chronic 
diseases [100]. The gut microbiome presents a massive source of potential 

antigens for the host’s immune system to manage. Given the immune 
system’s ability to sense commensal microbiota and trigger various immune-

related responses, it is plausible that gut microbiome changes influence 
immune-related disorders [101,102]. Dietary changes, antibiotics, and 

pathogens can also shift the composition of the gut microbiome and thus 
disturb the balance in metabolic and immune regulatory networks that 

normally control intestinal inflammation [103–105]. Gnotobiotic animals have 
provided insight into the effects of the gut microbiome on the immune 
system and other tissues. Germ-free (GF) animals have immature mucosal 

immune systems and poorly developed gut-associated lymphoid tissue 
(GALT). GF mice also have a reduced number of CD4+ cells in the spleen, as 

well as smaller and fewer germinal centers within the spleen. This suggests 
the gut microbiome is able to shape systemic immunity [102]. 

 
Bone remodeling is a coordinated process by OBs (bone formation) 

and OCs (bone resorption). Beyond structural support, bone serves as a 
reservoir for mesenchymal and hematopoietic progenitor cells. OBs are 
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derived from pluripotent mesenchymal stromal cells, while OCs are derived 
from hematopoietic stem cells that also produce immune cells. As such, OC 

respond and produce many of the cytokines that regulate monocytes and 
macrophage activities. It is now known that many of the major pro-

inflammatory cytokines, such as TNF, IL-6 and IL-1, regulate OC 
differentiation and activity and subsequent bone resorption. Thus, the role of 

inflammation in bone health is a major area of research and examples of 
inflammation and bone loss have been well established. For instance, in 

autoimmune diseases like rheumatoid arthritis, bone resorption by OCs is 
driven by pro-inflammatory cytokines produced by activated T cells [106]. 

Menopause-induced ovarian hormone deficiency causes increased OC 
formation and extended survival [2]. This is due to many factors, including 

loss of the immunosuppressive effects of estrogen, resulting in increased 
production of cytokines promoting osteoclastogenesis, and direct effects of 

estrogen on OCs [107,108]. Several studies show low-grade inflammation 
affects bone turnover and plays a role in bone conditions like osteoporosis. 

Moderately elevated serum levels of high-sensitivity C-reactive protein 
(hsCRP), as a marker of low-grade systemic inflammation, are associated 

with low BMD, higher bone resorption, bone loss, and fracture risk [109–
112]. Inhibition of inflammatory cytokines tumor necrosis factor alpha (TNFα) 
and interleukin 1 (IL-1) consistently causes a decrease in bone resorption 

markers in postmenopausal women [113]. Further, mice depleted of T cells in 
vivo by treatment with anti-CD4 and anti-CD8 antibodies are protected 

against OVX-induced bone loss [114]. The authors demonstrate higher levels 
of TNF-producing T cells in the bone marrow of OVX mice, further implicating 

a role of T cells and T cell-produced cytokines in bone turnover [115]. In 
sum, bone remodeling imbalances are associated with immune status and 

may lead to bone loss and osteoporosis. 
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The immune system’s interactions in the regulation of bone 
remodeling, as well as with the gut microbiome suggest that the gut 

microbiome may affect bone metabolism by influencing immune status. 
There is some evidence that the gut microbiome influences bone metabolism 

in rodents. This relationship has largely been explored in three different 
contexts: GF conditions, after treatment of antibiotics, and after ingestion of 

pre- and probiotics. It was recently shown that GF mice have both increased 
cancellous and cortical bone mass compared to conventionally raised mice 

[116]. The trabecular bone volume/tissue volume (BV/TV, %) increased by 
39% in the distal femur of GF mice compared to conventionally raised. There 

was also a decreased number of OCs present in GF bone, and GF bone 
marrow had a decreased incidence of CD4+ T cells and OC precursor cells. 

Contrastingly, there were no changes in bone formation observed in GF 
mice. This suggests that the observed increase in bone mass in GF mice is 

caused by both diminished bone resorption and osteoclastogenesis. GF 
mice also have reduced expression in bone of pro-inflammatory cytokines 

involved in osteolysis, such as IL-6 and TNF-alpha, suggesting that 
decreased osteoclastogenesis is caused through immune-mediated 

mechanisms [116]. Of interest, colonization of mice born in a GF environment 
with a conventional mouse microbiome at three weeks of age normalize both 
trabecular and cortical bone mass, as well as CD4+ T cells and OC 

precursors in bone marrow.  
 

A recent study investigated the role of the gut microbiome in bone 
loss caused by sex-steroid deficiency. Both GF and conventional mice were 

treated with Leuprolide, a gonadotropin-releasing hormone agonist that 
inhibits sex-steroid production and is used to mimic OVX. Leuprolide 

treatment caused more trabecular and cortical bone loss in conventional 
mice compared to GF, establishing that the gut microbiome plays a role in 
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bone loss observed in sex-steroid deficiency [114]. Further, Leuporlide 
treatment increased serum levels of the bone resorption marker CTx in 

conventional mice but not in GF mice. This indicates that GF mice are 
protected from increased bone resorption that occurs in sex-steroid deficient 

mice. Leuprolide treatment also resulted in elevated levels of TNF-alpha+, 
CD4+, TNF-alpha+, and CD8+ T cells in conventional bone marrow but not in 

GF mice. This suggests that the gut microbiome is necessary to shape the 
immune system during sex-steroid deficiency. Taken together, it appears the 

gut microbiome plays a role in inducing bone loss and increasing bone 
turnover in sex-steroid deficiency by providing antigens required for bone 

marrow T cell expansion and increased TNF-alpha production. Thus, it has 
been speculated that the gut microbiome composition may influence the 

magnitude of bone loss in postmenopausal women. This may be caused by 
an increased inflammatory status due to altered gut microbiome 

composition, resulting in greater bone loss in postmenopausal women when 
they lose the immunosuppressive effects of estrogen. It has been proposed 

that the most probable mechanism by which gut microbiota affect bone 
mass involves systemic and bone marrow immune status, which 

subsequently regulates osteoclastogenesis [117]. 
 

Further supporting a role of the gut microbiome in bone mass 

regulation, a study demonstrated that antibiotic treatment at weaning 
increases bone mass in mice after three weeks of treatment [118]. A follow-

up study showed that low-dose penicillin provided from birth or weaning 
resulted in increased BMD in adult female mice [104]. Tetracycline treatment 

has also been reported to prevent OVX-induced bone loss, and this was 
partially due to diminished bone resorption, as similarly described in sex-

steroid deficient GF mice [119]. These data show that antibiotics have the 
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capability of influencing the gut microbiome and bone mass and support the 
notion that the gut microbiome plays a role in bone metabolism. 

 

Prebiotics, probiotics and bone mass 

The common use of antibiotics has raised interest in using treatments 
like prebiotics and probiotics to improve health status by supporting the 

indigenous bacteria potentially altered as a result of antibiotic treatment. 
Probiotics are defined as live, commensal microorganisms, such as bacteria, 

that when administered in adequate amounts can confer a health benefit on 
the host, including improved intestinal function and maintenance of the 

integrity of the intestinal lining [120]. Probiotics have also been suggested to 
positively affect immune responses in the gastrointestinal tract. Several 

strains of probiotics are currently being examined for use as a treatment of 
inflammatory gastrointestinal diseases [121]. Prebiotics are non-digestible 

food components, such as dietary fiber and oligosaccharides, that promote 
the growth and activity of gut microbiota [122]. Prebiotics have been 

suggested to confer beneficial effects through multiple mechanisms, 
including increased solubility and absorption of minerals, and enhanced anti-

inflammatory pathways [123]. A study evaluating the effects of probiotics on 
bone mass in chickens showed that treatment with a diet supplemented with 

probiotic strains for six weeks increased tibial bone mass [124]. In light of 
this work and the previous studies showing the involvement of the gut 

microbiome in modulating bone loss in sex-steroid deficient female mice, it 
was suggested that probiotic treatment might protect OVX mice from bone 
loss [119,125]. Indeed, follow-up studies have demonstrated probiotics 

protect OVX mice from OVX-induced bone loss, elevated bone resorption, 
and reduced expression of the pro-inflammatory cytokines TNF-alpha and 

IL-1beta in bone [126]. Probiotic treatment also appears to suppress OVX-
induced increase in bone marrow CD4+ T cells, further supporting the 
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modulation of immune status of bone by gut microbiota [17]. In sum, it 
appears that probiotic treatment has positive effects on bone by supporting 

immune status, which subsequently diminishes bone resorption. 
 

The ability of prebiotics to modulate the gut microbiome is well 
documented. The effect of prebiotic interventions on bone mass and the 

composition of the gut microbiome has been examined in both rats and 
humans. In rats, galactooligosaccharide (GOS) treatment changed the 

composition of the gut microbiome and increased bone mass [127]. In 
adolescent girls, GOS treatment for three weeks improved calcium 

absorption and resulted in elevated proportions of bifidobacteria [128]. 
Further, a prebiotic mixture of short- and long-chain inulin-type fructans 

provided as a daily supplement to young adolescents for one year improved 
bone mineralization and resulted in a greater increase in BMD compared to 

controls [129]. This observation may be due to improved calcium absorption.  
 

Collectively, this evidence suggests that the gut microbiome plays a 
regulatory role in bone mass and that the inhibitory effect of the gut 

microbiome on bone mass is mediated through immune system-related 
events. Studies demonstrating that antibiotics, prebiotics, and probiotics all 
play a role in bone metabolism further support a role for the gut microbiome 

in bone metabolism. The gut microbiome has been suggested as a novel 
therapeutic target for osteoporosis, as well as a potential biomarker for 

fracture risk prediction. However, limited data are available regarding 
alterations in the gut microbiome in OVX. Additional research is needed to 

determine the effects of menopause on the gut microbiome, as well as 
potential therapies that modulate the gut microbiome and bone mass and 

associated fracture risk in osteoporosis. 
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This evidence led us to evaluate the gut microbiome of our OVX rats, 
as well as alterations of the gut microbiome by a dietary intervention with 

dietary nitrate. We found that there was no effect of dietary nitrate treatment 
on the gut microbiome in our study, but we did observe differences in the gut 

microbiomes between sham and OVX rats. This motivated us to further 
explore this relationship by looking at potential determinants of the effects of 

ovarian hormone deficiency within the colon, where a large number of 
indigenous bacteria live. Thus, the second and third aims of this dissertation 

were to i) evaluate potential gut microbiome changes associated with OVX 
and dietary nitrate treatment, and ii) evaluate the effects of OVX on colon 

metabolism.  
 

Summary 

Osteoporosis is a common metabolic bone disease, affecting one out 

every three women and one out of every five men over age 65 in the United 
States [1]. This is a major public health burden, as annual health care costs 

associated with osteoporosis are estimated to be over $20 billion. 
Menopause is the primary cause of osteoporosis in women. Therefore, there 

have been considerable efforts to develop strategies, such as dietary 
interventions, to slow the rate of bone loss in postmenopausal women.  A 

positive relationship between fruit and vegetable consumption and bone 
mineral content (BMC) and BMD has been reported in some observational 

studies of postmenopausal women [20–23]. However, we currently have an 
incomplete understanding of the mechanisms that contribute to the 
beneficial effects of fruit and vegetables on bone in postmenopausal women. 

Animal models are valuable to evaluate the effects of dietary components on 
the skeleton in ovarian hormone deficiency. Previous work demonstrates the 

efficacy of the NO donor, organic nitrates, to slow bone loss in the OVX rat 
model. The ability of another NO donor, dietary nitrate, to benefit the 
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osteoporotic skeleton is unknown. Thus, we addressed this dearth of 
information by utilizing the OVX rat model to determine whether dietary 

intervention with nitrate could reduce bone loss. The use of this animal 
model provides an important opportunity to further our understanding of the 

tissue effects of ovarian hormone deficiency. While ovarian hormone 
deficiency has been shown to have deleterious effects on many tissues and 

organs, the potential effects on the gut remain to be fully defined. A deeper 
understanding of the systemic adaption to ovarian hormone deficiency will 

allow for more informed diagnosis and treatment for susceptible individuals. 
 

The overall goals of this dissertation were to further understand the 
complex relationship between ovarian hormone deficiency and osteoporosis 

and to determine if dietary interventions have the potential to reduce the risk 
for osteoporosis. This dissertation takes advantage of an OVX rat model of 

estrogen-deficiency induced bone loss and an array of integrative techniques 
to evaluate different metrics of osteoporosis, including physiological 

determinants influencing the rate of bone loss and gut-associated changes in 
this preclinical model. In this dissertation, we clarified the effects of dietary 

nitrate, a biologically active compound present in large quantities in leafy 
greens, on the skeleton in the OVX rat model. This work suggests that dietary 
nitrate supplementation does not have a direct, beneficial role on the 

osteoporotic skeleton. In addition, this dissertation demonstrates a 
relationship between OVX status and the gut microbiome composition. 

These observations add to the increasing evidence that suggests a link 
between the gut microbiome and sex steroid deficiency. Our work also 

addresses the shifts in colon metabolism observed in OVX. These results 
improve our understanding of the effects of ovarian hormone deficiency on 

the colon, and in conjunction with the observed gut microbiome 
compositional shifts, have generated many exciting hypotheses about 
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presently unidentified mechanisms that may be contributing to the metabolic 
dysregulation observed in OVX. 

 
 

 

 
 

 Figure 1.1 Enzymatic and non-enzymatic production of nitric oxide. Nitric 
oxide can be produced enzymatically through the classic pathway involving 
NO synthases (NOS) that convert L-arginine and molecular oxygen to NO 
and L-citrulline under normoxic condition, and under hypoxic conditions from 
nitrite by the nitrate reductase activity of proteins, such as deoxyhemoglobin 
(DeoxyHb), deoxymyoglobin (DeoxyMb), xanthine oxidoreductase (XOR), and 
carbonic anhydrase (CA). 
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Abstract  
 
Scope 

Some studies suggest that diets rich in fruit and vegetables reduce bone loss 
in older adults, although the specific compounds responsible are not known. 
The objectives of the study were to investigate the capability of dietary 

nitrate, a component in leafy green vegetables, to reduce bone turnover and 
loss in an ovariectomized rat model.  

 
Methods and results 

Forty, six-month-old female Sprague Dawley rats [30 ovariectomized (OVX) 
and 10 sham-operated (sham) at 5.5 month of age] were randomized by 

weight into 1 of 3 treatment groups (n = 10 per group): (1) vehicle (water) 
control, (2) low-dose nitrate (LDN, 0.1 mmol nitrate/kg bw/day), or (3) high-

dose nitrate (HDN, 1.0 mmol nitrate/kg bw/day) for three weeks. The sham 
controls received vehicle. Serum bone turnover markers, bone mass, bone 

mineral density, histomorphometric parameters, bone quality parameters, 
and feces were examined. OVX resulted in increased bone turnover, 

cancellous bone loss, and changes in gut microbiome composition and 
structure. Three weeks of LDN or HDN supplementation had no effect on the 

skeleton or gut microbiome in OVX rats. 
 

Conclusions 
These data indicate dietary nitrate does not slow bone turnover and loss in 

an OVX rat model, and gut microbiome composition is associated with OVX.  
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Introduction 

Osteoporosis is a common metabolic bone disease, affecting a third 
of women and a fifth of men over age 65 [1]. In the US, annual health care 

costs associated with osteoporosis are estimated to be over $20 billion. 
Menopause-induced ovarian hormone deficiency causes an increase in bone 

turnover [2]. Increased bone resorption relative to bone formation contributes 
to reduced bone mass and quality and bone mineral density (BMD), and 

there is a relationship between low BMD and increased fracture risk in 
postmenopausal women [2,3]. 

Some observational studies report that fruit and vegetable 
consumption is associated with an increase in bone mineral content (BMC) 

and BMD [4–8]. Dietary nitrates, present in high concentrations in leafy green 
vegetables, may serve as a dietary component that supports bone health. 

Vegetable intake accounts for ~80% of dietary nitrate consumption in human 
diets [9]; dietary nitrates can be reduced to nitric oxide (NO) via non-

enzymatic reduction by lingual bacteria and a variety of mammalian 
reductases through the nitrate-nitrite-NO pathway [10,11].   

NO is a free radical gas involved in physiological processes ranging from 
vascular homeostasis to host defense, cellular energetics, and nerve 
transmission [12]. There are two major sources of NO in the body: the 

endogenous L-arginine-NOS system and our diet. Under normal conditions, 
these contribute approximately equally to NO homeostasis [13].  Aging is 

associated with decreased eNOS-dependent NO synthesis and endothelium-
dependent vasodilation [14]. This suggests a role for NO donors, such as 
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dietary nitrate or organic nitrates, to support NO production in age-related 
conditions [15].  

Organic nitrates (e.g., nitroglycerin, NGT) have been used as a 
therapeutic agent in treating angina pectoris and other cardiovascular 

disorders for over 100 years [16]. Postmenopausal women using organic 
nitrates had higher BMD compared to non-nitrate users [17]. This led to the 

hypothesis that age-associated decreases in NO production may be related 
to osteoporosis risk and organic nitrates may slow bone loss. Studies in an 

ovariectomized (OVX) animal model of bone loss demonstrated increased 
NO bioavailability using organic nitrate (i.e., nitroglycerin) as an NO donor 

and increased BMD and decreased bone turnover [18–20]. Follow-up human 
clinical trials have led to conflicting results. While pilot studies suggest a 

beneficial effect, the Phase III trial NOVEL (Nitroglycerin as an Option: Value 
in Early Bone Loss) found no significant differences in lumbar spine BMD 

between the NTG and control group after two years of intervention. The 
authors suggest suboptimal dosing, non-compliance, and side-effects were 

contributing factors to the null findings [21–23]. As a result, evaluation of the 
efficacy of alternative exogenous sources of NO, via dietary sources of 

nitrate, to slow bone loss is warranted.  
The available evidence provides biological plausibility that dietary 

nitrate may act via the nitrate-nitrite-NO pathway to restore age-associated 

decreases in NO production that may be related to osteoporosis risk. Since 
dietary nitrate accounts for up to 50% of its NO production [24], this dietary 

compound may be a viable option for reducing bone loss.  Thus, the first aim 
of this study was to define the relationship between dietary nitrate, bone 

density, turnover, and microarchitecture in the ovariectomized rat model for 
postmenopausal osteoporosis. 

