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Abstract 
 

 
 Background: Consuming high dietary salt (HS) is prevalent in the western 

diet and does not appear to be decreasing. HS consumption is the leading 

modifiable risk factor for the development of hypertension and subsequent 

cardiovascular disease (CVD) in the United States. Understanding that CVD is the 

leading cause of death, strategies are necessary to reduce the risk of CVD 

development. Dietary fiber and the ketone body β-hydroxybutyrate (βHB) have 

been demonstrated to be candidate nutrients in supporting cardiovascular health 

and reducing inflammation. Therefore, the purpose of this dissertation was to 

investigate the potential roles of dietary fiber and βHB in offsetting the negative 

effects of high dietary salt consumption and exposure. Methods: To investigate 

the role of fiber, a national dataset (NHANES) was collected from the Center of 

Disease Control; dietary patterns were quantified by total sodium consumption and 

sodium indexed to fiber and were correlated with blood pressure (BP) and markers 

of inflammation. A clinical trial was used to investigate the effect of βHB 

supplementation on BP reactivity, a measure prognostic of future CV incidence 

regardless of salt sensitivity status, despite concomitant salt supplementation; and 

a cell culture model was used to investigate whether direct βHB exposure would 

ameliorate the proinflammatory response induced by high salt observed in 

peripheral blood mononuclear cells. Results: While no linear relations were 

observed between recalled nutrition and measured BP, there were quadratic 

relations between sodium to fiber and all measures of BP (ps < 0.035). The clinical 
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trial remains underpowered at the time of this writing, and no significant effects of 

supplemental conditions were observed on BP reactivity, however the 

proinflammatory cytokine TNF-α was reduced in the HS+βHB condition (p = 

0.035). There was a significant effect of the βHB exposure in the expression of 

pro- (p < 0.001) and anti-inflammatory (p = 0.008) cytokines the immune cells. 

Conclusion: Observing sodium to fiber ratios may provide an index into dietary 

habits, but are not linearly related to BP. With continued investigation βHB may 

provide cardioprotective benefits and has been demonstrated to decrease 

proinflammatory gene expression. 
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Chapter 1: Introduction 

 

 

Excessive salt consumption is widespread across the United States, 

particularly in the southeast [2-4]. Excessive salt consumption increases blood 

pressure (BP) at the population level [5, 6], and remains a leading risk factor for 

developing hypertension and cardiovascular disease (CVD) [7-12], the leading 

cause of death in the United States [9, 13-16]. Short-term high salt (HS) 

consumption leads to exaggerated blood pressure reactivity during submaximal 

exercise [11, 12]. Importantly, exaggerated BP responses during stressors are 

prognostic of future hypertension [17, 18] and these data indicate HS causes BP 

dysregulation even in those at lower risk for CVD.  What has been less appreciated 

until recently is that HS plays a large role in the development of chronic 

inflammation [19], which plays a critical role in the development of CVD [20, 21]. 

The well-documented relation between HS consumption, hypertension, and CVD 

risk along with the ubiquitous HS intake in the United States demonstrate a critical 

need for investigation into mechanisms of salt-induced elevations in CVD risk; and 

the development of therapeutic strategies to combat the consequences of HS, 

particularly in at-risk populations.  

Dietary fiber is known to be cardioprotective [22, 23]. Furthermore, dietary 

fiber is fermented by the gut microbiota to short chain fatty acids (SCFA) [24] and 

recent data have demonstrated that concentrations of metabolites are negatively 
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associated with sodium consumption [25] (i.e., as sodium consumption decreased, 

circulating SCFA concentration increased) and blood pressure [25-27] (i.e., as 

SCFA concentration increased, BP decreased). However, the combined influence 

of HS and dietary fiber on cardiovascular remains understudied. Therefore, for Aim 

One of this project I will seek to determine whether dietary sodium indexed to 

dietary fiber (Na+/fiber) is a stronger predictor of CVD risk than HS or low fiber 

intake alone. Specifically, I will assess the association between Na+/fiber and 

resting BP using data from NHANES. I will also determine whether Na+/fiber is 

associated with inflammation assessed via circulating C-reactive protein (CRP), 

and whether the association between Na+/fiber and resting BP is partially mediated 

by inflammation using CRP as a mediator. I will control for important covariates 

such as race, sex, body mass index (BMI), and potassium consumption. This 

analysis will complement ongoing investigations in our laboratory seeking to 

determine whether dietary fiber, prebiotic starch, or SCFAs could be an effective 

countermeasure to offset the negative effects of HS on vascular health and provide 

additional training in managing large data sets and examining the relation between 

the immune and cardiovascular systems. 

