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ABSTRACT 

Hypertension is a complex disease influenced by genetic factors including 

sex and environmental factors such as sodium intake. Human and rodent studies 

have revealed sex differences in blood pressure (BP) onset and control with 

antihypertensive drug therapies. In addition, approximately ninety percent of 

Americans consume more than the AHA recommended amount of sodium. 

However, the current clinical guidelines do not offer sex-specific treatment plans 

for sodium sensitive HT. Baboons are a model for sodium sensitive BP due to 

their genetic and physiological similarities to humans, including having 

continuous and heritable BP. Previous studies investigating the impact of genetic 

variation and sodium intake on BP in baboons to date have focused on males. 

This work aimed 1) to understand whether there are sex differences in primate 

BP and kidney cortex transcriptome on a low sodium (LS) diet, and, 2) to 

determine the renal gene networks regulating BP on a LS and high sodium (HS) 

diet in female primates.  

To address the first aim, sodium-naïve female (n=8) and male (n=9) 

baboons were fed a low-sodium chow diet throughout life prior to and during the 

study. Blood pressure was continuously monitored by implantable telemetry device 

over 24-hours at weekly intervals for 12 weeks, and ultrasound-guided kidney 

biopsies were collected for RNA-Seq. Blood chemistries were also performed. We 

found that serum 17 beta-estradiol concentration correlated BP in females. BP in 

males correlated with Na+ intake, blood urea nitrogen, and glucose. Kidney cortex 

cell type composition in biopsies was consistent between females and males. Sex 
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differences were observed in the kidney transcriptomes by both principal 

components analysis and weighted gene co-expression network analysis. Network 

analysis revealed HNF4A, ESR1, ESR2, SMARCA4, TP53, and NR3C1 as BP 

regulators in males, but no BP regulators were identified in females.  

To address the second aim, sodium-naïve female baboons (n=7) were fed 

a LS diet for 6 weeks followed by a HS diet for 6 weeks. At the end of each 6-week 

diet feeding, sodium intake, serum 17 beta-estradiol, and ultrasound-guided 

kidney biopsies, and continuous BP were collected. Quality BP measures were 

obtained over 64-hour continuous recording periods by implantable telemetry 

devices at weekly intervals for xxx weeks. Na+ intake and serum 17 beta-estradiol 

concentration correlated with BP on the LS diet. Cell type composition of renal 

biopsies was consistent among all animals for both diets, but kidney 

transcriptomes overall differed by diet. Renal biopsy RNA Seq data were analyzed 

by unbiased weighted gene co-expression network analysis and revealed modules 

of genes correlated with BP on the HS diet. Network analysis of module genes 

showed a causal network consisting of hormone receptors, proliferation and 

differentiation, methylation, hypoxia, insulin and lipid regulation, and inflammation 

as regulators underlying variation in BP on the HS diet. Our results show variation 

in BP correlated with novel kidney gene networks with master regulators PPARG 

and MYC in female baboons on a HS diet. Immunohistochemistry of downstream 

target VEGFA demonstrated protein abundance correlated with blood pressure 

and sodium intake on a HS diet. These results demonstrated sex differences in 

sodium naïve primate kidneys and identified novel networks for BP control in males 
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and females. These findings are a first step towards informing better therapies 

towards the goal of precision medicine for women and men.  
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INTRODUCTION 
Overall impact of Hypertension  

Cardiovascular disease is the leading cause of mortality worldwide. A major 

risk factor for cardiovascular disease is Hypertension (HT), a complex and disease 

that affects nearly half of all adults in the American population(1). Blood pressure 

(BP) is measured twice during a cardiac cycle: 1) during systole, when the highest 

pressure occurs due to the heart constricting to pump blood; and 2) diastole, when 

the lowest pressure occurs because the heart muscle is relaxed and blood has 

filled the chambers. In adults, normal BP is defined as <120 mmHg/<80mmHg 

(systolic BP/diastolic BP) (Figure 1)(1). Treatment options for patients with high BP 

are determined by how much higher their BP is above the normal range. Patients 

with elevated BP (120-129/80 mmHg) may be able to control BP by making simple 

lifestyle changes such as diet, while patients with HT stage 1 (130-139/80-89 

mmHg) will need BP lowering medication, and HT stage 2 (≥140/≥90 mmHg) 

patients often need multiple BP lowering medications to control HT.  

Early detection and diagnosis of HT can be difficult because many 

individuals do not display symptoms. HT is commonly diagnosed when a patient is 

seeking care for other health problems(1). For patients without previously identified 

genetic conditions that impact BP, there is no clear way to predict if an individual 

will develop HT prior to an observed increase in BP. This creates a need for 

patients to control their BP once they are in a disease state instead of preventing 

BP increase. As a result, only half of the population diagnosed with HT has control 

of their disease through current available therapies(1). If left untreated, HT can 

lead to secondary complications such as prolonged damage to the circulatory and 
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organ systems(1). 

 

Human genetics of HT 

Mendelian forms of HT have been identified, resulting from genetic 

disorders that impact BP, including glucocorticoid-remediable aldosteronism, 

Liddle's syndrome, mineralocorticoid excess, and pseudohypoaldosteronism type 

2 (2–6). Liddle’s syndrome is caused by mutations in the SCNN1B or SCNN1G 

genes, which encode for two subunits of the epithelial sodium channel expressed 

in the kidney and are important for regulating sodium in the bloodstream. 

Autosomal dominant polycystic kidney disease ensues when mutations occur in 

polycystin 1 and polycystin 2 - genes key to kidney development (7). These 

mutations lead to formation of fluid filled cysts that can cause damage or scaring 

and ultimately develop into kidney disease. Mutations in X-linked collagen genes 

compromise glomeruli resulting in poor filtering and predisposition for damage as 

seen in Alport syndrome(8). Issues with the immune system such as lupus, 

immune responses to streptococcal infection, and C1q nephropathy can also 

impact glomeruli function(8–10). In each of these monogenic syndromes, HT 

arises as a result of a mutation that impacts the development and/or function of 

the kidney (7).  

While HT may be the result of a single gene mutation, the majority of the 

population suffers from a more genetically complex form of the disease with 

variation in multiple genetic and environmental factors. One method to evaluate 

the genetic differences underlying BP regulation in the human population is a 
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genome wide association study. Many of the genetic mechanisms contributing to 

kidney damage are still not well understood for most HT cases and none of the 

genes responsible for these syndromes have been linked to polygenic HT in the 

general population. 

GWAS were used to identify single nucleotide polymorphisms (SNPs) by 

assessing if a particular allele of a genetic variant is found more often than 

expected in individuals with HT. Many GWAS studies have been performed to 

identify genes associated with BP regulation, and 100s of variants have been 

identified, but GWAS studies do not inform on gene function(11, 12),(13) While 

many genetic variants associated with HT risk have been identified by GWAS, they 

only provide information on variants associated with risk of developing the disease 

over an entire lifetime, but do not indicate when disease onset will occur(8). A 

glaring issue with HT treatment is the inability to detect the disease early before 

vascular and renal damage - better predictors of HT onset are needed (14). 

Gender differences also need to be considered as a part of the genetic 

variation of HT in human population studies. BP associated variants identified by 

GWAS to date only explain 27% of the estimated 30%-50% of the underlying 

genetic variation(15, 16). Many GWAS studies did not include genes on sex 

chromosomes in their analysis, potentially missing sex-specific variants impacting 

BP(15, 16). In addition, published studies have not had enough statistical power 

to identify all variants associated with BP regulation, and cannot easily control for 

many environmental confounders such as diet. Furthermore, gene and variant 

identification is associated with risk, but does not indicate function, and does not 
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always provide details about molecular markers indicative of disease onset or 

progression(8).  

 

Gene expression informs functional variation 

Gene expression represents a snapshot of ongoing cellular processes and 

is cell and tissue specific(17, 19, 21). For these reasons, gene expression can be 

used as a read out of potentially functional genetic variation in kidney(23, 25). As 

mentioned above, the most common causes of HT are polygenic, requiring 

untargeted analysis of the transcriptome to capture renal complexity. RNA Seq 

also quantifies splicing and transcription start site usage are which are highly 

regulated and influenced by environmental factors(61). RNA Seq data can be 

further analyzed to understand how multiple HT related genes interact and are 

regulated via network analysis(28). 

 

BP regulation by the Renin Angiotensin Aldosterone System 

The complexity of HT is in part due to the large number of organs involved 

in BP regulation. One mechanism of BP regulation is the renin–angiotensin–

aldosterone system (RAAS), which includes the kidneys, liver, lungs, brain, and 

vascular system (Figure 2)(12, 18). The RAAS is a critical regulator of blood 

volume and systemic vascular resistance. While the baroreceptor reflex responds 

in a short-term manner to decreased arterial pressure, the RAAS is responsible for 

more chronic alterations. It is composed of three major compounds: renin, 

angiotensin II (ANG II), and aldosterone.  
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When BP decreases, the kidneys release renin into the blood stream which 

then interacts with angiotensinogen from the liver to form angiotensin I. 

Angiotensin-converting enzyme (ACE) converts angiotensin I to ANG II which then 

acts on blood vessels directly to increase vasoconstriction. ANG II also stimulates 

the adrenal gland to release the steroid hormone aldosterone to trigger the kidneys 

to reabsorb water and electrolytes such as sodium through stimulation of sodium 

channels and Na-K ATPases. Aldosterone also binds to nuclear receptors and 

impacts gene expression in the kidney. ANG II also acts on the brain to stimulate 

antidiuretic hormone in the pituitary, which acts to increase water reabsorption in 

the kidney via aquaporin channels in the collecting duct. Ultimately these steps 

lead to increased vasoconstriction, increased total body sodium, and fluid 

reabsorption resulting in increased BP(12, 18).   

Sustained levels of RAAS components have been shown to influence the 

occurrence of chronic renal damage by damaging the vessels systemically. 

Vascular strain may also worsen due to increased cell proliferation, inflammation, 

and fibrosis(12, 20).The RAAS is influenced by other enzymes, hormones, pumps 

and signaling pathways, but is not completely understood. Moreover, many of the 

key contributors to the RAAS have not been observed in many GWAS studies 

related to blood pressure indicating the RAAS is not the only contributor of 

underlying genetic variation to BP(22, 24).  

 

BP regulation by the kidneys 
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The kidneys are a key regulator of BP and are made up of substructures 

composed of heterogeneous cell types, each performing a specific function. 

Kidneys function overall to filter blood by removing excess waste and fluid such as 

sodium and water, as well as maintaining proper osmotic pressure in the blood 

stream(26). The renal cortex and medulla are the predominant home to nephrons, 

the filter units within the kidney (Figure 3). Nephrons are composed of a glomerulus 

and tubule. The glomerulus is a capillary rich portion of the nephron where most 

small solutes are removed from blood followed by collection of the filtrate by the 

renal tubules to be reabsorbed or removed as urine. Increased BP creates a force 

against the vasculature, which can lead to damage, scarring, and weakening of 

the blood vessels including those in the kidneys (1, 27).  

Numerous studies have focused on identifying the substructures and 

functions of the nephron(29–31). Kidney nephrons have been categorized into 

sections including the glomeruli, proximal convoluted tubule, descending loop of 

Henle, ascending limb, distal convoluted tubule, and collecting duct (Figure 3). 

Each of these sections performs a specific role in solute filtration, reabsorption, 

and water homeostasis in the blood stream. Many water- (aquaporins) and solute- 

carriers (SLC family) have been identified that have roles in specific regions of the 

nephron as well as proteins that function as sodium- (NHE3, NKCC2 and NCC), 

potassium- (KCNK3 and KCNK9), chloride-, and calcium- channels, and ion 

related ATPases (ATP1A1)(29, 32–38). Changes in abundance of key proteins 

involved in water or solute filtration within the nephron can compromise the 

kidney’s ability to remove waste and fluid from the body, which in turn may raise 
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BP and lead to more damage(32–34, 36). This damage can accumulate over time 

and often without symptoms making high BP the second leading cause of kidney 

failure(1). While poor management of solute and fluid balance within the kidney 

can impact the entire vascular system and members of the RAAS, issues in the 

vasculature and RAAS can also impact the kidney and is why the role of the kidney 

in BP regulation and HT is still not entirely understood.  

 

Animal models in HT 

Many of the same kidney functional and structural genes are conserved in 

mammals allowing for exploration of the mechanisms underlying the role of the 

kidney in BP regulation across species(39, 40). Rodents have historically been a 

valuable model for understanding BP regulation(39, 40). Both mice and rats 

possess well-annotated genomes and abundant molecular resources for 

comparative studies of BP and the kidney. Pedigrees for inbred and outbred mice 

and rats have demonstrated heredity by identifying quantitative trait loci (QTL) for 

BP(39, 41–43). Rodent models of HT susceptibility have been used for genetic 

complement assays to determine which regions of a chromosome are responsible 

for increases in BP and renal damage(39).  Recent advances in understanding BP 

regulation and underlying functional variation have been in part due to studies on 

genetics of BP regulation in multiple species and multiple rodent strains(39, 41–

43) including gene editing(44, 45).  

Several mouse and rat manipulation studies have interrogated the impact 

of individual kidney or tubule specific genes on BP(30, 36, 46).  Through these 
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methods members of the RAAS, sodium, water, calcium, chlorine, and other solute 

channels as well as ATPases have been revealed as highly important players(32–

34, 36, 46).  

RNA-Seq experiments of kidney cortex in a rat model of HT have shown 

genes associated with cardiovascular development and organ injury were 

dysregulated in rats with stress-induced HT(47). While some variants in genes 

such the RAAS player ACE (angiotensin-converting enzyme) have been confirmed 

as candidate genes based on GWAS in knockout mouse models and knockdown 

studies in cells, very few variants have been shown to alter the expression or 

function of the gene of interest and alter BP in a transgenic or knockout strain(22, 

24). 

More sensitive and precise tools such as single cell sequencing have 

allowed researchers to gain more insights into which specific cell types are 

involved in BP regulation. Tubule microdissections in rats have allowed for 

characterization of gene expression along the nephron(30). However, recently the 

kidney was added to the list of tissues that could be deconvoluted into individual 

cell types by single cell sequencing to characterize cell type specific gene 

expression. Single cell sequencing has led to the identification of novel kidney cell 

types and cell type specific transcripts in humans and mice(48–56).  By 

characterizing the heterogeneous cell type composition of the kidney and 

comparing healthy and early-stage high BP kidneys, we can better understand 

disease initiation and pathogenesis.  
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Primates are also used as a model for investigating BP regulation. Baboons 

are genetically and physiologically similar to humans and have been used to study 

many complex diseases including HT(57–66). Previous studies in baboons have 

shown BP to be heritable, like humans(67). Baboons within the colony at the 

SNPRC demonstrate a blood pressure ranges similar to what is observed in 

humans. These baboons are pedigreed and selectively bred to maintain BP 

variation according to family history. Although these baboons are inbred compared 

to populations in the wild, they are selectively bred according to relatedness 

scoring in the colony to maintain as much genetic variability as possible. The large 

amount of genetic and BP variation among baboons compared to many isogenic 

rodent models (strains with greater than 98.6% genetic similarity), is therefore 

distinctive and allows investigators to capture a wide range of genes that contribute 

to BP variation(66, 68–70). NHPs also share many of the same physiological 

characteristics as humans such as a diurnal cycle and nighttime BP dip(64, 71). 

Unlike most human studies, tissue samples from healthy kidney may be obtained 

in baboon studies.  

 

HT treatment options  

Many available treatment options for HT include interventions that act 

against vasoconstriction (e.g., calcium channel, and alpha and beta blockers), 

removing salts (diuretics), or target players of the RAAS (ACE inhibitors or 

angiotensin receptor blockers)(1, 72–74). These drugs can lower BP and as a 

result are renoprotective, delaying or preventing the progression of kidney 
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disease(1, 72–74). Patients with HT stage 1 are often prescribed ACE inhibitors 

that prevent vasoconstriction and have been shown to be protective against further 

kidney damage(1, 72). Patients with HT stage 2 patients often need multiple BP 

lowering medications to control BP(1, 72–74).  Patients are also counseled to 

modify their diets to reduce sodium intake(1, 75). Even with a vast selection of 

medications currently on the market, many patients do not respond to available 

therapies, or suffer from side effects (1, 72–74). Poorly managed HT can 

eventually lead to kidney failure and the need for a kidney transplant. Other 

complications that can arise from strain and injury of the vascular include stroke, 

vision loss, heart attack, and heart failure. Thus, further understanding of the 

mechanisms underlying HT is required. 

 

Sex differences in HT 

Differences in the biology of females and males are established from the 

very beginning of fetal development at the transcriptome level(76, 77). These gene 

expression differences can continue to diverge as aging occurs leading to distinct 

molecular profiles in males and females (78). Many previous studies did not take 

this into account when studying complex diseases due to the assumption that 

females and males were biologically comparable(79). These studies were 

performed using only male subjects or grouping both sexes together for simplicity 

or technical limitations. The NIH and scientific community have begun to push for 

inclusion of both sexes in research to understand how these differences contribute 

to health and disease. In 1990, the NIH Office of Research on Women’s Health 
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(ORWH) was established to promote women’s health and sex differences 

research. Even though the field of women’s health has grown significantly since 

then, one study found only around half of the awards from NIH National Heart, 

Lung, and Blood Institute (NHLBI) related to “sex differences in HT” included direct 

comparison between females and males(79). The mechanisms underlying HT may 

be more clearly elucidated by directly comparing females and males.  

Both women and men develop HT, and while there is some overlap, sex 

differences have been frequently observed(78, 80–85). Women generally have 

lower BP than men prior to the age of menopause regardless of race and 

ethnicity(67, 86). This sexual dimorphism is also observed across multiple 

species including dogs, rats, mice and chickens(86). The same trend is also 

conserved in many genetically engineered models of HT(87, 88). Aging is also 

associated with increased risk of HT for both women and men (78, 89). However, 

evidence from the 2007-2010 National Health and Nutrition Examination Survey 

(NHANES) shows the highest risk of HT in women is after the onset of 

menopause and reduction of estrogen hormone levels (1, 81, 90–92). This is 

thought to be due to a decrease in estrogen’s role as a vasodilator and 

hypotensive agent(93). Estrogen induces vascular relaxation and stimulating 

endothelium-derived vasodilators release or by acting directly on the vascular 

smooth muscle, resulting in decreased BP(93).  

 

Many women are still at risk prior to the onset of menopause. Women with 

conditions such as polycystic ovarian syndrome, estrogen imbalance, as well as 



	 12	

premenopausal women on supplemental estrogen are at higher risk of developing 

HT(1). Pregnancy related risks also include preeclampsia, gestational HT, and 

post-partum HT(1). Rodent research has also been useful for women’s health by 

demonstrating the impact of hormones such as estrogen on BP control, and 

showing sex differences impact gene expression in the kidney(85, 94–97).  

Sex differences have also been observed in the Renin Angiotensin 

Aldosterone System, specifically in androgen and estrogen receptor expression, 

in both humans and animal models(95, 97, 98).  Within the RAAS, estrogen can 

induce vascular relaxation by stimulating nitric oxide production or acting directly 

on the vascular smooth muscle(99–101). Studies have shown the RAAS to be 

antagonized by hormones such as estrogen due to its’ vasodilator effect which 

prevents HT in rat models(99–101). The loss of estrogen in ovariectomized rats is 

also shown to increased BP, but the RAAS impact on BP can be reduced with 

supplemental estrogen treatment(101–103). These interrogations in rodents 

demonstrate the same patterns as women, who greatly increase their risk of 

developing HT when estrogen levels naturally decrease near menopause. Studies 

in male rodent kidneys have also implicated the transcription factor ESR1 as an 

important player in BP regulations(104). 

Men have been observed to have better control of BP on available 

hypertensive drugs than women94. This may be due in part to pharmacogenetic 

drug responses differences, for example one study of a cohort of Chinese children 

identified a sex-specific a SNP in CYP17A1 that may affect BP(105–107). Sex 

specific polymorphisms have been observed to impact treatment response for 
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other diseases as well such as hypercholesterolemic patients(105–107). 

Additionally, women are almost two times more likely than men to develop 

cardiovascular disease from HT(108, 109). Despite this evidence, current HT 

guidelines do not have a recommendation for sex specific treatment strategies(1). 

Even more recent studies profiling cell type specific gene expression in 

characterizing the kidney or cell cultures for validation do not include important 

subject details such as sex, let alone independent analysis to address the 

possibility or sex differences(110–113).  

These factors further support` the need to investigate differences in the 

underlying genetic mechanisms of HT in women and men. These findings indicate 

there is a significant need to develop new treatments for HT in women, and that 

treatments may be needed at an earlier time in disease progression.  

 

Impact of dietary sodium on HT 

HT is a complex disease that is influenced by many genetic and 

environmental factors including dietary sodium intake(27, 97, 114–118). The 

American population consumes an average of 3,400 mg of sodium per day, more 

than the 2,300 mg daily-recommended amount(1). Sodium regulation in the blood 

stream is a contributing factor in HT(27, 97, 114–118). Genetic background plays 

a part in sodium management; some people demonstrate greater BP sodium 

sensitivity than others and may be at increased risk of HT onset from their diet(27, 

97, 114, 119). The kidney may not be able to simply filter out excess sodium due 

to a variety of reasons, for example changes in expression of key proteins involved 
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in water or solute filtration within the nephron can compromise the kidney’s ability 

to remove waste and fluid from the body, which in turn may raise BP and lead to 

increased vascular strain and damage(32–34, 36). Over time damaged kidneys 

may no longer function and sustained high BP can lead to kidney failure. This 

damage can accumulate over time and often without symptoms making high BP 

the second leading cause of kidney failure(1). Sex differences have also been 

observed in studies of BP response to sodium diet(91, 120–122). Gene expression 

data comparison between kidneys from baboons and rats have shown there are 

important differences that indicate rodents are not useful for understanding all 

gene interactions(58). Furthermore, studies of on gene regulatory processes also 

show there are important transcriptional, post-transcriptional, and downstream 

translational differences that cannot all be recapitulated in rodent models(61, 123, 

124). Noncoding RNAs and microRNAs also play a role in many cardiovascular 

diseases and species differences have been observed between humans and 

rodents in a variety of tissue types including kidney(61, 123, 124). For these 

reasons, sequence differences should be considered when selecting an 

appropriate model to move forward with studies of the relationship between kidney 

gene expression and BP regulation (Figure 3).    