The gut microbiome has been demonstrated to be an important 
component of human susceptibility to several age-related conditions, 
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including metabolic syndrome, cancer, and osteoporosis. There is a growing 
body of literature that posits a relationship between bone mass and the gut 

microbiome [25–27]. Given that changes in microbiome composition can 
associate with chronic disease and that specific microbiota can interact with 

the immune system [28–32], it has been hypothesized that gut microbiome 
composition may influence the magnitude of bone loss in postmenopausal 

women [25]. Sex steroid deficiency results in a chronic inflammatory state 
that, in part, contributes to osteoporosis [33]. The microbiome’s effects on 

bone mass may be mediated via alteration of the immune system and 
regulation of osteoclastogenesis, which results in greater bone loss in 

postmenopause when women lose the immunosuppressive effects of 
estrogen [25,34,35]. OVX rats can provide empirical insight into whether the 

gut microbiome influences bone loss in postmenopausal women and 
whether specific dietary components can interact with the gut microbiome to 

impact bone health. To date, there are limited data regarding alterations in 
the gut microbiome in OVX and its relationship to bone loss. While diet can 

rapidly modify the gut microbiome, there is a dearth of experimental data 
about the effects of specific dietary components on gut microbiome 

composition [36]. Therefore, the second aim of this study was to characterize 
both the effects of OVX and dietary nitrate on gut microbiome composition. 

 

Materials and Methods 

 

Experimental design 

A total of 40 six-month-old female Sprague Dawley rats [30 
ovariectomized (OVX) and 10 sham-operated (sham) at 5.5 month of age] 

were purchased from Charles River Laboratory (Hollister, California).  Three 
days after arrival at Oregon State University OVX rats were randomized by 

weight into 1 of 3 treatment groups (n = 10 per group): (1) vehicle (water) 
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control, (2) low-dose nitrate (LDN, 0.1 mmol nitrate/kg bw/day), or (3) high-
dose nitrate (HDN, 1.0 mmol nitrate/kg bw/day). The sham controls received 

vehicle.  At study initiation, sodium nitrate was added to water at 0.14 or 1.4 
grams per liter to achieve 0.1 or 1.0 mmol nitrate intake per kilogram body 

weight per day.  Food (TD.2018 chow, Teklad Lab Animal Diets, 118/5.4 
nmol of nitrate/nitrite per g) was provided ad libitum to all animals.  The rats 

were housed individually and maintained on a 12-hour light:12-hour dark 
cycle for the duration of study (3 weeks).  The Institutional Animal Care and 

Use Committee at Oregon State University approved the experimental 
protocol under ACUP 4532. Animals were maintained in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals. 
Food and water consumption and body weight were measured twice 

a week. These data were used for adjusting nitrate levels in the water 
throughout the study. Water was replaced every other day for the duration of 

experiment. The fluorochrome calcein (20  mg/kg, Sigma-Aldrich, St. Louis, 
MO), was injected subcutaneously 9 and 2 days before sacrifice to label 

mineralizing bone. Fecal samples were collected at the end of the 3-week 
study and stored at -80°C. For tissue collection all rats were fasted 

overnight, then anesthetized with 2–3% isoflurane delivered in oxygen, and 
death was induced by exsanguination from the heart. Serum and blood were 
collected and stored at −80 °C for measurement of serum global markers of 

bone turnover and blood nitrate and nitrite levels. Uteri and abdominal white 
adipose tissue (WAT) were excised and weighed. Tibiae were removed and 

stored in 70% ethanol for analysis using dual-energy X-ray absorptiometry 
(DXA), microcomputed tomography (μCT), and histomorphometry.  

 

Quantification of blood nitrate and nitrite levels 

Blood collection and pretreatment 
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Whole blood was obtained by cardiac puncture and pretreated for 
nitrite and nitrate analysis, as described previously [37]. Briefly, heparinized 

whole blood was mixed with nitrite-preserving solution [K3Fe(CN)6, N-
ethylmaleimide, water, Nonidet P-40] and kept frozen at −80°C until analysis. 

For nitrate analysis, heparinized whole blood was mixed with deionized water 

at a 1∶9 ratio between the blood and water and kept frozen at −80°C until 

analysis. 
 

Nitrate and nitrite analysis 
Nitrate and nitrite content was analyzed using a standard gas phase 

chemiluminescence method (NO Analyzer, model 280i, GE Analytical 
Instruments, Boulder, CO) with helium as carrier gas, as described elsewhere 

[4].  Briefly, for nitrate analysis, samples were injected into purge vessel of 
the NO analyzer containing 7 ml of heated (95°C) vanadium chloride (0.8 g of 

vanadium chloride dissolved in 100 mL of 1M hydrochloric acid) solution.  
For nitrite analysis, samples were deproteinized with methanol, centrifuged 

for 3 min at 15,000 rpm, and then supernatants were injected into the purge 
vessel of the NO analyzer containing 7 ml of tri-iodide (1 g potassium iodide, 

0.65 g iodine, 20 ml water and 70 ml glacial acetic acid) solution. The 
concentration of nitrate and nitrite in analyzed samples was deduced from 

standard concentration vs. peak area curves constructed with sodium nitrate 
(10 µM) and sodium nitrite (1 µM), respectively. A correction for the nitrite 

concentration in nitrite-preserving solution and methanol, nitrate 
concentration in deionized water, and molar mass of sodium was made 

when calculating levels of nitrate and nitrite ions in the samples analyzed. 
Average daily nitrate intake from food was derived from average daily 

food intake and quantification of dietary nitrate present in TD.2018 diet, as 
described in the methods section. Average daily nitrate intake from water 
was derived from average daily water intake and sodium nitrate 
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concentrations in water provided. Total average daily nitrate intake was 
determined by totaling average daily nitrate intake from food and water. 

 

 

 

Serum markers of bone turnover  

Serum osteocalcin was measured using a rat Gla-osteocalcin High 

Sensitive EIA kit obtained from Clontech Takara. Serum C-terminal 
telopeptide (CTx) was measured using a rat CTx ELISA kit from Life Sciences 

Advanced Technologies (St. Petersburg, FL). 
 

Dual-energy X-ray absorptiometry 

Tibial bone mineral content (BMC; mg) and area (cm2) were measured 

ex vivo using dual-energy x-ray absorptiometry (DXA; Piximus; Lunar Corp., 
Madison, WI). Bone mineral density (BMD) was calculated as BMC per area 

(mg/cm2).  
 

Microcomputed tomography 

Nondestructive three-dimensional evaluation of bone 

microarchitecture was completed using microcomputed tomography (μCT). 
Tibiae were scanned at a voxel size of 16 x 16 x 16 µm (55 kVp x-ray voltage, 
145 µA intensity, and 200 ms integration time) using a Scanco μCT40 

scanner (Scanco Medical AG, Basserdorf, Switzerland).  Filtering parameters 
sigma and support were set to 0.8 and 1, respectively.  Threshold for 

analysis was determined empirically and set at 245 (range, 0-1,000) for both 
cancellous bone and cortical bone. Cancellous bone was assessed in 94 

slices (1,504 µm) (1,504 µm distal to the growth plate) and 33 ± 1 slices (528 
± 16µm) in the proximal tibia metaphysis and proximal tibia epiphysis, 

respectively. (Figure 1: VOIs). Cortical bone was assessed at 62 slices (992 
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µm) distal to the midshaft. Midshaft was defined as midpoint between the 
top and bottom of each tibia. Direct cancellous bone measurements included 

cancellous bone volume fraction (bone volume/tissue volume, BV/TV; volume 
of tissue occupied by cancellous bone, %), trabecular number (number of 

trabecular intercepts, mm-1), trabecular thickness (mean thickness of 
individual trabeculae, um), and trabecular separation (mean distance 

between trabeculae, um). Direct cortical measurements included cross-
sectional volume (volume of cortical bone and bone marrow, mm3), cortical 

volume (mm3), marrow volume (mm3), and cortical thickness (µm).  
 

Histomorphometry 

Histological methods applied here have been previously described 

[38]. Briefly, proximal tibiae were dehydrated in a graded series of ethanol 
and xylene and embedded un-decalcified in modified methyl methacrylate. 

Longitudinal sections (4 μm thick) were cut with a vertical bed microtome 
(Leica/Jung 2165) and affixed to slides pre-coated with a 1% gelatin 

solution.  One section was mounted unstained for measurement of 
fluorochrome labels. One section was stained for tartrate resistant acid 

phosphatase and counterstained with toluidine blue (Sigma-Aldrich, St. 
Louis) for measurement of cells.  

Fluorochrome-based measurements of bone formation included: i) 
mineralizing perimeter (mineralizing perimeter/bone perimeter: cancellous 

bone perimeter covered with double plus half single label normalized to bone 
perimeter, %), ii) mineral apposition rate (the distance between two 
fluorochrome markers that comprise a double label divided by the 7 day 

inter-label interval, μm/day), and iii) bone formation rate (bone formation 
rate/bone perimeter: calculated by multiplying mineralizing perimeter by 

mineral apposition rate normalized to bone perimeter, μm2/μm/year). 
Osteoclast perimeter was determined as the percentage of cancellous bone 



 35 

perimeter covered by multinucleated (two or more nuclei) cells with acid 
phosphatase positive (red-stained) cytoplasm (osteoclast perimeter/bone 

perimeter, %). The sampling site for the proximal tibia metaphysis was 
located 1mm distal to the growth plate and extended approximately 1.2mm 

in the marrow excluding cortical bone. Histomorphometric data were 
collected using the OsteoMeasure System (OsteoMetrics, Inc., Atlanta, GA, 

USA) and are reported using standard two-dimensional nomenclature 
(Dempster, 2012).  

 

Fecal DNA isolation and 16S amplicon sequencing 

Fecal DNA was isolated using QIAamp DNA stool mini-kits (Qiagen, 
Valencia, CA) per manufacturer’s instructions. 16S rRNA PCR amplification 

was conducted according to established methods [1]. Briefly, each sample’s 
extracted DNA was subjected to PCR reactions to amplify the V4 region of 

the 16S locus using PCR primers (515F and 806R) that include Illumina 
adapters and sample-specific barcodes. PCR amplicons from individual rat 

samples were cleaned using the Qiagen QIAquick PCR cleanup kit 
(Germantown, MD) and pooled. An aliquot of the pooled 16S library was 

sequenced on an Illumina MiSeq (v3 chemistry) at the Center for Genome 
Research and Biocomputing core facility (Oregon State University, OR). This 

generated ~596 thousand 300 bp single end reads (median reads per sample 
= 15,025). 

 
Experimental design of effects of dietary nitrate supplementation on 

bone in growing rat model  

We did not observe a beneficial effect of nitrate on the skeleton of ovx 

rats.  However, it is possible that a normal diet provided sufficient levels of 
nitrate.  We therefore evaluated the effects of nitrate deficiency and 

supplementation on expression of genes related to bone formation and 
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resorption.  Growing rats were studied based on the expectation that the 
growing skeleton would be especially sensitive to nitrate levels.  We found no 

significant changes in gene expression in response to either dietary nitrate or 
nitrite treatment (data not shown). A total of 24 female 6-week-old Sprague 

Dawley rats were obtained from Charles River Laboratory (Hollister, CA). 
Three days after arrival, the animals were randomized by weight into a 

control (Group 1) and 3 treatment groups (Groups 2 through 4) (n = 6 per 
group).  Rats in the control group were provided with TD.2018 chow (Teklad 

Lab Animal Diets (Madison, WI), 118/1.84 nmol of nitrate/nitrite per g), and 
distilled, deionized water. Rats in groups 2, 3, and 4 were fed with a purified 

low-nitrate TD.99366 chow (Teklad Lab Animal Diets, 16.5/1.5 nmol of 
nitrate/nitrite per g).  Group 3 received sodium nitrate in distilled, deionized 

water to deliver an approximate dose of 0.7 mmol/kg BW/day.  Group 4 
received sodium nitrite in distilled, deionized water to deliver an approximate 

dose of 50 μmmol/kg BW/day. Food and water were provided ad libitum to 
all animals. The rats were housed individually and maintained on a 12-hour 

light: 12-hour dark cycle for the duration of study (one week).  The 
Institutional Animal Care and Use Committee at Oregon State University 

approved the experimental protocol. Animals were maintained in accordance 
with the NIH Guide for the Care and Use of Laboratory Animals. 

Food and water consumption and body weight were measured and 
water replaced every other day. for the duration of experiment.  After one 

week of treatments, animals were fasted overnight and then sacrificed; 
animals were anesthetized with 2–3% isofluorane delivered in oxygen, and 

death was induced by exsanguination from the heart. Distal femurs were 
collected and snap frozen in liquid nitrogen for RNA analyses. 

Rat Osteoporosis RT² Profiler PCR Array 
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RNA was extracted from distal femur using Trizol (Life Technologies) 
according to the manufacturer’s protocol.  RNA was quantified via 

spectrophotometry using a nanodrop-1000. 1 µg of RNA was reverse 
transcribed in a 20ul reaction volume using a Qiagen kit. qRT-PCR was 

performed using the 7900HT fast machine from Applied Biosystems, 
according to the manufacturer’s protocol. Gene expression profiling of 84 

genes in the distal femurs was performed using The Rat Osteoporosis RT² 
Profiler PCR Array (PARN-170ZE-4) (SuperArray, USA). Results were 

normalized to housekeeping genes in the array, B2m, Hprt1, and Ldha. 
Multiple tests were controlled for using Benajimini-Hochberg with a false 

discovery rate of 5%. Nitrate-deficient controls were defined as the control 
group that both nitrate and nitrite treatment groups were compared to. 

Statistics were performed with the RT2 Profiler™ PCR Array Data Analysis 
online software (http://www.sabiosciences.com/pcrarraydataanalysis.

php#Excel) 
 

Bioinformatic and statistical analysis 

Mean responses of individual variables were compared between 

sham, OVX vehicle, LDN, and HDN groups using separate one-way analyses 
of variance (ANOVA).  A modified F test was used when the assumption of 

equal variance was violated, with Welch's two-sample t-test used for 
pairwise comparisons [40]. The Kruskal-Wallis nonparametric test was used 

when only the normality assumption was violated, in which case the 
Wilcoxon-Mann-Whitney test was used for pairwise comparisons. The 
Benjamini and Hochberg method for maintaining the false discovery rate at 

5% was used to adjust for multiple comparisons [41]. Differences were 
considered significant at p <0.05.  All data are expressed as mean ± SE. 

Bioinformatic analyses were performed as previously described [2]. Samples 
were rarefied to 12,000 reads, and alpha- (i.e., richness) and beta-diversity 
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(i.e., weighted and unweighted UniFrac distances) were subsequently 
quantified using the core_diversity_analyses.py script in QIIME. Statistical 

analyses were conducted in R. The coin package was used to implement 
robust statistical tests and identify differences in the gut microbiome 

communities of sham and OVX rats (i.e., Wilcoxon tests). For OTU level 
analyses, OTUs were filtered based on presence in three or more samples. 

False discovery rates were quantified using Bonferroni corrections for 
phylum level tests, and the q-value software package was used for remaining 

comparisons at the taxonomic level. Data analysis was performed using R 
version 2.12 

 

Results 

Dietary nitrate intakes 

Average daily nitrate intakes for each group are shown in Table 1. 

There were no differences in average daily nitrate intake from food between 
sham, OVX vehicle, LDN, or HDN groups. Total daily nitrate intakes were not 

significantly different between OVX and sham, while LDN and HDN groups 
had significantly higher total nitrate intake compared to OVX vehicle.  

 

Effects of dietary nitrate on blood nitrate and nitrite levels 

The effects of OVX and dietary nitrate supplementation on blood 
nitrate and blood nitrite levels are summarized in Figure 2. There were no 

significant differences in blood nitrate levels between OVX vehicle and sham 
controls (Figure 2A). The LDN and HDN groups had significant increases in 

blood nitrate compared to OVX vehicle. There were also no significant 
differences in blood nitrite levels between OVX vehicle and shams (Figure 

2B). There were no significant differences in blood nitrite levels in LDN group 
compared to vehicle, while the HDN group had significantly higher blood 

nitrite levels compared to OVX vehicle and LDN groups.  
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Effects of dietary nitrate on food and water intake, body weight, uterine 

weight, and abdominal white adipose tissue weight  

Average daily food and water intake, body weights, uterine weights, 
and abdominal white adipose tissue (WAT) weights for each group are shown 

in Table 1. All OVX groups had significantly increased body weight and 
decreased uterine weight compared to sham controls with no differences 

observed between OVX, LDN, and HDN groups. There were no significant 
differences in food intake between OVX and sham, or OVX vehicle, LDN, and 
HDN groups. There were no observed differences in WAT weights between 

groups. 
 