We have identified the liver-derived ketone body β-hydroxybutyrate (βHB) 

as a potential target to combat the negative cardiovascular health effects of HS. 

While there is limited data on effects of ketone supplements on vascular health, 

much work has been done to investigate the beneficial role of ketone supplements 

on metabolic health [28-30] which has been demonstrated to contribute to 

hypertension and CVD [31, 32]. Furthermore, circulating βHB concentration 
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typically increases in response to prolonged endurance exercise or calorie 

restriction, both of which also reduce BP and lower CVD risk [33, 34]. Several 

acute (60 – 90 minutes) ketone supplementation studies have demonstrated 

improvements in cardiometabolic function (e.g., improved glucose tolerance) [28, 

35, 36]. Further, increasing circulating βHB concentrations, using short-term (2-6 

weeks) exogenous ketone supplements or ketogenic diets, improves resting BP 

[37], vascular function [38], and causes favorable alterations in immune cell profile 

in humans [39]. Interestingly, chronic HS consumption suppresses endogenous 

hepatic βHB production in rats, but nutritionally upregulating hepatic βHB 

production attenuates the adverse effects of HS in the rats [40]. Specifically, using 

1,3-butanediol to increase βHB counteracts the adverse effects of HS on resting 

BP, in part by acting as a vasodilator, and attenuating inflammation [33, 40].  

However, there is a knowledge gap regarding whether increasing βHB 

during HS intake can counteract the negative effects of HS on BP and 

cardiovascular function in humans. Therefore, for Aims Two and Three of this 

project I will focus on using ketone supplementation to counteract the adverse of 

HS on vascular health in human participants using an integrative physiology study 

(NCT05545501).  Specifically, I will determine whether ketone supplementation 

can counteract HS-induced exaggerated BP reactivity (Aim Two) and the ability 

of ketone supplementation in vivo to counteract HS-induced elevation in 

inflammatory cytokine production (Aim Three). This will be done by collecting 

blood from participants after the 10-day intervention and exposing the whole blood 

to ex vivo lipopolysaccharide (LPS) stimulation to assess inflammatory status. 
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Additionally, as a complementary component of Aim Three, I am proposing to use 

βHB to counteract the pro-inflammatory effects of HS in an in vitro cell model using 

isolated peripheral blood mononuclear cells from independent human samples. 

In summary, this project will examine the deleterious effects of HS on 

integrative physiology measures that are related to CVD risk in a large diverse 

sample using secondary data (Aim One; NHANES) and in healthy young adults 

using primary data collection in the Neurovascular Physiology laboratory at Auburn 

University.  Broadly, we are interested in developing strategies to counteract the 

adverse effects of HS on human health. I have decided to focus on dietary fiber 

and ketone supplementation. Understanding the similarities in structure and 

signaling (i.e., histone deacetylase inhibition, g-protein coupled receptor activation, 

and inflammation mediator) between the SCFA butyrate and the ketone βHB [41], 

both of these dietary strategies could be effective in mitigating the negative 

cardiovascular health effects of HS [27, 33]. 
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Figure 1.1: Graphical representation of the three proposed aims. Aim 1) Is sodium alone 
or sodium indexed to fiber associated with blood pressure and inflammation? Aim 2) Can 
ketones attenuate high salt-induced increases in blood pressure reactivity? Aim 3) Can 
ketones mitigate the effects of sodium on immune cell subpopulations and inflammatory 
cytokine expression? 
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Chapter 2: Literature Review and Project Background 

 

 

1. Introduction (Sodium on health implication) 

Excessive dietary sodium consumption is widespread across the United 

States [2-4], increases blood pressure (BP) at the population level [5, 6], and 

remains a leading risk factor for developing hypertension and cardiovascular 

disease (CVD) [7-12]. According to the American Heart Association (AHA), CVD 

is consistently the leading cause of death, and as of 2011 responsible for 17% of 

health care expenses, in the United States [9, 13-16]. Specifically, included under 

the umbrella of CVD are numerous diseases including but not limited to 

hypertension, atherosclerosis, heart failure, coronary artery disease, peripheral 

vascular disease, and stroke; with prevalence projected to reach over 40% of US 

citizens, and the estimated national expenditure to be over $800 billion by 2030 

[9].  