Another important but often overlooked issue with using rodent models to 

investigate sodium sensitive HT is their difference in circadian rhythm; rodents are 

nocturnal compared to diurnal primates(67, 125). In patients, sodium sensitivity is 

associated with changes in circadian rhythm and can diminish the characteristic 

dip in systolic BP that occurs during sleep(126, 127). Studies in Dahl salt-sensitive 
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rat fed a high salt diet show significantly dulled expression of the clock genes 

BMAL1 and CLOCK in the liver, heart and the kidney(128).  These examples show 

there is a known impact of sodium on circadian rhythm and ignoring this detail may 

confound many rodent studies investigating the impact of dietary sodium on BP.  

BP measurements are also variable across rodent studies, often a result of 

inconsistency within the methods(129). Added handling of animals also makes it 

difficult to be confident BP changes are due to dietary sodium(129, 130).  

The full influence of genetic variation in BP and renal response to sodium 

intake remains unknown. Previous studies have identified genetic variants that 

contribute to sodium sensitivity, however many people do not respond to current 

HT therapies; indicating additional genetic variants have not yet been discovered 

that influence BP response to sodium(1, 27, 119). Furthermore, sodium sensitive 

BP is still somewhat poorly defined. Thus, there is a need to identify these 

functional variants to inform development of new therapies for individuals not 

effectively treated by current therapies.  

 

Baboons as a model to understand the genetics underlying sodium sensitive 

HT 

The genus Papio baboons are old world monkeys found in sub-Saharan 

Africa. One species of Papio in particular is of interest to this project; the 

hamadryas baboon (P. hamadryas) is native to Ethiopia, Eritrea and the Arabian 

peninsula(59, 64, 70). Baboons are ideal for biomedical research due to their 

genetic, physiological, and anatomical similarity to humans(59, 64, 70). The 
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similarity of non human primates to humans, ability to control environmental 

exposures, and ability to compare healthy and diseased animals enables 

investigation of more complex diseases that would not be easily studied in a 

controlled manner in the human population(59, 64, 70). These characteristics also 

allow for direct translation of findings to humans.  

Many resources have been developed for genetic studies using the baboon 

due to its use in biomedical research. The Southwest National Primate Research 

Center (SNPRC) aids in studying the etiology of complex human diseases. The 

SNPRC maintains a colony of over 2,000 baboons and extensive pedigree 

information spanning 7 generations(58, 59, 68, 131). Over 2,400 baboons from the 

pedigree have been genotyped at 290 microsatellite markers and phenotyped for 

hundreds of quantitative traits(58, 59, 68, 131). These genotype data were used 

to create a whole-genome linkage map of 294 ordered loci and the phenotype data 

were used to identify areas of the genome that influence these traits-QTLs(60). 

The similarity between humans and NHPs allows for many genetic and molecular 

resources shared with humans such as references for genome building and 

antibodies for many protein targets(60). Another advantage is their shorter lifespan 

than humans, which allows for studying multiple generations and progressed 

impact of diseases similar to humans(132). 

Baboons share genetic and physiological characteristics with humans, 

providing a model to quantify genetic variation that influences BP with high sodium 

intake that is translatable to humans. In addition, unlike the human population, the 

cohort of baboons in this study was sodium-naïve, which is essential for 
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understanding BP regulation and initiation of HT (131, 133). Sodium naivety is 

important at the molecular and cellular level as it is one way we can ensure our 

model will not exhibit diseased/fibrotic/inflamed kidneys. 

Previous studies in male baboons identified groups predicted to be sodium 

sensitive and sodium resistant from the SNPRC colony based in part on family 

history of HT(67, 70). Spradling-Reeves et al., studied male baboons on a 12 week 

diet study consisting of a) 3 week control low sodium (LS) diet, b) 3 week LS diet 

+ ANG II infusion (LS+Ang), c) 3 week high sodium (HS) diet + ANG II infusion 

(HS+Ang), and lastly d) 3 week HS diet(70). BP was continuously measured over 

24-hours by implantable telemetry. Ultrasound guided kidney cortex biopsies were 

collected at the end of each diet and RNA-Seq was performed to assess gene 

expression. Transcript expression and network analyses performed on RNA from 

kidney biopsies showed differences in coordinated networks including 

upregulation of class I, II, and III major histocompatibility complex (MHC) in HBP 

kidneys compared to only class III MHC in NBP. Additionally, significant 

coordinated genetic networks in HBP kidneys included collagen and connective 

tissue disorders (KD Spradling, JP Glenn, DL Rainwater, JR Haywood, RE Shade, 

LA Cox, unpublished data). The high degree of similarity between humans and 

baboons allows findings from these studies to directly inform and predict sodium-

sensitive HT risk in humans.  

This similarity gives the baboon model an advantage over more commonly 

used rodent models which have been shown to have weak kidney substructural 

and gene expression similarities to humans in early developmental and adult 
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stages(58, 70, 134).  This strategy was effective in identifying potentially functional 

variants associated with BP. 

 

Renal genetic networks underlying BP in female primates 

While the above findings in male baboons are significant, molecular 

changes preceding HT onset have not been investigated in female primates. The 

first critical question that needs to be answered is: Are there differences in genetic 

networks influencing BP response to sodium in females and male primates? To 

investigate this, pedigreed and genotyped female baboons maintained on a low 

sodium chow diet throughout their lives were placed on a 12 week diet study 

consisting of a) 6 weeks of a control LS diet and b) 6 weeks of a HS diet (Figure 

4). BP was continuously measured weekly over 64-hours by implantable telemetry 

and kidney cortex biopsies were collected by ultrasound guidance at the end of 

each diet were for RNA-Seq to assess gene expression (Figure 4). 

This work aimed to understand 1) whether there are sex differences in 

primate BP and kidney cortex transcriptome on a LS diet, and if so, 2) what are the 

renal gene networks regulating BP on a LS and HS diet in female primates.  

To better understand whether there are sex differences present in the 

genetic mechanisms underlying primate BP regulation, BP and kidney cortex 

transcriptomes were compared between females and males on a LS diet (Figure 

5,6). This study demonstrated BP differences between females and males varied 

by measurement type and time of day. Sex differences were also observed in the 

primate kidney transcriptome, and although there was no relationship between 
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female BP and kidney transcriptome, transcripts correlated with BP in males were 

identified.  

After establishing that sex differences exist in baboon BP and the kidney 

transcriptome this work continued by studying the BP and kidney cortex response 

to dietary sodium, with a focus on female primates.   

Interestingly BP increased in some animals and decreased in others across 

all measures when comparing HS diet BP with LS diet BP consistent with what is 

seen in human populations. In addition, BP, Na+ intake, and serum 17 beta-

estradiol correlated with each other on the LS diet, but these correlations were not 

seen on the HS diet. The kidney transcriptome revealed modules of genes 

correlated with BP measures after the HS challenge, and gene networks were 

identified nominating genes PPARG and MYC as key regulators. IHC was 

performed to assess protein abundance and cell localization of PPARG, MYC, and 

VEGFA from the regulatory network. Protein abundance of downstream target in 

the network was VEGFA which had been associated with systemic sodium 

sensitivity correlated with BP measures and plasma 17 beta-estradiol 

concentrations (135). This study is the first to show potential roles of VEGFA in 

regulation of BP in female primates. 
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Figure 1. HT categories. Five hypertension categories are shown (normal, 

elevated, hypertension stage 1, hypertension stage 2, hypertensive crisis) 

with corresponding systolic and diastolic measure cutoffs. Figure created 

with BioRender.com 
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Figure 2. Renin angiotensin aldosterone system (RAAS). Black arrows 

demonstrate direction of effect from one organ or molecule onto the next. 

The red down pointing arrow represents an initial drop in BP, while the blue 

up pointing arrow represents a resulting increase in BP. Figure created with 

BioRender.com 
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Figure 3. Kidney with nephron structure. The nephron structure consisting 

of the glomeruli, tubules, and ducts is diagramed across the kidney cortex, 

outer medulla, and inner medulla. Figure created with BioRender.com 
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Figure 4. Female sodium diet challenge study design. Female baboons (n=7) 

were acclimated for 6 weeks prior to the study start (dotted line). Animals 

were fed a control low sodium (LS) diet for 6 weeks followed by a high 

sodium (HS) diet for 12 weeks. Blood draws, chemistry panels, and kidney 

cortex biopsies were collected at the end of each diet as shown by the black 

arrows. On study time indicates weekly measurements of BP, sodium intake, 

and weight. Figure created with BioRender.com 
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Figure 5. Sex differences study design. Female (n=8) and male (n=9) baboons 

were acclimated for 6 weeks prior to the study start (dotted line). Animals 

were fed a control low sodium (LS) diet prior to study start and on study for 

6 weeks. Blood draws, chemistry panels, and kidney cortex biopsies were 

collected at the end as shown by the black arrows. On study time indicates 

weekly measurements of BP, sodium intake, and weight. Figure created with 

BioRender.com 
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Figure 6. RNA-Seq analysis of baboon kidney cortex transcriptomes. RNA 

was extracted from ultrasound guided collection of kidney biopsies and 

prepared into libraries for sequencing and bioinformatic analysis. Reads are 

trimmed, aligned, and normalized for downstream analysis of variation, 

coexpression, then ultimately pathway and network analysis. Figure created 

with BioRender.com.	
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Abstract 

Hypertension (HT) is a complex and prevalent disease that affects nearly half of 

American adults. The kidney is a key player in BP regulation, and is heterogeneous 

in composition adding to the complexity of understanding HT. This review will 

discuss human, non human primate (NHP), and rodent models used to investigate 

the role of the kidney in BP regulation. Methods to measure BP, and relate findings 

to the kidney transcriptome using the latest technologies will be discussed. 

Shortcomings in the field and how we can further advance precision medicine will 

be considered along with overviews of current methods and resources.  

 

Introduction 

Hypertension (HT) is a complex and prevalent disease that affects nearly 

half of American adults1. Early detection and diagnosis of HT can be difficult 

because individuals usually do not display symptoms, and while some cases of HT 

are caused by a known genetic variant with early onset HT, for the vast majority of 

individuals, there are no clinical measures that predict when an individual will 

develop HT prior to an observed increase in blood pressure (BP)1, 2. While HT may 

be the result of single gene deleterious mutation, the majority of the population 

suffers from a genetically complex form of the disease with variation in multiple 

interacting genes, which are influenced by environmental factors including dietary 

sodium3-5.  The complexity of HT is also in part due to the large number of organs 

involved in BP regulation6. One of the key players in BP regulation is the kidney 
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which functions to filter blood by removing excess waste and fluid such as sodium 

and water, as well as maintaining proper osmotic pressure in the blood stream7. 

Both women and men develop HT, and while there is some overlap in 

identified causal genetic variants, sex differences have been frequently observed1, 

8-17. Several studies have identified sex-specific single nucleotide polymorphisms 

associated with HT and disparities between women and men in pharmacogenetic 

drug responses to available therapies18-21. Despite this evidence, current HT 

guidelines do not include recommendations for sex-specific treatment strategies1. 

There is a clear need to further investigate the underlying genetics of BP regulation 

for improved prediction of HT onset allowing early intervention.  

This review will provide guidance on models of HT, and discuss elucidation 

of the secrets of BP and the kidney. In this review we will discuss the complexity 

of BP and kidney transcriptome analysis and considerations for study design using 

human, NHP and rodent models22. We will discuss the advances and limitations of 

each BP measurement technology, models of HT, and RNA-Seq technologies and 

considerations to design an informative study that translates to human health and 

greater precision medicine. Our focus will be the kidney; however, these themes 

and technologies may be applied to other diseases and systems.  

 

Models for studying BP and the kidney 

Human studies 

Human studies to understand the role of the kidneys in BP are challenging 

due to a variety of reasons. BP is a complex trait with many genetic and 
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environmental components which differ among people throughout their lifetimes17. 

Genetic variation associated with HT differs among populations with gender and 

race/ethnicity differences, which need to be considered20. Sampling of kidney to 

identify early molecular mechanisms underlying BP related dysfunction is difficult 

since invasive procedures such as kidney tissue biopsies are unethical in healthy 

individuals, excess tissue for research is not usually available, environmental 

influences depend on patient compliance, and sample collections are expensive 

and time intensive to develop appropriate cohorts. Population studies such as 

genome wide association studies (GWAS) have identified many BP associated 

variants but to date only explain 27% of the estimated 30%-50% heritability of BP 

variation23. In addition, published studies have not had enough statistical power to 

identify all variants associated with BP regulation24. Furthermore, GWAS studies 

only reveal genetic variants associated with risk of a disease, but offer no 

information about the timing of disease onset throughout an individual’s life25. 

Many patients with HT also exhibit additional symptoms or comorbidities, and may 

already be on other medications26-28. These factors may confound studies, and it 

is often not possible to account for diet, hormone levels, or other stressors. 

Inconsistencies in sampling methodology and sample quality also exist, due to 

collection, transport, and storage, which may impact downstream sample 

processing. Although human studies have been important for identifying a few 

functional variants that cause HT, due to these challenges conducting studies in 

humans, the majority of variants discovered by GWAS have not been validated as 

functional or linked to a functional variant. 
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Non Human Primates (NHPs)  

NHPs are genetically and physiologically similar to humans, including a 

diurnal cycle and nighttime BP dip29-31, allowing for direct translation of studies to 

human medicine32-34. The similarity between humans and NHPs allows for sharing 

many genetic and molecular resources such as gene probes for qPCR and 

antibodies for many protein targets33. Another advantage is their shorter lifespan 

than humans with the progressed impact of diseases similar to humans35. Primate 

colonies are often pedigreed that support HT studies. For example, baboons at the 

Southwest National Primate Research Center have lines bred for BP variation and 

pedigreed vervet monkeys at Wake Forest School of Medicine have been identified 

with spontaneous HT36-38. Although NHPs are moderately inbred they carry 

approximately twice the genetic variation as humans, and therefore are distinctive 

in their ability to capture genetic variation corresponding with BP32, 39, 40. As in 

human populations, BP is a continuous trait in NHPs, a valuable characteristic for 

understanding complex genetic mechanisms that influence BP regulation and HT 

onset 21, 36. In addition, it is feasible to collect longitudinal kidney biopsies from 

healthy animals, which allows comparison of healthy and diseased states for better 

understanding of molecular mechanisms underlying BP regulation prior to HT 

onset. Genetic studies have revealed quantitative trait loci (QTLs) that regulate BP 

in baboons34. Unlike humans, captive NHP colonies live in a controlled 

environment, eating the same diet their entire lives, which controls for two 

environmental factors that play significant roles in BP regulation and HT risk, and 

make feasible studies to understand the underlying genetics of BP regulation in 
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the kidney. NHPs in controlled environments are also useful for in vivo studies 

testing the impact of interventions such as high sodium diet and Ang II infusions41, 

42. While primates are often considered more expensive for studies than other 

models, many samples can be obtained through tissue sharing of banked samples 

available through NIH funded national primate centers such as the Southwest 

National Primate Research Center.  

Rodents 

Rodents have historically been a reliable model for understanding kidney 

function and BP regulation, as well as driving many technological developments 

including inbreeding, gene editing, and interventional surgeries. Shorter lifespans 

and controlled environments also make rodents an important model for 

understanding BP regulation. Their small body size is advantageous for study of 

whole organs and for requiring small amounts of agents to test interventions and 

therapies. 

Specific strains of inbred and outbred mice have demonstrated heritability 

of BP regulation by identifying QTLs and individual genetic variants associated 

with BP43-45. Recent advances in our understanding of BP regulation that translate 

to humans has been significantly influenced by the ability to understand genetic 

similarities and differences between humans and rodents, including different 

rodent strains44. Gene editing tools and humanized models have also added to our 

understanding of kidney physiology, metabolism, and genetics46, 47. Rodent 

research has also been pioneering for women’s health by demonstrating the 



	 54	

impact of hormones such as estrogen on BP control, and showing sex differences 

impact gene expression in the kidney14, 15, 48, 49. 

 While rodents are easier to manipulate than primates, there are 

disadvantages in studying rodents rather than primates to understand BP 

regulation. For example, there are significant genetic differences between rodent 

and human gene interactions and gene networks that influence BP regulation50. 

Another complication comes from rats and mice being less genetically similar to 

each other than they are to humans. In addition, there are metabolic differences - 

rodents are nocturnal with a reversed circadian rhythm that influences BP and 

underlying molecular regulation51. Despite these drawbacks rodents are important 

for understanding the kidney and BP regulation with extensive resources such as 

annotated genomes, and molecular genetic and biochemical tools for comparative 

studies. 

 

Methods of BP measurement 

Arm cuff 

Figure 1 shows models used with corresponding BP measurement devices. 

The arm cuff is a routinely used instrument for measuring BP in humans and NHPs. 

It is found in almost every clinician’s office and is a routine part of most checkups. 

This device is cost-effective and non-invasive; however, this method only produces 

a single BP reading which may be variable if the cuff is not fitted correctly and/or 

the individual has not been in a sitting position for at least 5 min52, 53. Additionally, 

some patients exhibit elevated BP due to stress of being in a clinical setting54. Use 
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of BP cuffs on NHPs is performed with the animal under sedation which has been 

shown to reduce BP measurements55. Handling of NHP also increases stress prior 

to measurement, also influencing measured BP values56. Cuffs are subject to 

variability depending on the technician measuring BP52. 

Tail cuff 

Tail cuff is a method of measuring BP in rodents in rodent tails. The 

measurement device allows high throughput, i.e. rapid measurement of many 

animals, reducing technical variation in large studies57, 58. A limitation of this 

approach is that loading an animal into the collection tube is stressful. Acclimation 

prior to study onset may be helpful in reducing this stress. Animals are often 

sedated and BP measurements can also be impacted by temperature during 

observation57. Many studies are moving away from this method in favor of 

implantable telemetry devices. 

Implantable telemetry devices 

Telemetry devices are implanted into an artery for continuous BP 

measurements and considered the gold standard59. Generally a small device with 

a battery, pressure sensor, and a catheter is implanted into an artery for blood 

pressure measurement. The catheter is filled with fluid and capped; creating a 

pressure sensitive mechanism that can stimulate a sensor inside the device. The 

external pressure of blood moving through the vasculature is then measured. The 

telemetry devices transmit the pressure reading to a nearby computer system for 

continuous recording. Ambient air pressure can also be collected and serves as a 

way to normalize the data despite changes in atmospheric pressure that may 
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impact the sensor. Some devices are also capable of measuring gyroscopic 

movement as a proxy for animal activity.  

Both tethered and untethered devices exist, with the additional option of 

using an additional catheter for treatment delivery. Implanting the devices requires 

surgery by trained staff, and additional study time for recovery. BP can be 

measured continuously for minutes, hours, days, or weeks while simultaneously 

recording additional parameters such as heartrate, activity, and temperature. This 

enables high-resolution data acquisition, useful for assessing circadian rhythms, 

modeling, and viewing live response to treatments, interventions, and other 

stressors. Implantable telemetry devices also allow conscious animals to be 

monitored without the disruption of social dynamics or regular routines. Handling 

or sedation are also not necessary, ensuring BP measures truly represent 

physiological responses56. BP data collection and analysis by telemetry also 

requires additional training and software. 

Kidney similarity 

It is important to know the strengths and weaknesses of different models 

when attempting to compare molecular and physiological systems across 

species22, 60, 61. From a genetic and physiological standpoint there is high 

conservation among vertebrate coding genes, with the kidney functionally and 

structurally performing many, though not all of the same roles in rodents as in 

humans and other primates50, 62. Figure 2 shows that our understanding of the 

human kidney is based on study of multiple species which inform each other. While 

there are many similarities between humans and other mammalian models, 
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genetic and physiological differences need to be considered in study design60, 61. 

Table 1 details kidney cell-type specific genes that are conserved across humans, 

baboons, vervets, rats, and mice obtained from Ensembl version 10463. These 

genes were identified as being uniquely expressed in one cell type consistently in 

studies of mouse kidneys and exist as a one-to-one gene orthologue across the 

species listed. For the vast majority of orthologues, the similarity to the human 

gene is greatest among primates60. Functionally, although genetic differences 

exist, many of these genes encode for proteins that are similar at key amino acids 

across species. As a result there are many structural similarities between human, 

NHP, and rodent kidneys64. Mice specifically have been used for profiling cell types 

in the kidney by single cell sequencing2, 61, 65-67. Gene array data comparison 

between kidneys from baboons and rats have shown there are important 

differences that indicate rodents are not useful for understanding all gene 

interactions50. Furthermore, studies of gene regulatory processes also show there 

are important transcriptional, post-transcriptional, and downstream translational 

differences that cannot all be recapitulated in rodent models68. Noncoding RNAs 

and microRNAs also play a role in many cardiovascular diseases and species 

differences have been observed between humans and rodents in a variety of tissue 

types including kidney69. For these reasons, sequence differences in genes central 

to the study hypothesis should be considered when selecting an appropriate model 

to move forward with studies of the relationship between kidney gene expression 

and BP regulation (Figure 3).  
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RNA Sequencing methods 

Bulk RNA-Seq 

 RNA sequencing offers an unbiased approach to identifying genes 

underlying BP regulation in the kidney. Although bulk RNA-Seq relies on profiling 

a whole tissue’s transcriptome, there are now computational ways to identify cell 

composition of heterogeneous kidney samples within a dataset70. Genes 

expressed exclusively in one specific cell type can still be quantified and compared 

between samples and other bulk datasets. Table 1 provides a short list of cell type 

specific genes for annotation and comparison among kidney RNA-Seq datasets2, 

71, 72. This additional layer of information allows for assessing if variation in gene 

response observed is truly valid or a product of differences in cell composition 

among study samples.  