Effects of ovariectomy on bone 

The effects of OVX on bone mass and architecture are summarized in 

Table 2. Significant differences in tibial bone area, BMC, or BMD were not 
detected between OVX and sham controls (Table 2). In the proximal tibia 

metaphysis, OVX resulted in significantly lower BV/TV, trabecular number, 
and trabecular separation and no differences in trabecular thickness. In the 

proximal tibia epiphysis, OVX resulted in significantly lower BV/TV and no 
significant differences in OVX on trabecular number trabecular separation, or 

trabecular thickness compared to sham. Significant differences in cortical 
endpoints (cross-sectional area, cortical area, marrow area, or cortical 

thickness) were not detected between OVX and sham.   
Histological analyses of proximal tibia metaphysis revealed the OVX 

vehicle group had significantly higher mineral apposition rate, mineralizing 
perimeter, bone formation rate, and osteoclast perimeter compared to sham 

controls (Figure 3A-D). OVX vehicle had significantly higher osteocalcin levels 
compared to sham controls (Figure 3E). No significant differences in CTx 

levels between OVX vehicle and sham were observed (Figure 3F)  
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Effects of dietary nitrate supplementation on bone in ovariectomized 

rats 

The effects of dietary nitrate supplementation on bone are 
summarized in Table 2. Significant differences in tibial BMC, bone area, or 

BMD were not detected between OVX rats treated with vehicle, LDN, or 
HDN. Significant differences in cancellous bone (BV/TV, trabecular number, 

trabecular thickness, and trabecular separation) were not observed among 
treatment groups. Similarly, significant differences in cortical endpoints 
(cross-sectional volume, cortical volume, marrow volume, or cortical 

thickness) were not detected among OVX rats treated with vehicle, LDN, or 
HDN. Histological analyses of proximal tibia metaphysis revealed there were 

no significant differences in mineral apposition rate, mineralizing perimeter, 
or bone formation rate between OVX vehicle, LDN, or HDN groups (Figure 

3A-D). Significant differences in cortical endpoints (cross-sectional area, 
cortical area, marrow area, or cortical thickness) were not detected between 

OVX, LDN, and HDN groups. 
 

Effects of dietary nitrate supplementation on serum biochemical 

markers of bone remodeling 

The effects of OVX and dietary nitrate supplementation on serum 
biochemical markers of bone resorption (CTx) and bone formation 

(osteocalcin) across treatment groups are show in Figures 3E and 3F. There 
were no significant differences in osteocalcin or CTx levels between OVX 

vehicle group, LDN, or HDN. 
 

Effects of ovariectomy and dietary nitrate supplementation on fecal 

microbiota composition 
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In order to identify possible gut microbiota signatures with OVX or 
dietary nitrate, we compared the gut microbiota composition of sham rats to 

OVX rats treated with vehicle, LDN, or HDN. We first assessed the 
intersample diversity between the sham and OVX rats. We used UniFrac, 

which normalizes intersample taxonomic differences by the phylogenetic 
diversity of the microbial lineages observed in the samples (i.e., samples 

containing more phylogenetically similar taxa produce a relatively lower 
distance). A principal coordinates analysis (PCoA) of fecal samples based on 

their weighted UniFrac distances reveals that samples weakly but 
significantly cluster by OVX status, as supported by a permutational 

multivariate analysis of variance (R2 = 0.17, p = 0.017) (Figure 4). This finding 
suggests the sham and OVX rats exhibit microbial communities with different 

evolutionary histories. These results are qualitatively consistent with those 
obtained using unweighted UniFrac and indicate that there are distinct 

phylogenetic differences in the gut microbiome between sham and OVX rats. 
We did not observe any clustering between OVX vehicle, LDN, or HDN 

groups based on UniFrac distances. 
We then explored the structure of these communities at various 

taxonomic levels to understand potential taxonomic signatures that may 
stratify samples based on OVX status. Using 16S rRNA ribosomal genes as a 
marker, sequences were clustered into operational taxonomic units (OTUs) 

using a threshold of 97% sequence similarity from the GreenGenes database 
[42] using the QIIME open-reference OTU-picking protocol. OTUs were then 

taxonomically annotated using UCLUST. As expected, given prior 
characterizations of the rodent gut microbiome, all rats were dominated by 

the phyla Bacteroidetes and Firmicutes [43,44]. We found marginally 
significant increases in Proteobacteria abundance in the OVX rats (Bonferroni 

adjusted p = 0.052), whereas Firmicutes were more abundant in the sham 
rats (Bonferroni adjusted p = 0.015). We also observed a trend of increased 
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abundance of Bacteroidetes in OVX animals. At the family level, 
Bacteroidaceae, Erysipelotrichaceae, and Alcaligenaceae were lower in OVX 

(q < 0.20). The genera Bacteroides and Sutterella were also lower in the OVX 
rats (q < 0.20). Consistent with our analysis at the phylogenetic level, we did 

not observe any significant differences in gut microbiome communities 
between OVX vehicle, LDN, or HDN groups at the taxonomic level. 

 

Discussion 

The effects of dietary nitrate on bone were evaluated in a rat model of 
OVX-induced bone loss. Three weeks of dietary nitrate supplementation in 

water at 0.1 mmol nitrate/kg bw/day or 1.0 mmol nitrate/kg bw/day had no 
effect on tibial cancellous or cortical bone mass and architecture or 

histomorphometric indices of bone formation or resorption in OVX rats. 
Furthermore, increased dietary nitrate had no significant effect on serum 

biochemical markers of bone turnover. Blood concentrations due to nitrate 
supplementation were comparable to other rodent studies using similar 

doses [13], indicating that lack of an effect was not due to insufficient nitrate 
supplementation.  

We are not aware of prior animal studies investigating dietary nitrate 
effects on bone mass and turnover. In vitro evidence on dietary nitrates and 

bone is also scarce. We are aware of one study ascribing estrogenic activity 
to the nitrite anion in an in vitro transcription assay [45]. The relationship 

between NO and bone physiology is complex. Osteoclasts and osteoblasts 
both constitutively express the endothelial isoform of nitric oxide synthase 
(eNOS), implying a role for NO in bone metabolism. Exogenous nitrates, such 

as nitroglycerin, may influence bone cells indirectly as NO donors, inducing 
local vasodilation. The molecular targets for NO action in bone cells are 

poorly understood. In vitro work suggests that NO has biphasic effects on 
both osteoclasts and osteoblasts, demonstrating the ability to stimulate and 
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inhibit cell activity depending on the amount of NO present, as well as which 
NOS isoform is producing NO [46–48]. Nitrates may also have direct action 

on osteoclasts and osteoblasts. NO may influence osteoclast activity, in part, 
via the receptor activator of NF-kappaB ligand (RANKL)/osteoprotegerin 

(OPG) pathway. High levels of NO stimulate OPG, which binds to RANKL and 
prevents the binding of RANKL to the receptor activator of NF-kappaB 

(RANK), decreasing osteoclast activity [49]. eNOS global knockout animals 
demonstrate lower BMD, bone formation, and osteoblast activity; with little 

to no effect on bone resorption, suggesting NO may be important for 
osteoblast function [50,51]. Previous research shows NO synthesis is 

induced in osteoblasts and osteocytes by mechanical strain and shear stress 
[52–55].  

Aging is associated with decreased eNOS-dependent NO synthesis 
and endothelium-dependent vasodilation [14]. Reduced cofactor availability 

for eNOS can decrease NO production [15].  Previous reports show that OVX 
rats have significantly lower plasma NO metabolite [NOx; plasma 

nitrate+nitrite] levels compared to sham controls [56]. In postmenopausal 
women receiving hormone replacement therapy (HRT), plasma NOx levels 

are positively correlated with estrogen status [57]. Thus, age-associated 
decreases in NO production may contribute to osteoporosis risk. In the 
current study, we did not observe a significant decrease in either blood 

nitrate or nitrite levels in OVX controls compared to sham.  
 

Studies in OVX rats show organic nitrates slow bone loss by reducing 
bone turnover [18–20]. Human data investigating organic nitrate effects on 

bone are generally concordant with the animal data, but there are conflicting 
results. A randomized controlled trial to study the effects of nitroglycerin 

ointment compared to oral estrogen in oophorectimized women 
demonstrated that nitroglycerin’s efficacy in preserving BMD was equivalent 
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to a standard estrogen dose [21]. Furthermore, nitroglycerin significantly 
decreased NTx (bone resorption) and increased serum osteocalcin and 

serum bone-specific alkaline phosphatase (bone formation) [21].  As a follow-
up study, a randomized controlled trial conducted in postmenopausal 

women reported equivalent effects of isosorbide mononitrate (20 mg/day) or 
alendronate (70 mg/week) on lumbar BMD after 12 months of treatment [22]. 

This suggests organic nitrate is able to increase BMD and slow bone 
turnover in humans. However, the Phase III clinical trial NOVEL, evaluating 

effects of NTG on lumbar spine BMD in postmenopausal women, found no 
significant differences between the NTG and control group after two years of 

intervention [23]. The research group reports that poor compliance and 
suboptimal dose (22.5 mg NTG/day) likely explain the null findings. Further, 

most patients were taking <15 mg active NTG per day, far below the 
proposed therapeutic window for bone. Given the inconsistent results, side 

effects, and non-compliance, it is not clear if organic nitrates are a suitable 
treatment for osteoporosis. 

 
We did not observe significant effects of dietary nitrate on bone 

density, turnover, or microarchitecture in the OVX rat. Several reasons might 
explain why dietary nitrate does not affect the ovx rat skeleton in a manner 
similar to organic nitrates. Although both organic and inorganic nitrates 

mediate their principal effects through NO, there are many notable 
differences. Inorganic nitrates are small, water-soluble ions present in the 

diet and produced endogenously by oxidation of NO, while organic nitrates 
are synthetic and structurally more complex [58]. These structural 

differences, together with pharmacokinetic differences, may contribute to the 
observed differences in animal studies.  
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Dietary nitrates rely on lingual reduction of salivary nitrate via 
enterosalivary circulation [59], while organic nitrates do not use this pathway. 

Biotransformation of organic nitrates is not fully understood and can vary 
widely with the class of organic nitrate [60]. Organic nitrates typically 

undergo liver first-pass metabolism; however, the exact mechanism of 
denitration (release of NO) in the vasculature or different tissue sites remains 

a matter of debate [61,62]. Also, the pharmacodynamics of each compound 
must be considered. Organic nitrates have potent acute effects, while 

inorganic nitrate’s effects are more subtle and dependent on certain 
conditions [i.e., pH, oxygen tension] [58]. Thus, differential metabolism may 

explain why dietary nitrate does not affect the ovarian hormone-deficient 
skeleton in an analogous manner to organic nitrates. In humans, the form of 

nitrate supplemented may alter efficacy. For instance, vegetable juices were 
more efficacious in blood pressure lowering in humans than sodium nitrate 

[63]. In the current study, we supplemented sodium nitrate in water. While we 
demonstrate that this has no effect on bone, it remains unknown if nitrate-

rich foods have a beneficial effect on the osteoporotic skeleton. 
We observed differences in the community structure of the 

microbiome between sham and OVX rats. We also identified specific taxa 
that stratify OVX and sham animals. Here, we observed increased Firmicutes 
abundance in OVX compared to sham (p = 0.015), as well a non-significant 

decrease in Bacteroidetes (p = 0.12). A similar observation was made in OVX 
rats bred to have low aerobic capacity [64]. Indeed, there is an accumulating 

body of literature that suggests a role for the gut microbiome in the 
regulation of bone mass. For instance, germ-free (GF) mice have significantly 

increased bone mass compared to conventionally raised mice [65]. Further, 
OVX GF mice are protected from both cancellous and cortical bone loss [25] 

. The microbiome’s effects on bone mass may be mediated via alteration of 
the immune system and regulation of osteoclastogenesis [25]. This evidence 
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suggests a putative role of the gut microbiome in the bone loss observed in 
ovarian hormone deficiency. It is unclear from our study design if these 

changes in the composition of the microbiome are related to the etiology of 
bone loss and other observed phenotypes in the OVX rat, such as weight 

gain. Future investigations are required to determine whether there is a 
causal role of the gut microbiome in bone loss in OVX [25,64,66] and to 

explore specific mechanisms by which the gut microbiome may effect bone 
metabolism in ovarian hormone deficiency. While salivary nitrate reduction to 

nitrite by nitrate reductases in lingual bacteria is one of the earliest examples 
of commensalism [13], relatively little is known about the interaction between 

dietary nitrate and the gut microbiome.  In the current study, we did not 
observe significant differences in gut microbiome communities between OVX 

vehicle, LDN, or HDN groups.  
 

In sum, we evaluated the potential of dietary nitrate, a compound 
present in large quantities in leafy green vegetables, to slow bone loss in the 

pre-clinical model for osteoporosis. In the context of OVX, dietary nitrate 
supplementation for three weeks has no effect on the skeleton, including 

bone density, turnover, or architecture. We used a variety of methods to 
evaluate this relationship, including μCT, histology, DXA, and serum markers 
of bone turnover. In addition, our investigation of the effect of dietary nitrate 

and nitrite on bone growth also revealed no effect of these dietary 
constituents on the expression of genes related to bone growth.  We also 

demonstrated that OVX alters gut microbiome composition and structure. 
However, dietary nitrate feeding had no effect on the gut microbiome in an 

OVX rat model of bone loss. Collectively, these data do not support an effect 
of increasing dietary nitrate on reducing bone loss in an OVX rat model.  
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Figure 2.1. Regions of interest analyzed in the tibia using microCT.  
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Figure 2.2 a) OVX had no effect on blood nitrate levels and increasing dietary 

nitrate resulted in increased blood nitrate levels and b) OVX had no effect 
on blood nitrite levels compared to sham, while significantly increased 
blood nitrite levels were observed in the OVX-HDN treatment group. OVX, 
ovariectomized; LDN, low-dose nitrate 0.1 mmol sodium nitrate kg/day; 
and HDN, high-dose nitrate 1 mmol sodium nitrate kg/day. Data 
represent means ±SE (n=10 rats/group). *Differences were considered 
significant at Benjamini-Hochberg adjusted p < 0.05. 
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Figure 2.3. a) Dietary nitrate had no effect on a) mineral apposition rate (MAR), b) 

mineralizing perimeter (mineralizing bone/bone perimeter, M.Pm/B.Pm),  c) bone 
formation rate (bone formation rate / bone perimeter, BFR/B.Pm), or d) 
osteoclast perimeter (osteoclast perimeter / bone perimeter, Oc.Pm/B.Pm) in the 
proximal tibia metaphysis of ovariectomized Sprague Dawley rats as determined 
by histology; Dietary nitrate had no effect on serum biochemical markers of e) 
bone formation (Osteocalcin), and f) bone resorption (CTx). OVX, 
ovariectomized; LDN, low-dose nitrate 0.1 mmol sodium nitrate kg/ day; and 
HDN, high-dose nitrate 1 mmol sodium nitrate kg/ day. Data represent means 
±SE (n=10 rats/group). *Differences were considered significant at Benjamini-
Hochberg adjusted p < 0.05.  
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Figure 2.4. Principal coordinates analysis using weighted UniFrac distance 
on 16S sequences from fecal microbiota of sham (blue) and OVX (red) 
rats showing there are distinct phylogenetic differences in the gut 
microbiome between sham and OVX rats (Adonis, R2 = 0.17, p =0.017). 
Points represent individual rats. Ellipses represent 95% confidence 
intervals. 
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Abstract  
Menopause is an estrogen-deficient state that is associated with increased 
bone loss, weight gain, changes in body composition, alterations in lipid 

profiles, and oxidative stress. As a result, postmenopausal women are at 
high risk for osteoporosis and subsequent fractures, and are at increased 

risk of obesity, cardiovascular disease, and colorectal cancer. While ample 
data supports evidence of metabolic shifts associated with menopause that 

lead to metabolic dysfunction in liver, bone, and adipose tissue, there is a 
dearth of information regarding these metabolic shifts in the colon. 

Previously, we observed changes in the structure of gut microbiome as a 
result of ovariectomy (OVX) in rats; Given the described interaction between 

bugs and colonic tissue, we anticipated there would be concordant changes 
in the colon metabolic profile. As such, we employed a high-resolution 

proton nuclear magnetic resonance spectroscopy (1H-NMR) to describe the 
colonic metabolic phenotype, or metabotype, of the OVX rat model to 
determine the biochemical consequences of ovarian hormone deficiency on 

the colon. Here, we show that, relative to sham controls, OVX rat colons 
have higher levels of glycerophosphocholine, hypotaurine, taurine, glycine, 

glutamate, glutamine, glycine, tyrosine, phenylalanine, alanine, and branched 
chain amino acids. These observations indicate alterations of the methylation 

and transsulfuration pathways that may be indicative of hyperosmotic and 
oxidative stress in OVX rat colon. Our results demonstrate the metabolic 

effects of ovarian hormone deficiency may extend to the colon.  
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Introduction  

Menopause is defined as the permanent termination of menstruation 
due to diminished ovarian production of female hormones, particularly 

estrogen and progesterone[1]. The postmenopausal deficiency in circulating 
ovarian hormones is accompanied by major metabolic shifts, such as 
increased bone loss, weight gain, changes in body composition, alterations 

in lipid profiles, and oxidative stress [2,3]. As a result, postmenopausal 
women have a high risk for osteoporosis and subsequent fractures, as well 

as increased risks for obesity, cardiovascular disease, and colorectal cancer 
[4,5,2,6]. 

Animal models of ovarian hormone deficiency, such as ovariectomy 
(OVX), demonstrate ovarian hormones’ extensive actions across multiple 
tissues in health and disease. For instance, ovarian hormone deficiency is 

associated with dramatic shifts in lipid, amino acid, and glucose metabolism, 
and the promotion of metabolic dysfunction in liver, bone, and adipose tissue 

[2,7,8]. Since ovarian hormones are involved in multiple pathways, clarifying 
the contribution of ovarian hormone deficiency to the pathophysiology of 

these chronic diseases presents a critical challenge. In order to address this 
issue, an improved understanding of the systemic and tissue-specific effects 

of ovarian hormone deficiency and the contribution of ovarian hormones to 
energy balance is needed. While metabolic dysregulation is associated with 

colonic metabolic shifts, the putative role of ovarian hormone loss needs to 
be clarified (cite). 