Specifically, hypertension is one of the strongest predictors of CVD 

pathogenesis [42, 43], and what is especially dangerous is that only about half of 

people with diagnosable hypertension are aware [44]. Additionally, CVD is 

comorbid with other diseases such as metabolic diseases like diabetes [45], aging 

diseases like sarcopenia [46, 47], chronic kidney diseases (CKD) such as end 

stage renal disease [48], among many other diseases [49]. Understanding the 
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pathological risks of hypertension makes controlling blood pressure imperative for 

national and world health. 

Furthermore, CVD are typically associated with states of hyperinflammation 

[47]. Indeed, the immune system has been implicated in the pathogenesis of 

hypertension since the 1960’s [50]. It is imperative to understand the complexity of 

the pathogenesis of hypertension in order to control the risk of CVD, therefore the 

purpose of this review was to summarize the role different nutritional strategies 

and supplements and exercise have on the vascular and immune systems. 

Understanding the direct role dietary sodium plays in increasing blood pressure 

[10, 51], much of this review will be investigating literature surrounding dietary and 

exercise strategies to mitigate the negative effects of sodium on the vascular and 

immune systems. Briefly, nutritional manipulation of dietary potassium and 

magnesium as well as supplementation with dietary nitrate, ketones, and 

mitochondrial antioxidants have been shown to have beneficial effects on the 

vasculature and some even ameliorate the negative effects of excessive sodium 

consumption. Furthermore, exercise remains another lifestyle factor that impacts 

the vascular and immunologic health of humans. All of these will be discussed in 

more detail below. 

 

Sodium/Salt on health outcomes 

Americans consume excessive amounts of salt, with the cation sodium 

being suggested to be the driver of cardiovascular pathologies. Specifically, high 

sodium consumption is one of the leading factors of hypertension [10, 51]. 
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Excessive dietary sodium consumption is widespread across the United States, in 

particular the southeast [7, 8]. The daily recommended intake of sodium is 2,300 

mg/day, however the majority of Americans regularly consume over 3,200 mg/day 

and do not appear to be decreasing consumption to recommended levels in the 

near future [7, 52]. The health issues surrounding chronically high sodium 

consumption have been well documented and include hypertension [53] and the 

development of CVD and CKD [52].  

The benefits of decreasing daily sodium consumption have also been well 

documented and popularized in the literature by the Dietary Approaches to Stop 

Hypertension (DASH) trial. The Dash diet has demonstrated that reducing sodium 

results in drastic reductions in one’s risk of developing CVD [43]. Despite this 

wealth [43, 54-57] of knowledge available, sodium consumption continues to 

remain generally elevated within the diets of most Americans [58]. Importantly, 

disparities do exist within capabilities of limiting sodium consumption [59]. In 

particular, consumption of processed foods, or foods containing high sodium, 

unhealthy fats, and high in caloric density, is higher in areas where access to health 

foods and supermarkets are more limited [59]. Furthermore, race has been 

implicated in the pathogenesis of salt sensitive hypertension, specifically that Black 

Americans are predisposed to higher blood pressures in response to high salt 

loads than other racial groups in the United States [60]. Interestingly, when daily 

potassium requirements are met, these disparities in salt sensitivity are diminished 

[61]. Further studies are required to tease out the mechanisms underlying this and 

particularly whether social stimuli like socioeconomic status, food security, and 
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other consequences of racial bias and discrimination are responsible for these 

health disparities [62]. In a 2020 analysis, sodium density was investigated [63] as 

a means of dividing sodium consumption (mg) by daily caloric intake (kcal), with 

the ideal maintaining a ratio of 1.1 mg sodium/kcal approximately corresponding 

to 2300 mg of sodium (AHA recommendation [64]) to 2100 kcal/day (near FDA 

recommendation). Due to discrepancies in caloric recommendation based on sex, 

this method of indexing removes any influence of not only sex on caloric 

consumption, but also any other factors that might influence caloric needs.  