Typically, quality control for RNA-Seq data is limited to whether the nucleic 

acids are in tact.  This consists of assessing RNA integrity and any degredation 

before proceeding to library preparation. DNA integrity and sequence lengths with 

adapters are assessed after library preparation. Quality of sequencing chemistries 

are measured by Phred scoring which calculates error probability by evaluating 

peak shape and resolution in at each base; this data is typically obtained during 

each round of PCR in the sequencer. Overall dataset quality after sequencing is 

then gauged by average read lengths, and percent alignment to a reference 

genome. While this information is informative for RNA quality, it does not tell the 

investigator anything about the cell types composing heterogeneous tissue 

samples. 
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Cell-type specific gene expression should be added as a quality control 

method for establishing the sampling was consistent and representative in a bulk 

RNA-Seq study. This method is good for a first pass at determining sampling 

differences and may be useful for diseases that impact more abundant cell types 

in more homogeneous tissues or specific tissue regions. Furthermore, additional 

insights can be gained while utilizing cost-effective bulk sequencing technologies 

combined with bioinformatics resources.  

Single cell sequencing 

Gene expression captured in bulk RNA-Seq may be biased towards more 

abundant cell types; however, it is possible to see less abundant and often 

overlooked cell populations using single cell RNA-Seq methods. Single cell or 

single nuclei RNA-Seq can be a more challenging albeit rewarding task, as it 

usually requires fresh tissue, and possibly use of flow cytometry, selection by 

antibodies, or microfluidic devices to separate cell types2, 73, 74. This can be a 

challenge for tissues from the kidney which are heterogeneous in composition, 

shape, and size. Another option that has been shown to be successful is isolation 

and sequencing of whole intact nuclei which can be from fixed or frozen tissue75. 

Although the bias in design eliminates mRNA which is being actively transcribed 

in the cytosol, it is also useful for identifying long noncoding RNAs. Still both 

methods are useful for profiling the cellular composition of the kidney and 

performing differential gene expression analysis. Single cell kidney studies are 

becoming popular for profiling different cell types in translational models of human 

kidney due to the ease of collecting fresh tissue and obtaining quality RNA which 
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can be more difficult in human specimens. High RNA quality is important for 

obtaining quality sequencing data, and is not easy to assess in single cell 

sequencing protocols when protocols only assess a few thousand to million cells 

prior to sequencing and data analysis. 

Spatial transcriptomics 

Spatial transcriptomics takes molecular and cellular characterization of the 

kidney to a new level by sequencing the cells in a specific fixed tissue section. 

Spatial transcriptomics allows for layering single cell gene expression directly onto 

an image of the tissue (Figure 4). This can be performed alongside with 

immunohistochemistry (IHC) and staining to validate gene expression seen in 

parallel bulk sequencing or deeper single cell sequencing analysis76. Data are 

useful for visualization of tissue representation and mapping gene expression to 

structural organization76. The same limitations apply to special transcriptomics as 

scRNAseq and cost is also increased. Profiling of NHP kidney at this level would 

also be valuable for a cross species comparison of structure and gene expression.  

These technologies can be used in tandem to characterize gene expression 

in the kidney. One important difference that needs to be addressed is the 

difference in sex-specific cell-type gene expression77. Many of these studies do 

not provide important subject details such as ethnic background or sex and do not 

include independent analysis to address the possibility of ethnic or sex 

differences2, 71, 72.  

 

Gene expression analysis  
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Pairwise comparison for differential gene expression 

Phenotypes that have clear groupings by preliminary t-tests or principal 

components analysis and exhibit little overlap as well as small variability are ideal 

for pairwise comparisons and differential gene expression analysis. These 

comparisons are often appropriate for inbred lines or distinct disease states with 

little variability within groups.  

Weighted gene coexpression network analysis (WGCNA) 

Blood pressure is a continuous trait in the human population and some 

animal models including NHPs21. WGCNA exists as an R package that 1) 

assesses transcripts co-correlated with each other and 2) identifies co-correlated 

gene modules that correlate with continuous traits such as BP79. WGCNA takes 

advantage of genetic variation and reduces the number of comparisons from a 

large dataset containing thousands of transcripts to a small number (<20) of 

modules created using hierarchical clustering. Each module then consists of 

transcripts that are likely coexpressed within a common biological pathway. 

WGCNA also reduces the data into a single data point by calculating the value of 

the first principal component of the module (eigengene). The eigengene is then 

used as a value to represent the weighted average of the expression profile within 

the module and is then correlated with a trait. Thus, the method significantly 

reduces the multiple testing burden and reduces the number of animals needed to 

detect significant differences that would otherwise be lost by binning for a pairwise 

comparison.  

Pathway and Gene network analysis 
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Biological context of gene expression data is important for interpretation. 

Pathway and network analysis combine unbiased gene expression with statistical 

modeling of gene interactions and can be further annotated with interactions 

observed in the literature from RNA-Seq or biochemical datasets. Causal variant 

and upstream regulator tools can identify genes known or predicted to act on a 

significant number of downstream targets. These genes can also be used to 

nominate master regulators and molecular networks that regulate cell/organ 

phenotypes.  

 

Functional validation 

Genes and transcripts nominated as important for BP regulation in the kidney by 

pathway and network analysis must be assessed for functional validation. 

Candidates are often investigated in 2D or 3D cultures before using animal 

models81, 82. Selecting the appropriate cell line(s) for validation is essential, which 

underlines the value of using methods such as RNA-Seq to identify specific cell 

types most relevant in a study72, 83, 84. It’s important to note that genetic background 

and genetic sex is often overlooked when using in vitro cell culture systems. 

Hormones and genetic variation play important roles in physiology and metabolism 

in cells and whole organ systems. Therefore, it is recommended that biological sex 

and race/ethnicity are addressed in validation studies85. 

In vitro models for human cells and tissues in the form of inducible 

pluripotent cells and organoids are frequently used to understand underlying 

genetic and molecular mechanisms82. These models can be powerful if they 
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recapitulate specific disease molecular profiles including gene expression and 

protein abundance86. A major strength is that cell lines can be genetically modified 

by methods such as CRISPR to include a specific variant representative of disease 

associated mutations, sex-specific variants, and/or ancestry-related variants86.  

However, use of organoids has been limited by our lack of understanding of the 

cross talk among heterogeneous cell types in the kidney, availability of these cell 

types for culture, and the available cell types are usually immortalized cancer cells. 

These studies have also been limited to available cell types from patient donors 

with important patient background information often not available to the researcher 

such as donor gender or ethnicity86. Interpretation may be further complicated by 

use of multiple donors for multiple cell types to build organoids. Although use of 

organoids holds great promise for in vitro studies to better understand molecular 

interactions and mechanisms that regulate BP, currently there are limitations due 

to the cell types that can be grown in culture, and cell types that can be used to 

generate organoids 83, 86.  

 

Summary 

When you review an RNA-Seq dataset in the literature or your own lab, can you 

confidently say you know the sample composition? Are you using the appropriate 

model or cell line to test your hypothesis? Can the complex tissue composition of 

the kidney be simplified? Each model and method informs our further 

understanding of BP regulation by the kidney. These considerations for 

comparative selection of models for understanding BP regulation by the kidney are 
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not limited to transcriptome studies and can be built upon further by combining 

additional datasets for multi-omic approaches and apply to other models of human 

disease. One glaring issue in reviewing studies related to single cell studies, 

organoid, and cell line is the lack of reporting of ethnic background, sex, or sex 

differences among cell profiles. Representation of biological sex and race/ethnicity 

at the bench and in the clinic will provide opportunities to utilize these new 

technologies that can lead to greater personalized medicine and increase health 

equity. 
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Figures and Tables 

 
 
Figure 1. Diagram of study subjects and corresponding blood pressure 

measurement devices. 
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Figure 2. Models for comparative study of the kidney. 
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Figure 3. Example study design for a) bulk tissue and b) single cell 
sequencing of kidney transcriptome to identify gene regulators of BP. 
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 Gene name Similarity to human gene (%)  

Kidney Cell Type Human Olive 
baboon Vervet Mouse Rat Olive 

baboon Vervet Mouse Rat Citation
s 

Macrophage C1QC C1QC C1QC C1qc C1qc 96.33 95.92 73.47 75.92 1,2,3,4 
Endothelial CD34 CD34 CD34 Cd34 Cd34 90.39 91.95 64.68 63.90 1,2,3,4 

Nephron 
progenitors CITED1 CITED1 CITED1 Cited1 Cited1 97.41 96.89 78.24 80.83 1,2,4, 

Loop of henle CLDN19 CLDN19 CLDN19 Cldn19 Cldn19 100.00 73.21 95.54 95.09 1,2,3,4 
Stroma DCN DCN DCN Dcn Dcn 98.05 97.77 79.67 77.16 1,2,4, 

Loop of henle EGFL6 EGFL6 EGFL6 Egfl6 Egfl6 95.30 95.48 77.94 79.57 1,2,4, 
Loop of henle IRX1 IRX1 IRX1 Irx1 Irx1 83.13 84.79 90.00 89.38 1,2,3,4 

Podocyte MAGI2 MAGI2 MAGI2 Magi2 Magi2 95.12 36.01 93.40 74.02 1,2,4, 
Podocyte NPHS1 NPHS1 NPHS1 Nphs1 Nphs1 93.15 94.68 81.79 81.39 1,2,3,4 
Podocyte NPHS2 NPHS2 NPHS2 Nphs2 Nphs2 91.38 98.17 85.38 85.12 1,2,3,4 
Podocyte PTPRO PTPRO PTPRO Ptpro Ptpro 99.01 83.63 91.69 91.12 1,2,3,4 

Podocyte R3HDM
L R3HDML R3HDM

L R3hdml R3hdml 92.49 92.49 77.87 78.66 1,2,4, 

Neutrophil S100A8 S100A8 S100A8 S100a8 S100a8 90.32 89.25 55.91 60.22 1,2,4, 

Loop of henle SLC12A
1 SLC12A1 SLC12A

1 Slc12a1 Slc12a1 99.18 98.18 92.90 92.99 1,2,3,4 

Nephron 
progenitors 

SPOCK
2 SPOCK2 SPOCK

2 Spock2 Spock2 98.58 98.11 93.63 94.10 1,2,4, 

Podocyte SYNPO SYNPO SYNPO Synpo Synpo 73.98 97.67 78.96 65.89 1,2,3,4 

Intercalated cell TMEM6
1 TMEM61 TMEM6

1 
Tmem6

1 
AABR0707

3134.1 90.95 90.48 30.95 49.05 1,2,4, 

	
Table 1. Genes expressed exclusively in one kidney cell type with gene 

similarity of NHPs and rodents gene sequence compared to human gene 

sequence. 
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Figure 4. Overview of spatial transcriptomics experimental design. 
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Abstract 
Hypertension is a complex disease influenced by sex, and genetic and 

environmental factors. Blood pressure (BP) is a continuous trait that is heritable in 

primates, including humans and baboons. The kidneys play a role in systemically 

regulating BP. Sex differences in BP onset and control with antihypertensive drug 

therapies have been observed in humans and rodents. Hypertension studies in 

non human primates (NHP) to date have focused on males. We hypothesized that 

there are differences in renal molecular networks associated with BP in female and 

male primates. Sodium-naïve female (n=8) and male (n=9) baboons were fed a 

low-sodium chow diet prior to and during the study. Implantable telemetry devices 

continuously monitored heart rate and blood pressure over 24-hours, and 

ultrasound-guided kidney biopsies were collected for RNA-Seq. Serum 17 beta-

estradiol concentration correlated BP in females. BP in males correlated with Na+ 

intake, blood urea nitrogen, and glucose. Cell type composition of renal biopsies 

was consistent between females and males. Sex differences were observed in the 

kidney transcriptomes by principal components analysis and weighted gene co-

expression network analysis. Network analysis revealed HNF4A, ESR1, ESR2, 

SMARCA4, TP53, and NR3C1 as BP regulators in males. Our results demonstrate 

sex differences in primate kidney molecular networks and provide evidence of a 

novel link between renal transcription factors and BP regulation in males. 

Understanding sex differences and transcriptome variation in primate kidneys 

correlated with BP and clinical measures associated with BP will inform better 

therapies towards the goal of precision medicine for women and men. 

Keywords 
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Hypertension, WGCNA, genetics, kidney, baboon 

Introduction 

Cardiovascular disease is the leading cause of mortality worldwide. A major 

risk factor for cardiovascular disease is hypertension (HT), a complex and 

prevalent disease that affects nearly half of American adults(1). Early detection 

and diagnosis of HT can be difficult because individuals usually do not display 

symptoms, and while some cases of HT tied to a specific genetic variant, for the 

vast majority of cases, there are no clinical measures that predict when an 

individual will develop HT prior to an observed increase in blood pressure 

(BP)(1,2). This gap results in patient BP control after HT diagnosis rather than 

prevention of BP increase and HT(1,3). If left untreated, HT can lead to secondary 

complications such as prolonged damage to the circulatory and organ 

systems(3,4). While HT may be the result of single gene deleterious mutations, the 

majority of the population suffers from a more genetically complex form of the 

disease with variation in multiple interacting genes, which are influenced by 

environmental factors.   

Both women and men develop HT, and while there is some overlap, sex 

differences have been frequently observed(1,5–13). For example, sex differences 

in the Renin Angiotensin Aldosterone System, specifically in androgen and 

estrogen receptor expression, have been observed in animals and humans(6,8–

11,13). Several studies have identified sex-specific single nucleotide 

polymorphisms associated with HT and disparities between women and men in 

pharmacogenetic drug responses to available therapies(7,14–16). Additionally, 
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women generally have lower BP than men prior to the onset of menopause (16). 

Despite this evidence, current HT guidelines do not include recommendations for 

sex-specific treatment strategies(1). This is partially due to many studies related 

to HT being performed using only male subjects or grouping both sexes together 

for simplicity or technical limitations(17).  

Baboons (Papio hamadryas) are genetically and physiologically similar to 

humans and have been used to study complex heritable human diseases, 

including HT and sodium-sensitive HT(18–25). Pedigreed, phenotyped and 

genotyped baboons at the Southwest National Primate Research Center (SNPRC) 

are a resource for identifying the genetic factors that regulate BP. These baboons 

are sodium-naïve, unlike the human population, a characteristic essential for 

understanding BP regulation and initiation of HT(18,21,22,24,26–28). The 

similarity of baboons to humans, ability to control environmental exposures, and 

ability to compare healthy and diseased animals enables investigation of more 

complex diseases that would not be easily studied in a controlled manner in human 

populations. These characteristics also allow for direct translation of findings to 

humans. In addition, recent advances of cell type-specific gene expression in the 

kidney allow for greater resolution of bulk RNA-Seq comparative studies to explore 

the underlying genetics of BP regulation(2,29).  

We hypothesize there are differences in BP and renal molecular networks 

in female and male primates. To better understand sex differences, we selected 

sodium-naïve female and male baboons on a low-sodium chow diet. BP was 

measured continuously for 24-hours by implantable telemetry device, and 
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transcriptome profiling of kidney cortex biopsies was performed on each animal. 

Sex differences were observed in clinical measures and the kidney cortex 

transcriptome. Unbiased analysis by Weighted Gene Co-expression Network 

Analysis (WGCNA) allowed us to leverage genetic variability in our cohort to 

identify genes associated with BP variation in males, but not females. We identified 

HNF4A, ESR1, ESR2, SMARCA4, TP53, and NR3C1 as regulators of BP in males. 

The high degree of similarity between humans and baboons allows these findings 

to inform sex differences in BP regulation in humans. There are clear sex 

differences in a number of BP-related clinical measures as well as the kidney 

transcriptome, which are important for development of diagnostics and therapies 

that address this variation in women and men.  

 

Methods 

Ethics, study design, and data collection 

We utilized a cohort of olive baboons (Papio hamadryas; Taxonomy ID 

9557) maintained as part of the pedigreed baboon colony at SNPRC, located on 

the campus of Texas Biomedical Research Institute, San Antonio, Texas. All 

animal procedures were reviewed and approved by Texas Biomedical Research 

Institute’s Institutional Animal Care and Use Committee (IACUC). SNPRC facilities 

at the Texas Biomedical Research Institute and animal use programs are 

accredited by Association for Assessment and Accreditation of Laboratory Animal 

Care International (AAALAC), operate according to all National Institutes of Health 

(NIH) and U.S. Department of Agriculture (USDA) guidelines, and are directed by 
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veterinarians (DVM). All animal care decisions were made by the SNPRC 

veterinarians. Enrichment was provided on a daily basis by the SNPRC veterinary 

staff and behavioral staff in accordance with AAALAC, NIH, and USDA guidelines. 

Baboons were selected based on family history of HT as previously described 

(females: n=8, age 17.88 ± 1.35 years; males: n=9, age 8.10 ± 2.38 years). The 

KINSHIP program from Pedigree Database System (PEDSYS v.  2.0) was used 

with the Stevens-Boyce algorithm to calculate kinship coefficients to ensure similar 

degrees of relatedness among females and among males(30,31).  

The baboons were raised and maintained on a standard monkey chow diet 

(high complex carbohydrates; low fat (“Monkey Diet 15%/5LEO,” LabDiet, PMI 

Nutrition International) prior to study initiation. Animals were acclimated to cages 

for at least 8 weeks prior to study. Animals had free access to 500 g chow ad 

libitum in individual cages during feeding times. Food consumption, Na+ intake, 

body weight, and health status were monitored weekly for each animal throughout 

the study. In females, Na+ intake per kg animal was calculated as the sum of food 

Na+ intake divided by the animal weight. In males, Na+ intake per kg animal was 

calculated as the sum of food Na+ intake plus Na+ in saline infusions, divided by 

the animal weight.  

 

Telemetry implantation, and kidney biopsy and blood collection 

All animals were preoperatively treated with ketorolac (5-30 mg), sedated 

with ketamine (10mg/kg, IM), and maintained on isoflurane (1.3-3.0%) anesthesia 

throughout telemeter implant, kidney biopsy, and blood collection procedures. 
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Blood was drawn in EDTA tubes and separated into plasma and serum by 

centrifugation, and kidney cortex biopsies were collected via ultrasound guidance 

and flash frozen in liquid nitrogen. Animals were monitored during collections and 

throughout recovery. Postoperative care included observation for swelling at the 

surgical sight and monitoring until animal was conscious. Buprenorphine (0.2 

mg/kg, SQ) was administered for post-operative pain relief immediately once 

animals were awake. Buprenorphine (0.2 mg/kg, SQ) was administered as needed 

24-48 hours after surgery. 

 

Diet, housing, and BP measurements in baboons 

Females were run into individual cages for 4 hours (passing over an 

electronic weighing scale) for feeding; they were fed a chow diet (17.3 mmol 

Na+/500 g food consumed) ad libitum once a day for 6 weeks. Female baboons 

were housed in an outdoor social group with one vasectomized male (not on study) 

to provide full social and physical activity. Females were surgically implanted with 

a PhysioTel Digital implant model M10 (Data Science International (DSI)) under 

the external abdominal oblique muscle, and the catheter was implanted in the 

femoral artery to obtain 24-hour continuous BP, heart rate, temperature, and 

activity measurements in Ponemah software v 6.51 (DSI).  

 Male baboons were fed a chow diet (20 mmol Na+/500 g consumed) for 6 

weeks and saline infused by intravenous catheter as described by Spradling-

Reeves et al(21). Male baboons were tethered in individual cages, and intravenous 

catheters were surgically implanted as previously described by Carey et al. to 
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obtain 24-hour continuous BP, heart rate, temperature, and activity measurements 

in Ponemah software v 5.2 (DSI)(26).   

 

Clinical measures related to kidney function and BP 

 Blood chemistry panels were performed to measure hematocrit, glucose, 

total protein, blood urea nitrogen (BUN), creatinine, serum Na+, and serum K+ as 

described (21). Sodium outtake, plasma renin activity, plasma aldosterone, and 

PAH clearance were measured as described (21). The cytokine and chemokines 

IL-1Ra, IL-2, IL-6, IL-8, IP-10, MCP-1, MIP-1a and sCD40L were measured in 

plasma using a custom Luminex assay as detailed by Giavedoni(32). Serum 17 

beta-estradiol was measured in female baboons with the 17 beta Estradiol ELISA 

Kit (Abcam); human female serum (age 28 years) was used as a positive control. 

 

Telemetry data analysis 

Ponemah software was used for BP analysis with signal acquired at a 

logging rate of 10 seconds per minute. Data were reduced to 10-minute periods 

throughout the study for mean arterial BP (MAP), systolic BP, diastolic BP, and 

heart rate. The data were calculated for 24-hours, as well as 12-hour daytime (6:00 

am-6:00 pm) and 12-hour nighttime intervals (6:00 pm-6:00 am). BP data reported 

here are based on the last day of recording on chow diet before kidney cortex 

biopsy collection.  

 

RNA isolation, library preparation, and sequencing 



	 92	

RNA was isolated from kidney biopsy samples using the Direct-zol RNA 

Miniprep Plus Kit (Zymo Research). Tissue was homogenized in 600 μL of TRI 

reagent (Zymo Research) using a BeadBeater (Biospec Products) for 3 x 30 sec 

with RNA purification according to the Direct-zol RNA Miniprep Plus Kit 

instructions. RNA was quantified by Qubit RNA BR Assay Kit (Invitrogen), and 

RNA integrity was determined with an RNA ScreenTape Kit on the TapeStation 

2200 system (Agilent). cDNA libraries were prepared using the KAPA Stranded 

mRNA-Seq Kit (Roche). Libraries were quantified using a KAPA Library 

Quantification Kit (Roche), and quality was determined with a DNA ScreenTape 

Kit on the TapeStation 2200 system (Agilent). Sequencing was done using a HiSeq 

2500 (Illumina). 

 

RNA-Seq data processing 

Female and male transcripts were processed together in Partek® Flow® 

(Partek®, Inc.) with a minimum read length of 25 and minimum Phred 30. Reads 

were aligned to the olive baboon genome (papAnu2.0; March 2012).  