Colonic metabolic processes include reabsorption of water and 

nutrients, and motility. The effects of ovarian hormone loss on these gut 
metabolic processes are unknown. From a clinical perspective, 

postmenopause is associated with gastrointestinal symptoms, including 
abdominal pain, altered bowel movements, bloating, and flatulence 
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[11]. Clarifying the metabolic state of the colon in an ovarian hormone-
deficient model may explain the metabolic determinants that are associated 

with these observations. We have previously reported that OVX rats exhibit 
differences in gut microbiome structure relative to sham surgical controls 

(Conley et al., submitted manuscript). The gut microbiome has been 
demonstrated to affect energy metabolism through facilitating the absorption 

of complex carbohydrates (fiber breakdown) through fermentative processes, 
influencing the homeostasis of amino acids, and modifying bile acids [9,10]. 

Prior work has clarified the important role of microbiome-produced 
metabolites in mammalian physiology and their responses to host-derived 

metabolism. Given these described interactions, and our described effects of 
OVX on the microbiome, we hypothesize that the colonic metabolic profile is 

also different in OVX relative to sham controls. 

Metabonomic approaches combining spectroscopic profiling 
techniques with pattern recognition analysis have proved useful in the 

assessment of metabolic alterations in various disease states. This approach 
has revealed metabolic fingerprints associated with a number of diseases, 

such as obesity, diabetes, and inflammatory bowel disease [15–20]. Complex 
interactions between estrogen, host metabolism, and gut microbial 

metabolism  suggest that tissues in addition to serum and urine must be 
examined to clarify the mechanistic underpinnings of ovarian hormone 

deficiency and associated disease risk. Insufficient data are available from 
tissue-based studies using NMR-based platforms in estrogen-deficient 

models. Metabonomic studies in OVX rats, a model for osteoporosis, and 
postmenopausal women have demonstrated major metabolic shifts in serum, 

plasma, and urine as a result of ovarian hormone deficiency [21–24]. To our 
knowledge, metabonomics have not been used for investigating the 

metabolic phenotype observed in the postmenopausal colon. 
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In this study, we employed a high-resolution proton nuclear magnetic 
resonance spectroscopy (1H-NMR) approach to investigate the colonic 

metabolic phenotype, or metabotype[25], of the OVX rat model to determine 
the biochemical consequences of ovarian hormone deficiency on the colon. 

Materials and Methods 

Animals, experimental design, and sample collection 

A total of 20 six-month-old female Sprague Dawley rats (10 
ovariectomized (OVX) and 10 sham-operated (sham) at 5.5 month of age) 

were purchased from Charles River Laboratory (Hollister, CA), and used in 
the experiment. Food (TD.2018 chow, Teklad Lab Animal Diets) was 

provided ad libitum to all animals.  The rats were housed individually and 
maintained on a 12 h light: 12 h dark cycle for the duration of study (three 

weeks). The experimental protocol was approved by the Institutional Animal 
Care and Use Committee at Oregon State University, and the animals were 

maintained in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals. 

 
Food and water consumption and body weight were measured twice 

a week. All rats were fasted overnight, then anesthetized with 2–3% 

isoflurane delivered in oxygen, and death was induced by exsanguination 
from the heart. Blood and serum were collected and stored at −80 °C. Whole 

colons were excised, placed in foil, and frozen in liquid nitrogen. Uteri and 
abdominal white adipose tissue (WAT) were excised and weighed.  

 
1H-NMR spectroscopy 

Whole colon was measured from top to bottom and a one centimeter 
section from the midpoint was cut for 1H-NMR spectroscopic analyses. 

Colon samples were homogenized and extracted in methanol/water (1:1), as 
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previously described [26]. The supernatant containing the aqueous phase 
was collected, concentrated through evaporation in a vacuum concentrator 

at 45C for three hours, and dissolved in 600 µL of phosphate buffer in D2O 
with 0.1% 3-(Trimethylsilyl) [2,2,3,3-2H4] propionic acid (TSP). 550 µL were 

used for analysis by NMR spectroscopy. All 1H NMR spectra were acquired 
on a Bruker Avance 700 MHz Spectrometer (Bruker Analytische GmbH, 

Rheinstetten, Germany) operating at 700.19 MHz and equipped with a 5 mm 
CryoProbe® from the same manufacturer. All spectra were acquired using a 

standard 1-dimensional pulse sequence (noesypr1d) with water suppression 
applied during recycle delay of 5 s, a mixing time of 100 ms and a 90º pulse 

set at 14.33 μs. Total acquisition time was 3.34 s. For each spectrum, a total 
of 128 scans were accumulated into 32K data points with a spectral width of 

9803.9 Hz. 2D NMR spectra (COSY) were performed on selected samples 
using the same equipment to facilitate metabolite identification. The FIDs 

were multiplied by an exponentional function corresponding to 0.3 Hz line 
broadening. All spectra were manually phased and calibrated to the chemical 

shift of TSP (δ0.00) in MestReNova (Mestrelab Research S. L., Spain, version 
10.0.1). Baseline was automatically corrected using the Whittaker smoother 

algorithm implemented in the same software. Metabolites were assigned 
using data from the literature and the Chenomx and Biological Magnetic 
Resonance Bank (BMRB) databases. 

 

Statistical analyses  

Mean responses of individual variables were compared between sham 

and OVX with Welch's two-sample t-test used for pairwise comparisons [27]. 
The nonparametric Wilcoxon-Mann-Whitney test was used for pairwise 

comparisons when the normality assumption was violated. The Benjamini 
and Hochberg method for maintaining the false discovery rate at 5% was 
used to adjust for multiple comparisons [28].  Data analysis was performed 
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using R version 2.12. Differences were considered significant at P < 0.05.  All 
data are expressed as mean ± SE. 

 
Multivariate data analysis 

All NMR spectra were digitalized and imported to Matlab (version 

R2015, Mathworks) for statistical analysis. The spectra range 0.5 to 9 ppm 
was used for analysis. Initially, Principal Component Analysis (PCA) was 

performed on mean-centered and unit variance scaled data to visualize the 
general structure of the dataset. Differences between sham and OVX in 1H-

NMR were investigated by orthogonal partial least-square discriminant 
analysis (OPLS-DA) models, where the data matrix was regressed against a 

dummy matrix of ones and zeroes indicating sham or OVX [29]. The models 
were evaluated by assessment of the cross-validated scores from the model 

based on seven-fold cross-validation (data were mean-centered and scaled 
to unit variance before modeling).  
 

To aid interpretation, the OPLS coefficients were plotted into a 
spectral domain using the back-scaling method [30]. Using this method, the 

weights of each variable are back-scaled to their initial metric of the data and 
then the shape of NMR spectra and the sign of the coefficients are 

preserved. However, the weights of the variables can still be compared using 
a color code corresponding to the square of the actual OPLS coefficients. By 

construction, the OPLS coefficients are directly proportional to the 
correlation coefficients between the discriminant axis and the NMR data. For 

this reason, the square of the coefficients can be represented in terms of 
correlation after applying the same corrective factor to all coefficients, 

allowing by this way an estimation of the amount of variance of each NMR 
variable involved in the discrimination.  
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Results 

Effects of ovariectomy on food intake, body weight, uterine weight, and 

abdominal white adipose tissue weight 

Average weekly food intake, body weights, uterine weights, and 
abdominal white adipose tissue (WAT) weights for both groups are 

summarized in Figure 1. OVX group had significantly increased food intake, 
body weight, and WAT weight compared to sham controls. This is consistent 

with the key role played by estrogens on appetite regulation and energy 
metabolism [31]. OVX group also had significantly reduced uterine weights 

compared to shams.  
 

Colon 1H-NMR spectroscopy profiles 

Estrogen affects metabolism in multiple tissues, such as bone, liver, 

and adipose. The physiological role of estrogen in the colon remain to be 
elucidated. Thus, we evaluated colon 1H-NMR spectroscopy profiles of sham 

controls and OVX rats to provide insight into potential roles of ovarian 
hormones on colon metabolism. Spectra from colonic tissue extracts contain 
prominent signals from metabolites representing numerous metabolic 

pathways. Typical spectra obtained from a sham and OVX rat are displayed 
in Figure 4A and 4B, and Table I shows the NMR assignment and 

corresponding resonance multiplicity.  
 

Score plots from principal component analysis (PCA) suggest distinct 
metabolic differences in the colon between sham and OVX rats, captured by 

the first two principal components representing a total variance of 57% 
(Figure 2). Each point represents an individual rat colon metabolome. This 

indicates that within-group variation is less than between-group variation, 
implying distinct metabolic differences within the colon between sham and 
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OVX rats. Our results indicate that OVX induced marked metabolic changes 
in the rat colon. 

 
In order to evaluate which metabolic changes were characteristic of 

OVX, we constructed orthogonal projection to latent structure discriminant 
analysis (OPLS-DA) models derived from the NMR-based metabolic profiles 

of the colons of sham and OVX rats, as described in Materials and Methods. 
Pairwise comparison models of colonic metabolic profiles were used to 

compare sham and OVX groups. The OPLS-DA regression model is 
displayed in Figure 3. We observed colonic metabolic adaption as a result of 

OVX, as indicated by the OPLS-DA scores, Q2Y= 0. 52, R2Y=0.81, and R2X= 
0.35.  

 
The colon 1H-NMR profiles were characterized by high levels of 

glutamate and lactate. The colonic profiles also displayed patterns similar to 
those observed in human colon biopsies [32] (Figure 4A and B). Aqueous 

extract profiles of colon tissue from OVX rats were markedly different from 
those from sham rats (Figure 4C). The metabolite profile of the OVX rat colon 

was mainly characterized by higher levels of branched chain amino acids, 
glycerophosphocholine, hypotaurine, taurine, alanine, glutamate/glutamine, 
glycine, tyrosine, and phenylalanine compared to sham rats. The statistical 

model built from all colon spectra displayed five outliers, two from the sham 
group and three from the OVX group (data not shown). These highly diluted 

samples were removed from the subsequent analysis and the model was 
recalculated with eight individuals in the sham group against seven 

individuals in the OVX group.  
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Discussion 

Ovarian hormone deficiency causes metabolic dysregulation. 
Consequently, postmenopausal women have increased risks for obesity, 

cardiovascular disease, and osteoporosis. Emerging evidence suggests the 
colon is a highly metabolic organ, which is largely due to metabolic 
processes of colonic gut bacteria [33]. We previously observed changes in 

the gut  microbiome in an OVX-induced model of ovarian hormone deficiency 
(Conley, submitted manuscript). Adverse physiological changes to the colon 

are associated with chronic diseases that present increased risk in 
postmenopause, such as obesity, cardiovascular disease, and metabolic 

syndrome [34–37]. It is thus critical to understand how metabolic 
dysregulation observed in OVX affects the metabolic state of the colon. 

However, the metabolic state of the colon in ovarian hormone deficiency has 
not been described. In part due to the complicated nature of understanding 

colon metabolism given it is a function of host physiological and gut 
microbiomic processes. Here, we gained new insights into the impact of 

ovarian hormone deficiency on colon metabolism. 
 

We characterized the colon metabotypes of sham and OVX rats using 
1H-NMR spectroscopy and found that sham and OVX rats have distinct colon 

metabolic fingerprints (Figure 4). Our results agree with OVX metabonomics 
studies of serum and plasma that associated ovarian hormone deficiency 

with shifts in metabolites involved in amino acid metabolism [21,23,24,38]. 
We also report alterations of the methylation and transsulfuration pathways, 
indicative of hyperosmotic and oxidative stress in OVX rat colon, likely 

associated with increased gut permeability, as previously shown [39]. 
Compared to sham controls, OVX rat colons have higher levels of 

glycerophosphocholine, hypotaurine, taurine, glycine, glutamate, glutamine, 
glycine, tyrosine, phenylalanine, alanine, and branched chain amino acids. 



 64 

This shows the metabolic effects of ovarian hormone deficiency extend 
beyond major metabolic organs to the colon.  

 

Alteration of colonic methylation pathway in OVX rats 

Figure 5 describes the methylation pathway and the transsulfuration 
pathway for taurine and glutathione (GSH) synthesis. Metabolites in the 

methyl pathway transfer a methyl group from a methyl donor (i.e., betaine) by 
synthesizing S-adenosylmethionine (SAM), which donates a methyl group to 

a methyl acceptor in many biochemical reactions. SAM loses a methyl group 
to form S-adenosylhomocysteine (SAH), and SAH is hydrolyzed to release 

homocysteine. Homocysteine is either remethylated to enter the methylation 
pathway again via methionine or conjugated to serine to form cystathionine, 

the cysteine precursor. Cysteine has two fates: (i) under normal conditions, 
most cysteine is used in glutathione synthesis; (ii) when cysteine levels rise, 

the cysteine dioxygenase (CDO) is upregulated to detoxify cysteine into 
hypotaurine. Both glutathione and hypotaurine are known to be potent 

hepatic antioxidants and act as scavengers of reactive oxygen species (ROS) 
generated by oxygenases and lipid β-oxidation [40–42].  

 
We observe changes of the methylation pathway in the OVX rat colon. 

Specifically, higher concentrations of glycine and glycerophosphocholine 
(GPC) are observed in colon profile of OVX rats compared to controls. 

Increased glycine production from choline is the likely source of methyl that 
contributes to increased GPC levels. Elevated homocysteine levels observed 
in ovarian hormone deficiency may also be contributing to increased 

conversion of choline to glycine, and GPC production [43]. Upregulation of 
this pathway may deplete choline status in ovarian hormone deficiency. This 

suggests that plasma homocysteine levels are influenced by choline status. 
Further, choline supplementation reduces plasma homocysteine levels [44].  
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Estrogen regulates phosphatidylethanolamine N-methyltransferase (PEMT) 
activity, the enzyme responsible for conversion of phosphatidylethanolamine 

(PE) to phosphatidylcholine (PC), and expressed in multiple tissues, including 
the colon [45]. Therefore, it has been suggested that postmenopausal 

women may have higher dietary requirements for choline, as they have a 
higher risk of becoming choline deficient, compared to pre-menopausal 

women, due to limited PC production [46,47]. Our data suggest that 
increased conversion of choline to glycine may also contribute to the 

increased choline demand in ovarian hormone deficiency. These alterations 
to the methylation pathway in the OVX rat colon appear linked to subsequent 

upregulation of the transsulfuration pathway, suggesting adaptation to 
oxidative stress. 

 

Alteration of colonic transsulfuration pathway in OVX rats 

High concentrations of hypotaurine and taurine are seen in the OVX 
rat colon, indicating colonic oxidative stress. This is consistent with previous 

literature that ovarian hormone deficiency increases oxidative stress in 
multiple tissues, such as endothelium, bone, heart, kidney, eye, and brain, 

and in many cases estrogen treatment reduces oxidative stress [48–54] . As 
described above, the transsulfuration pathway converts cysteine to 

hypotaurine and glutathione. Hypotaurine is an osmotic regulator and potent 
antioxidant that scavenges the reactive hydroxyl radical [41,42]. Thus, 

hypotaurine is produced in large quantities under oxidative stress conditions, 
as shown by recent investigations demonstrating a hepatoprotective role of 

hypotaurine against oxidative injury [55,56]. High hepatic concentrations of 
hypotaurine’s end product, taurine, are seen in ovarian hormone deficiency 

[57]. Cysteine sulfinic acid decarboxylase (CSAD) and cysteine dioxygenase 
(CDO) are two rate-limiting enzymes in the de novo synthesis of taurine from 

hypotaurine [57]. Both CSAD and CDO hepatic expression and serum taurine 
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are elevated in OVX rats, and estrogen treatment decreases their expression 
[57]. The other major end product of cysteine, GSH, is unaltered in OVX rat 

colon. While lowered GSH levels are observed in ovarian hormone deficiency 
and CDO overexpression can decrease GSH levels, the elevated levels of 

glutamate in the OVX rat colon may have supported GSH production, 
thereby compensating for GSH lost in oxidative stress and resulting in no 

overall change in glutathione levels [49,58]. It is also possible the high levels 
of hypotaurine compensate for glutathione. The stable glutathione levels and 

high levels of glycine, an essential amino acid for GSH synthesis, suggest a 
perturbed gamma-glutamyl cycle and further argue for altered cysteine 

metabolism in the OVX rat colon [59].  
 

Taken together, the increases in hypotaurine and taurine, concomitant 
with the increased levels of glycine and GPC, in OVX rats can be interpreted 

as a signature of a colonic compensatory mechanism to neutralize oxidative 
stress. This alteration to the methylation and transsulfuration pathways is 

likely an adaptive mechanism in hyperosmotic stress, as the upregulated 
metabolites are osmolytes. 

 

Hyperosmotic stress in the OVX colon 

An imbalance between extracellular and intracellular fluid osmolarity 
affecting osmotic pressure is the underlying cause of osmotic stress [60]. 

Increased extracellular osmolarity caused, for example, by sodium chloride 
(NaCl), induces hyperosmotic stress and has many damaging effects on cells 

by promoting water efflux from the cell, triggering cell shrinkage, and 
increasing oxidative stress [61]. The ability to regulate and preserve distinct 

solutes in the intracellular and extracellular microenvironments is crucial to 
maintain cellular homeostasis. The loss of intracellular water due to 
hyperosmotic stress adversely affects protein structure and function, 
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including enzyme activity [42]. Cells have several adaptive response 
mechanisms to counter hyperosmotic stress and restore osmotic 

equilibrium, including the induction of genes involved in the synthesis and 
transport of osmolytes [62]. This strategy is referred to as osmoadaptation 

and involves accumulation of osmolytes, allowing organisms to adapt to 
significant fluctuations in external osmolarity without compromising cell 

activity. Osmolytes preserve cell volume by preventing water efflux from the 
cell, stabilizing protein structures to preserve enzyme function, and restoring 

osmotic balance [42,63]. As a response to hyperosmotic stress, the 
upregulation of osmolytes also counters increased generation of reactive 

oxygen species (ROS) and oxidative stress [42,64]. Bacteria are also known 
to respond to hyperosmotic stress with upregulation of osmolytes to 

preserve cell volume, growth, and function [65].  
 