From an evolutionary standpoint, high salt consumption was not a health 

concern until the discovery of the preservative properties of salt as most mammals 

survived on diets containing fewer than 250 mg of salt per day. Indeed, the mineral 

sodium in necessary for the conduction of nerve impulses, muscle action, and 

water and mineral balance [65]. However, the diet-altering discovery 

approximately five millennia ago, drastically changed the dietary patterns of 

modern humanity, shifting sodium from a trace mineral to one of the most 

overconsumed minerals in the world [65, 66]. Over the course of the millions of 

years prior to this discovery the natural foods available to organisms were typically 

high in potassium and relatively low in sodium. As a comparison, the average 

modern human consumes only ~2,500 mg/day potassium and upwards of 3,200 

mg/day sodium whereas isolated populations with similar diets to the evolutionary 

human have been shown to consume upwards of 5,800 mg/day potassium and 

only 460 – 920 mg/day sodium [7, 67, 68]. These are drastic differences in 

electrolyte intake, a near 10-fold difference in relative sodium/potassium 
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concentrations, and puts an incredible stress on the kidneys [69]. Additionally, to 

investigate nutritional causes of hypertension, researchers have implemented 

dietary interventions in chimpanzees assessing the effects increased dietary 

sodium on the closest phylogenetic species to humans [70]. Denton et al. 

separated chimpanzees into two groups. Both would maintain equivalent 

potassium intake through their diet (primarily vegetarian) with the experimental 

group consuming an additional 15g/day of sodium. The researchers observed that 

the high sodium group increased systolic BP >30 mmHg, increased mean arterial 

pressure ~15mmHg, and increased diastolic BP around a 10 mmHg [70]. These 

findings corroborate multiple studies indicating that excessive sodium 

consumption can act as a primary driver of increasing blood pressure [6, 7, 11, 70-

73]. 

The International Study of Salt and Blood Pressure (INTERSALT) was a 

multinational study intent on investigating the cross-cultural relation between 24-

hour urine sodium excretion and blood pressure in humans [74, 75]. This landmark 

study sampled over 10,000 adults between the ages of 20 – 59 across 32 countries 

and observed sodium excretion concentrations ranging from 0.2 mmol/24 hours to 

242.1 mmol/ 24 hours. Major findings from the INTERSALT trial are that sodium 

excretion is significantly related to measures of blood pressure; the populations 

with the lowest sodium excretions had the lowest blood pressures, lowest 

incidence of hypertension, and in some cases decreases in blood pressure with 

age [75], which is uncommon in most modernized societies [76]. Interestingly, the 

INTERSALT trial included members of the Yanomami indigenous tribe in Brazil, 
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who had the lowest sodium excretion (0.2 mmol/24 hours) of all data collection 

sites and most similar to salt consumption patterns of humans prior to ~5000 years 

ago. It was this population that also demonstrated antihypertensive aging 

phenotypes, suggesting that aging in the absence of high salt diets may not be a 

wholly independent risk factor for developing hypertension. 

High salt consumption drives hypertension in five well-known, though not 

independent, mechanisms. Notably, changes in blood volume, Renin-Angiotensin-

Aldosterone System (RAAS), endothelial dysfunction, sympathetic drive, and 

insulin resistance. Independent of hypertension. Furthermore, high salt is also 

known to cause perturbations within the immune system that induce 

proinflammatory states and result in systemic inflammation, a symptom commonly 

observed concomitantly with hypertension.  

 

Blood volume 

 Consuming high amounts of salt can cause the body to retain water, 

specifically, when mammals have consumed a high salt load, plasma osmolality 

changes which induces a thirst response [77]. This thirst response drives water 

consumption when mammals have ad libitum access, and this increases blood 

volume until both the sodium driving the water retention and water are excreted 

[77]. Where this process may go awry is the development of abnormal pressure 

natriuresis. Pressure natriuresis is a model that increased perfusion pressure (the 

amount of pressure necessary to push blood through the blood vessels) in the 

kidney leads to a decrease of sodium reabsorption in the in the nephron tubules, 
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and thus increased sodium excretion [78]. This phenomenon creates a pressure 

“set-point” in the kidneys where the body will maintain sodium balance, via 

pressure natriuresis and systemic arterial pressure. While the precise mechanism 

of how pressure natriuresis becomes off-set is unknown, it is most likely a mix of 

endocrine (RAAS), neural (increased sympathetic drive), and vascular influences 

(NO) of which RAAS seems to be strongly implicated [78]. 