Transcripts were annotated to identify kidney-specific cell types as shown 

by Park et al(2). The full transcript list generated in Partek® Flow® was imported 

into Partek® Genomics Suite® (Partek®, Inc) for principal component analysis 

(PCA).  

 

Weighted gene co-expression network analysis 

 Transcripts were filtered for expression values totaling <17 among all 



	 93	

samples and filtered based on coefficient of variation for values equal to 0 prior to 

sex-specific WGCNA. The R package WGCNA was run with default settings which 

assign each transcript to a single module as described by Langfelder and 

Horvath(33).  

 

Pathway and network analysis 

Pathway and causal network enrichment analyses of genes in significant 

modules were performed using Ingenuity Pathway Analysis software (IPA; 

Ingenuity® Systems).  

Using search terms “hypertension” and “blood pressure”, variants were 

downloaded from the GWAS Catalog and merged with genes in significant 

WGCNA modules (Galaxy Genome, https://usegalaxy.org/) to identify genes with 

variants previously associated with BP(34). 

 

Statistics 

Clinical Measures 

Mean values and standard deviations for Na+ intake are reported as the 

average over 5 days prior to biopsy collection. Unpaired t-tests with or without 

Welch’s correction were performed on each of the clinical and BP traits as 

appropriate. Spearman correlation was performed on each of the clinical and BP 

traits. Data are expressed as mean, mean ± SD, or correlation r value, and were 

considered to be statistically significant if p-value < 0.05.  

Transcripts 
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 TMM+1 was used for normalization of trimmed and aligned transcripts. 

Multiple unpaired t-tests with FDR Two-stage setup (Benjamini, Krieger, and 

Yekutieli) for multiple testing were performed on cell type-specific transcripts 

between females and males. PCA was performed on normalized transcripts with 

ellipsoids representative of 2 standard deviations away from the mean. WGCNA 

was performed using Pearson correlation with a p-value cutoff < 0.05. Correlation 

directionality was calculated by subtracting expression values across transcripts 

of animals with the lowest BP from animals with the highest BP for transcripts 

correlated with BP and input into as expression values for IPA network analysis. 

Upstream analysis and causal network regulator lists were ranked by p-value. Data 

are expressed as mean, mean ± SD, or correlation r value, and were considered 

to be statistically significant if p-value < 0.05.  

 

Results: 

BP in female and male baboons 

Pedigreed female and male baboons were identified from familial lines with 

variation in BP, which is potentially related to genetic variation in regulation of BP 

(Additional file 1 tab S1). Telemetry measurements of MAP, systolic BP, and 

diastolic BP showed that these are continuous traits among this population of 

pedigreed baboons for both sexes over 24-hours and day/night intervals. This 

pattern is represented by the variation exhibited in 24-hour MAP (Figure 1). Sex 

differences were significant in daytime MAP, daytime systolic BP, 24-hour systolic 
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BP, and nighttime systolic BP between females and males (Additional file 1 tab 

S2).  

 

Clinical measures in female and male baboons 

 Significant differences between female and male baboons were 

observed in serum Na+ (p-value=0.012), BUN (p-value<0.001), and glucose (p-

value=0.0018) (Additional file 1 tab S2). BP was significantly different between 

female and male baboons for 24-hour systolic BP (p-value<0.0001), daytime MAP 

(p-value=0.0107), daytime systolic BP (p-value<0.0001), and nighttime systolic BP 

(p-value=0.0001) (Additional file 1 tab S2). Serum 17 beta-estradiol concentrations 

were significantly correlated with 24-hour MAP (p-value=0.0458), nighttime MAP 

(p-value=0.0458), 24-hour systolic BP (p-value=0.0279), and nighttime systolic BP 

(p-value=0.0279) in females; but there was no significant correlation between BP 

and age, Na+ intake; blood measures of BUN, total protein, glucose, hematocrit; or 

serum measures of K+, Na+ (Table 2, Additional file 1 tab S3). Males showed 

negative correlation between 24-hour diastolic BP, daytime diastolic BP, and 

nighttime diastolic BP with Na+ intake (p-values =0.0143, 0.0112, 0.0239). Plasma 

IP-10 was positively correlated with BUN (p-values =0.047); and a positive 

correlation between nighttime systolic BP and glucose (p-value=0.0313) was 

observed (Table 2, Additional file 1 tab S3). Males also demonstrated 24-hour MAP 

and nighttime MAP, negatively correlated with PAH clearance (p-value=0.014, 

0.021). 24-hour MAP, 24-hour diastolic BP, daytime diastolic BP, and nighttime 
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diastolic BP negatively correlated with plasma IL-8. Plasma IL-8 was also 

negatively correlated with plasma IL-6 (p-value=0.006). 

 

Cell type-specific gene expression in kidney cortex biopsies  

Transcript quality was similar between female and male samples, but 

females had a lower average transcript alignment and greater average read 

lengths than males (Additional file 1 tab S4). All samples met quality standards 

(total reads, alignment, coverage, read length, depth, read quality) to proceed with 

downstream analysis (Additional file 1 tab S4). Kidney cortex RNA-Seq data 

showed representation of all kidney cell types previously characterized by Park et 

al (data not shown)(2). Thick ascending limb and proximal tubules had the greatest 

expression among all samples, suggesting these may be the predominant cell 

types within the kidney cortex (Additional file 1 tab S6). Abundance of kidney-

specific genes (n=40) did not differ significantly between females and males 

(Figure 2A, Additional file 1 tab S5), indicating consistency of biopsy collection 

among study animals.  

 

Sex differences in kidney cortex transcriptome  

Although kidney cortex-specific genes did not differ between females and 

males, PCA of all transcripts for females and males revealed the top principal 

components of 24%, 11.6%, and 9.03%, which account for 44.6% variation in the 

samples and demonstrate two clusters with sex-specific profiles (Figure 2B). 

Coefficient of variation for transcripts in females and males demonstrated sex 
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differences in variation in gene expression and also revealed sex differences in 

distribution of variation in the transcriptome (Figure 2C, Additional file 1 tab S6).  

 

Relation of kidney transcriptome to BP-related clinical measures 

Each WGCNA module contained transcripts co-correlated with each other, 

the resulting modules were then tested for correlation with each quantitative trait, 

e.g., daytime systolic BP, blood glucose, etc. (Figure 3, Additional file 2, Additional 

file 1 tab S7, S8). No modules were significantly correlated with BP traits in females 

(Additional file 2, Figure 1). Analysis of males revealed 3 modules (greenyellow, 

n=750 transcripts; yellow, n=1311 transcripts; magenta, n=915 transcripts) were 

positively correlated with BP traits: nighttime MAP, 24-hour systolic BP, nighttime 

systolic BP, 24-hour diastolic BP, nighttime diastolic BP (p-values = 0.02, 0.03, 

0.03; 0.05, 0.01, 0.04, respectively) (Figure 3). These modules contained 42 renal-

specific genes and 237 genes with GWAS variants associated with BP (Additional 

file 1 tab S8).  

 

Gene networks in male kidney cortex biopsies 

 In males, upstream regulators and master regulators HNF4A, ESR1, ESR2, 

SMARCA4, TP53, NR3C1 were the most significant with the greatest number of 

downstream targets for genes in modules correlated with BP (pink, greenyellow, 

magenta, and yellow) (Figure 4, Additional file 1 tab S9, S10). Network analysis of 

HNF4A, ESR1, ESR2, SMARCA4, TP53, and NR3C1 demonstrated they had 

overlapping direct connections forming a single gene network (Figure 3).   Proximal 
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tubule cells were identified as an important cell type in these networks, with the 

cell type-specific expression of HNF4A. Predicted upstream regulators included 4 

kidney cell types (proximal (general)-HNF4A, inner medulla-ELF5, podocyte-WT1, 

and plasma cell-IRF4) in the network and included ESR1 among 14 genes with 

GWAS associations as upstream regulators in modules correlated with BP in 

males (Figure 4, Additional file 1 tab S9). Furthermore, targets of these upstream 

activators and inhibitors included cell membrane-localized potassium and calcium 

ion channels, as well as targets related to proliferation and tissue remodeling 

(Additional file 1 tab S9, S10).  

 

Discussion: 

HT impacts approximately 50% of the US adult population(1). Currently, 

there are no sex-specific diagnostics or treatment guidelines, despite numerous 

studies in humans and rodents showing sex differences in previously identified 

regulators of HT. It is well-known that HT is a complex disease with many players 

in many tissues contributing to the overall molecular mechanisms underlying BP 

regulation. The baboon has been used as a model for HT due to the genetic and 

physiological similarity to humans(18–25). Previous studies have focused on male 

baboons; therefore, sex differences in kidney gene networks underlying BP 

regulation have not been assessed in primates, including humans and 

baboons(18–25). In this study, we investigated sex differences in kidney gene 

networks associated with BP and BP-related clinical measures in female and male 

baboons to nominate regulatory networks central to BP regulation. Establishing 
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whether there are sex differences in kidney gene networks associated with BP and 

BP-related traits is essential for developing more effective diagnostics and 

therapies for both women and men. 

A major finding of this study was that BP differences between females and 

males varied by measurement type and time of day. Sex differences were 

observed in 24-hour systolic BP, daytime MAP, nighttime diastolic BP, and 

nighttime systolic BP, with females having lower BP than males. Females 

demonstrated correlation between serum 17 beta-estradiol concentration and 24-

hour MAP, nighttime MAP, 24-hour systolic BP, and nighttime systolic BP but no 

other clinical measures. The role of 17 beta-estradiol in female primate BP 

regulation still needs further investigation. BP correlated with a number of clinical 

measures in males: 24-hour diastolic BP, daytime diastolic BP, and nighttime 

diastolic BP with Na+ intake; 24-hour MAP, daytime MAP, and 24-hour systolic BP 

with BUN; as well as nighttime systolic BP with glucose. We also observed 24-

hour MAP and nighttime MAP, negatively correlated with PAH clearance. 24-hour 

MAP, 24-hour diastolic BP, daytime diastolic BP, and nighttime diastolic BP 

negatively correlated with plasma IL-8. Daytime diastolic BP was positively 

correlated with plasma IL-6. Interestingly, plasma renin activity and plasma 

aldosterone did not correlate with any BP measures. This provides evidence that 

these typical BP-related clinical measures are not as informative for females as for 

males, and emphasizes the importance of sex-specific markers of HT pathology 

and treatment plans.  
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We demonstrated consistency in kidney biopsies by cell composition, diet, 

as well as both time of day and duration of collection of telemetry data between 

females and males - all indicating that differences in the study design did not 

account for kidney transcriptome differences. In addition, we showed sex 

differences in the primate kidney transcriptome(2,35–37). WGCNA of kidney 

cortex RNA-Seq data was used as an unbiased approach to identify sex-specific 

transcripts correlated with BP. This analysis is the most appropriate considering 

the clear variability observed in the BP and transcriptome data, and adds statistical 

power that would be lost by binning for pairwise comparison. Our analysis did not 

reveal any WGCNA transcript modules correlated with BP in females, 

demonstrating there may be other important players for female BP regulation not 

found in kidneys with a low sodium dietary environment. WGCNA of males 

revealed 4 transcript modules strongly correlated with BP, further supporting the 

observed sex differences in gene expression.  

Unlike the females, identification of significant WGCNA modules in males 

correlated with BP allowed us to move forward with the dataset and perform 

network analysis. In males, gene modules positively correlated with BP contained 

overlapping networks with predicted regulation by ESR1, HNF4A, and TP53 which 

have been previously identified as important players related to BP regulation in the 

kidney (38,39). While some of these players have been associated with the RAAS, 

neither BP or the kidney cortex transcriptome correlated with plasma renin or 

aldosterone levels (38,39). Indicating BP regulation in the kidney is not entirely 

driven by the RAAS. 
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However, expression of ESR1, HNF4A, and TP53 did not directly correlate 

with BP. Activity of these gene products is known to be dependent on post-

translational modifications, i.e. gene expression does not directly inform their 

protein activity. These findings indicate the need to verify the roles of these master 

regulators for BP regulation with assessment of post-translational modifications 

and their impact on these regulatory networks(41–44). 

Network analysis of renal transcripts in male modules correlated with BP 

identified several genes and upstream regulators related to maintenance of ion 

channels (e.g., CLCN3, KCNK3, CLIC3, KCNMA1), insulin regulation (TCF7L2, 

inhibited), and transcription factor HNF4A (predicted activated) which is 

exclusively expressed in the proximal tubules and involved in regulating transport 

proteins(45–54). We also found estrogen and glucocorticoid receptors (ESR1, 

predicted activated; ESR2, predicted inhibited; NR3C1, inhibited) as upstream 

regulators of genes in modules correlated with BP, which influence the 

reabsorption of calcium, potassium, sodium, and glucose in the kidney(37,46–

48,53,55). Inclusion of these genes in BP correlated modules connects hormone 

receptors, sodium management and glucose homeostasis with BP regulation at 

the molecular level in males. TCF7L2 and ESR1 in our results were previously 

shown by GWAS to have variants associated with BP. Due to sample limitations, 

we were unable to further investigate the role of estrogens in male BP regulation. 

Lastly, we identified upstream regulators of transcripts related to cell proliferation 

and chromatin remodeling (TP53, predicted activated; SMARCA4, inhibited; 

NOTCH1) in modules correlated with BP(56–58). The cross talk between ion and 
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glucose homeostasis suggests male primates with higher BP in a low sodium 

dietary environment have a lower capability to remodel their vasculature, possibly 

leading to less flexibility and increased arterial stiffness in response to damage 

and stress compared to animals with lower BP.  

This is the first study to characterize the kidney cortex transcriptome of adult 

female baboons, allowing comparison with males, and the first to nominate renal 

networks that influence BP regulation in females. Furthermore, this work provides 

evidence for the importance of including female subjects in research to understand 

differences in BP regulation. Follow-up studies to validate mechanisms of 

regulatory networks are needed for translation of findings to understanding 

regulation of BP in women.  

Study Limitations: For this comparison, there were a few differences in the 

study design for females versus males. Males were housed in individual cages and 

females were housed in a social group. Housing differences were due to limitations 

of telemetry transmitter distances when the study of male baboons was conducted; 

whereas, newer telemetry technology used for the females allowed collection of 

data from animals in social groups. In both studies, animals were acclimated to 

housing and social groups (males had visual contact with all other males in the 

study) for a minimum of 2 weeks with BP monitored for stability prior to study 

initiation. Although study design differed slightly with male sodium intake via saline 

solution, no studies to date indicate route of administration of sodium impacts BP 

or other BP regulating players. The females in this study were premenopausal 

based on age, menstrual cycles, and 17 beta-estradiol levels. If age were a factor 
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influencing BP, we would expect females to have higher BP than males, as seen 

when comparing older versus younger humans, which is contrary to our study 

results. While we cannot entirely eliminate the possibility that age differences 

influenced our results, we show that different mechanisms underly renal BP 

regulation in older adult females compared with middle aged adult males. Even 

with these limitations, our findings support the need to further understand sex-

differences in renal molecular mechanisms influencing BP. 
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Figures and Tables

 

Figure 1. Mean arterial pressure (MAP) over 24-hours in female and male 

baboons. Animal ID is represented for each animal along the x-axis, and 24-

hour MAP (mmHg) is shown along the y-axis. Mean values for each animal 

are represented as columns, and bars represent standard deviation.  
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Figure 2. Variation in gene expression of female (n=8)  and male (n=9) kidney 

cortex biopsies. A. Cell type distribution by gene expression in female and 

male (n=9) kidney cortex biopsies. Mean expression values reported for each 

gene as the log(TMM+1) are represented as columns, and bars represent 

standard deviation. The x-axis is labeled according to cell type and 

corresponding gene name. B. Principal components analysis of female and 

male kidney cortex transcriptomes. Top principal components total 44.6% 

represented with each axis as follows: 1=24%, 2=11.6%, 3=9.03%. Each 

female transcriptome is represented as a red triangle and each male 

transcriptome as a blue sphere. Ellipsoids denote 2 standard deviations from 

the mean for each group. C. Coefficient of variation in 26,644 female and male 
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kidney cortex biopsy transcripts. Each point demonstrates a single 

transcript with a particular coefficient of variation value in females on the x 

axis (n=8) and males (n=9) on the y axis. The color of each point indicates if 

the transcript expression level is greater in females (red) or males (blue).  
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Figure 3. WGCNA of traits correlated with transcript modules in male 

baboons on low-sodium chow diet (n=9). Each colored block along the left 

side represents a module of transcripts correlated with each other. Top-

values in each block represent correlation, bottom values in each block 

represent p-values for each transcript module and trait. Color scale on the 

right side of the heatmap corresponds to correlation r values of each square. 

Abbreviated measures along the x-axis represent the following measures: 

nighttime MAP (mmHg), 24-hour systolic BP (mmHg), nighttime systolic BP 

(mmHg), 24-hour diastolic BP (mmHg). 
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Figure 4. Network analysis of WGCNA transcripts correlated with BP in 

males. Upstream regulators of transcripts and targets are shown; upstream 

regulators are identified as having a box indicating “targets not shown” 

branching off. Molecules in orange are genes predicted as activators, and 

genes in red are positively correlated with BP in the dataset. Molecules in 

blue are genes predicted as inhibitors, and genes in green are negatively 

correlated with BP in the dataset. Arrows indicate direction of activation of 

downstream gene, and T lines represent inhibition of downstream gene. 

Orange lines indicate target activation supported by the literature, blue lines 

indicate target inhibition supported by the literature. 

 
 



	 121	

Clinical measures in female and male baboons 
Trait (Units of 

measure) 
Female 
Average 

Female 
SD 

Female 
Min 

Female 
Max 

Male 
Average Male SD Male 

Min 
Male 
Max P value 95% confidence 

interval 

Age (years) 17.9 1.4 15 19 8.2 2.5 6 13 <0.0001 -11.73 to -7.576 

Sodium intake 
(mmol Na+/animal 

weight kg) 
0.69 0.24 0.51 

1.22 
0.88 0.08 0.78 1.01 0.0587 -0.008876 to 0.3939 

Serum K+ (mmol/L) 3.54 0.53 2.8 4.7 3.9 0.35 3.35 4.5 0.1237 -0.1165 to 0.8526 

Serum Na+ (mmol/L) 139.38 2.83 135 144 142.94 2.32 139.5 147 0.012 
0.9074 to 6.232 

Creatinine (mg/dL) 1.03 0.22 0.8 1.4 1.18 0.13 1.05 1.4 0.0978 -0.03163 to 0.3372 

BUN (mg/dL) 10 2.2 7 14 17.78 1.44 16 20.5 <0.0001 5.781 to 9.775 

Total protein (g/dL) 6.93 0.54 6.2 7.7 7.19 0.2 6.85 7.45 0.1848 -0.1437 to 0.6826 

Glucose (mg/dL) 125.63 28.9 89 169 83.94 15.3 59.5 101.5 0.0018 -65.18 to -18.18 

Hematocrit (%) 38.7 5 29.8 48.1 41.9 3.1 37.5 47.4 0.1295 -1.051 to 7.446 

24-hour diastolic 
BP (mmHg) 71.9 7 60.9 84.1 70.6 4.2 62.9 76.2 0.6276 -7.271 to 4.529 

24-hour MAP    
(mmHg) 89.5 8.1 77.2 100.9 94 4.1 86.7 100.8 0.1604 -1.992 to 10.98 

24-hour systolic BP 
(mmHg) 111.5 8.7 99.2 123 136.4 5.3 132.3 145.9 <0.0001 17.18 to 32.74 

Daytime diastolic 
BP (mmHg) 71.9 7.2 61.9 83.9 74 4.5 63.7 78.9 0.4937 -4.369 to 8.536 

Daytime MAP   
(mmHg) 89.5 8 78.5 

100.3 
98.7 5 88 106.1 0.0107 2.485 to 16.06 

Daytime systolic 
BP (mmHg) 111.7 8.5 101 122.4 142.5 6 135 150.8 <0.0001 23.25 to 38.27 

Nighttime diastolic 
BP (mmHg) 71.9 7.2 60.2 84.2 68.3 4.5 62 75.9 0.2193 -9.818 to 2.443 

Nighttime MAP 
(mmHg) 89.5 8.4 76.3 101.3 90.8 4.2 85.3 97.5 0.6823 -5.430 to 8.075 

Nighttime systolic 
BP (mmHg) 111.3 9.2 98.1 123.5 132.4 5.9 126.6 142.8 0.0001 12.76 to 29.34 
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Table 1. Clinical measures in female and male baboons. Unpaired two-tailed 

t-tests or unpaired two-tailed t-tests with Welch’s correction were performed 

on each clinical trait in female and male baboons. P values represent the 

difference between sexes and were considered significant if less than or 

equal to 0.05. 
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Correlations between clinical measures in female and male baboons 

 Female Male 
Correlation variables r p-value r p-value 

17 beta-estradiol Serum K+ 0.86 0.009 - - 

17 beta-estradiol 24-Hour MAP 0.74 0.046 - - 
17 beta-estradiol Nighttime MAP 0.74 0.046 - - 

17 beta-estradiol 24-Hour systolic BP 0.79 0.028 - - 
17 beta-estradiol Nighttime systolic BP 0.79 0.028 - - 

Na+ intake Serum Na+ -0.67 0.076 0.88 0.003 
Na+ intake 24Hour diastolic BP -0.06 0.897 -0.79 0.014 

Na+ intake Daytime diastolic BP -0.04 0.943 -0.81 0.011 

Na+ intake Nighttime diastolic BP -0.06 0.897 -0.75 0.024 
Creatinine Age 0.05 0.909 0.87 0.003 

BUN Serum K+ 0.02 0.960 -0.77 0.018 
BUN 24-Hour MAP -0.10 0.830 -0.70 0.043 

BUN Daytime MAP -0.12 0.793 -0.76 0.023 

BUN 24-Hour systolic BP 0.00 1.000 -0.76 0.023 
Glucose Nighttime systolic BP -0.26 0.536 0.73 0.031 

 
 
Table 2. Correlations between clinical measures in female and male 

baboons. Correlation variables are listed between clinical measures for each 

comparison. Spearman r values and p-values are presented for female (N=8) 

and male baboons (N=9). 
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Supplementary Figures and Tables 
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Supplementary Table S1. Kinship Coefficients. Kinship coefficients in 

baboons on study. The baboons of this study were members of a large 

pedigreed breeding colony developed and maintained at the SNPRC. Values 
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calculated in PEDSYS range between 0-1 indicating how closely related one 

animal is to another.  
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Trait (Units 
of measure) 

Female 
Average 

Female 
SD 

Female 
Min 

Female 
Max 

Male 
Average 

Male 
SD 

Male 
Min 

Male 
Max P-value 

95% 
confidence 

interval 

Age (years) 17.9 1.4 15 19 8.2 2.5 6 13 <0.0001 -11.73 to -
7.576 

Na+ intake 
(mmol 

Na+/animal 
weight kg) 

0.69 0.24 0.51 1.22 0.88 0.08 0.78 1.01 0.0587 -0.008876 to 
0.3939 

Serum K+ 
(mmol/L) 3.54 0.53 2.8 4.7 3.9 0.35 3.35 4.5 0.1237 -0.1165 to 

0.8526 

Serum Na+ 
(mmol/L) 139.38 2.83 135 144 142.94 2.32 139.