Most investigations have focused on the effects of hyperosmotic 
stress in the kidneys, which routinely face wide fluctuations in osmolarity due 

to the nature of their physiological function. Recent data indicate many non-
renal tissues encounter and respond to hyperosmotic stress. 

Hyperosmolarity has been shown to stimulate the release of pro-
inflammatory cytokines from both immune and epithelial cells. The putative 
role of hyperosmolarity in influencing intestinal epithelial production of pro-

inflammatory cytokines is supported by the hyperosmolarity observed in 
inflammatory bowel diseases. As such, increased cytokine production may 

be a functional consequence of impaired osmoadaptation of colonic cells. It 
is becoming increasingly clear that local and systemic hyperosmolarity is 

present in a variety of inflammatory disorders. Some disorders involve 
systemic hyperosmolarity (e.g., dehydration, diabetes mellitus, inflammatory 

bowel disease), and in certain inflammatory disorders, the skin, intestine, and 
cornea are sites of local hyperosmolarity. 
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We observe elevated levels of primary osmolytes, such as taurine, 

glycine, and glycerophosphocholine (GPC), in the OVX rat colon compared 
to sham, indicating hyperosmotic stress. These osmolytes are by-products 

of both bacterial metabolism and of the conversion of choline to glycine in 
the methylation pathway [66,67]. These observations likely represent 

metabolic shifts in both the host and in resident bacteria during 
hyperosmotic stress. High glycine levels are seen in osmotically stressed 

epithelial cells; this is further supported by the demonstrated increased 
conversion of choline to glycine in high salinity [68]. Similarly, bacteria 

respond to hyperosmotic stress with elevated glycine production [66,69]. 
Thus, both changes to host methylation pathways and bacterial production 

of glycine may contribute to our observations. GPC also plays a protective 
role in maintaining osmotic pressure. In the kidney, GPC synthesis is 

upregulated to defend against high-salinity conditions [70]. Conversion of 
GPC to choline occurs through both phospholipase activity and bacterial 

glycerol diesterase, GDP-D5 [71–73]. Bacteria also respond to hyperosmotic 
stress with increased GPC production through inhibition of GDP-D5 [73]. 

Altered GDP-D5 activity, as a result of hyperosmotic stress, may also explain 
the accumulation of GPC we observe in the OVX rat colon. Other osmolytes 
elevated in the OVX rat colon also play a protective role against oxidative 

stress. For instance, osmotic and oxidative stress result in the increased 
production of glutamine, an amino acid that plays a crucial role in protecting 

against oxidative stress-induced apoptosis and in numerous other defense 
mechanisms [74]. Bacteria also increase glutamine and glutamate synthesis 

during hyperosmotic stress [66,75]. Our observation of increased glutamate 
further supports a bacterial response to hyperosmotic stress, as upregulated 

glutamate and potassium (K+) are the primary response in bacteria after 
exposure to hyperosmolarity [76,77]. Taurine is the predominant osmolyte in 
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mammals and is upregulated in oxidative stress, along with its precursor, the 
antioxidant hypotaurine 59,65; the elevated levels of these metabolites in the 

OVX rat colon offer additional support to the role of hyperosmotic stress and 
oxidative stress in ovarian hormone deficiency. It is difficult to disentangle 

the relative contributions of osmoadaptation from host and bacterial 
metabolism in the current study; however, in light of prior work and our 

observations, it is likely they both contribute to observed changes in the OVX 
rat colon. 

 
Our observations of elevated oxidative stress and hyperosmotic stress also 
suggest alterations of intestinal permeability and inflammation. Oxidative 
stress and inflammatory mediators increase paracellular permeability in 
epithelial cells, but it is unclear how they are regulated [78]. Cytokines, such 
as gamma-interferon, interleukins, and TNF-alpha, appear to promote 
intestinal permeability in inflamed tissue by altering tight junction space 
[79,80]. Many conditions are characterized by local osmotic stress and 
correlate with the secretion of pro-inflammatory cytokines. It was recently 
demonstrated that hyperosmolarity contributes to both colonic inflammation 
and the exacerbation of intestinal inflammatory disease via upregulation of 
the epithelial cytokine response [81]. In colorectal epithelial cells, the 
induction of proinflammatory cytokine secretion through hyperosmolarity is 
mediated by the methylation of protein phosphatase 2A (PP2Ac). The 
methylation of PP2Ac then translocates the transcription factor NF- κB which 
regulates the synthesis of multiple cytokines [82]. Hyperosmotic stress can 
also promote intestinal permeability and inflammation in the colon by the 
induction of cytokines TNF-alpha and lymphotoxin-betain in osmotically 
stressed T cells through a process mediated by the omsoregulator, nuclear 
factor of activated T cells 5 (NFAT5) [83]. NFAT5 is activated in osmotic 
stress in many tissues and has been implicated in the response to local 
hyperosmolarity associated with local inflammation [84]. Thus, there are likely 
multiple mechanisms involved in the hyperosmotic stress response that 
contribute to inflammation and intestinal permeability. 
 

Disturbances of intestinal integrity, such as increased intestinal 
permeability and inflammation, have been reported in ovarian hormone 

deficiency [85,86]. Colon permeability is highly sensitive to circulating 
estrogens, which reinforce the intestinal epithelial barrier through ER- β-
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dependent upregulation of tight junction proteins, reducing paracellular 
space [87]. Taken together with the observations described above, elevated 

levels of antioxidants and osmolytes in the OVX rat colon may be an adaptive 
response to hyperosmotic stress, associated oxidative stress, and increased 

intestinal permeability. Impaired barrier function may have pathological 
consequences by promoting inflammatory processes. For example, 

increased permeability in the colon permits more antigen access, which can 
initiate or perpetuate inflammation and is often clinically referred to as leaky 

gut syndrome [88,89]. Leaky gut syndrome has been implicated in diseases 
associated with inflammation, such as obesity, diabetes, and osteoporosis, 

but supportive data are lacking.  Leaky gut syndrome is observed in 
inflammatory gastrointestinal diseases. For instance, the colons of Crohn’s 

and ulcerative colitis patients demonstrate increased osmolarity and 
permeability compared to healthy controls [88,90–92]. While it is established 

that intestinal permeability can influence local inflammation, the effects on 
systemic inflammation are less clear. However, one study demonstrated that 

hyperosmolarity upregulates colonic inflammation and plasma inflammatory 
marker serum amyloid A (SAA), suggesting local hyperosmolarity can 

modulate systemic inflammation [81]. Further experimentation is warranted 
to distinguish between local and systemic effects of inflammation as a result 
of colon permeability in ovarian hormone deficiency.  

 
There are many reasons that the colon may experience hyperosmotic 

stress in ovarian hormone deficiency. While intestinal permeability likely 
plays a role, the cause may be a direct or indirect consequence of ovarian 

hormone deficiency. Visceral fat accumulation and obesity also promote 
systemic inflammatory processes that may ultimately drive increased gut 

inflammation and permeability, as well as hyperosmolarity [93,94]. Increased 
food intake in the ovarian hormone-deficient rats, as others and we have 



 71 

observed, may also influence hyperosmotic stress. As hyperosmolarity is a 
postprandial response, it is possible that increased food intake contributes to 

an exaggerated hyperosmotic stress. However, it is difficult to determine the 
driving factor(s) from the current study. Further experimentation is needed to 

clarify the cause(s) of hyperosmotic stress in the colon.  
 

Conclusions 

We show that ovarian hormone deficiency influences the colon 

metabolic phenotype, inducing the upregulation of metabolites involved with 
hyperosmotic and oxidative stress. Since estrogen protects against oxidative 

stress in many other tissues, we hypothesize that ovarian hormone 
deficiency promotes oxidative and hyperosmotic stress in the colon, 

promoting intestinal permeability and elevating the inflammatory response. In 
response, the colonic transsulfuration and methylation pathways adapt by 

upregulating osmolytes and antioxidants. However, the specific causative 
agents of oxidative stress cannot be derived from our current work. Future 

work should evaluate the temporal nature of the development of the 
observed metabolic phenotype, as well as clarifying the contribution of 

specific cell types within the colon, and gut microbiomic metabolism, in the 
observed hyperosmotic and oxidative stress in OVX. Further investigation of 

the role these metabolites and processes play in the development of 
inflammation and metabolic dysregulation will yield insights into the 

physiological effects in postmenopausal women. 
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Figure 3.1. OVX results in increased food intake, body weight, and 
abdominal white adipose tissue, and reduced uterine weights; * indicates 
statistical significance. 
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Figure 3.2. PCA score plots from colon metabolomes of sham (blue) and 
OVX (red) rats suggest distinct metabolic differences in the colon between 
sham and OVX rats, captured by the first two principal components 
representing a total variance of 57%. Each point represents an individual rat 
colon metabolome.  
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Figure 3.3 OPLS-DA scores derived from the model calculated from 700-
MHz 1H-NMR spectra of colon from sham (black) and ovx (red); (1 predictive 
component plus 1 orthogonal component; Q2Y= 0. 52, R2Y=0.81, R2X= 0.35). 
T axis represents raw OPLS scores and Tcy axis represents cross-validated 
T scores. 
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Figure 3.4. 1H-NMR spectra of colonic aqueous extracts of sham (A) and 
OVX (B) rats. (C) Plot of OPLS-DA coefficients related to the discrimination 
between 1H-NMR spectra of colon from sham (top) and OVX (bottom). For 
panel C, metabolites are color coded according to their correlation 
coefficient, red indicating a very strong positive correlation (r2 > 0.7). The 
direction of the metabolite indicates the group with which it is positively 
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associated as labeled on the diagram. For identification of the peak 
numbers, refer to codes in Table I. 
 

 

 
 
Figure 3.5: Methylation pathway and its relationship with hypotaurine, taurine, 
glycine, and glycerophosphocholine. Adapted from Castro et al. 2013. Key: BHMT, 
betaine homocysteine S-methyltransferase; CDO, cysteine dioxygenase; CK, 
choline kinase; CL, cystathionine-γ-lyase; CPT, choline phosphate transferase; CS, 
cystathionine-β-synthase; CT, CTP:phosphocholine cytidylyltransferase; DG, 
diacylglycerol; GCL, γ-glutamylcysteine ligase; MAT, methionine 
adenosyltransferase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PEMT, phosphatidylethanolamine N-methyltransferase; SAH, S- 
adenosylhomocysteine; SAHH, S-adenosylhomocysteine hydrolase; SAM, S-
adenosylmethionine; HTD, Hypotaurine dehydrogenase; THF, tetrahydrofolate. 
Colored arrows represent our observations (red) and those gleaned from the 
literature to be associated with ovarian hormone deficiency (grey) and hyperosmotic 
stress (purple). 
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Code Metabolite δ 1H (multiplicity) group

1 glutamate 2.08 (m), 2.34(m), 3.75 (m)
2 glutamine 2.15 (m), 2.46 (m), 3.77 (m)
3 glycerophosphocholine 3.23 (s), 4.32 (m)
4 glycine 3.56 (s)
5 hypotaurine 2.64 (t), 3.37 (t)
6 isoleucine 0.95 (t), 1.01 (d), 1.26 (m), 1.48 (m),  1.98 (m),  3.68 (d)
7 lactate 1.33 (d), 4.12 (q)
8 leucine 0.96 (d), 1.71 (m), 3.73 (t)
9 phenylalanine 3.13, 3.28, 4.0, 7.33 (m), 7.39 (t), 7.43 (m)

10 taurine 3.27 (t), 3.43 (t)
11 tyrosine 3.06, 3.16, 3.94, 6.87 (d), 7.18 (d)
12 uracil 5.78 (d), 7.52 (d)
13 valine 0.99 (d), 1.05 (d), 2.28 (m), 3.62 (d)

The numbering/nomenclature of compounds follows the IUPAC system.
Key: s, singlet; d, doublet; t, triplet; m, multiplet; 

Table I Full 1H-NMR chemical shift data for discriminating metabolites assigned in colon tissue samples 
(note that signals for unassigned or non-significantly discriminating metabolites are not reported). 
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Chapter 4 

 
 

General Conclusions 
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The overall goals of this dissertation were to further understand the 
complex interactions between ovarian hormone deficiency, osteoporosis and 

potential dietary interventions to reduce risk of this condition. This 
dissertation takes advantage of an ovariectomized (OVX) rat model of 

estrogen-deficiency induced bone loss and an array of integrative 
techniques, including osteologic, immunological, metabonomic, microbiomic 

and bioinformatic methods to evaluate different phenotypes of the 
osteoporotic state. These approaches have allowed for the elucidation of 

physiological determinants influencing the rate of bone loss and gut-
associated changes observed in this preclinical model. In this dissertation, 

we clarified the effects of dietary nitrate, a biologically active compound 
present in large quantities in leafy greens, on the skeleton in a rat model of 

ovarian hormone deficiency-induced bone loss. This work suggests that 
dietary nitrate supplementation does not have a direct, beneficial role on the 

osteoporotic skeleton. In addition, this dissertation demonstrates an 
association between OVX status and the gut microbiome composition. These 

observations add to the increasing support that suggests a link between the 
gut microbiome and bone health. Finally, this dissertation demonstrated that 

there exist shifts in colon metabolism in OVX. These results improve our 
understanding of the effects of ovarian hormone deficiency on the colon, and 
in conjunction with the observed gut microbiome compositional shifts, have 

generated many exciting hypotheses about yet to be identified mechanisms 
that may be contributing to metabolic dysregulation observed in OVX. 

 
In Chapter 2, we evaluated the ability of dietary nitrate to slow bone 

loss in an OVX model. Previous investigations suggest that an NO donor, 
organic nitrates, can slow bone loss in this model. We demonstrated that 

dietary nitrate, which serves as a substrate for endogenous production of NO 
and other nitrogen oxide (NOx) species,does not beneficially affect bone 
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density, microarchitecture, or turnover in OVX. We used a variety of proxies 
to evaluate this relationship, including DXA, μCT, histology, and serum 

markers of bone turnover. Several reasons might explain why dietary nitrate 
does not affect the osteoporotic rat skeleton in a similar manner as organic 

nitrates. Although both organic and inorganic nitrates mediate their principal 
effects through NO, there are many notable differences. Inorganic nitrates 

are small, water-soluble ions present in the diet and produced endogenously 
by oxidation of NO, while organic nitrates are synthetic, structurally more 

complex, and require metabolic activation for bioactivity.  These structural 
differences, together with pharmacokinetic differences, may contribute to the 

observed differences in animal studies. Dietary nitrates rely on lingual 
reduction of salivary nitrate, via enterosalivary circulation, while organic 

nitrates do not use this pathway. Biotransformation of organic nitrates are 
not fully understood and can widely vary with the class of organic nitrate. 

Organic nitrates typically undergo liver first-pass metabolism, however the 
exact mechanism of denitration (release of NO) in the vasculature or different 

tissue sites remains a matter of debate. The pharmacodynamics of organic 
and inorganic nitrates are also different. Organic nitrates have potent acute 

effects while inorganic nitrate’s effects are more subtle and dependent on 
certain conditions [i.e. pH, oxygen tension]. Thus, differential metabolism 
may explain why dietary nitrate does not affect the estrogen-deficient 

skeleton in an analogous manner to organic nitrates.  
 

As a follow up investigation, we also examined the ability of dietary 
nitrate to influence bone metabolism in a growing rat model. Previous studies 

have found fruit and vegetable intake is also associated with bone health in 
earlier life stages, including adolescence. Consistent with our first 

investigation, we also observed no positive effects of dietary nitrate on bone 
metabolism in a growing model. This suggests dietary nitrate does not play a 
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direct role in the relationship between fruit and vegetable intake and bone 
health in the earlier stages of the life cycle.  Taken together, these results do 

no support a direct role for dietary nitrate in bone metabolism. 
 

As an exploratory component of the first study, we used 16S rRNA 
gene sequencing to profile the composition of fecal microbiota associated 

with sham, OVX, and nitrate treated groups to evaluate the ability of OVX or 
dietary nitrate to alter the gut microbiome structure composition. We found 

no significant changes in gut microbiome structure or composition in 
response to dietary nitrate treatment. These novel findings clarify the 

relationship of a commonly consumed dietary component and the gut 
microbiome. However, our analysis identified an association between gut 

microbiome structure and OVX status, and revealed specific groups of taxa 
whose abundance stratify sham and OVX rats, including Proteobacteria, 

Firmicutes, and Bacteroidetes. Our data demonstrates that gut microbiome 
composition is associated with OVX status. At this time, there is little known 

concerning the relationship between ovarian hormone deficiency and the gut 
microbiome, but these findings warrant further investigation of taxa 

associated with OVX status and the role of gut microbiome in health status of 
postmenopausal women.  Exploring these host-microbe interactions will be 
in important area of future research, particularly expanding our 

understanding of the role the gut microbiome may play, as a cause or 
consequence, in the major metabolic shifts observed in postmenopausal 

women. 
 

In Chapter 3, we employed a high-resolution 1H-NMR spectroscopic 
approach to investigate the colonic metabolic phenotype of the OVX rat 

model to determine the biochemical consequences of ovarian hormone 
deficiency on the colon. We found OVX rats had a distinct colonic metabolic 
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fingerprint compared to sham. Compared to sham controls, OVX rat colons 
have higher levels of glycerophosphocholine, hypotaurine, taurine, glycine, 

glutamate, glutamine, glycine, tyrosine, phenylalanine, alanine, and branched 
chain amino acids. Our results agree with OVX metabonomics studies of 

serum and plasma that associated ovarian hormone deficiency with shifts in 
metabolites involved in amino acid metabolism. We also report upregulation 

of metabolites in the methylation and transsulfuration pathways, indicative of 
hyperosmotic and oxidative stress in OVX rat colon. This is consistent with 

prior work that demonstrates ovarian hormone deficiency increases oxidative 
stress in multiple tissues, such as endothelium, bone, heart, kidney, eye, and 

brain. Here, we demonstrated similar observations in the estrogen-deficient 
colon. These results show the metabolic effects of ovarian hormone 

deficiency extend beyond the skeleton to include the colon. Taken together, 
this work suggests ovarian hormone deficiency influences the colon and the 

associated gut microbiome and supports further exploration of the role of the 
gut in postmenopausal women and associated metabolic dysfunction.  