 

Renin-angiotensin-aldosterone system 

 RAAS is an endocrine cascade of hormones that regulate renal vasculature 

and maintain water and salt homeostasis through sodium retention/excretion 

mechanisms within the body [79]. Briefly, under normal circumstances, the 

synthesis and secretion of the hormone renin by the juxtaglomerular cells of the 

nephron occurs when these specialized endothelial cells’ are stimulated by 

sympathetic neural drive or prostaglandin signaling [80]. Renin then converts the 

prohormone Angiotensinogen (produced in the liver) into Angiotensin 1, followed 

by Angiotensin 1 being converted into Angiotensin 2 by the Angiotensin-converting 

enzyme (ACE; typically inhibited as a pharmacological intervention of 

hypertension [81]) [79, 82]. Angiotensin 2 then acts on AT1 receptors in the kidney, 

stimulating the production and secretion of aldosterone [79]. The stimulation of 

Aldosterone increases the reabsorption of sodium and water by activating 

epithelial sodium channels [83] and the excretion of potassium. Angiotensin 2 also 

acts as a potent vasoconstrictor [84] and stimulates the pituitary gland of the brain 

to release arginine vasopressin (AVP) [85-87] (Figure 2.1).  
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High salt consumption disrupts the RAAS pathway by suppressing plasma 

renin activity. This decrease in renin begins a multi-step inhibition in the conversion 

of Angiotensinogen to Angiotensin 2. Angiotensin 2, in theory, then no longer 

stimulates Aldosterone, which when active, stimulates sodium and water retention  
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[88]. Because the activation of RAAS conserves salt and water, a feedback loop 

is generated balancing the salt being consumed and the salt present in the body 

[89]. Though this is a very general summary of RAAS, there is still much unknown 

Figure 2.1: Visual representation of how high salt loads impact the renin-angiotensin-
aldosterone system (RAAS). 1) Renin is produced by the kidney and catalyzes the first 
step in the Angiotensin cascade. This process is disrupted by a high salt load inhibiting 
the production of renin by the kidney. 2)  Angiotensin 1 is converted into Angiotensin 2 
and initiates the secretion of aldosterone and AVP, increases SNS activity, and exerts 
vasoconstrictive signals on the vasculature. 3) A feedback loop is generated to balance 
consumed salt and body salt. Long term sodium and water retention induce 
hypertensive phenotypes. 
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about this signaling mechanism. In particular, the discovery of different receptors 

and feedback loops within this cascade make the inhibition of one protein, not 

exactly inhibit the rest of the cascade [89, 90]. Additionally, most of what is known 

in human models of RAAS is all through plasma markers, which has been effective 

at providing some insight as to the underlying mechanism. However, we remain 

unable to conduct direct assessments of the effects of high salt loads on receptor 

function and adaptivity in human kidneys. 

 

Sympathetic drive 

 The sympathetic nervous system controls blood pressure by influencing the 

vasculature, kidneys, and heart [91]. Specifically, norepinephrine spillover has 

been measured in combination with muscle sympathetic nerve activity data 

suggesting sympathetic hyperactivity in people with hypertension [91-93]. 

Additionally, neural drive increases the release of renin from the kidneys [80] 

initiating the RAAS cascade as mentioned previously, and vasoconstriction in 

peripheral vasculature [94]. Due to this, uncontrolled autonomic outflow may 

contribute to increases in vascular stiffness in peripheral arteries [95] which has 

been associated with increases in blood pressure [96]. 

The sympathetic nervous system has been implicated in the pathogenesis 

of salt sensitive hypertension [97]. Salt sensitivity is when BP exhibits changes in 

parallel with changes in sodium consumption and is typically defined as a 10% 

increase in systolic blood pressure on a HS diet compared to a low salt diet  [98]. 