5 147 0.012 0.9074 to 
6.232 

Creatinine 
(mg/dL) 1.03 0.22 0.8 1.4 1.18 0.13 1.05 1.4 0.0978 -0.03163 to 

0.3372 

BUN (mg/dL) 10 2.2 7 14 17.78 1.44 16 20.5 <0.0001 5.781 to 9.775 

Total protein 
(g/dL) 6.93 0.54 6.2 7.7 7.19 0.2 6.85 7.45 0.1848 -0.1437 to 

0.6826 

Glucose 
(mg/dL) 125.63 28.9 89 169 83.94 15.3 59.5 101.5 0.0018 -65.18 to -

18.18 

Hematocrit 
(%) 38.7 5 29.8 48.1 41.9 3.1 37.5 47.4 0.1295 -1.051 to 

7.446 

24-hour 
diastolic BP 

(mmHg) 
71.9 7 60.9 84.1 70.6 4.2 62.9 76.2 0.6276 -7.271 to 

4.529 

24-hour MAP    
(mmHg) 89.5 8.1 77.2 100.9 94 4.1 86.7 100.8 0.1604 -1.992 to 

10.98 

24-hour 
systolic BP 

(mmHg) 
111.5 8.7 99.2 123 136.4 5.3 132.

3 145.9 <0.0001 17.18 to 32.74 

Daytime 
diastolic BP 

(mmHg) 
71.9 7.2 61.9 83.9 74 4.5 63.7 78.9 0.4937 -4.369 to 

8.536 

Daytime 
MAP   

(mmHg) 
89.5 8 78.5 100.3 98.7 5 88 106.1 0.0107 2.485 to 16.06 

Daytime 
systolic BP 

(mmHg) 
111.7 8.5 101 122.4 142.5 6 135 150.8 <0.0001 23.25 to 38.27 

Nighttime 
diastolic BP 

(mmHg) 
71.9 7.2 60.2 84.2 68.3 4.5 62 75.9 0.2193 -9.818 to 

2.443 

Nighttime 
MAP (mmHg) 89.5 8.4 76.3 101.3 90.8 4.2 85.3 97.5 0.6823 -5.430 to 

8.075 

Nighttime 
systolic BP 

(mmHg) 
111.3 9.2 98.1 123.5 132.4 5.9 126.

6 142.8 0.0001 12.76 to 29.34 
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Supplementary Table S2. Blood Chemistries and BP.	Clinical measures in 

female and male baboons. Unpaired two-tailed t-tests or unpaired two-tailed 

t-tests with Welch’s correction were performed on each clinical trait in 

female and male baboons. P-values represent the difference between sexes 

and were considered significant if less than or equal to 0.05.  
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Transcript quality 
measure 

Female 
Average Female SD Male 

Average Male SD P-value 
95% 

confidence 
interval 

Total reads 10367227 4052008 11797592 3443936 0.449 -2510485 to 
5371214 

Alignment (%) 94.6 1.6 96.2 0.7 0.0295 0.1979 to 
3.011 

Coverage 5.6 2.2 5.9 1.7 0.7322 -1.736 to 
2.408 

Read length 94.2 0.7 92.3 1.7 0.0097 -3.235 to -
0.5546 

Coverage depth 15.9 3.3 16.5 2.3 0.6622 -2.397 to 
3.642 

Read quality (Phred 
score) 36.7 0.3 36.6 0.7 0.8581 -0.6015 to 

0.5085 

 
 
Supplementary Table S4. Average measures of transcript quality. from 

sequencing female and male kidney cortex biopsies assessed by t test.  
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Abstract  

Blood pressure (BP) is influenced by genetic variation and sodium intake. 

Ninety percent of Americans consume more than the AHA recommended amount 

of sodium. Studies on the impact of genetic variation and sodium intake on BP in 

non human primates (NHP) to date have focused on males. We hypothesized that 

variation in renal transcriptional networks correlate with BP response to high 

dietary sodium in female baboons. Sodium-naïve female baboons (n=7) were fed 

a low-sodium (LS) diet for 6 weeks followed by a high sodium (HS) diet for 6 weeks. 

Sodium intake, serum 17 beta-estradiol, and ultrasound-guided kidney biopsies for 

RNA-Seq BP were collected at the end of each diet. BP was continuously 

measured for 64-hour periods throughout the study by implantable telemetry 

devices. On the LS diet, Na+ intake and serum 17 beta-estradiol concentration 

correlated with BP.  

Kidney transcriptomes differed by diet; analysis by unbiased weighted gene 

co-expression network analysis revealed modules of genes correlated with BP on 

the HS diet. Cell type composition of renal biopsies was consistent among all 

animals for both diets. Network analysis of module genes showed causal networks 

linking hormone receptors, proliferation and differentiation, methylation, hypoxia, 

insulin and lipid regulation, and inflammation as regulators underlying variation in 

BP on the HS diet. Our results show variation in BP correlated with novel kidney 

gene networks with master regulators PPARG and MYC in female baboons on a 

HS diet. Identification of mechanisms underlying regulators that influence BP will 

inform better therapies towards greater precision medicine for women.  
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Introduction 

Sodium intake is known to influence blood pressure (BP) and hypertension 

(HT) risk1,2. Previous studies have identified genetic variants that contribute to BP 

regulation; however, these variants do not account for all genetic variation 

regulating BP response to sodium3–6. Although some variants have been identified, 

there are still many people who do not respond to current therapies, thus there is 

a need for identification of additional functional variants regulating BP1,7. Much of 

what we know about HT is derived from studies that utilized rodent models; 

however, some genetic mechanisms regulating BP in rodents differ from 

humans5,8–10. For example, gene expression differences between primates and 

rodent kidneys occur in early development and are maintained in adulthood11. 

Sodium is known to impact the circadian rhythm of BP cycles - nocturnal rodents 

do not present the characteristic BP drop at nighttime seen in diurnal primates12,13. 

NHP share genetic and physiological characteristics with humans and are 

appropriate to identify primate-specific genetic variation that influences BP 

response to sodium13–20. In this study, we use sodium-naïve primates, which are 

almost impossible to find in a human population, to better understand BP 

regulation with low and high sodium diets and to identify molecular changes that 

precede HT. These findings are relevant to understanding mechanisms underlying 

early blood pressure increases that precede HT in humans13–20. 

Pedigreed, phenotyped and genotyped baboons (Papio hamadryas) at the 

Southwest National Primate Research Center (SNPRC) have been used to study 

complex heritable human diseases, including HT and sodium-sensitive HT13–20. 
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Previous studies of sodium sensitive HT in baboons were limited to males, despite 

the disease impacting both sexes1,15,18,21,22. It was recently established that sex 

differences exist in sodium naïve baboon kidneys, further supporting a study of 

high sodium impact on female BP23. This sexual dimorphism is observed among 

many species, and HT models including sodium sensitive HT24. Despite these 

differences, there are no clinical guidelines supporting female specific treatment 

plans for HT1. The goal of this study was to address this knowledge gap by 

identifying transcriptional networks and genes regulating these networks that 

correlate with BP response to sodium in female baboons. We hypothesized that 

variation in renal transcriptional networks correlate with BP response to dietary 

sodium in female baboons. 

To investigate this, we challenged pedigreed, genotyped female sodium 

naïve baboons (Papio hamadryas) with a high sodium diet and quantified BP and 

renal transcriptomic responses. Sodium naïve female baboons maintained on a 

low sodium (LS) diet throughout their lives were fed a high sodium (HS) diet 

challenge for 6 weeks. BP was measured continuously for 64-hours by implantable 

telemetry device for 6 weeks prior to, and for 6 weeks during, a high sodium 

challenge. Kidney cortex biopsies, blood, and urine samples were collected at the 

end of the LS phase and HS diet challenge. Blood and urine chemistries were 

performed, along with transcriptome profiling of kidney cortex biopsies. Sodium 

intake, BP, and serum 17 beta-estradiol were significantly correlated with each 

other on the LS diet, but not the HS diet. Conversely, the kidney cortex 

transcriptome also differed by diet, and unbiased Weighted Gene Co-expression 
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Network Analysis (WGCNA) identified genes associated with BP variation for the 

HS diet, but not on the LS diet. We identified genes related to hormone receptors, 

proliferation and differentiation, methylation, hypoxia, insulin and lipid regulation, 

and inflammation as regulators of the kidney cortex transcriptome correlated with 

BP on the HS diet. We validated transcript networks findings by 

immunohistochemistry (IHC) and observed VEGFA in the cortex correlated with 

blood pressure, sodium intake, and serum 17 beta-estradiol concentration on a 

high sodium diet. 

This study demonstrates significant variation in BP and kidney transcriptome 

among female baboons fed a HS diet. The similarity between baboons and 

humans is important for development of diagnostics and therapies that address 

the role of sodium in BP regulation in women. In addition, our study reveals putative 

regulatory networks underlying early BP changes with exposure to HS diet. 

 

Methods 

Ethics, study design, and data collection 

The olive baboons utilized in this study (Papio hamadryas; Taxonomy ID 

9557) were maintained as part of the pedigreed baboon colony at SNPRC, at the 

Texas Biomedical Research Institute (TBRI), San Antonio, Texas. The TBRI’s 

Institutional Animal Care and Use Committee (IACUC) reviewed and approved all 

animal procedures. The SNPRC facilities at the TBRI and animal use programs 

are accredited by Association for Assessment and Accreditation of Laboratory 

Animal Care International (AAALAC), which operate according to all National 
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Institutes of Health (NIH) and U.S. Department of Agriculture (USDA) guidelines 

and are directed by veterinarians (DVM). SNPRC veterinarians made all animal 

care decisions and enrichment was provided on a daily basis by the SNPRC 

veterinary staff and behavioral staff in accordance with AAALAC, NIH, and USDA 

guidelines. Premenopausal female baboons were selected based on family history 

of HT as previously described (n=7, age 17.86 ± 1.35 years)18,23. The KINSHIP 

program from Pedigree Database System (PEDSYS v. 2.0) was used with the 

Stevens-Boyce algorithm to calculate kinship coefficients to ensure similar 

degrees of relatedness among females25,26.  

The baboons were raised and maintained on a standard monkey chow diet 

(high complex carbohydrates; low fat (“Monkey Diet 15%/5LEO,” LabDiet, PMI 

Nutrition International) prior to study initiation. Animals were acclimated together 

in the study cohort in a group cage for at least 8 weeks prior to study. Animals had 

free access to chow ad libitum in individual cages during feeding times. Food 

consumption, Na+ intake, body weight, menses cycle, and health status were 

monitored weekly for each animal throughout the study.  

Clinical measures related to kidney function and BP 

 A complete blood count with differential was performed at the start of the 

study. Baseline blood chemistry panels measured glucose, blood urea nitrogen 

(BUN), creatinine, total protein, albumin, globulin, cholesterol, ALT/SGPT, 

AST/SGOT, alkaline phosphatase, Na+, K+, chloride, carbon dioxide, and anion 

gap as described in Spradling-Reeves et al18. Serum 17 beta-estradiol was 

measured in female baboons with the 17 beta Estradiol ELISA Kit (Abcam); human 



	 138	

female serum (age 28 years) was used as a positive control. 

Telemetry implantation, kidney sample, and blood collection 

Animals were preoperatively treated with ketorolac (5-30 mg) 

preoperatively, sedated with ketamine (10mg/kg, IM), and maintained on 

isoflurane (1.3-3.0%) anesthesia throughout telemeter implant, kidney biopsy, and 

blood collection procedures. Animals were monitored during collections and 

throughout recovery. Postoperative care included observation for swelling at the 

surgical sight and monitoring until animal was conscious. Buprenorphine (0.2 

mg/kg, SQ) was administered for post-operative pain relief immediately once 

animals were awake. Buprenorphine (0.2 mg/kg, SQ) was also administered as 

needed 64-48 hours after surgery. Blood was drawn in EDTA tubes, and kidney 

cortex biopsies were collected via ultrasound guidance and flash frozen in liquid 

nitrogen. Animals were euthanized the day after final kidney cortex biopsy 

collection by IV administration of >100mg/kg of Fatal-Plus (Vortech 

Pharmaceuticals, LTD.). A catheter was placed in the cephalic vein and Fatal-Plus 

was delivered followed by saline. Confirmation of death was by auscultation of the 

heart, checking for lose of anal tone and pupils being fixed and dilated. Bilateral 

thoractomy was performed as a secondary method of euthanasia.  Kidney cortex 

and medulla samples were obtained during necropsy and each sample was placed 

in mesh cassettes with 10% neutral buffered formalin prior to embedding tissues 

in paraffin for IHC.  

Diet, housing, and BP measurements in baboons 

Females were run into individual cages for 4 hours (passing over an 
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electronic weighing scale) for feeding ad libitum once a day; they were fed a low 

sodium (LS) diet (17.3 mmol Na+/500 g food consumed) for 6 weeks followed by a 

high sodium (HS) diet (210 mmol Na+/500 g food consumed) for 6 weeks. Female 

baboons were housed in an outdoor social group with one vasectomized male (not 

on study) to provide full social and physical activity. Females were surgically 

implanted with a PhysioTel Digital implant model M10 (Data Science International 

(DSI)) under the external abdominal oblique muscle, and the catheter was 

implanted in the femoral artery to obtain 24-hour continuous BP, heart rate, 

temperature, and gyroscopic activity measurements in Ponemah software v 6.51 

(DSI).  

Clinical measures related to kidney function and BP 

 Serum 17 beta-estradiol was measured using a randomized plate layout 

with 3 replicates per sample in female baboons on the LS and HS diets with the 

17 beta Estradiol ELISA Kit (Abcam); human female serum (age 28 years) was 

used as a positive control. 

Telemetry data analysis 

Ponemah software was used for BP analysis with signal acquired at a 

logging rate of 10 seconds per minute. Data were reduced to 64-hour periods 

throughout the study for mean arterial BP (MAP), systolic BP, diastolic BP, and 

heart rate. The data were calculated for 64-hours continuously, as well as daytime 

and nighttime intervals within the 64-hours, as observed in activity measurements. 

Blood pressure counts were determined by analysis of ECG waveforms. Nighttime 

intervals were determined by reduction in activity indicating sleep and dip in BP 
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compared to daytime. BP data reported here are based on the last days of 

recording on each diet before kidney cortex biopsy collection.  

RNA isolation, library preparation, and sequencing 

RNA was isolated from flash frozen kidney biopsy samples using the Direct-

zol RNA Miniprep Plus Kit (Zymo Research, R2051). Samples were homogenized 

in 600 μL of TRI reagent (Zymo Research, R2051) using a BeadBeater (Biospec 

Products) for 3 x 30 sec with RNA purification according to the Direct-zol RNA 

Miniprep Plus Kit instructions. RNA was quantified by Qubit RNA BR Assay Kit 

(Invitrogen, Q10210), and RNA integrity was determined with an RNA ScreenTape 

Kit on the TapeStation 2200 system (Agilent, 5067-5576, 5067-5578, 5067-5577). 

cDNA libraries were prepared using the KAPA Stranded mRNA-Seq Kit (Roche, 

(07962193001). Libraries were quantified using a KAPA Library Quantification Kit 

(Roche, 07960204001), and quality was determined with a DNA ScreenTape Kit 

on the TapeStation 2200 system (Agilent, 5067-5582, 5067-5583, 5067-5586). 

Paired end sequencing was done using a HiSeq 2500 (Illumina). All samples were 

randomized during this process. 

RNA-Seq data processing 

LS and HS transcripts were processed together in Partek® Flow® (Partek®, 

Inc.) representing over 9,300,000 reads per sample, with minimum read length of 

25 and minimum Phred 30. Over 90% of reads were aligned using HISAT2 to the 

olive baboon genome (papAnu2.0; March 2012), with coverage >3 and depth >9. 

Data were normalized by TMM+1.Transcripts were annotated to identify kidney-

specific cell types as shown by Park et al10.  
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Weighted gene co-expression network analysis 

 Transcripts were filtered for total counts <14 among all samples prior to 

filtering based on coefficient of variation for the top 20,000 transcripts for each diet 

prior to performing diet-specific WGCNA. The R package WGCNA was run with 

Pearson correlation as described by Langfelder and Horvath27. WGCNA was 

selected as the most appropriate method for transcriptome analysis due to the 

ability to capture variation in gene expression data and identify clusters of 

interconnected transcripts represented by modules. Each module is then 

compared to a trait by correlation resulting in a correlation value and p-value which 

accounts for the average transcript significance across the module. This provides 

more information than simply binning two groups, as well as maintaining power 

and reducing the multiple testing burden. WGCNA modules were evaluated for 

validity by identification of known genes involved in biological processes related to 

traits they correlated with according to the GWAS catalog. 

Pathway and network analysis 

Correlation directionality was used as a proxy for differential gene 

expression in pathway analysis and calculated by subtracting the values for each 

transcript of the animal with the lowest BP from the animal with the highest BP for 

significant modules. Pathway and causal network enrichment analyses using 

terms “salt-sensitive hypertension” for genes in significant WGCNA modules were 

performed using Ingenuity Pathway Analysis software (IPA; Ingenuity® Systems) 

to identify direct connections with p-value cutoff <0.05.  
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Significant WGCNA modules, upstream regulators and master regulators 

identified from IPA were annotated with GWAS catalog variants associated with 

terms “hypertension” and “blood pressure” from the GWAS Catalog (Galaxy 

Genome, https://usegalaxy.org/) to identify genes with variants previously 

associated with BP. 

IHC 

Kidney cortex and medulla tissues were obtained after necropsy. Tissues 

were placed in mesh cassettes and dropped into 10 volumes of 10% neutral 

buffered formalin and tissues were embedded in paraffin. Each paraffin block was 

cut to generate slides for IHC and one slide from each antibody was 

counterstained. All antibodies were obtained from Santa Cruz Biotechnology and 

used at a 1:500 dilution. Primary antibodies included Anti-PPARγ Antibody (E-8) 

(sc-7273), Anti-ACSVL4 Antibody (H-6) (sc-393309), Anti-Myc/c-Myc Antibody 

(9E10) (sc-40), Anti-VEGF Antibody (C-1) (sc-7269), Anti-CTL2 Antibody (F7) (sc-

101266). All primary antibodies utilized a biotinylated secondary antibody from 

Vector Laboratories (Burlingame, CA. horse antimouse, catalog no. BA-2000, 

1:1000 dilution). Standard IHC avidin-biotin-peroxidase complex technique (Elite 

ABC kits, cat.# PK-6100, Vector Labs: Burlingame, CA) was used to visualize 

protein expression using 0.02% DAB (3,3´-diaminobenzidine tetrahydrochloride) 

with 2.5% nickel sulfate as chromagen. Tissues were incubated in 60°C oven for 

20 minutes, deparaffined with xylene 10 mins 3 times, and rehydrated twice in 

100% EtOH for 5 mins. Tissues were microwaved in a. 0.01M citrate buffer (pH 

6.0) to boil for antigen retrieval. Slides were positioned onto Sequenza racks and 
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followed protocol as described with kit reagents. A total of 3 slides were used for 

IHC per antibody, and 6 images were captured of each slide. Images were 

obtained with a SPOT RT3 cooled color digital camera (2650 x 1920 pixels, 

Diagnostic Instruments, McHenry, IL, USA) mounted on a Nikon E600 microscope 

(Nikon, Inc., Melville, NY, USA). One slide from each protein was counterstained 

with H&E. Images were analyzed using ImageJ software with a background filter 

cutoff threshold of 200 to quantify staining presence and intensity. IHC staining 

demonstrated glomeruli or tubule specific protein expression, therefore each slide 

was normalized according to number of pixels containing glomeruli or tubules in 

the total image space. All samples were blinded upon staining and analysis.  

 

Statistics 

Food consumption, Na+ intake, hormone, BP traits, and IHC 

Mean values and standard deviations for food consumption and Na+ intake 

are reported as the average over 7 days prior to biopsy collection. Multiple 

unpaired t-tests with two-stage step-up Benjamini, Krieger, and Yekutieli method 

was performed on each BP traits28. Spearman correlation was performed on each 

of the food consumption, Na+ intake, hormone, and BP traits. IHC protein 

expression values were analyzed using Pearson correlations against the above 

traits. Data are expressed as mean, mean ± SD, or correlation r value, and were 

considered to be statistically significant if p-value < 0.05.  

 

Transcripts 
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 TMM+1 was used for normalization of trimmed and aligned transcripts. 