 
The conclusions from this dissertation suggest the field could benefit 

from further analyses of the effects of OVX on both the gut microbiome and 
the colon, to explore if OVX is influencing both the gut either locally, 
systemically, or both. Additionally, the identification of host-microbe 

interactions, in the context of ovarian hormone deficiency, will be useful in 
understanding the putative role of the gut microbiome in the development of 

metabolic dysfunction observed post-menopause. The current data suggests 
that the estrogen deficient colon experiences hyperosmotic and oxidative 

stress, both indicative of increased intestinal inflammation and permeability. 
Our data are consistent with the hypothesis that some of these observed 

metabolic changes may be derived from bacterial metabolism. However, the 
precise role that the gut microbiome plays in determining the gut metabolic 
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phenotype is unknown. A deeper understanding of gut-associated changes 
in ovarian hormone deficiency will ultimately contribute to more informed 

diagnosis and treatment strategies for susceptible individuals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 85 

Bibliography 
 
[1] Randell AG, Nguyen TV, Bhalerao N, Silverman SL, Sambrook PN, 

Eisman JA. Deterioration in quality of life following hip fracture: a 

prospective study. Osteoporos Int J Establ Result Coop Eur Found 
Osteoporos Natl Osteoporos Found USA 2000;11:460–6. 

doi:10.1007/s001980070115. 
[2] Menopause and Bone Loss. J Clin Endocrinol Metab 2006;91:0–0. 

doi:10.1210/jcem.91.3.9997. 
[3] Cummings SR, Browner W, Cummings SR, Black DM, Nevitt MC, 

Browner W, et al. Bone density at various sites for prediction of hip 
fractures. The Lancet 1993;341:72–5. doi:10.1016/0140-

6736(93)92555-8. 
[4] López M, Tena-Sempere M. Estrogens and the control of energy 

homeostasis: a brain perspective. Trends Endocrinol Metab 
2015;26:411–21. doi:10.1016/j.tem.2015.06.003. 

[5] Stachenfeld NS. Sex Hormone Effects on Body Fluid Regulation. Exerc 

Sport Sci Rev 2008;36:152–9. doi:10.1097/JES.0b013e31817be928. 
[6] Stachenfeld NS. Hormonal Changes During Menopause and the Impact 

on Fluid Regulation. Reprod Sci 2014;21:555–61. 
doi:10.1177/1933719113518992. 

[7] Curtis KS. Estrogen and the central control of body fluid balance. Physiol 
Behav 2009;97:180–92. doi:10.1016/j.physbeh.2009.02.027. 

[8] Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in control 
of energy balance and glucose homeostasis. Endocr Rev 2013;34:309–

38. doi:10.1210/er.2012-1055. 
[9] Yamatani H, Takahashi K, Yoshida T, Soga T, Kurachi H. Differences in 

the fatty acid metabolism of visceral adipose tissue in postmenopausal 
women. Menopause N Y N 2014;21:170–6. 

doi:10.1097/GME.0b013e318296431a. 



 86 

[10] Rachoń D, Teede H. Ovarian function and obesity--interrelationship, 
impact on women’s reproductive lifespan and treatment options. Mol 

Cell Endocrinol 2010;316:172–9. doi:10.1016/j.mce.2009.09.026. 
[11] Writing Group for the Women’s Health Initiative Investigators. Risks and 

benefits of estrogen plus progestin in healthy postmenopausal women: 
Principal results from the women’s health initiative randomized 

controlled trial. JAMA 2002;288:321–33. doi:10.1001/jama.288.3.321. 
[12] Smith BJ, Bu SY, Wang Y, Rendina E, Lim YF, Marlow D, et al. A 

comparative study of the bone metabolic response to dried plum 
supplementation and PTH treatment in adult, osteopenic 

ovariectomized rat. Bone 2014;58:151–9. 
doi:10.1016/j.bone.2013.10.005. 

[13] Pawlowski JW, Martin BR, McCabe GP, Ferruzzi MG, Weaver CM. Plum 
and soy aglycon extracts superior at increasing bone calcium retention 

in ovariectomized Sprague Dawley rats. J Agric Food Chem 
2014;62:6108–17. doi:10.1021/jf403310q. 

[14] Johnson CD, Lucas EA, Hooshmand S, Campbell S, Akhter MP, 
Arjmandi BH. Addition of fructooligosaccharides and dried plum to 

soy-based diets reverses bone loss in the ovariectomized rat. Evid-
Based Complement Altern Med ECAM 2011;2011:836267. 
doi:10.1093/ecam/nen050. 

[15] Zafar TA, Weaver CM, Zhao Y, Martin BR, Wastney ME. Nondigestible 
oligosaccharides increase calcium absorption and suppress bone 

resorption in ovariectomized rats. J Nutr 2004;134:399–402. 
[16] Yoo H-W, Chang M-J, Kim S-H. Fermented soybeans by Rhizopus 

oligosporus reduce femoral bone loss in ovariectomized rats. Nutr Res 
Pract 2014;8:539–43. doi:10.4162/nrp.2014.8.5.539. 

[17] Britton RA, Irwin R, Quach D, Schaefer L, Zhang J, Lee T, et al. Probiotic 
L. reuteri treatment prevents bone loss in a menopausal 



 87 

ovariectomized mouse model. J Cell Physiol 2014;229:1822–30. 
doi:10.1002/jcp.24636. 

[18] Jia M, Dahlman-Wright K, Gustafsson J-Å. Estrogen receptor alpha and 
beta in health and disease. Best Pract Res Clin Endocrinol Metab 

2015;29:557–68. doi:10.1016/j.beem.2015.04.008. 
[19] Prentice A. Diet, nutrition and the prevention of osteoporosis. Public 

Health Nutr 2004;7:227–43. 
[20] Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PW, Kiel DP. 

Potassium, magnesium, and fruit and vegetable intakes are associated 
with greater bone mineral density in elderly men and women. Am J Clin 

Nutr 1999;69:727–36. 
[21] New SA, Robins SP, Campbell MK, Martin JC, Garton MJ, Bolton-Smith 

C, et al. Dietary influences on bone mass and bone metabolism: further 
evidence of a positive link between fruit and vegetable consumption 

and bone health? Am J Clin Nutr 2000;71:142–51. 
[22] Prynne CJ, Mishra GD, O’Connell MA, Muniz G, Laskey MA, Yan L, et al. 

Fruit and vegetable intakes and bone mineral status: a cross sectional 
study in 5 age and sex cohorts. Am J Clin Nutr 2006;83:1420–8. 

[23] Macdonald HM, New SA, Golden MHN, Campbell MK, Reid DM. 
Nutritional associations with bone loss during the menopausal 
transition: evidence of a beneficial effect of calcium, alcohol, and fruit 

and vegetable nutrients and of a detrimental effect of fatty acids. Am J 
Clin Nutr 2004;79:155–65. 

[24] New SA, Bolton-Smith C, Grubb DA, Reid DM. Nutritional influences on 
bone mineral density: a cross-sectional study in premenopausal 

women. Am J Clin Nutr 1997;65:1831–9. 
[25] Langsetmo L, Hanley DA, Prior JC, Barr SI, Anastassiades T, Towheed 

T, et al. Dietary patterns and incident low-trauma fractures in 
postmenopausal women and men aged ≥ 50 y: a population-based 



 88 

cohort study. Am J Clin Nutr 2011;93:192–9. 
doi:10.3945/ajcn.110.002956. 

[26] Arnett TR, Dempster DW. Effect of pH on bone resorption by rat 
osteoclasts in vitro. Endocrinology 1986;119:119–24. 

doi:10.1210/endo-119-1-119. 
[27] Bushinsky DA, Lam BC, Nespeca R, Sessler NE, Grynpas MD. 

Decreased bone carbonate content in response to metabolic, but not 
respiratory, acidosis. Am J Physiol 1993;265:F530–6. 

[28] Sebastian A, Harris ST, Ottaway JH, Todd KM, Morris RC Jr. Improved 
mineral balance and skeletal metabolism in postmenopausal women 

treated with potassium bicarbonate. N Engl J Med 1994;330:1776–81. 
doi:10.1056/NEJM199406233302502. 

[29] Mühlbauer RC, Lozano A, Reinli A. Onion and a mixture of vegetables, 
salads, and herbs affect bone resorption in the rat by a mechanism 

independent of their base excess. J Bone Miner Res Off J Am Soc 
Bone Miner Res 2002;17:1230–6. doi:10.1359/jbmr.2002.17.7.1230. 

[30] Macdonald HM, Black AJ, Aucott L, Duthie G, Duthie S, Sandison R, et 
al. Effect of potassium citrate supplementation or increased fruit and 

vegetable intake on bone metabolism in healthy postmenopausal 
women: a randomized controlled trial. Am J Clin Nutr 2008;88:465–74. 

[31] Lin P-H, Ginty F, Appel LJ, Aickin M, Bohannon A, Garnero P, et al. The 

DASH Diet and Sodium Reduction Improve Markers of Bone Turnover 
and Calcium Metabolism in Adults. J Nutr 2003;133:3130–6. 

[32] Lundberg JO, Weitzberg E, Gladwin MT. The nitrate–nitrite–nitric oxide 
pathway in physiology and therapeutics. Nat Rev Drug Discov 

2008;7:156–67. doi:10.1038/nrd2466. 
[33] Lundberg JO, Weitzberg E, Cole JA, Benjamin N. Nitrate, bacteria and 

human health. Nat Rev Microbiol 2004;2:593–602. 
doi:10.1038/nrmicro929. 



 89 

[34] Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N Engl J Med 
1993;329:2002–12. doi:10.1056/NEJM199312303292706. 

[35] Delp MD, Behnke BJ, Spier SA, Wu G, Muller-Delp JM. Ageing 
diminishes endothelium-dependent vasodilatation and 

tetrahydrobiopterin content in rat skeletal muscle arterioles. J Physiol 
2008;586:1161–8. doi:10.1113/jphysiol.2007.147686. 

[36] Yang Y-M, Huang A, Kaley G, Sun D. eNOS uncoupling and endothelial 
dysfunction in aged vessels. Am J Physiol - Heart Circ Physiol 

2009;297:H1829–36. doi:10.1152/ajpheart.00230.2009. 
[37] Riancho JA, Salas E, Zarrabeitia MT, Olmos JM, Amado JA, Fernández-

Luna JL, et al. Expression and functional role of nitric oxide synthase in 
osteoblast-like cells. J Bone Miner Res Off J Am Soc Bone Miner Res 

1995;10:439–46. doi:10.1002/jbmr.5650100315. 
[38] Ralston SH, Todd D, Helfrich M, Benjamin N, Grabowski PS. Human 

osteoblast-like cells produce nitric oxide and express inducible nitric 
oxide synthase. Endocrinology 1994;135:330–6. 

doi:10.1210/endo.135.1.7516867. 
[39] Ralston SH, Ho LP, Helfrich MH, Grabowski PS, Johnston PW, 

Benjamin N. Nitric oxide: a cytokine-induced regulator of bone 
resorption. J Bone Miner Res Off J Am Soc Bone Miner Res 
1995;10:1040–9. doi:10.1002/jbmr.5650100708. 

[40] Zheng H, Yu X, Collin-Osdoby P, Osdoby P. RANKL stimulates inducible 
nitric-oxide synthase expression and nitric oxide production in 

developing osteoclasts. An autocrine negative feedback mechanism 
triggered by RANKL-induced interferon-beta via NF-kappaB that 

restrains osteoclastogenesis and bone resorption. J Biol Chem 
2006;281:15809–20. doi:10.1074/jbc.M513225200. 

[41] Armour KE, Armour KJ, Gallagher ME, Gödecke A, Helfrich MH, Reid 
DM, et al. Defective Bone Formation and Anabolic Response to 



 90 

Exogenous Estrogen in Mice with Targeted Disruption of Endothelial 
Nitric Oxide Synthase. Endocrinology 2001;142:760–6. 

doi:10.1210/en.142.2.760. 
[42] Aguirre J, Buttery L, O’Shaughnessy M, Afzal F, Fernandez de 

Marticorena I, Hukkanen M, et al. Endothelial Nitric Oxide Synthase 
Gene-Deficient Mice Demonstrate Marked Retardation in Postnatal 

Bone Formation, Reduced Bone Volume, and Defects in Osteoblast 
Maturation and Activity. Am J Pathol 2001;158:247–57. 

[43] Klein-Nulend J, Helfrich MH, Sterck JG, MacPherson H, Joldersma M, 
Ralston SH, et al. Nitric oxide response to shear stress by human bone 

cell cultures is endothelial nitric oxide synthase dependent. Biochem 
Biophys Res Commun 1998;250:108–14. doi:10.1006/bbrc.1998.9270. 

[44] Klein-Nulend J, van der Plas A, Semeins CM, Ajubi NE, Frangos JA, 
Nijweide PJ, et al. Sensitivity of osteocytes to biomechanical stress in 

vitro. FASEB J Off Publ Fed Am Soc Exp Biol 1995;9:441–5. 
[45] Johnson DL, McAllister TN, Frangos JA. Fluid flow stimulates rapid and 

continuous release of nitric oxide in osteoblasts. Am J Physiol 
1996;271:E205–8. 

[46] Zaman G, Pitsillides AA, Rawlinson SC, Suswillo RF, Mosley JR, Cheng 
MZ, et al. Mechanical strain stimulates nitric oxide production by rapid 
activation of endothelial nitric oxide synthase in osteocytes. J Bone 

Miner Res Off J Am Soc Bone Miner Res 1999;14:1123–31. 
doi:10.1359/jbmr.1999.14.7.1123. 

[47] Hord NG, Tang Y, Bryan NS. Food sources of nitrates and nitrites: the 
physiologic context for potential health benefits. Am J Clin Nutr 

2009;90:1–10. doi:10.3945/ajcn.2008.27131. 
[48] Veselik DJ, Divekar S, Dakshanamurthy S, Storchan GB, Turner JMA, 

Graham KL, et al. Activation of estrogen receptor-alpha by the anion 



 91 

nitrite. Cancer Res 2008;68:3950–8. doi:10.1158/0008-5472.CAN-07-
2783. 

[49] Bode-Böger SM, Kojda G. Organic nitrates in cardiovascular disease. 
Cell Mol Biol Noisy--Gd Fr 2005;51:307–20. 

[50] Butler AR, Feelisch M. Therapeutic Uses of Inorganic Nitrite and Nitrate 
From the Past to the Future. Circulation 2008;117:2151–9. 

doi:10.1161/CIRCULATIONAHA.107.753814. 
[51] Jamal SA, Browner WS, Bauer DC, Cummings SR. Intermittent Use of 

Nitrates Increases Bone Mineral Density: The Study of Osteoporotic 
Fractures. J Bone Miner Res 1998;13:1755–9. 

doi:10.1359/jbmr.1998.13.11.1755. 
[52] Wimalawansa SJ, De Marco G, Gangula P, Yallampalli C. Nitric oxide 

donor alleviates ovariectomy-induced bone loss. Bone 1996;18:301–4. 
[53] Wimalawansa S, Chapa T, Fang L, Yallampalli C, Simmons D, 

Wimalawansa S. Frequency-dependent effect of nitric oxide donor 
nitroglycerin on bone. J Bone Miner Res Off J Am Soc Bone Miner Res 

2000;15:1119–25. doi:10.1359/jbmr.2000.15.6.1119. 
[54] Wimalawansa SJ. Restoration of ovariectomy-induced osteopenia by 

nitroglycerin. Calcif Tissue Int 2000;66:56–60. 
[55] Wimalawansa SJ. Nitroglycerin therapy is as efficacious as standard 

estrogen replacement therapy (Premarin) in prevention of 

oophorectomy-induced bone loss: a human pilot clinical study. J Bone 
Miner Res Off J Am Soc Bone Miner Res 2000;15:2240–4. 

doi:10.1359/jbmr.2000.15.11.2240. 
[56] Nabhan AF, Rabie NH. Isosorbide mononitrate versus alendronate for 

postmenopausal osteoporosis. Int J Gynecol Obstet 2008;103:213–6. 
doi:10.1016/j.ijgo.2008.07.011. 

[57] Jamal SA, Cummings SR, Hawker GA. Isosorbide mononitrate increases 
bone formation and decreases bone resorption in postmenopausal 



 92 

women: a randomized trial. J Bone Miner Res Off J Am Soc Bone 
Miner Res 2004;19:1512–7. doi:10.1359/JBMR.040716. 

[58] Wimalawansa SJ, Grimes JP, Wilson AC, Hoover DR. Transdermal 
Nitroglycerin Therapy May Not Prevent Early Postmenopausal Bone 

Loss. J Clin Endocrinol Metab 2009;94:3356–64. doi:10.1210/jc.2008-
2225. 