Though not completed understood, it has been observed that the sympathetic 
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neurotransmitter, norepinephrine is measured at greater concentrations in people 

with salt sensitivity when compared to those with both salt resistant hypertension 

and normotension in humans [99] and similar trends in renal sympathetic nerve 

activity in rabbits [100]. Though the mechanism of salt increasing sympathetic 

outflow is not yet understood, sympathetic outflow seems to impact blood pressure 

through the baroreflex. The baroreflex is a mechanism that responds to transient 

changes in blood pressure and plays a role in the intermediate to long-term control 

of blood pressure [101]. Furthermore, the baroreflex mechanism has recently been 

implicated in blood pressure control, specifically that dietary sodium may further 

impact this index of autonomic function [102].  

  

Endothelial dysfunction 

 Endothelial function is the proper function of the vascular endothelium 

responsible for the modulation of vascular tone and synthesis and secretion of 

vascular relaxing factors [103]. Vascular endothelial cells are the cells directly 

exposed to the lumen of the blood vessel, responsible for attenuating vessel wall 

adhesion, and synthesize chemical signals for the vascular smooth muscle cells 

that comprise the blood vessel [104]. High salt meals and chronic high salt 

consumption have been demonstrated to disrupt and impair endothelial function in 

conduit arteries and microvascular vessels [105-108]. 

Endothelial dysfunction occurs when endothelial cells (the layer of cells 

exposed to the lumen of a blood vessel) begin functioning improperly, specifically 

characterized as the reduction in endothelial derived nitric oxide (NO) [1, 109, 110]. 
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High salt consumption inhibits endothelial nitric oxide synthase (eNOS; the 

enzyme responsible for endothelium derived NO) which leads to the 

downregulation of NO by the vascular endothelial cells (Figure 2.2) [1]. eNOS is 

regulated by numerous factors, however, is highly reactive to physical stimuli (i.e., 

shear stress and increases in blood flow [111]) and chemical stimuli (i.e., 

bradykinin and acetylcholine [112]). Once eNOS is activated NO is synthesized 

through the oxidation of L-arginine which generates L-citrulline and NO [111] and 

then diffuses to the vascular smooth muscle. In the vascular muscle, NO induces 

the production of cyclic guanosine monophosphate (cGMP) [113, 114]. cGMP then 

activates myosin phosphatase [115] which releases calcium into the smooth 

muscle sarcoplasm, resulting in the relaxation of vascular smooth muscle [116, 

117]. This relaxation, or vasodilatory response, is what then assists physiology in 

maintaining normotension. High salt also drives blood pressure by the causing the 

release of vasoconstricting proteins such as the endothelium derived endothelin-1 

[118, 119] which is typically inhibited by a characteristically healthy endothelial 

layer [120].  

 

Insulin resistance 

 Insulin resistance is the condition where the cells of the body do not 

appropriately respond to the action of insulin (stimulates glucose disposal) despite 

normal concentrations in the blood [121, 122]. Importantly, developing insulin 

resistance is the ‘point of no return’ in the development of type 2 diabetes [122] 

unless diet or aerobic exercise interventions are implemented [123] as insulin is 
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vital in the maintenance of endothelial health and vascular homeostasis [124]. As 

insulin resistance appears, intracellular cascades shift from the vasoprotective 

phophoinositide-3-kinase (PI3-K)/Akt pathway [125] towards the inflammatory and 

vasoconstrictive mitogen-activated protein kinase/extracellular signal-regulated 

kinase (MAPK/ERK) pathways [124, 126].   

 

 

Figure 2.2: Figure from Patik et al. [1] demonstrating how high salt impairs 
endothelial function. 
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Peripheral tissues effected by sodium 

Serum sodium concentrations are tightly regulated to prevent continued 

damage to multiple body systems. The commonly known pathway to regulate 

sodium is by increasing the concentration of sodium in the urine to be excreted. 

Indeed, high sodium consumption affects the kidneys as the kidneys are the 

primary organs involved in the excretion of these ions [127, 128]. However, in 

addition to the kidneys the skin can sequester sodium concentrations far 

exceeding what the body would deem homeostatic in the serum. Sodium 

concentrations can reach up to 190 mmol/L in the skin, compared to the typical 

concentration of 136 -145 mmol/L in the blood [52]. Animal studies have shown 

that the accumulation of sodium in the skin due to high sodium consumption (this 

study also reported sex differences in the sodium/potassium ratio between high 

salt and placebo conditions) and can result in the generation of new lymphatic 

vessels [129]. Importantly, this may have deleterious effects on the immune cells 

that have transmigrated into these spaces.  