Multiple unpaired t-tests with two-stage step-up Benjamini, Krieger, and Yekutieli 

method were performed on cell type-specific transcripts between LS and HS 

samples28. WGCNA was performed using Pearson correlation with a p-value cutoff 

< 0.05. Correlation directionality was calculated by subtracting expression values 

across transcripts of animals with the lowest BP from animals with the highest BP 

for transcripts correlated with BP and input into as expression values for IPA 

network analysis. Upstream analysis and causal network regulator lists were 

ranked by p-value and target molecule number. Data are expressed as mean, 

mean ± SD, or correlation r value, and were considered to be statistically significant 

if p-value < 0.05.  

 

Results 

Food consumption, sodium intake, and serum hormone measurements 

Healthy pedigreed females were identified from familial lines to identify a 

cohort with variation in BP in order to identify genetic variation correlated with BP 

variation (Supplementary Table S1, S2). Unlike male baboons, sodium sensitivity 

could not be predicted for sodium naïve females using sodium lithium counter 

transport measures (Supplementary Table S3)18. All baboons on study consumed 

similar amounts of food for the LS and HS diets (Figure 1A). As expected, Na+ 

intake was much greater on the HS diet than the LS diet (Figure 1B). Serum 17 

beta-estradiol concentrations did not significantly differ between the diets (Figure 

1C). 
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BP in sodium naïve female baboons with LS and HS diets 

Telemetry measurements of MAP, diastolic BP, and systolic BP 

demonstrated BP is a continuous trait in this cohort for both diets, consistent with 

animal selection based on familial information. In addition, BP measures were 

significantly different among all animals in this cohort for the weekly 64-hour 

collections for both diets (Figure 2, Supplemental Table S4). The change in BP 

from LS to HS diet was significant for each animal across each measure (Figure 

2A, 2B, 2C). Interestingly, some animals exhibited decreased BP, while others 

showed increased BP in response to the HS diet (Figure 2).  

 

Sodium and hormone correlations with BP in baboons 

 Na+ intake was significantly negatively correlated with serum 17 beta-

estradiol concentrations (r=-0.77, p-value=0.0492) and with all BP measures on 

the LS diet (r < -0.86, p-values < 0.05) (Table 1, Supplementary Table). Serum 17 

beta-estradiol concentrations were significantly positively correlated with 64-hour 

nighttime MAP, daytime systolic BP, and nighttime systolic BP for the LS diet (p-

values=0.0238, 0.0480, 0.0238, respectively) (Table 1). No significant correlations 

were observed between BP and Na+ intake or serum 17 beta-estradiol 

concentration for the HS diet (Table 1). 

 

Dietary differences in kidney cortex transcriptome  
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Kidney cortex RNA-Seq data showed 53,119 transcripts that passed quality 

filters for all samples from both diets. Merging our transcript list with kidney-specific 

transcripts, we found representation of all kidney cell types based on presence of 

transcripts unique to a single kidney cell type. Abundance of the most highly 

expressed kidney-specific genes (n=50) showed consistency in cell types 

represented from our ultrasound guided biopsy collections among study animals 

for both diets (Figure 3). Transcriptome profiles overall from LS diet and HS diet 

demonstrated differences in both gene expression extent of variation (ANKRD1 

coefficient of variation: LS, 2.30; HS, 0.075; CR2 coefficient of variation: LS, 0.039; 

HS, 2.372) indicating there are significant transcriptome differences between the 

two diets.  

 

Correlations of kidney transcriptome with BP, sodium intake, and serum 17 

beta-estradiol 

WGCNA produced 13 modules of transcripts co-correlated with each other 

on the LS diet and 16 modules on the HS diet. Modules were subsequently tested 

for correlation with BP, Na+ intake, Na+ intake/animal weight, and serum 17 beta-

estradiol measurements (Figure 4, Supplementary Figure S1, Supplementary 

Table 5).  

For the LS diet, we found one module correlated with Na+ intake/animal 

weight (orange n=58 transcripts, p-value=0.008) and one module correlated with 

17 beta-estradiol (yellow, n=2283 transcripts, p-value=0.002); however, no 

modules were significantly correlated with BP measures (Supplementary Figure 
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S1). For the HS diet, we found and one module correlated with Na+ intake/animal 

weight (pink, n=3064 transcripts, p-value=0.007) and one module correlated with 

17 beta-estradiol (green, n=1347 transcripts, p-value=0.02), but this neither of 

these modules correlated with Na+ intake or BP. In addition, we found two modules 

(cyan, n=1166 transcripts; dark green, n=324 transcripts) positively correlated with 

BP traits: nighttime MAP, 64-hour diastolic BP, nighttime diastolic BP; nighttime 

diastolic BP; 64-hour systolic BP, and nighttime systolic BP (p-values=0.02, 0.05, 

0.01; 0.04; 0.04, 0.03, 0.03, respectively) (Figure 4). These modules contained 183 

renal-specific genes and 767 genes were annotated with 5733 GWAS variants 

associated with BP (Supplementary Table S5). Neither of these BP-related 

modules correlated with any clinical measures for the HS diet. 

 

Network analysis of kidney cortex transcripts correlated with BP on HS diet 

 Network analysis of modules correlated with BP for the HS diet (cyan, dark 

green) showed that the significant causal networks with the greatest number of 

direct downstream targets included genes related to hormone receptors (ESRRG, 

ESRRA, ESR1, PGR, AR), proliferation and differentiation (TP53, MYC, ID2, 

GATA2, EP300, MITF, RB1), methylation (KDM4B, EZH2), hypoxia (HIF1A), 

insulin and lipid regulation (TCF7L2, SREBF1), and inflammation (PPARGC1, 

PPARA, PPARG, PPARD, PPARGC1B, NR4A1) (Figure 5, Supplementary Figure 

S2, Supplementary Table S6, S15). Many targets of these regulators were related 

to sodium and ion management in the cell membrane, vascularization, and renin 

homeostasis. Notably 11 solute carriers including AQP2, 5 solute channels 
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including SCNN1A, 2 ATPases, RENBP, and VEGFB were all down regulated 

downstream of the master regulators (Supplementary Table S7). In addition to 

these specific genes known to be related to blood pressure regulation, the vast 

majority of genes in our dataset showed an inverse correlation with BP on the HS 

diet (Supplementary Table S5). From the kidney cell specific expression data, 

transcripts annotated as inner medullary collecting duct cells were predicted to play 

important regulatory roles in upstream regulators correlated with BP variation. 

ESR1, PAX2, CASZ1, MMT3, and MEF2B, EBF1, HDAC7, WWP2, PKN2, 

TCF7L2, NRIP1, PTEN, NCOR2, PLCG1, SETD7, EHMT2 were among the list of 

master regulators that correlated with BP and previously have been associated 

with BP from GWAS studies (Supplementary Table S6, S7). 

 

Immunohistochemistry of predicted network regulators 

Protein expression from IHC of transcripts identified in network analysis 

(PPARG, ACSVL4, C-MYC, CTL2) in kidney cortex after HS diet demonstrated a 

distinct pattern differing between glomeruli and tubules (Figure 6, Supplementary 

Figure 3). IHC of tubules in the kidney medulla also exhibited expression of the 

same targets as the kidney cortex and were quantified for correlation analysis. 

Pearson correlation revealed a positive significant correlation between Na+ intake 

and ACLVS4 in cortex as well as a negative correlation between Na+ intake VEGFA 

in cortex tubules (p-values= 0.048, 0.048, respectively). VEGFA in cortex tubules 

also significantly correlated with 17 beta-estradiol (p-value= 0.007) (Table 2). 

VEGFA in cortex glomeruli significantly correlated negatively with SLC274A 
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transcript (p-value= 0.024). VEGFA in medulla correlated with C-MYC cortex 

(0.024). Pearson correlation of both ACLVS4 and CTL2 demonstrated significant 

positive correlation between protein expression in the cortex and medulla (p-

value=0.019, 0.031). VEGFA in both cortex tubules and glomeruli was also 

positively correlated with 17 beta-estradiol (p-value= 0.006, 0.008). C-MYC in 

medulla correlated with PPARG in the Medulla (p-value=0.010). VEGFA cortex 

glomeruli also correlated positively with nighttime MAP BP and nighttime systolic 

BP (p-value=0.039, 0.024). None of the proteins measured in the kidney cortex or 

medulla correlated the gene expression of the encoding gene within networks 

correlated with BP identified by WGCNA (Supplementary Figure S2). 

 

Discussion 

A HS diet is known to influence BP and HT risk1,2. Previous studies in 

primates to identify molecular networks dysregulated by HS diet focused on males. 

Current clinical guidelines do not offer sex-specific treatment plans for sodium 

sensitive HT. The goal of this study was to understand the impact of HS intake on 

gene networks in the kidney that correlate with BP in female primates with the long-

term goal of translating findings to women. To address this, sodium naïve female 

baboons were challenged with a HS diet, BP quantified by telemetry, and the renal 

transcriptome quantified by RNA-Seq in a cohort of baboons with significant 

variation in sodium sensitive BP.  This study, which used the transcriptome as a 

tissue specific read-out to identify genetic variation relevant to kidney and BP 
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response to HS diet, leveraged variation in BP as a first step to identify correlated 

kidney regulatory networks that may influence BP in female primates.  

For the LS diet, sodium intake per kg of animal weight was similar to 

previous LS diets in humans. The amount of sodium in the HS diet used in this 

study falls within the range consumed by humans NHANES29. For the HS diet, 

sodium intake per kg of animal weight was comparable to a study of male baboons, 

approximately 2-3 times greater than the average sodium consumption in humans, 

but within the normal range of consumption in humans and about 16-fold less than 

HS diets used in rodent studies18,30–32. Our results, as well as study results in male 

baboons, demonstrate this amount of sodium for the study period is sufficient to 

induce a molecular and physiological response. 

Interestingly, systolic, diastolic, and MAP BP increased in some animals 

and decreased in others when comparing HS diet BP with LS diet BP, similar to 

observations in the human population2,33. BP, Na+ intake, and serum 17 beta-

estradiol correlated with each other on the LS diet, indicating a LS diet is not always 

beneficial for BP as has been observed in human studies33. Correlations of BP with 

17 beta-estradiol were not seen on the HS diet, emphasizing the complex interplay 

of environmental factors such as dietary sodium and sex hormones on BP as 

shown in human populations 18–21,30,34,35.  

Cell type composition of bulk RNA-Seq kidney cortex biopsy samples was 

assessed using abundance data from genes known to be expressed only in a 

single kidney cell-type36. This method increased our confidence in the consistency 

of the kidney cortex biopsy sampling in all animals for both diets. Evaluating 
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sampling consistency was essential for ensuring variation observed in gene 

expression was biological variation rather than variation from biopsy collections. 

As mentioned previously, animals were not selected for “high” and “low” BP, 

but rather selected to capture variation in BP, reflecting BP as a continuous trait. 

Comparing HS diet BP to LS diet BP, some animals increased BP and some 

decreased BP.  To leverage this variation, WGCNA was utilized as an unbiased 

approach to identify kidney transcripts in which variation correlated with variation 

in BP for both diets. The kidney transcriptome revealed modules of genes 

correlated with BP measures including nighttime MAP, 64-hour diastolic BP, 

nighttime diastolic BP; nighttime diastolic BP; 64-hour systolic BP, and nighttime 

systolic BP only for the HS challenge. 

Network analysis of the highest BP animals versus the lowest BP animals 

on the HS diet showed activation of processes related to inflammation and fibrosis, 

and decreased ion homeostasis, vascular remodeling, vascular flexibility, hypoxic 

response, sex hormones, and lipid metabolism. For example, the network included 

EZH2, a pro-fibrotic and anti-angiogenic gene 37 and included estrogens, 

androgens, and their receptors, which have been shown to play a roles in renal ion 

homeostasis affecting the RAAS38,39. Furthermore, network genes TP53, MYC, 

ID2, RB1, GATA2, EP300, MITF, CTNNB1, and SNAI1 play roles in proliferation, 

remodeling, and fibrosis, potentially leading to less vascular flexibility40. The 

network also contained HIF1A, a regulator of hypoxic response, which is inhibited 

by a HS diet in rats41. Reduction of O2 inhibits the Na-K-ATPase complex, which 

is responsible for Na+ reabsorption and regulation of lipids and glucose42. Buildup 
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of fatty acids is also shown to lead to acute kidney injury, triggering fibrosis43. Our 

findings suggest that animals with increased BP with the HS diet have decreased 

Na+ resorption, and with prolonged HS diet will develop kidney injury and fibrosis. 

Our findings of the PPAR family inclusion in our network further supports these 

findings with their role in lipid regulation mediated by hormones, which lead to 

increased in inflammation when down regulated43. Taken together, our findings 

indicate a MYC and ESR1 regulated network, that influences Na+ ion absorption, 

inflammation, and fibrosis, is central to the kidney response in animals with 

increased BP compared to animals with decreased BP. 

To determine protein abundance and cell localization of key molecules in 

the regulatory network, we performed IHC on kidney samples collected at the end 

of the HS diet challenge. IHC showed different distributions of proteins within 

glomeruli and tubules. Of greatest interest was the downstream target VEGFA 

which had been associated with systemic sodium sensitivity, and predicted 

upstream regulator MYC. VEGFA protein abundance correlated with BP measures 

and plasma 17 beta-estradiol concentrations 44. While c-MYC did not correlate with 

BP, it did correlate with VEGFA abundance. Although gene expression is often 

used as a proxy for protein activity, many key regulators’ activity -such as MYC- 

are dependent on post translational modifications 45,46. Consequently, lack of 

protein abundance correlation with BP variation does not contradict the putative 

roles of these regulators in the network.  These findings further support our network 

and previous studies in which an activation cascade of upstream regulators 

beginning with ESR1 activation by estrogen leads to upregulation of MYC and 
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TP5344,47–49. MYC is known to then bind directly to the VEGFA promoter, and lead 

to increased angiogenesis49. c-MYC in the kidney cortex negatively correlated with 

VEGFA in the medulla, suggesting that the relationship between MYC and VEGFA 

may not be kidney cortex specific. ESR1 has also been shown to directly regulate 

VEGFA in other tissues50. Furthermore, these relationships were kidney cell 

specific, including the cortex where specific substructural relationships in the 

glomeruli and tubules were observed.  

VEGFA is also of interest having previously been demonstrated to impact 

BP. Patients with VEGFA inhibition typically develop sodium dependent HT which 

is thought to be due in part to impaired sodium excretion51–53. Previous studies in 

normotensive Wistar–Kyoto rats also demonstrated a relationship between 

VEGFA inhibition and a HS diet on BP54. Rodents with VEGFA inhibited while on 

a HS diet exhibited the highest BP (15 mmHg higher) compared to controls53. 

While many studies have shown that multiple VEGF family members may 

contribute to lowering BP, it is often difficult to tease out the role specific family 

members 55,56. While the association between VEGF and BP is not novel, the 

putative role of increased VEGFA in the kidney cortex and increased BP is novel. 

This observation indicates the female primate kidney response to sodium differs 

from the systemic relationship between BP and VEGFA previously observed in 

humans and rodents.   

Our study shows a relationship between BP, sodium diet, and estrogen in 

female primate kidneys for a LS and a HS diet. We identified ESR1 and MYC as 

novel putative regulators of BP and provided evidence suggesting that VEGFA is 
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an important player in BP regulation on a HS diet in female primate kidneys. 

Overall, these results provide a first step towards validating the in silico networks 

identified from the transcript data that are predicted to regulate BP response to a 

HS diet. Further validation includes identification of genetic variants in the genes 

composing this central regulatory network, and validation of the mechanistic role 

of these novel putative regulators of BP, which may provide therapeutic targets for 

HT prevention and treatment.  
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Tables 

 
 LS HS 

Correlation variables r p-value r p-value 

Na+ intake 17 beta-estradiol -0.77 0.049 -0.71 0.088 

Na+ intake Nighttime MAP BP -0.95 0.003 -0.07 0.906 

Na+ intake Daytime systolic BP -0.92 0.006 -0.07 0.906 

Na+ intake Nighttime systolic BP -0.95 0.003 -0.07 0.906 

17 beta-estradiol Nighttime MAP BP 0.86 0.024 0.64 0.139 

17 beta-estradiol Daytime systolic BP 0.79 0.048 0.64 0.139 

17 beta-estradiol Nighttime systolic BP 0.86 0.024 0.64 0.139 

 
 
Table 1. Correlations between Na+ intake, serum 17 beta-estradiol and BP in 

female baboons on the LS and HS diets with Spearman r, p-value, and 

sample size are shown.  
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Correlation variables Pearson r p-value 
VEGFA Cortex Tubules Na+ intake -0.56 0.189 

VEGFA Cortex Tubules 17 beta-estradiol 0.89 0.006 

VEGFA Cortex Glomeruli 17 beta-estradiol 0.89 0.008 
VEGFA Cortex Glomeruli Nighttime MAP BP 0.78 0.039 

VEGFA Cortex Glomeruli Nighttime systolic BP 0.82 0.024 
VEGFA Cortex Glomeruli SLC274A Transcript -0.74 0.058 

VEGFA Medulla C-MYC Cortex -0.80 0.030 
Na+ intake ACLVS4 Cortex 0.67 0.101 

ACLVS4 Cortex ACLVS4 Medulla 0.84 0.019 

CTL2 Cortex CTL2 Medulla 0.80 0.031 
C-MYC Medulla PPARG Medulla 0.87 0.010 

PPARG Cortex Menstrual Cycle 0.93 0.002 

 
 
Table 2. Correlations between IHC values and BP related traits in female 

baboons on a HS diet. Correlation variables compared for each correlation 

with Pearson r and p-value are shown, for n=7 animals. 
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Figures 

 

Figure 1. Diet and hormone measures on LS and HS diet. LS (square, n=7) 

and HS (circle, n=7) diets are shown for each measure on the x-axis. A. Food 

intake (g), B. Na+ intake (mmol), C. and 17 beta-estradiol (pg/mL) values for 

each animal are represented as points, and bars represent standard 

deviation. Significant differences between diets are labeled with p-value 

<0.0001 or “ns” if not significant.  
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Figure 2. BP averaged over 64-hours each week for 6 weeks in female 

baboons on LS and HS diets. Animal ID is shown for each animal on the x-

axis, and 64-hour BP (mmHg) is shown on the y-axis for A. MAP, B. diastolic 

BP, and C. systolic BP. Mean BP values represent at least 191,000 annotated 

BP counts for each animal, and are represented for LS as square and as a 

circle with standard deviation error bars. Significant differences in BP 

among all animals for both diets are indicated by **** (p-values <0.0001).  
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Figure 3. Cell type distribution of kidney-specific transcripts for LS and HS 

kidney cortex biopsies. Cell type distribution for each gene in LS (n=7, white 

columns) and HS (n=7, black columns) kidney cortex biopsies. Mean 

expression values were log(TMM+1) normalized and bars represent standard 

deviation. The x-axis is label includes gene ID and kidney cell type. No 

significant differences were observed between LS and HS diets for each 

gene by multiple unpaired t test. 
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Figure 4. WGCNA of traits correlated with transcript modules in female 

baboons on HS diet (n=7). Each colored block in the left column represents 

a module of transcripts correlated with each other. The top values in each 

block indicate the correlation and the bottom values in each block indicate 

the p-value for each transcript module with the trait. The color scale to the 

right of the heatmap corresponds to correlation r values of each square. 

Abbreviated measures on the x-axis: Na+ intake (mmol Na+), Na+ 

intake/animal weight (mmol Na+/kg animal weight), 17 beta-estradiol (pg/mL), 

daytime MAP (mmHg), nighttime MAP (mmHg), 64-hour MAP (mmHg), 

daytime systolic BP (mmHg), nighttime systolic BP (mmHg), 64-hour systolic 
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BP (mmHg), daytime diastolic BP (mmHg), nighttime diastolic BP (mmHg), 

and 64-hour diastolic BP (mmHg). 
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Figure 5. Network analysis of WGCNA transcripts correlated with blood 

pressure on HS diet. Upstream regulators of transcripts and targets are 

shown. Red shapes are genes predicted as activators and are positively 

correlated with blood pressure in the dataset. Green shapes are genes 

predicted as inhibitors, and genes in green are negatively correlated with 

blood pressure in the dataset. Arrows indicate direction of activation of 

downstream gene, and T lines represent inhibition of downstream gene. 

Orange lines indicate target activation supported by the literature, blue lines 

indicate target inhibition supported by the literature. Shapes outlined in 

yellow indicate genes selected for protein quantification by IHC.  
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Figure 6. Protein expression of targets from network analysis in kidney 

cortex and medulla of female baboons on a HS diet. Representative images 

of kidney cortex and medulla sections stained for PPARy, ACSVL4, c-MYC, 

CTL2, and Control Mouse IgG. In each panel the grey area demonstrates 

protein expression, while the blue is methyl green stained background, not 

representative of protein expression. Staining demonstrated distinct 

patterns of expression observed in tubules and glomeruli for each target, 

when compared with control.  
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Supplementary Figures 

Supplementary figures mentioned in manuscript but not included in text are 
available upon request. 
 