[59] Hord NG, Tang Y, Bryan NS. Food sources of nitrates and nitrites: the 
physiologic context for potential health benefits. Am J Clin Nutr 

2009;90:1–10. doi:10.3945/ajcn.2008.27131. 
[60] Wassmann S, Bäumer AT, Strehlow K, Eickels M van, Grohé C, Ahlbory 

K, et al. Endothelial Dysfunction and Oxidative Stress During Ovarian 
hormone deficiency in Spontaneously Hypertensive Rats. Circulation 

2001;103:435–41. doi:10.1161/01.CIR.103.3.435. 
[61] Gortan Cappellari G, Losurdo P, Mazzucco S, Panizon E, Jevnicar M, 

Macaluso L, et al. Treatment with n-3 polyunsaturated fatty acids 
reverses endothelial dysfunction and oxidative stress in experimental 

menopause. J Nutr Biochem 2013;24:371–9. 
doi:10.1016/j.jnutbio.2012.07.012. 

[62] Abdulnour J, Doucet E, Brochu M, Lavoie J-M, Strychar I, Rabasa-
Lhoret R, et al. The effect of the menopausal transition on body 
composition and cardiometabolic risk factors: a Montreal-Ottawa New 

Emerging Team group study. Menopause N Y N 2012;19:760–7. 
doi:10.1097/gme.0b013e318240f6f3. 

[63] Davis SR, Castelo-Branco C, Chedraui P, Lumsden MA, Nappi RE, Shah 
D, et al. Understanding weight gain at menopause. Climacteric J Int 

Menopause Soc 2012;15:419–29. doi:10.3109/13697137.2012.707385. 
[64] Xue L, Wang Y, Liu L, Zhao L, Han T, Zhang Q, et al. A 1HNMR-Based 

Metabonomics Study of Postmenopausal Osteoporosis and 



 93 

Intervention Effects of Er-Xian Decoction in Ovariectomized Rats. Int J 
Mol Sci 2011;12:7635–51. doi:10.3390/ijms12117635. 

[65] Zhu X, Liu X, He P, Cao B, Lv Y, Zhang W, et al. Metabolomics in serum 
of ovariectomised rats and those exposed to 17β-oestradiol and 

genistein. Gynecol Endocrinol Off J Int Soc Gynecol Endocrinol 
2010;26:760–7. doi:10.3109/09513590.2010.487615. 

[66] Ma B, Zhang Q, Wang G, A J, Wu D, Liu Y, et al. GC-TOF/MS-based 
metabolomic profiling of ovarian hormone deficiency-induced obesity 

in ovariectomized rats. Acta Pharmacol Sin 2011;32:270–8. 
doi:10.1038/aps.2010.196. 

[67] Ma B, Liu J, Zhang Q, Ying H, A J, Sun J, et al. Metabolomic profiles 
delineate signature metabolic shifts during ovarian hormone 

deficiency-induced bone loss in rat by GC-TOF/MS. PloS One 
2013;8:e54965. doi:10.1371/journal.pone.0054965. 

[68] Jump DB, Tripathy S, Depner CM. Fatty acid-regulated transcription 
factors in the liver. Annu Rev Nutr 2013;33:249–69. 

doi:10.1146/annurev-nutr-071812-161139. 
[69] Calder PC. n−3 Polyunsaturated fatty acids, inflammation, and 

inflammatory diseases. Am J Clin Nutr 2006;83:S1505–19S. 
[70] Calder PC. Mechanisms of action of (n-3) fatty acids. J Nutr 

2012;142:592S – 599S. doi:10.3945/jn.111.155259. 

[71] Simopoulos AP. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio 
Increases the Risk for Obesity. Nutrients 2016;8. 

doi:10.3390/nu8030128. 
[72] Simopoulos AP. The importance of the omega-6/omega-3 fatty acid 

ratio in cardiovascular disease and other chronic diseases. Exp Biol 
Med Maywood NJ 2008;233:674–88. doi:10.3181/0711-MR-311. 

[73] Simopoulos AP. Omega-3 fatty acids in inflammation and autoimmune 
diseases. J Am Coll Nutr 2002;21:495–505. 



 94 

[74] Auro K, Joensuu A, Fischer K, Kettunen J, Salo P, Mattsson H, et al. A 
metabolic view on menopause and ageing. Nat Commun 2014;5:4708. 

doi:10.1038/ncomms5708. 
[75] Felig P, Marliss E, Cahill GF. Plasma amino acid levels and insulin 

secretion in obesity. N Engl J Med 1969;281:811–6. 
doi:10.1056/NEJM196910092811503. 

[76] Ma Q, Zhao J, Cao W, Liu J, Cui S. Estradiol decreases taurine level by 
reducing cysteine sulfinic acid decarboxylase via the estrogen 

receptor-α in female mice liver. Am J Physiol - Gastrointest Liver 
Physiol 2015;308:G277–86. doi:10.1152/ajpgi.00107.2014. 

[77] Lu SC. Regulation of hepatic glutathione synthesis: current concepts 
and controversies. FASEB J Off Publ Fed Am Soc Exp Biol 

1999;13:1169–83. 
[78] Kok HS, van Asselt KM, van der Schouw YT, van der Tweel I, Peeters 

PHM, Wilson PWF, et al. Heart disease risk determines menopausal 
age rather than the reverse. J Am Coll Cardiol 2006;47:1976–83. 

doi:10.1016/j.jacc.2005.12.066. 
[79] Würtz P, Mäkinen V-P, Soininen P, Kangas AJ, Tukiainen T, Kettunen J, 

et al. Metabolic signatures of insulin resistance in 7,098 young adults. 
Diabetes 2012;61:1372–80. doi:10.2337/db11-1355. 

[80] Sack MN, Rader DJ, Cannon RO. Oestrogen and inhibition of oxidation 

of low-density lipoproteins in postmenopausal women. Lancet Lond 
Engl 1994;343:269–70. 

[81] Lean JM, Davies JT, Fuller K, Jagger CJ, Kirstein B, Partington GA, et al. 
A crucial role for thiol antioxidants in estrogen-deficiency bone loss. J 

Clin Invest 2003;112:915–23. doi:10.1172/JCI200318859. 
[82] Sudoh N, Toba K, Akishita M, Ako J, Hashimoto M, Iijima K, et al. 

Estrogen prevents oxidative stress-induced endothelial cell apoptosis 
in rats. Circulation 2001;103:724–9. 



 95 

[83] Vajaranant TS, Pasquale LR. Ovarian hormone deficiency accelerates 
aging of the optic nerve. Menopause N Y N 2012;19:942–7. 

doi:10.1097/gme.0b013e3182443137. 
[84] Montilla P, Túnez I, Muñoz MC, Delgado MJ, Salcedo M. Hyperlipidemic 

nephropathy induced by adriamycin in ovariectomized rats: role of free 
radicals and effect of 17-beta-estradiol administration. Nephron 

2000;85:65–70. doi:45632. 
[85] Long J, He P, Shen Y, Li R. New evidence of mitochondria dysfunction 

in the female Alzheimer’s brain: deficiency of estrogen receptor-β. J 
Alzheimers Dis JAD 2012;30:545–58. doi:10.3233/JAD-2012-120283. 

[86] Wada-Hiraike O, Imamov O, Hiraike H, Hultenby K, Schwend T, Omoto 
Y, et al. Role of estrogen receptor β in colonic epithelium. Proc Natl 

Acad Sci U S A 2006;103:2959–64. doi:10.1073/pnas.0511271103. 
[87] Langen ML, Hotte N, Dieleman LA, Albert E, Mulder C, Madsen KL. 

Estrogen receptor-β signaling modulates epithelial barrier function. Am 
J Physiol - Gastrointest Liver Physiol 2011;300:G621–6. 

doi:10.1152/ajpgi.00274.2010. 
[88] Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. 

Host-gut microbiota metabolic interactions. Science 2012;336:1262–7. 
doi:10.1126/science.1223813. 

[89] Tilg H, Moschen AR, Kaser A, Pines A, Dotan I. Gut, inflammation and 

osteoporosis: basic and clinical concepts. Gut 2008;57:684–94. 
doi:10.1136/gut.2006.117382. 

[90] Weaver CM. Diet, gut microbiome, and bone health. Curr Osteoporos 
Rep 2015;13:125–30. doi:10.1007/s11914-015-0257-0. 

[91] Charles JF, Ermann J, Aliprantis AO. The intestinal microbiome and 
skeletal fitness: Connecting bugs and bones. Clin Immunol Orlando Fla 

2015;159:163–9. doi:10.1016/j.clim.2015.03.019. 



 96 

[92] Consortium THMP. Structure, function and diversity of the healthy 
human microbiome. Nature 2012;486:207–14. 

doi:10.1038/nature11234. 
[93] Neut C, Bezirtzoglou E, Romond C, Beerens H, Delcroix M, Noel AM. 

Bacterial colonization of the large intestine in newborns delivered by 
cesarean section. Zentralblatt Für Bakteriol Mikrobiol Hyg Ser Med 

Microbiol Infect Dis Virol Parasitol 1987;266:330–7. 
[94] Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et 

al. Succession of microbial consortia in the developing infant gut 
microbiome. Proc Natl Acad Sci U S A 2011;108 Suppl 1:4578–85. 

doi:10.1073/pnas.1000081107. 
[95] Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, 

Contreras M, et al. Human gut microbiome viewed across age and 
geography. Nature 2012;486:222–7. doi:10.1038/nature11053. 

[96] Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through 
ageing, and beyond: gut microbiota and inflammatory status in seniors 

and centenarians. PloS One 2010;5:e10667. 
doi:10.1371/journal.pone.0010667. 

[97] Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, 
et al. Gut microbiota composition correlates with diet and health in the 
elderly. Nature 2012;488:178–84. doi:10.1038/nature11319. 

[98] Rehman T. Role of the gut microbiota in age-related chronic 
inflammation. Endocr Metab Immune Disord Drug Targets 

2012;12:361–7. 
[99] Magrone T, Jirillo E. The interaction between gut microbiota and age-

related changes in immune function and inflammation. Immun Ageing A 
2013;10:31. doi:10.1186/1742-4933-10-31. 



 97 

[100] Joyce SA, Gahan CGM. The gut microbiota and the metabolic health of 
the host. Curr Opin Gastroenterol 2014;30:120–7. 

doi:10.1097/MOG.0000000000000039. 
[101] Macpherson AJ, Harris NL. Interactions between commensal intestinal 

bacteria and the immune system. Nat Rev Immunol 2004;4:478–85. 
doi:10.1038/nri1373. 

[102] Hooper LV, Littman DR, Macpherson AJ. Interactions Between the 
Microbiota and the Immune System. Science 2012;336:1268–73. 

doi:10.1126/science.1223490. 
[103] Tremaroli V, Bäckhed F. Functional interactions between the gut 

microbiota and host metabolism. Nature 2012;489:242–9. 
doi:10.1038/nature11552. 

[104] Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM, Cho I, et al. 
Altering the intestinal microbiota during a critical developmental 

window has lasting metabolic consequences. Cell 2014;158:705–21. 
doi:10.1016/j.cell.2014.05.052. 

[105] Maynard CL, Elson CO, Hatton RD, Weaver CT. Reciprocal interactions 
of the intestinal microbiota and immune system. Nature 2012;489:231–

41. doi:10.1038/nature11551. 
[106] Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, et al. 

Activated T cells regulate bone loss and joint destruction in adjuvant 

arthritis through osteoprotegerin ligand. Nature 1999;402:304–9. 
doi:10.1038/46303. 

[107] Martin-Millan M, Almeida M, Ambrogini E, Han L, Zhao H, Weinstein 
RS, et al. The estrogen receptor-alpha in osteoclasts mediates the 

protective effects of estrogens on cancellous but not cortical bone. Mol 
Endocrinol Baltim Md 2010;24:323–34. doi:10.1210/me.2009-0354. 

[108] Nakamura T, Imai Y, Matsumoto T, Sato S, Takeuchi K, Igarashi K, et 
al. Estrogen prevents bone loss via estrogen receptor alpha and 



 98 

induction of Fas ligand in osteoclasts. Cell 2007;130:811–23. 
doi:10.1016/j.cell.2007.07.025. 

[109] Eriksson AL, Movérare-Skrtic S, Ljunggren Ö, Karlsson M, Mellström D, 
Ohlsson C. High-sensitivity CRP is an independent risk factor for all 

fractures and vertebral fractures in elderly men: the MrOS Sweden 
study. J Bone Miner Res Off J Am Soc Bone Miner Res 2014;29:418–

23. doi:10.1002/jbmr.2037. 
[110] Schett G, Kiechl S, Weger S, Pederiva A, Mayr A, Petrangeli M, et al. 

High-sensitivity C-reactive protein and risk of nontraumatic fractures in 
the Bruneck study. Arch Intern Med 2006;166:2495–501. 

doi:10.1001/archinte.166.22.2495. 
[111] Pasco JA, Kotowicz MA, Henry MJ, Nicholson GC, Spilsbury HJ, Box 

JD, et al. High-sensitivity C-reactive protein and fracture risk in elderly 
women. JAMA 2006;296:1353–5. doi:10.1001/jama.296.11.1353. 

[112] Ding C, Parameswaran V, Udayan R, Burgess J, Jones G. Circulating 
levels of inflammatory markers predict change in bone mineral density 

and resorption in older adults: a longitudinal study. J Clin Endocrinol 
Metab 2008;93:1952–8. doi:10.1210/jc.2007-2325. 

[113] Charatcharoenwitthaya N, Khosla S, Atkinson EJ, McCready LK, Riggs 
BL. Effect of blockade of TNF-alpha and interleukin-1 action on bone 
resorption in early postmenopausal women. J Bone Miner Res Off J 

Am Soc Bone Miner Res 2007;22:724–9. doi:10.1359/jbmr.070207. 
[114] Li J-Y, Tawfeek H, Bedi B, Yang X, Adams J, Gao KY, et al. 

Ovariectomy disregulates osteoblast and osteoclast formation through 
the T-cell receptor CD40 ligand. Proc Natl Acad Sci U S A 

2011;108:768–73. doi:10.1073/pnas.1013492108. 
[115] Roggia C, Gao Y, Cenci S, Weitzmann MN, Toraldo G, Isaia G, et al. 

Up-regulation of TNF-producing T cells in the bone marrow: a key 
mechanism by which ovarian hormone deficiency induces bone loss in 



 99 

vivo. Proc Natl Acad Sci U S A 2001;98:13960–5. 
doi:10.1073/pnas.251534698. 

[116] Sjögren K, Engdahl C, Henning P, Lerner UH, Tremaroli V, Lagerquist 
MK, et al. The gut microbiota regulates bone mass in mice. J Bone 

Miner Res Off J Am Soc Bone Miner Res 2012;27:1357–67. 
doi:10.1002/jbmr.1588. 

[117] Ohlsson C, Sjögren K. Effects of the gut microbiota on bone mass. 
Trends Endocrinol Metab 2015;26:69–74. 

doi:10.1016/j.tem.2014.11.004. 
[118] Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, Li K, et al. Antibiotics 

in early life alter the murine colonic microbiome and adiposity. Nature 
2012;488:621–6. doi:10.1038/nature11400. 

[119] Williams S, Wakisaka A, Zeng QQ, Barnes J, Martin G, Wechter WJ, et 
al. Minocycline prevents the decrease in bone mineral density and 

trabecular bone in ovariectomized aged rats. Bone 1996;19:637–44. 
[120] Hord NG. Eukaryotic-microbiota crosstalk: potential mechanisms for 

health benefits of prebiotics and probiotics. Annu Rev Nutr 
2008;28:215–31. doi:10.1146/annurev.nutr.28.061807.155402. 

[121] Sanders ME, Guarner F, Guerrant R, Holt PR, Quigley EMM, Sartor RB, 
et al. An update on the use and investigation of probiotics in health and 
disease. Gut 2013;62:787–96. doi:10.1136/gutjnl-2012-302504. 

[122] Gibson GR, Roberfroid MB. Dietary modulation of the human colonic 
microbiota: introducing the concept of prebiotics. J Nutr 

1995;125:1401–12. 
[123] Bron PA, van Baarlen P, Kleerebezem M. Emerging molecular insights 

into the interaction between probiotics and the host intestinal mucosa. 
Nat Rev Microbiol 2012;10:66–78. doi:10.1038/nrmicro2690. 



 100 

[124] Mutuş R, Kocabagli N, Alp M, Acar N, Eren M, Gezen SS. The effect of 
dietary probiotic supplementation on tibial bone characteristics and 

strength in broilers. Poult Sci 2006;85:1621–5. 
[125] Pytlik M, Folwarczna J, Janiec W. Effects of doxycycline on mechanical 

properties of bones in rats with ovariectomy-induced osteopenia. 
Calcif Tissue Int 2004;75:225–30. doi:10.1007/s00223-004-0097-x. 

[126] Ohlsson C, Engdahl C, Fåk F, Andersson A, Windahl SH, Farman HH, 
et al. Probiotics Protect Mice from Ovariectomy-Induced Cortical Bone 

Loss. PLoS ONE 2014;9:e92368. doi:10.1371/journal.pone.0092368. 
[127] Weaver CM, Martin BR, Nakatsu CH, Armstrong AP, Clavijo A, McCabe 

LD, et al. Galactooligosaccharides improve mineral absorption and 
bone properties in growing rats through gut fermentation. J Agric Food 

Chem 2011;59:6501–10. doi:10.1021/jf2009777. 
[128] Whisner CM, Martin BR, Schoterman MHC, Nakatsu CH, McCabe LD, 

McCabe GP, et al. Galacto-oligosaccharides increase calcium 
absorption and gut bifidobacteria in young girls: a double-blind cross-

over trial. Br J Nutr 2013;110:1292–303. 
doi:10.1017/S000711451300055X. 

[129] Abrams SA, Griffin IJ, Hawthorne KM, Liang L, Gunn SK, Darlington G, 
et al. A combination of prebiotic short- and long-chain inulin-type 
fructans enhances calcium absorption and bone mineralization in 

young adolescents. Am J Clin Nutr 2005;82:471–6. 
[130] World Health Organization. Research on the Menopause in the 1990’s. 