 

Immune function overview 

The immune system is a complex organ system with multiple cell types and 

assignments. In particular, the immune system has a network of pro- and anti-

inflammatory cells across two major branches (Innate and Adaptive) as a complete 

system equipped to deal with tissue damage and the elimination of foreign 

intruders, like virus and bacteria [130]. Though the branches are divided 

categorically, there is in reality much overlap and cross talk between all cells of the 
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immune system [131]. Innate immunity can be defined as cells that use molecular 

patterns to determine the presence of pathogen or damage [132] and are thus able 

to respond more quickly than the cells of the adaptive branch [131]. Briefly this is 

the branch of the immune system that contains monocytes, macrophages, 

neutrophils, complement [133], cytokines, and acute phase proteins. The adaptive 

immune system, namely the branch involving b-cells and t-cells, is involved with 

the recognition of previous foreign invaders and generating targeted attacks for 

antigen specific responses, thus taking longer to activate than the innate branch 

[131]. Increases in systemic sodium concentrations seem influence the immune 

system to become innately more pro-inflammatory in nature [33, 134-137]. Within 

both the innate and adaptive immune systems there appear to be phenotypical 

cellular responses to a high sodium environment [52, 136, 138]. Furthermore, 

understanding that peripheral tissues such as the skin can maintain osmotically 

inactive sodium concentrations of close to 190 mmol [52, 139-141], the effects of 

hypersaline microenvironments on these cells have been shown to have drastic 

effects on the inflammatory phenotypes and activity in the immune system [135, 

136, 142]. Both branches have numerous cell types, however, in the context of 

high salt consumption the literature points predominantly to 

monocytes/macrophages and helper T-cells as the most affected [136].  

 

Effects of high salt on monocytes 

Monocytes are myeloid-lineage cells that in normal physiological conditions 

are produced in bone marrow and circulate systemically once mature [143]. 
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Monocytes are phagocytic cells that have important health implications in tumoral 

metastasis [144], liver fibrosis, and atherosclerosis [143]. Importantly, monocytes 

require the activation of C-C chemokine receptor type 2 (CCR2 or CD192) by 

monocyte chemoattractant protein-1 (MCP-1 or C-C chemokine ligand 2 [CCL2]) 

to enter systemic circulation [145]. MCP-1 production is induced by the activation 

of toll-like receptor 4 (TLR4; a receptor common to monocytes, macrophages, 

adipocytes, skeletal myocytes, and hepatocytes) and co-receptor MYD88 [146], 

and is predominantly secreted by monocytes and endothelial cells [147]. Activation 

of these surface receptors, typically by endotoxin exposure, induces the activation 

of transcription factors Nuclear Factor κB (NF-κB)/Activator Protein-1 (AP-1) which 

have been demonstrated to upregulate both mRNA and protein of MCP-1 in human 

monocytes and macrophages [146]. Once in circulation, monocytes are 

considered mature and can act as progenitors of tissue resident macrophages or 

dendritic cells after leaving circulation [144]. Though not all resident macrophages 

come from monocytes as embryonically derived tissue resident macrophages 

have been observed in at least mice [148]. Importantly, both macrophage 

infiltration and MCP-1 activity have been highly implicated in the heightened 

inflammation present in adipose tissue [146, 147]. 

Monocytes can be exposed to sodium concentrations within the body, 

namely the skin, at concentrations much greater than sodium concentrations held 

in the blood plasma and extracellular matrix [149]. High salt has been 

demonstrated to have deleterious effects in monocytes. Multiple studies have 

demonstrated this in human monocytes [130]. Specifically, exposure to salt 
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downregulates oxidative phosphorylation and increase glycolytic metabolic 

pathways [52], induces proinflammatory changes in the monocyte phenotypes 

[142, 150, 151], increases the secretion of proinflammatory cytokines [52, 149, 

152] and reduces the production of anti-inflammatory cytokines [153].  

Of particular interest, a comprehensive study was conducted by Geisberger 

et al. [142] that investigated the metabolic effects of high salt on monocytes. 