Sex Animal ID 13988 14012 15122 14690 14740 15113 17174 
Female 13988 1 0 0 0 0 0 0 
Female 14012 0 1 0 0 0 0 0 
Female 15122 0 0 1 0 0 0 0 
Female 14690 0 0 0 1 0 0 0 
Female 14740 0 0 0 0 1 0 0 
Female 15113 0 0 0 0 0 1 0 
Female 17174 0 0 0 0 0 0 1 

 

Supplementary Table S1. Kinship Coefficients. Kinship coefficients in 

baboons on study. The baboons of this study were members of a large 

pedigreed breeding colony developed and maintained at the SNPRC. Values 

calculated in PEDSYS range between 0-1 indicating how closely related one 

animal is to another. 
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Complete blood count with 
differential 

Expected 
Range Average Stdev Min Max 

WBC (thousand/mm3) 4.5-18.1 13.36 3.86 9.4 19.3 
RBC (million/mm3) 4.21-5.59 5.10 0.77 3.77 6.35 
Hemoglobin (g/dL) 11.0-14.4 12.71 1.68 9.8 15.6 

Hematocrit (%) 33.7-43.7 39.01 5.33 29.8 48.1 
Mean corpuscular volume (fl) 74.2-84.6 76.77 3.41 72.7 80.8 
Mean corpuscular hemoglobin 

(pg) 23.8-27.9 25.03 1.15 23.5 26.7 

Mean corpuscular hemoglobin 
concentration (g/dL) 31.6-34.3 32.60 0.80 31.6 34.1 

Red cell distribution width (%) 12.0-15.2 13.54 0.79 12.6 14.9 
Platelet Count (thousand/mm3) 162-441 339.43 29.36 302 381 

Mean platelet volume (fl) 6.9-10.6 8.29 1.05 7.1 9.4 
Granulocytes (thousand/mm3) 2.3-14.9 10.10 4.02 4.8 15.9 

Granulocytes (%) 42.0-90.2 74.26 13.98 43.4 84.5 
Lymphocyte (thousand/mm3) 1.0-4.5 2.59 1.35 1.6 5.4 

Lymphocyte (%) 6.3-51.5 21.03 12.67 10.9 48.6 
Monocyte (thousand/mm3) 0.2-0.8 0.39 0.15 0.2 0.6 

Monocyte (%) 1.5-7.1 3.04 1.21 1.7 5.5 
Eosinophil (thousand/mm3) 0.0-0.2 0.14 0.11 0 0.3 

Eosinophil (%) 0.0-1.6 1.11 0.67 0.4 2.4 
Basophil (thousand/mm3) 0.0-1.6 0.09 0.07 0 0.2 

Basophil (%) 0.0-0.8 0.56 0.36 0.1 1.2 
NRBC (%) 0.0-0.1 0.11 0.18 0 0.5 

Total CBC differential (%) 100 100.00 0.00 100 100 
      

Blood chemistry profile Expected 
Range Average Stdev Min Max 

Glucose (mg/dL) 60-112 130.86 26.82 102 169 
Blood urea nitrogen (mg/dL) 6-20 10.00 2.38 7 14 

Creatinine (mg/dL) 0.6-1.3 1.03 0.24 0.8 1.4 
Blood urea nitrogen/Cratinine 

Ratio 6.3-21.4 10.03 2.79 6.4 14 

Total Protein (g/dL) 5.9-8.0 6.99 0.56 6.2 7.7 
Albumin (g/dL) 3.1-4.7 3.94 0.40 3.5 4.4 
Globulin (g/dL) 2.2-3.9 3.04 0.40 2.5 3.6 

Albumin/Globulin Ratio 0.8-1.8 1.31 0.25 1 1.8 
Cholesterol (mg/dL) 57-141 109.29 20.61 80 136 

Alt/SGPT (U/L) 10-62 23.57 5.77 19 35 
AST/SGOT (U/L) 17-47 33.14 5.11 26 41 
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Alkaline phosphatase (U/L) 58-237 122.86 49.42 71 209 
Sodium (mEq/L) 135-147 139.43 3.05 135 144 

Potassium (mEq/L) 2.9-4.2 3.53 0.58 2.8 4.7 
Chloride (mEq/L) 102-114 105.14 2.79 100 108 

Carbon Dioxide (mEq/L) 21-31 24.71 2.50 20 28 
Anion Gap (mEq/L) 6.1-18.4 13.10 2.52 10.4 17.4 

 
 

Supplementary Table S2. Health Status. Complete blood count with 

differential and blood chemistries for animals selected for the study. 

Average values with standard deviations, max, and min values for all animals 

in the study. 
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LS HS 

MAP BP Systolic 
BP 

Diastolic 
BP 

MAP 
BP 

Systolic 
BP 

Diastolic 
BP 

Brown-
Forsythe 
ANOVA 

test 

F* (DFn, 
DFd) 

200815 
(6.000, 

1978691) 

223790 
(6.000, 

1986329) 

154064 
(6.000, 

1959559) 

484041 
(6.000, 

1761468) 

608565 
(6.000, 

1772624) 

314197 
(6.000, 

1711157) 

P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Welch's 
ANOVA 

test 

W (DFn, 
DFd) 

217337 
(6.000, 

903037) 

232734 
(6.000, 

903508) 

164705 
(6.000, 

902229) 

499283 
(6.000, 

784874) 

584638 
(6.000, 

788018) 

345140 
(6.000, 

781131) 
P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Number of 
treatments 
(columns) 

7 7 7 7 7 7 

Number of 
values 
(total) 

2049824 2049824 2049824 1829204 1829204 1829204 

 

Supplementary Table S4. ANOVA Blood pressure in female baboons on a LS 

and HS diet. Brown-forsythe ANOVA assumption of differences in variation 

and Welch's ANOVA were performed. P-values represent the difference 

between each animal's BP on LS and HS diet and were considered significant 

if less than or equal to 0.05. 
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Transcript quality 
measure 

LS 
Average LS SD HS Average HS SD P-value 95% confidence 

interval 

Total reads 9780035 3992136 10314685 3025959 0.8369 -2.466 to 0.9174 

Alignment (%) 94.5 1.8 93.8 2.2 0.3056 -5552010 to 
6621310 

Coverage 5.4 2.3 7.1 1.8 0.2047 -1.214 to 4.586 

Read length 94.2 0.8 94.0 1.4 0.6477 -1.511 to 1.015 

Coverage depth 15.6 3.4 12.2 3.0 0.1481 -8.304 to 1.592 

Read quality (Phred 
score) 36.6 0.4 36.7 0.5 0.8083 -0.6461 to 

0.7955 

 
 
Supplementary Table S7. Transcript QC. Average measures of transcript 

quality from sequencing LS and HS kidney cortex biopsies assessed by 

paired t test.  
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Supplementary Figure S1. WGCNA of traits correlated with transcript 

modules in female baboons on LS diet (n=7). Each colored block in the left 

column represents a module of transcripts correlated with each other. The 

top values in each block indicate the correlation and the bottom values in 

each block indicate the p-value for each transcript module with the trait. The 

color scale to the right of the heatmap corresponds to correlation r values of 
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each square. Abbreviated measures on the x-axis: Age, Animal weight, Na+ 

intake (mmol Na+), Na+ intake/animal weight (mmol Na+/kg animal weight), 17 

beta-estradiol (pg/mL), daytime MAP (mmHg), nighttime MAP (mmHg), 64-

hour MAP (mmHg), daytime systolic BP (mmHg), nighttime systolic BP 

(mmHg), 64-hour systolic BP (mmHg), daytime diastolic BP (mmHg), 

nighttime diastolic BP (mmHg), and 64-hour diastolic BP (mmHg). 
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DISCUSSION 

HT impacts many people worldwide and the underlying genetics of BP 

control are still not well understood(1). Human GWAS studies to date have 

identified many BP associated variants, but these studies do not explain all the 

heritability of BP variation(2–5). BP studies via GWAS also only reveal genetic 

variants associated with lifetime risk of the disease, but not the timing of disease 

onset throughout an individual’s life(6). BP studies in humans are often 

confounded by the presence of additional symptoms or comorbidities, other 

medications, and difficulty in obtaining healthy kidney samples(1). Furthermore, it 

is often not possible to control for environmental confounders such as dietary 

sodium long-term(1, 7). Therefore, we studied a NHP model of sodium sensitive 

HT where we could control dietary sodium intake and measure BP continuously by 

wireless telemetry. 

BP and the kidney: comparative medicine across primates and rodents 

This work began by providing a review of the literature describing what is 

known about molecular mechanisms underlying BP regulation and HT and current 

gaps in knowledge. BP is regulated systemically, but the kidney is a key regulator 

of BP. Rodent studies targeting single genes have identified members of the RAAS 

including estrogen, sodium, water, calcium, chlorine, and other solute channels as 

well as APTases that act in the kidney and impact BP(8–15). Despite these 

advances, the complexity of the kidney has obscured understanding of its role in 

BP regulation. The kidney has also been characterized by single cell 
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transcriptomics in rodents, and to some degree in humans, but not all the 

underlying genetics in rodents are the same as in primates(16–24). In addition, 

genes identified from kidney microdissection and single cell studies have allowed 

for identification of cell type-specific genes expressed in bulk tissue RNA-Seq(17, 

25).  The review compared models used in BP studies including humans, rodents, 

and primates, along with their respective physiologies and genetics. It also 

discussed the differences in BP measurement techniques and described a method 

of assessing BP molecular regulation by transcript profiling in the kidney, a key 

regulator of BP. The literature review guided the study designs for chapters 2 and 

3. 

Many bulk RNA-Seq studies have been performed to date, and rarely is it 

clear whether gene expression differences are due to tissue sampling (technical) 

or biological. The use of “house-keeping” genes such as 18S ribosomal RNA in 

normalization of targeted gene abundance analysis (qRT-PCR) was also once 

popular, however it is now known there can be biological variation in these 

transcripts(26, 28, 30). Profiling cell composition strengthens results by ensuring 

greater rigor and reproducibility. This is especially important for sample types with 

heterogeneous cell mixtures. By using gene expression that is exclusively 

expressed in one cell type, it is reasonable to infer that the cell type is present.  

 The resource created within this work assesses cross-species similarity for 

genes expressed exclusively in one kidney cell type. The cell type-specific genes 

were also identified across multiple whole kidney single cell studies(16, 23, 27, 

29). This work utilized existing published single cell data as a quality control metric 
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for sample composition prior to assessing gene expression changes/differences 

between samples. This is different from the literature which up until now has used 

parallel single cell seq with RNA-Seq from the same samples to inform cell type 

composition. While this technique is limited in not being able deconvolute exact 

cell quantities, we can demonstrate relative cell quantities among bulk samples 

and determine if they are acceptable for downstream analysis. This method 

supports gene expression differences are truly biologically significant, and not 

simply technical variation.  

This new method ultimately saves time, samples, and money. By leveraging 

existing datasets, some of the cost that would be assumed when trying to tag cells 

for quantification in samples by antibodies or other methods is eliminated. For 

example, it could be used in tissue studies when trying to assess cell type 

composition using antibody targets and ultimately gives more information without 

needing to do additional costly experiments. While this system is not foolproof and 

may demonstrate some of these same issues as other reporter genes, cell type 

specific markers among multiple cell types can be compared and therefore the 

quality control does not completely rest on the profile of a single gene. This 

technique can also be applied to older datasets and aid in determining study 

similarity related to tissue and cell type sampling. Ultimately many pieces of data 

that may appear conflicting in the literature may be deconvoluted by determining 

cell types contributing to the transcript data. This method could also be applied to 

proteomics and metabolomics.  
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Cell type specific data within bulk RNA-Seq can also help determine the cell 

types that may be important for future validation studies. This takes the guess work 

out of selecting cell lines and ensures experimental results are biologically 

relevant.  It also allows for readers and reviewers to understand why a particular 

cell line is most appropriate, as well as why available cell lines may not be 

adequate to investigate a particular target. Rigor and reproducibility will also be 

impacted by this concept because many studies show conflicting data with cell 

culture compared to whole tissue experiments. This may in part be answered with 

a greater ability to select the appropriate cell types that are genetically and 

functionally appropriate. We can also compare cell type similarities and differences 

to better leverage available tools and develop better therapeutically targets that 

have less of a chance of off-target effects. 

 

Sex differences in BP and the kidney cortex transcriptome in nonhuman 

primates  

Women and men can develop HT, and although there is some overlap, sex 

specific differences have been observed(8, 31–36). Women generally have lower 

BP than men throughout their lifetime prior to the onset of menopause, and this 

trend is observed across species(37, 38). These differences include abundance of 

members of the RAAS, hormones, and hormone hormone-related molecules(1, 9, 

10, 33, 39–42). Many available treatment options target members of the RAAS; 

however, sex-specific single nucleotide polymorphisms associated with HT and 

disparities between women and men in pharmacogenetic drug responses have 
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been observed(43–45). Current HT guidelines do not include recommendations 

for sex-specific treatment strategies(1). 

Animal models, notably primates and rodents, have been studied to 

understand BP regulation. These models offer the ability to control environmental 

factors such as diet and sodium intake. However, NHPs arguably present a model 

most directly applicable to insights into human HT due to their genetic and 

physiological similarities to humans(46, 47),(48). Primate BP within the SNPRC 

colony is also continuous and baboons were bred to maintain this variation in BP 

similar to what is observed in the human population(38, 46, 49, 50). Additionally, 

the baboon kidney has already been shown to be more similar to human than 

traditional rodent models(51). These features allow for findings in a baboon model 

to translate to humans more directly.  

With these points in mind, this work investigated whether there are sex 

differences in BP and the kidney cortex transcriptome in female and male sodium 

naïve primates. While BP has been measured previously in male baboons, sex 

differences in kidney gene networks underlying BP regulation have not been 

assessed in adult primates, including both adult humans and baboons(52, 53). To 

investigate this, BP was measured continuously for 24 hours by implantable 

telemetry in female (n=8) and male baboons (n=9) on a low sodium chow diet, and 

ultrasound guided kidney cortex biopsies were sampled for RNA-Seq. Blood was 

also drawn for hormone and chemistry panels.  
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The LS baboon diet was similar to the LS human diet in the Gen Salt Study. 

In the GenSalt study, women and men were given the same total sodium intake 

on the LS diet, and body mass was not considered. In addition, there was no 

adjustment for age, however there were sex differences. Our study had similar 

findings, supporting the hypothesis that there are sex differences in primate BP 

response to sodium. Our study demonstrated the differences are not due to outside 

environmental factors known to impact BP such as sodium intake since these 

animals were sodium naïve, i.e., consumed a very low sodium diet throughout the 

lifespan. Female baboons were selected for this study according to the age of 

women most at risk to develop HT according to NHANES - those near or beyond 

menopause age. While aging is known to impact HT risk overall, there are no 

current HT treatment options that treat aging adults differently than young adults 

with HT. There are also no sex specific treatment options, regardless of age.  

Variability of BP in female and male baboons reflects the same trend in BP 

variability observed in humans(54). Sex differences in BP varied both by 

measurement type and time of day. Significant differences were shown in 24-hour 

systolic BP, daytime MAP, nighttime diastolic BP, and nighttime systolic BP, which 

were all lower in females than males, similar to what is observed in humans(13, 

14, 42). In females, serum 17 beta-estradiol concentration correlated with 24-hour 

MAP, nighttime MAP, 24-hour systolic BP, and nighttime systolic BP, but no other 

clinical measures. These findings indicate a systemic relationship with BP 

regulation. While estrogen is known to impact BP including through the RAAS, the 

exact role of 17 beta-estradiol in female primates still needs further investigation. 
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These data suggest estrogen should also be measured in future studies 

investigating BP in females. The vast majority of other clinical measures reported 

did not correlate with BP in females, bringing their usefulness for women’s health 

into question(1). This study also brings into question methodologies in assessing 

BP differences by sex in humans, since in our study time of measuring systolic BP, 

diastolic BP, or MAP impacted whether sex differences were observed.  

Meanwhile, male BP correlated with several clinical measures, including 24-

hour diastolic BP, daytime diastolic BP, and nighttime diastolic BP with Na+ intake; 

24-hour MAP, daytime MAP, and 24-hour systolic BP with BUN; and nighttime 

systolic BP with glucose. Furthermore, 24-hour MAP and nighttime MAP, 

negatively correlated with PAH clearance. 24-hour MAP, 24-hour diastolic BP, 

daytime diastolic BP, and nighttime diastolic BP negatively correlated with plasma 

IL-8. Daytime diastolic BP was positively correlated with plasma IL-6. BP did not 

correlate with plasma renin activity and plasma aldosterone, indicating the RAAS 

may not be the primary regulator of BP on a low sodium chow diet. These results 

also indicate that these clinical measures may be informative in men but not 

women. 

Differences between females and males in the kidney transcriptome 

correlations with BP also exist. There was no relationship between BP and kidney 

cortex gene expression observed in females, indicating therapies that may be 

useful for men could be less than optimal for women. Further studies of other key 

BP regulating tissues would be powerful for profiling the mechanisms underlying 
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BP in women. Males did demonstrate a relationship between renal gene 

expression and BP, however many of the expected players within the RAAS 

including renin and angiotensin II did not appear to be a part of the relationship. 

Unlike many HT studies which previously identified these players, they may not 

have been identified due to the sodium naïve background of these animals, or 

possibly due to BP within normal ranges. The lack of variation in common 

environmental factors such as housing environment and diet composition allows 

the true underlying genetics to shine through, and the targets identified in gene 

network analysis will be useful for identifying new therapies. 

The kidney cortex transcriptomes showed distinct grouping by PCA 

between the sexes, as well as variation in gene expression. There were no 

significant differences in cell type composition, as inferred by the similarity in 

expression levels of genes expressed in a unique cell type in both females and 

males. Once sex differences were established, it guided the decision to assess 

whether BP correlated with gene networks in the kidney cortex in females and 

males independently. This was an important finding since many previous studies 

grouped females and males together for data analysis, or did not include females 

in the study(55). 

Animals were selected to capture variation in BP rather than selected for 

“high” and “low” BP in order to reflect what is seen in the human population(38, 

49). In order to optimize statistical power and analyze a continuous trait, WGCNA 

of kidney cortex RNA-Seq data was employed as an unbiased approach to identify 

sex-specific transcripts correlated with BP. This analysis is the most appropriate 
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considering the clear variability observed in the BP and transcriptome data in both 

females and males. There were no modules of transcripts in the kidney that 

correlated with BP in females on a LS diet. The females in this study were not 

undergoing hormonal menopause; therefore, it is possible subtle changes in the 

kidney transcriptome may not be easily detected with BP measures.  

In males, WGCNA revealed gene modules positively correlated with BP 

which contained overlapping networks with predicted regulation by ESR1, HNF4A, 

and TP53, all of which have been previously identified as important players related 

to BP regulation in the kidney(56, 57). HNF4A is also a proximal tubule specific 

gene, leading to the conclusion this cell type is important in male BP management 

by the kidney(16, 23, 27, 29). We identified several known players in BP regulation 

and leveraged an annotated knowledgebase from the literature to assess gene 

interactions in the kidney which correlated with BP. These regulators were known 

to act upstream to many members of the SLC family and ATPases, as well as 

genes encoding for calcium, potassium, sodium, and glucose uptake. 

Correspondence of our findings with the published literature supported the rigor of 

our study design and analytical approach(58–65).  

While some of these players and their downstream targets have been 

associated with the RAAS, neither BP nor the kidney cortex transcriptome showed 

any correlation with plasma renin or aldosterone levels.  Several of these genes 

(TCF7L2, NR3C1, SMARCA4) have been shown to influence the reabsorption of 

calcium, potassium, sodium, and glucose; however, they have not been previously 
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identified as having a role in BP regulation in the kidney (66–68). These findings 

indicate the possibility of crosstalk between ion and glucose homeostasis in male 

primates with higher BP in a low sodium dietary environment, and suggest that 

males may have a lower capability to remodel their vasculature, possibly leading 

to less flexibility and increased arterial stiffness in response to damage and stress 

compared to animals with lower BP. These findings also indicate the role of the 

kidney transcriptome in BP regulation among sodium-naïve male primates is not 

exclusively driven by the RAAS. 

Future studies in cell lines (specifically in male cell types identified in this 

study) would be useful for assessing the downstream impact of regulators 

identified in this work. Once cell lines can be established to validate the roles of 

the identified upstream regulators on downstream targets, it would be useful to 

identify rodent strains in which the impact of ESR1, HNF4A, and TP53 on BP and 

the kidney could be assessed. It would also be helpful to perform single cell 

sequencing or spatial transcriptomic analysis of the baboon kidney in order to 

further characterize the localization of specific gene expression and cell profiles in 

a sodium-naïve kidney.  

The study design differed between female and male baboons in a few ways, 

however there is reason to believe these differences do not confound the study. 

The housing differed with males housed in individual cages near other single 

caged males, while females were housed in a group setting. These housing 

differences were due to differences in telemetry transmitter distances when each 
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study was conducted, i.e., the males were studies using an older telemetry 

technology. Both female and male baboons were acclimated to their housing 

situations for a minimum of 2 weeks with BP monitored for stability prior to 

beginning the study. The males were also part of a longer study that required an 

infusion intervention at a later timepoint, therefore they also had a catheter 

implanted with a saline infusion. There is no evidence to demonstrate the route of 

sodium administration impacts BP. Further analysis to determine the impact of 

saline on BP in sodium naïve animals would be interesting and informative but was 

not within the scope or feasibility of this project.  

Prior to the study start, all animals were raised on the same low sodium 

chow (control) diet. Both females and males were fed in a similar manner by having 

individual feeding cages with ad libitum food access followed by collection and 

weighing of uneaten food to calculate amounts consumed and sodium intake. 

Unlike the GenSalt study in humans, baboon females and males consumed on 

average the same amount of sodium per kg weight. All BP measurements were 

acquired over a 24 hour period, 1 day prior to kidney biopsies for matched timelines 

in females and males.  

Despite the above limitations, our findings provide evidence of sex-

differences in renal molecular mechanisms influencing BP. Overall, these data are 

supported by many other observations of sexual dimorphism in both human and 

rodent models of BP regulation, HT, and sodium sensitive BP. Using this model, 

we have provided evidence of sex differences in adult primate kidneys on a low 

sodium chow diet. The data from this study demonstrates there are sex differences 
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in older females, compared to younger adult age males – that is, older females has 

lower BP (mean and maximum) than the younger adult males. These findings also 

lay a foundation for future studies investigating BP in age matched primates. Most 

importantly, this study supports evaluation of standard HT treatment options for 

older women. These findings are essential for future studies to better understand 

BP regulation in women and men to inform appropriate therapeutic options.   

 

BP and the kidney cortex transcriptome response to high sodium diet 

challenge in female nonhuman primates 

BP is influenced by genetic background, including sex, as well as 

environmental factors such as sodium levels in diet(1). Dietary sodium is known to 

impact BP and HT risk, and Americans consume on average 3,400 mg of sodium 

per day, more than the recommended amount of 2,300 mg daily(1). Sodium 

sensitivity impacts a portion of the human population in a continuous manner(54). 