Technical Report. Geneva, Switzerland: 1996. 
[131] Lelovas PP, Xanthos TT, Thoma SE, Lyritis GP, Dontas IA. The 

Laboratory Rat as an Animal Model for Osteoporosis Research. Comp 
Med 2008;58:424–30. 



 101 

[132] Triadafilopoulos G, Finlayson M, Grellet C. Bowel dysfunction in 
postmenopausal women. Women Health 1998;27:55–66. 

doi:10.1300/J013v27n04_04. 
[133] Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions 

shape the nutrient environment of the mammalian intestine. Annu Rev 
Nutr 2002;22:283–307. doi:10.1146/annurev.nutr.22.011602.092259. 

[134] Taylor W. The excretion of steroid hormone metabolites in bile and 
feces. Vitam Horm 1971;29:201–85. 

[135] He Q, Ren P, Kong X, Wu Y, Wu G, Li P, et al. Comparison of serum 
metabolite compositions between obese and lean growing pigs using 

an NMR-based metabonomic approach. J Nutr Biochem 2012;23:133–
9. doi:10.1016/j.jnutbio.2010.11.007. 

[136] Li H, Xie Z, Lin J, Song H, Wang Q, Wang K, et al. Transcriptomic and 
Metabonomic Profiling of Obesity-Prone and Obesity-Resistant Rats 

under High Fat Diet. J Proteome Res 2008;7:4775–83. 
doi:10.1021/pr800352k. 

[137] Zhang X, Wang Y, Hao F, Zhou X, Han X, Tang H, et al. Human Serum 
Metabonomic Analysis Reveals Progression Axes for Glucose 

Intolerance and Insulin Resistance Statuses. J Proteome Res 
2009;8:5188–95. doi:10.1021/pr900524z. 

[138] Bao Y, Zhao T, Wang X, Qiu Y, Su M, Jia W, et al. Metabonomic 

Variations in the Drug-Treated Type 2 Diabetes Mellitus Patients and 
Healthy Volunteers. J Proteome Res 2009;8:1623–30. 

doi:10.1021/pr800643w. 
[139] Marchesi JR, Holmes E, Khan F, Kochhar S, Scanlan P, Shanahan F, et 

al. Rapid and Noninvasive Metabonomic Characterization of 
Inflammatory Bowel Disease. J Proteome Res 2007;6:546–51. 

doi:10.1021/pr060470d. 



 102 

[140] Bjerrum JT, Nielsen OH, Hao F, Tang H, Nicholson JK, Wang Y, et al. 
Metabonomics in Ulcerative Colitis: Diagnostics, Biomarker 

Identification, And Insight into the Pathophysiology. J Proteome Res 
2010;9:954–62. doi:10.1021/pr9008223. 

[141] Gavaghan CL, Holmes E, Lenz E, Wilson ID, Nicholson JK. An NMR-
based metabonomic approach to investigate the biochemical 

consequences of genetic strain differences: application to the 
C57BL10J and Alpk:ApfCD mouse. FEBS Lett 2000;484:169–74. 

doi:10.1016/S0014-5793(00)02147-5. 
[142] de Castro NM, Yaqoob P, de la Fuente M, Baeza I, Claus SP. 

Premature Impairment of Methylation Pathway and Cardiac Metabolic 
Dysfunction in fa/fa Obese Zucker Rats. J Proteome Res 

2013;12:1935–45. doi:10.1021/pr400025y. 
[143] Welch BL. On the Comparison of Several Mean Values: An Alternative 

Approach. Biometrika 1951;38:330–6. doi:10.1093/biomet/38.3-4.330. 
[144] Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A 

Practical and Powerful Approach to Multiple Testing. J R Stat Soc Ser 
B Methodol 1995;57:289–300. 

[145] Trygg J, Wold S. O2-PLS, a two-block (X–Y) latent variable regression 
(LVR) method with an integral OSC filter. J Chemom 2003;17:53–64. 
doi:10.1002/cem.775. 

[146] Cloarec O, Dumas ME, Trygg J, Craig A, Barton RH, Lindon JC, et al. 
Evaluation of the orthogonal projection on latent structure model 

limitations caused by chemical shift variability and improved 
visualization of biomarker changes in 1H NMR spectroscopic 

metabonomic studies. Anal Chem 2005;77:517–26. 
doi:10.1021/ac048803i. 

[147] Xu Y, Nedungadi TP, Zhu L, Sobhani N, Irani BG, Davis KE, et al. 
Distinct Hypothalamic Neurons Mediate Estrogenic Effects on Energy 



 103 

Homeostasis and Reproduction. Cell Metab 2011;14:453–65. 
doi:10.1016/j.cmet.2011.08.009. 

[148] Wang Y, Holmes E, Comelli EM, Fotopoulos G, Dorta G, Tang H, et al. 
Topographical variation in metabolic signatures of human 

gastrointestinal biopsies revealed by high-resolution magic-angle 
spinning 1H NMR spectroscopy. J Proteome Res 2007;6:3944–51. 

doi:10.1021/pr0702565. 
[149] Savage DC. Gastrointestinal microflora in mammalian nutrition. Annu 

Rev Nutr 1986;6:155–78. doi:10.1146/annurev.nu.06.070186.001103. 
[150] Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. 

Obesity alters gut microbial ecology. Proc Natl Acad Sci U S A 
2005;102:11070–5. doi:10.1073/pnas.0504978102. 

[151] Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon 
JI. An obesity-associated gut microbiome with increased capacity for 

energy harvest. Nature 2006;444:1027–131. doi:10.1038/nature05414. 
[152] Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. 

Gut flora metabolism of phosphatidylcholine promotes cardiovascular 
disease. Nature 2011;472:57–63. doi:10.1038/nature09922. 

[153] Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Bäckhed HK, 
et al. Host remodeling of the gut microbiome and metabolic changes 
during pregnancy. Cell 2012;150:470–80. 

doi:10.1016/j.cell.2012.07.008. 
[154] Zhang L, Wang Y, Xu Y, Lei H, Zhao Y, Li H, et al. Metabonomic 

Analysis Reveals Efficient Ameliorating Effects of Acupoint Stimulations 
on the Menopause-caused Alterations in Mammalian Metabolism. Sci 

Rep 2014;4. doi:10.1038/srep03641. 
[155] Li J-Y, Chassaing B, Tyagi AM, Vaccaro C, Luo T, Adams J, et al. Sex 

steroid deficiency-associated bone loss is microbiota dependent and 
prevented by probiotics. J Clin Invest 2016. doi:10.1172/JCI86062. 



 104 

[156] Aruoma OI, Halliwell B, Hoey BM, Butler J. The antioxidant action of 
taurine, hypotaurine and their metabolic precursors. Biochem J 

1988;256:251–5. 
[157] Yancey PH. Organic osmolytes as compatible, metabolic and 

counteracting cytoprotectants in high osmolarity and other stresses. J 
Exp Biol 2005;208:2819–30. doi:10.1242/jeb.01730. 

[158] Ridker PM, Manson JE, Buring JE, Shih J, Matias M, Hennekens CH. 
HOmocysteine and risk of cardiovascular disease among 

postmenopausal women. JAMA 1999;281:1817–21. 
doi:10.1001/jama.281.19.1817. 

[159] Olthof MR, Brink EJ, Katan MB, Verhoef P. Choline supplemented as 
phosphatidylcholine decreases fasting and postmethionine-loading 

plasma homocysteine concentrations in healthy men. Am J Clin Nutr 
2005;82:111–7. 

[160] Resseguie M, Song J, Niculescu MD, da Costa K-A, Randall TA, Zeisel 
SH. Phosphatidylethanolamine N-methyltransferase (PEMT) gene 

expression is induced by estrogen in human and mouse primary 
hepatocytes. FASEB J Off Publ Fed Am Soc Exp Biol 2007;21:2622–

32. doi:10.1096/fj.07-8227com. 
[161] Fischer LM, daCosta KA, Kwock L, Stewart PW, Lu T-S, Stabler SP, et 

al. Sex and menopausal status influence human dietary requirements 

for the nutrient choline. Am J Clin Nutr 2007;85:1275–85. 
[162] Fischer LM, da Costa K-A, Kwock L, Galanko J, Zeisel SH. Dietary 

choline requirements of women: effects of estrogen and genetic 
variation. Am J Clin Nutr 2010;92:1113–9. 

doi:10.3945/ajcn.2010.30064. 
[163] Sakuragawa T, Hishiki T, Ueno Y, Ikeda S, Soga T, Yachie-Kinoshita A, 

et al. Hypotaurine is an Energy-Saving Hepatoprotective Compound 



 105 

against Ischemia-Reperfusion Injury of the Rat Liver. J Clin Biochem 
Nutr 2010;46:126–34. doi:10.3164/jcbn.09-91. 

[164] Zwingmann C, Bilodeau M. Metabolic insights into the 
hepatoprotective role of N-acetylcysteine in mouse liver. Hepatol 

Baltim Md 2006;43:454–63. doi:10.1002/hep.21075. 
[165] Dominy JE, Hwang J, Stipanuk MH. Overexpression of cysteine 

dioxygenase reduces intracellular cysteine and glutathione pools in 
HepG2/C3A cells. Am J Physiol Endocrinol Metab 2007;293:E62–9. 

doi:10.1152/ajpendo.00053.2007. 
[166] Meister A. Glutathione metabolism and its selective modification. J Biol 

Chem 1988;263:17205–8. 
[167] Brocker C, Thompson DC, Vasiliou V. The role of hyperosmotic stress 

in inflammation and disease. Biomol Concepts 2012;3:345–64. 
doi:10.1515/bmc-2012-0001. 

[168] Reinehr R, Häussinger D. Hyperosmotic activation of the CD95 death 
receptor system. Acta Physiol Oxf Engl 2006;187:199–203. 

doi:10.1111/j.1748-1716.2006.01541.x. 
[169] Dmitrieva NI, Michea LF, Rocha GM, Burg MB. Cell cycle delay and 

apoptosis in response to osmotic stress. Comp Biochem Physiol A Mol 
Integr Physiol 2001;130:411–20. 

[170] Bolen DW, Baskakov IV. The osmophobic effect: natural selection of a 

thermodynamic force in protein folding. J Mol Biol 2001;310:955–63. 
doi:10.1006/jmbi.2001.4819. 

[171] Christoph K, Beck F-X, Neuhofer W. Osmoadaptation of Mammalian 
cells - an orchestrated network of protective genes. Curr Genomics 

2007;8:209–18. 
[172] Sleator RD, Hill C. Bacterial osmoadaptation: the role of osmolytes in 

bacterial stress and virulence. FEMS Microbiol Rev 2002;26:49–71. 
doi:10.1111/j.1574-6976.2002.tb00598.x. 



 106 

[173] Csonka LN. Physiological and genetic responses of bacteria to osmotic 
stress. Microbiol Rev 1989;53:121–47. 

[174] Wood JM. Bacterial responses to osmotic challenges. J Gen Physiol 
2015;145:381–8. doi:10.1085/jgp.201411296. 

[175] Jahn MP, Cavagni GM, Kaiser D, Kucharski LC. Osmotic effect of 
choline and glycine betaine on the gills and hepatopancreas of the 

Chasmagnathus granulata crab submitted to hyperosmotic stress. J 
Exp Mar Biol Ecol 2006;334:1–9. doi:10.1016/j.jembe.2006.01.006. 

[176] Cayley S, Record MT. Roles of cytoplasmic osmolytes, water, and 
crowding in the response of Escherichia coli to osmotic stress: 

biophysical basis of osmoprotection by glycine betaine. Biochemistry 
(Mosc) 2003;42:12596–609. doi:10.1021/bi0347297. 

[177] Zablocki K, Miller SP, Garcia-Perez A, Burg MB. Accumulation of 
glycerophosphocholine (GPC) by renal cells: osmotic regulation of 

GPC:choline phosphodiesterase. Proc Natl Acad Sci U S A 
1991;88:7820–4. 

[178] Bauernschmitt HG, Kinne RK. Metabolism of the “organic osmolyte” 
glycerophosphorylcholine in isolated rat inner medullary collecting duct 

cells. I. Pathways for synthesis and degradation. Biochim Biophys Acta 
1993;1148:331–41. 

[179] Bauernschmitt HG, Kinne RK. Metabolism of the “organic osmolyte” 

glycerophosphorylcholine in isolated rat inner medullary collecting duct 
cells. II. Regulation by extracellular osmolality. Biochim Biophys Acta 

1993;1150:25–34. 
[180] Gallazzini M, Ferraris JD, Burg MB. GDPD5 is a glycerophosphocholine 

phosphodiesterase that osmotically regulates the osmoprotective 
organic osmolyte GPC. Proc Natl Acad Sci U S A 2008;105:11026–31. 

doi:10.1073/pnas.0805496105. 



 107 

[181] Häussinger D, Schliess F. Glutamine metabolism and signaling in the 
liver. Front Biosci J Virtual Libr 2007;12:371–91. 

[182] Gehring K, Hofnung M, Nikaido H. Stimulation of glutamine transport 
by osmotic stress in Escherichia coli K-12. J Bacteriol 1990;172:4741–

3. 
[183] McLaggan D, Naprstek J, Buurman ET, Epstein W. Interdependence of 

K+ and glutamate accumulation during osmotic adaptation of 
Escherichia coli. J Biol Chem 1994;269:1911–7. 

[184] Epstein W. Osmoregulation by potassium transport in Escherichia coli. 
FEMS Microbiol Rev 1986;2:73–8. doi:10.1111/j.1574-

6968.1986.tb01845.x. 
[185] Rao R. Oxidative stress-induced disruption of epithelial and endothelial 

tight junctions. Front Biosci J Virtual Libr 2008;13:7210–26. 
doi:10.2741/3223. 

[186] Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochim 
Biophys Acta 2009;1788:864–71. doi:10.1016/j.bbamem.2008.08.027. 

[187] Capaldo CT, Farkas AE, Hilgarth RS, Krug SM, Wolf MF, Benedik JK, 
et al. Proinflammatory cytokine-induced tight junction remodeling 

through dynamic self-assembly of claudins. Mol Biol Cell 
2014;25:2710–9. doi:10.1091/mbc.E14-02-0773. 

[188] Schwartz L, Abolhassani M, Pooya M, Steyaert J-M, Wertz X, Israël M, 

et al. Hyperosmotic stress contributes to mouse colonic inflammation 
through the methylation of protein phosphatase 2A. Am J Physiol - 

Gastrointest Liver Physiol 2008;295:G934–41. 
doi:10.1152/ajpgi.90296.2008. 

[189] Abolhassani M, Wertz X, Pooya M, Chaumet-Riffaud P, Guais A, 
Schwartz L. Hyperosmolarity causes inflammation through the 

methylation of protein phosphatase 2A. Inflamm Res Off J Eur 



 108 

Histamine Res Soc Al 2008;57:419–29. doi:10.1007/s00011-007-7213-
0. 

[190] López-Rodríguez C, Aramburu J, Jin L, Rakeman AS, Michino M, Rao 
A. Bridging the NFAT and NF-kappaB families: NFAT5 dimerization 

regulates cytokine gene transcription in response to osmotic stress. 
Immunity 2001;15:47–58. 

[191] Neuhofer W. Role of NFAT5 in inflammatory disorders associated with 
osmotic stress. Curr Genomics 2010;11:584–90. 

doi:10.2174/138920210793360961. 
[192] Raehtz S, Fedorko A, McCabe L. Ovarian hormone deficiency induced 

intestinal inflammation and permeability is linked with osteoporosis 
(488.8). FASEB J 2014;28:488.8. 

[193] Looijer-van Langen M, Hotte N, Dieleman LA, Albert E, Mulder C, 
Madsen KL. Estrogen receptor-β signaling modulates epithelial barrier 

function. Am J Physiol Gastrointest Liver Physiol 2011;300:G621–6. 
doi:10.1152/ajpgi.00274.2010. 

[194] Braniste V, Leveque M, Buisson-Brenac C, Bueno L, Fioramonti J, 
Houdeau E. Oestradiol decreases colonic permeability through 

oestrogen receptor β-mediated up-regulation of occludin and 
junctional adhesion molecule-A in epithelial cells. J Physiol 
2009;587:3317–28. doi:10.1113/jphysiol.2009.169300. 

[195] Hollander D. Intestinal permeability, leaky gut, and intestinal disorders. 
Curr Gastroenterol Rep 1999;1:410–6. 

[196] Fasano A. Leaky gut and autoimmune diseases. Clin Rev Allergy 
Immunol 2012;42:71–8. doi:10.1007/s12016-011-8291-x. 

[197] Gerova VA, Stoynov SG, Katsarov DS, Svinarov DA. Increased 
intestinal permeability in inflammatory bowel diseases assessed by 

iohexol test. World J Gastroenterol WJG 2011;17:2211–5. 
doi:10.3748/wjg.v17.i17. 



 109 

[198] Nylund CM, D’Mello S, Kim M-O, Bonkowski E, Däbritz J, Foell D, et al. 
Granulocyte macrophage-colony-stimulating factor autoantibodies and 

increased intestinal permeability in Crohn disease. J Pediatr 
Gastroenterol Nutr 2011;52:542–8. 

doi:10.1097/MPG.0b013e3181fe2d93. 
[199] Schilli R, Breuer RI, Klein F, Dunn K, Gnaedinger A, Bernstein J, et al. 

Comparison of the composition of faecal fluid in Crohn’s disease and 
ulcerative colitis. Gut 1982;23:326–32. 

[200] Kredel LI, Siegmund B. Adipose-Tissue and Intestinal Inflammation – 
Visceral Obesity and Creeping Fat. Front Immunol 2014;5. 

doi:10.3389/fimmu.2014.00462. 
[201] Stookey JD, Barclay D, Arieff A, Popkin BM. The altered fluid 

distribution in obesity may reflect plasma hypertonicity. Eur J Clin Nutr 
2006;61:190–9. doi:10.1038/sj.ejcn.1602521. 

 