Some people are more sensitive than others and will demonstrate BP increases 

even on a LS diet(54). Furthermore, sex differences have been observed in 

humans with BP changes in response to dietary salt interventions(54). The kidney 

is a key regulator of sodium in the bloodstream and its role in BP regulation on a 

HS diet is not well-characterized in primates. This is largely due to the abundance 

of dietary sodium among most humans: it is not possible to identify sodium-

responsive genes in healthy kidney cortex samples from the human population, as 

there are no sodium-naïve controls available.  
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Previous studies investigated BP response to HS diet in male baboons; 

however, our study demonstrated sex differences in BP and the kidney 

transcriptome(52). Therefore, it was clear that there was a need to investigate the 

impact of a HS diet on female baboons. The goal of this study was to understand 

the impact of HS intake on the gene networks in the kidney and whether these 

gene networks correlate with BP in female primates.  

To address this, female baboons’ BP was measured continuously for 64 

hours by implantable telemetry on a LS diet (n=7), and after a 6 week HS diet (n=7) 

challenge. Ultrasound-guided kidney cortex biopsies were collected for RNA-Seq 

at both timepoints. Blood was also drawn for hormone and chemistry panels. At 

the end of the study, kidney samples were collected for IHC upon necropsy. By 

utilizing a cohort of sodium naïve baboons on a LS chow diet their entire life, the 

chance of existing pathology of fibrosis or kidney damage was also diminished 

(data not shown). The use of continuous BP recordings by implantable telemetry 

is useful for establishing that the responses to sodium are truly reflective of BP 

changes, and not due to handling or additional variables. This study design allowed 

us to assess the impact of genetics and of sodium on gene expression both on the 

high sodium diet and after the diet challenge. 

The study design closely mimics studies with Na+ composition in previous 

LS diets in humans. The amount of sodium in the HS diet used in this study also 

falls within the range consumed by humans in the NHANES study (69). The HS 

diet was comparable to a study of male baboons, and approximately 2-3 times 
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greater than the average sodium consumption in humans, but within the normal 

range of consumption in humans. Most importantly, the Na+ intake in this study 

was about 16-fold less than HS diets used in rodent studies(52, 54, 70, 71). The 

results of this study in female baboons, as well as previous studies in male 

baboons, demonstrate the amount of sodium and study length is sufficient to 

induce a molecular and physiological response. 

 

The pattern of BP distribution on a HS diet in female baboons was similar 

to what was observed on the LS diet, and in humans after HS diet challenge. 

Interestingly, some baboons demonstrated an increase in BP while others 

exhibited a decrease in BP after a HS diet challenge. This trend was observed in 

systolic BP, diastolic BP, and MAP and demonstrates another strength of the study 

design which allowed each animal to act as its own control to truly assess changes 

in BP.  

BP positively correlated with 17 beta-estradiol and negatively with sodium 

intake, but these correlations were lost on the HS diet. Most literature focuses on 

lowering sodium intake to decrease BP in the context of HT, but the LS diet BP 

result implies there is also a lower threshold where too great of a reduction of 

sodium intake also triggers higher BP in some animals. This is supported by 

human studies, which have established that the impact of a low sodium diet on BP 

is variable, and may be beneficial in some individuals while detrimental in others(1, 

54). A HS diet disrupts the relationship between BP, 17 beta-estradiol, and Na+ 

intake. This finding demonstrates the value of this model for identifying a trend that 
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would not be possible to assess in the human population. These results also 

highlight how environmental factors like dietary sodium can increase the 

complexity of our understanding the role of sex hormones on BP in human 

populations. 

Prior literature focusing on the BP in women has been lacking in terms of 

investigating mechanisms underlying BP. Studies accounting for 17 beta-estradiol 

in BP variation have been limited to extreme hormonal changes such as in the 

cases of hormone replacement therapy, menopause, or removing the ovaries in 

rodents models. While estrogen has been known to impact BP and is even a player 

in the RAAS, the relationship between BP and 17 beta-estradiol identified in this 

work had not been previously observed in primates. Hormone concentrations are 

important variables that should be considered when studying women.  

We performed RNA-Seq on kidney cortex biopsies at the LS and HS 

timepoints. Kidney cortex gene expression demonstrated consistency in sampling 

and differed by diet. WGCNA was performed and did not reveal any transcript 

modules that correlated with BP on the LS diet, but did reveal transcript modules 

that were highly and significantly correlated with BP for the HS diet. Network 

analysis of genes in modules identified causal networks with master regulators of 

hormone receptors, proliferation and differentiation, methylation, hypoxia, insulin 

and lipid regulation, and inflammation correlating with BP on the HS diet. Many 

targets of these regulators were previously identified as having a role in BP 

regulation, including sodium and ion management in the cell membrane, 

vascularization, and renin homeostasis. These modules also contained molecules 
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known to impact BP including solute carriers including AQP2, 5 solute channels 

including SCNN1A, 2 ATPases, RENBP, and VEGFB, all of which were down 

regulated downstream of the master regulators in animals with high BP(72–75). 

The upstream regulators primarily consisted of genes related to hormone receptors 

(ESR1, PGR), proliferation and differentiation (TP53, MYC, ID2, RB1, GATA2, 

EP300, MITF, CTNNB1, SNAI1, RELA), methylation (EZH2), hypoxia (VHL), as 

well as lipid regulation and inflammation (PPARG). These gene networks revealed 

a map of interactions between known BP players as well as some novel targets 

including VHL and RELA, which have not been previously shown to impact BP.  

By identifying genes previously studied and validated as contributing to BP 

regulation, there is some guidance in selecting novel candidate upstream 

regulators for further validation. A subset of the regulators and downstream 

molecules were selected from the network for protein abundance validation. IHC 

was performed to validate findings from WGCNA on kidney cortex sections 

collected at the end of the HS diet challenge. Protein abundance was normalized 

for the presence of glomeruli to assess variation due to genetic background as 

opposed to variation in tissue sampling. The targets selected include PPARG and 

VEGFA, both of which are known to influence BP; whereas, MYC, SLC27A4, and 

SLC44A2 reveal novel putative regulators of BP. VEGFA was particularly 

interesting because it did demonstrate a relationship between BP, sodium intake, 

and serum 17 beta-estradiol concentration on the HS diet, even though these 

variables no longer demonstrated a relationship among each other.  
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The VEGF family is known to impact BP, however each member of the 

VEGF family has a different function and expression profile within different cell 

types and tissues. This was further demonstrated by measuring VEGFA in the 

kidney cortex and medulla, where even the same protein was expressed at 

different levels in the glomeruli and tubules of both the cortex and medulla. This 

trend contradicts the story within the literature that VEGFA inhibition leads to 

increased BP. However, studies with VEGFA inhibition have been systemic, while 

we are observing a localized regulation of VEGFA within the kidney cortex. Future 

work should investigate the genome sequences of these animals to identify 

potential variants that differ in upstream regulators. 

This study is a first step towards identifying and validating the in silico 

networks from transcript data to predict regulators of BP response to a HS diet. 

Further validation is needed for genetic variants in genes within this regulatory 

network and understanding the mechanistic role of these novel putative regulators 

of BP. Validation of the mechanisms regulating these networks will provide 

potential therapeutic targets for HT prevention and treatment in women.  

 

Conclusion 

This work addressed our hypothesis and revealed that renal molecular 

networks correlating with BP differ by sex; thereby significantly contributing to the  

field of BP regulation in women where few findings have been published. Our study 

was also innovative by analyzing sodium naïve female and male baboons before 
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and after high sodium challenge, and employing unbiased analytical tools to 

nominate molecular networks central to BP response to sodium.  Our approach 

revealed known players in BP regulation, indicating the validity of our overall study 

design, and revealed novel putative regulators of BP in both female and male 

kidneys. Future studies to expand our understanding of female primate (human 

and nonhuman) genetics and physiology are important for the development of 

more effective and equitable precision medicine. Applying these results to future 

studies in humans may contribute to greater understanding of BP regulation 

generally and in women particularly. 
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fluorescent quantification, pull down assay, qPCR, qRTPCR, qRTPCR/PCR 
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primer design, qubit, restriction enzyme digestion, RNA silencing, RNA-Seq, 
sample storage and inventory organization, microbial selective growth, sodium-
lithium countertransport activity assay, southern blot, sterile technique, 
tapestation, tissue dissection, transient gene expression in mammalian and plant 
systems, UV light exposure, western blot, yeast cultures, yeast transformation, 
yeast two hybrid 
Colony and strain management: 
Yeast, bacteria, Arabidopsis, Xiphophorus models 
Primate study management:  
Activity monitoring, blood pressure telemetry recording, database management, 
feeding, reproduction cycles, weight monitoring 
Bioinformatics, computational, and software skills: 
BLAST, blood pressure ECG and heartrate telemetry analysis, comparative 
genetic analysis, computer programming in R and Perl, Ensembl database, Galaxy 
tools, genomic analysis, GWAS database, high performance-computing, Human 
Protein Atlas, Ingenuity pathway analysis, large data processing bioinformatics 
tools, network analysis, Partek Flow, Partek Genomics Suite, Pathway analysis, 
PDB protein database, Ponemah telemetry software, sequence alignment, 
sequencing pipeline development, single cell data analysis, transcriptome 
sequencing data analysis, UCSF Genome Browser, UniProt 
Statistics:  
ANOVA, cluster analysis, correlation analysis, covariate analysis, differential gene 
expression analysis, principal components analysis, regression analysis, time 
course analysis, weighted gene coexpresssion network analysis 
TEACHING AND ADVISING EXPERIENCE       
2019 Elizabeth Boger, Highschool student and Precision Medicine 

summer intern 
2018 Jayda Bussey-Spratling, Vet student and Comparative Medicine 

summer intern 
2018 Taylor Outlaw, Chemistry undergraduate student and Precision 

Medicine summer intern 
2016 Shouba Malla, Biochemistry Master student 
2016 Monica Weis, Biochemistry Undergraduate student 
2016 Jennifer Ream, Biochemistry Undergraduate student 
2016 Nestor Rodriguez, Biochemistry Undergraduate student 
PROFESSIONAL AFFILIATIONS        
1) Society for the Advancement of Chicanos and Native Americans in Science 

(SACNAS) 
2) American Association for the Advancement of Science 
3) American Heart Association 
4) American Society for Biochemistry and Molecular Biology 
5) Yale Ciencia Academy 
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LEADERSHIP AND PROFESSIONAL DEVELOPMENT     
2018-2020 Molecular Medicine and Translational Science Program, Student 

Liaison 
2018-2020 Wake Forest School of Medicine SACNAS Chapter, Vice President 

and National Liaison 
2017-2020 5 to Life: A PhD and Beyond Podcast, Speaker, Social Media 

Manager, and Producer 
2017-2018 Wake Forest School of Medicine SACNAS Chapter, President, 

National Liaison and Founding Member 
2017-2018 Wake Up to Science, Vice President and Founding Member 
2016-2017 Science Fiesta San Antonio, Planning Committee and Social Media 

Manager 
2016-2017 NIH Initiative for Maximizing Student Development Program, UT 

Health  
2017 Women in Science: Development, Outreach, & Mentorship, 

Founding Member  
2016-2017 UT Health SACNAS Chapter, Social Media Manager and Founding 

Member 
2012-2016 South Texas Doctoral Bridge Program, National Institute of Health  
2012-2014 Houston-Louis Stokes Alliance for Minority Participation Program, 

National Science Foundation 
 
HONORS AND AWARDS          
2019 Student Affairs Conference Travel Award, Wake Forest School of 

Medicine 
2019 Featured Scientist: #WCWinSTEM, Vanguard STEM  
2019 National Graduate Student Symposium and 6th annual Future 

Fellow Research Conference Nominee, St. Jude Children’s 
Research Hospital 

2019 Graduate Student Recruiter, Wake Forest School of Medicine 
2019 “Diet-induced telomere shortening in baboons” top-10 Papers, 

Department of internal medicine  
2018 Nutrigenetics, Nutrigenomics, & Precision Nutrition Workshop 

Scholarship and Travel Award, University of North Carolina Chapel 
Hill Nutrition Research Institute 

2018 National Diversity in STEM Conference Travel Award, Society for 
Advancement of Chicanos and Native Americans in Science 

2018 Alumni Student Travel Award, Wake Forest University 
2018 SACNAS Chapter Funding, Wake Forest School of Medicine 

Student Affairs 
2018 Wake Up to Science Chapter Funding, Wake Forest School of 

Medicine Student Affairs 
2018 Yale Ciencia Academy Fellow, Yale University 
2018 American Association for the Advancement of Science Travel 

Award, Yale Ciencia Academy 
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2018 Howard Hughes Medical Institute Gilliam Fellowship Nominee, 
Wake Forest University 

2018 Gilliam Fellowship Finalist, Howard Hughes Medical Institute  
2017 Collaboration Award Nominee, Texas Biomedical Research 

Institute 
2017 Excellent Professional Role Model, Texas State University 
2014-2016 South Texas Doctoral Bridge Program Fellowship, National 

Institutes of Health  
2014 Associated Student Government Scholarship, Texas State 

University 
2013 Student Undergraduate Research Fund, Texas State University 
2013 Women’s Giving Circle Scholarship, Women in Science and 

Engineering at Texas State University 
2013 Third Place; Research Poster Category, Honors Undergraduate 

Research Conference 
2012-2014 Certificate of Achievement, National Science Foundation 
2012 Certificate of Scholarship, Biology Department at Texas State 

University 
2012 Texas State University Department of Biology, Certificate of 

Scholarship 
 
FUNDING            
2019 American Association for the Advancement of Science Travel 

Award, Yale Ciencia Academy $2000  
2019 Alumni Student Travel Award, Wake Forest University $300 
2019 Student Affairs Conference Travel Award, Wake Forest School of 

Medicine $300  
2019 Graduate Student Recruiter, Wake Forest School of Medicine 

$2,000  
2018 Nutrigenetics, Nutrigenomics, & Precision Nutrition Workshop 

Scholarship and Travel Award, University of North Carolina 
Chapel Hill Nutrition Research Institute $400 

2018 National Diversity in STEM Conference Travel Award, Society for 
Advancement of Chicanos and Native Americans in Science $800 

2018 SACNAS Chapter Funding, Wake Forest School of Medicine 
Student Affairs $2,000  

2016 South Texas Doctoral Bridge Program Fellowship, National 
Institutes of Health $70,000 

2015 Associated Student Government Scholarship, Texas State 
University $500 

2014 Women’s Giving Circle Scholarship, Women in Science and 
Engineering at Texas State University $2,000 

2015 Associated Student Government Scholarship, Texas State 
University $500 

2012-2014 Houston-Louis Stokes Alliance for Minority Participation 
Scholarship, National Science Foundation $8,000 
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2014 Student Undergraduate Research Fund, Texas State University 
$2,000 

 
OUTREACH AND SCIENCE COMMUNICATION      
2021 Women in Science and Engineering Connection Leader, Texas 

State University 
2019 SACNAS National Conference Session Proposal: Building 

Community through Scicomm 
2019 SACNAS National Conference Graduate Student Recruitment, 

Wake Forest School of Medicine 
2018 Vanguard STEM 
2018 Speaker on Superwomen in Science Podcast 
2017-2020 5 to Life: A PhD and Beyond Podcast 
2017 Speaker at Women in Science and Engineering Conference, 

Texas State University 
2016 Scientific speaker at Wilderness Oak Elementary, San Antonio 

Texas 
2016-2017 UT Health Graduate Student Association 
2016 UT Health Title IX PSA Film 
2016 UT Health Graduate Student Recruitment 
2012-2014 Relay for Life, Texas State University 
2012-2014 Collaborative Learning Center Tutor, Texas State University 
2011- SACNAS 
 
SERVICE ACTIVITIES          
2020 Speaker at WiSE Connection Program, Texas State University 
2017 Speaker and Panelist at Women in Science and Engineering 

Conference, Texas State University 
2018 Speaker on Superwomen in Science Podcast 
CONFERENCES ATTENDED         
2020 Wake Forest Graduate Student Research Symposium 
2019 American Association for the Advancement of Science 
2018 Wake Forest Graduate Student Research Symposium 
2017 UT Health Cell and Structural Biology Department Retreat 
2016 Mikiten Research Symposium  
2016 UT Health Research Symposium  
2015 ASBMB Science Communication and Outreach Career 

Symposium  
2012-2013  Women in Science and Engineering at Texas State 
2013-2019 SACNAS National Conference 
2013  Honors Thesis Forum at Texas State  
2013  Hispanic Serving Institutes Conference 
2013 National Conference for College Women Student Leaders  
2013 7th Aquatic Animal Models of Human Disease Conference  
MANUSCRIPTS AND PUBLICATIONS        
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1. Genesio M Karere, Michael Mahaney, Deborah Newman, Angelica M. Riojas, 
Clint Christensen, Shifra Birnbaum, John Vandenberg, Laura Cox, (2020) 
Scientific Reports. Diet-induced leukocyte telomere shortening in baboons. 
PMID: 31831784 PMCID: PMC6908639 DOI: 10.1038/s41598-019-55348-8 

2. Cory L. Holland, Brian M. Wasko, Brian A. Sanderson, James K. Titus, 
Angelica M. Riojas, L. Kevin Lewis, (2021) In revision, Current Genetics. 
Suppression of telomere instability in Saccharomyces cerevisiae yku70 
mutants by Est2 polymerase is DNA repair and reverse transcriptase-
independent. 

3. Angelica M. Riojas, Kimberly D. Spradling-Reeves, Robert E. Shade, Sobha 
R. Puppala, Clinton L. Christensen, Shifra Birnbaum, Jeremy P. Glenn, 
Shannan Hall-Ursone, Laura A. Cox (2021). Submitted to BMC Biology of Sex 
Differences. Sex differences in blood pressure and the kidney cortex 
transcriptome in nonhuman primates.  

4. Angelica M. Riojas, Kimberly D. Spradling-Reeves, Robert E. Shade, Sobha 
R. Puppala, Clinton L. Christensen, Shifra Birnbaum, Jeremy P. Glenn, 
Shannan Hall-Ursone, Cun Li, Laura A. Cox (2021). Submitted to Physiological 
Genomics. Blood pressure and the kidney cortex transcriptome response to 
sodium diet challenge in female nonhuman primates.  

5. Angelica M. Riojas, Kimberly D. Reeves, Laura Cox (2021). Submitted to 
Physiological Reports. Models for comparative study of blood pressure control 
in the kidney.  

POSTER PRESENTATIONS         
1. Angelica M. Riojas, Kimberly Spradling-Reeves, Clint Christensen, Laura Cox 

(2020) Sex differences in baboon model of blood pressure. Wake Forest 
Graduate Student Research Symposium, Winston Salem, North Carolina 

2. Elizabeth G. Boger, Angelica M. Riojas, Kim Spradling-Reeves, Tony E. 
Reeves, Taylor C. Outlaw, Clint Christensen, Shannan Hall-Ursone, Joseph 
Roberts, Laura Cox (2019) Microbial DNA Isolated from Tissues of Sodium 
Challenged Female Baboons. Center for Precision Medicine Research Day, 
Winston Salem, North Carolina 

3. Angelica M. Riojas, Kimberly Spradling-Reeves, Clint Christensen, Laura Cox 
(2019) Blood Pressure Response to High Sodium Diet in Female Baboons. 
Wake Forest Graduate Student Research Symposium, Winston Salem, North 
Carolina 

4. Angelica M. Riojas, Kimberly Spradling-Reeves, Clint Christensen, Laura Cox 
(2018) Blood Pressure Response to High Salt Diet in Female Baboons. Wake 
Forest Graduate Student Research Symposium, Winston Salem, North 
Carolina 

5. Taylor C. Outlaw, Tony E. Reeves, Angelica Riojas, Kimberly D. Reeves, 
Laura Cox (2018) Amplification of Tissue Microbiota for 16S rRNA Sequencing. 
Center for Precision Medicine Research Day, Winston Salem, North Carolina  
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6. Jayda Bussey-Spratling & Angelica Riojas, Taylor Outlaw, Kimberly D. 
Reeves, Laura Cox (2018) Hypertension in vervet monkeys and sodium-lithium 
countertransport activity (SLC). National Veterinary Scholars Symposium, 
College Station, Texas 

7. Angelica M. Riojas, L. Kevin Lewis (2016) Roles of genes affecting telomere 
lengths and nucleosome remodeling in maintenance of chromosome stability 
in yku70 mutants. UT Health Symposium, San Antonio, Texas 

8. Dylan J. Walter, William T. Boswell, Kaela L. Caballero, Mikki Boswell, 
Angelica M. Riojas, Jordan Chang, Tzuni I. Garcia, Markita G. Savage, 
Ronald B. Walter (2014) Modulated Gene Expression in Xiphophorus Skin 
Upon Exposure to Fluorescent Light Suggests Alteration of Mitotic Progression 
and Diminished DNA Repair Capability. 7th Aquatic Animal Models of Human 
Disease Conference, Austin, Texas 

9. William T. Boswell, Mikki Boswell, James Titus, Markta Savage, Angelica M. 
Riojas, Kuan Yang, Jianjun Shen, Ronald B. Walter (2014) Sex Specific 
Response to UVB Exposure in Xiphophorus maculatus Skin. 7th Aquatic 
Animal Models of Human Disease Conference, Austin, Texas 

10. Kaela L. Caballero, Dylan J. Walter, Angelica M. Riojas, Jordan Chang, Mikki 
Boswell, William T. Boswell, Kuan Yang, Markita G. Savage, Ronald B. Walter 
(2014) Full Spectrum (10,000K) and Fluorescent (4,100K) Light Differentially 
Effect Both Xiphophorus Breeding and Modulation of Gene Expression in 
Xiphophorus Skin. 7th Aquatic Animal Models of Human Disease Conference, 
Austin, Texas 

11. Angelica M. Riojas, Thilanka Jayaweera, Praveen Kumar Kathare, and Nihal 
Dharmasiri (2014) Characterization of IBR5 Interacting Protein1 (IIP1) in 
Arabidopsis. Honors Thesis Forum, Texas State University, San Marcos, Texas 

 