Geisberger observed decreased oxygen consumption of both proinflammatory 

(M1) and anti-inflammatory (M2) monocytes and macrophages (MΦ1 and MΦ2, 

respectively) in response to the high salt. When exposed to high salt, the murine 

bone marrow derived monocytes demonstrated oxygen kinetics similar to specific 

mitochondrial inhibitors (oligomycin, a complex 5 inhibitor, and BAM15, a 

mitochondrial membrane uncoupler). In a similar experiment, both M1 and M2 

human monocytes were observed to have decreased mitochondrial membrane 

potential, oxygen consumption, ATP production, and phenotype specific 

functionality [142]. Further experiments showed that high salt decreases 

specifically the activity of complex 2 within the mitochondria. In an interesting in 

vivo experiment, the researchers gave a single high salt (~10g NaCl; ~3.8 g 

sodium) meal challenge and were able to observe not only changes to plasma 

sodium concentrations, but also decreases in oxygen consumption and 

mitochondrial membrane potential in human monocytes [142].  

To contextualize these findings a transcriptome-based analysis has linked 

activity of metabolically relevant genes to genes associated with MΦ activation. 

Near the top of the list was an association between FABP5 (lipid metabolism and 
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inflammatory crosstalk) and TNFAIP6 (negative feedback for the activation of 

myeloid cells) [154]. Taken together, the findings from Geisberger et al. have 

expanded our understanding of the relations between metabolism and 

inflammatory states of these immune cells and the effects salt consumption on 

these cells. In particular, it appears that M1 cells seem to use the glycolytic 

pathway, specifically to shift their mitochondria from ATP towards ROS production, 

while M2 cells oxidize fatty acids and utilize oxidative phosphorylation [142]. 

Polarization has been known to be influenced by many stimuli, but most 

prominently the milieu surrounding a naïve cell [155, 156]. Furthermore, a 

concomitant metabolic shift also occurs as proinflammatory cytokines induce a 

switch in phosphofructokinase isoforms (PFKFB3) leading to the intracellular 

accumulation of fructose-2,6- bisphosphate, leading to a predominant switch to 

glycolysis, whereas anti-inflammatory cytokine have no such effect (PFKFB1) 

[157]. In addition to the cytokine concentrations within the milieu, salt has also 

been shown to impact this milieu as well. 

Regarding the Geisberger experiments, protein changes of note that were 

observed were decreases of nitric oxide synthase (NOS) within the monocytes and 

increases in IL-6, IL-8, TNFα, and IL-23 [142]. Studies by other researchers also 

observed changes in IL-6 secretion and CCR2 expression in human blood samples 

and monocytes after short term high salt diets [52, 158]. In vitro experiments also 

showed increased CCR2 expression and migration of monocytes as well as 

increases in skin MΦ content with higher proinflammatory and fewer anti-

inflammatory cell types. Further in vitro experiments using LPS stimulation 
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demonstrated increases in IL-6, IL-10, and TNF from whole blood stimulated with 

high salt compared to no salt or a urea osmotic control [52]. In a salt controlled 

longitudinal study, salt consumption started at 12 g NaCl/day (4.6 g sodium/day) 

for the first 60 days, 9 g NaCl/day (3.5g sodium/day) for the second, 6 g NaCl/day 

(2.3 g sodium/day) for the third, and then back to 12g NaCl/day for the remainder 

of the study [159]. Circulating monocyte concentrations were lower on the 9 g 

NaCl/day and 6 g NaCl/day periods. IL-6 and IL-23 were lower and IL-10 increased 

following salt restriction, demonstrating that modifying salt consumption can have 

drastic changes on the immune system in relatively short periods of time [159]. 

However, monocytes are not the only cell type known to be impacted by the effects 

of sodium, with much data suggesting that helper T-cells (Th-cells) are also just 

as affected by salt and similarly influence vascular through mechanisms up 

upregulating inflammation [130]. 

Effects of High salt on Dendritic cells 

 Dendritic cells (DC; CD103-CD11b+ and CD103-CD11b- cells) are antigen 

presenting cells from the myeloid lineage [160, 161] that serve as a communicator 

connecting the innate and adaptive branches of immune systems [162]. DCs do 

this by partially degrading proteins present on the surfaces of foreign pathogens 

and presenting these proteins to T-cells while concomitantly excreting stimulating 

cytokines, which can then program these T-cells with a specific response to the 

foreign invader [162]. These cells have been implicated in the development of 

hypertension and renovascular inflammation and seem to have the largest effects 

in those determined to have salt sensitive hypertension [163]. Specifically, these 
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cells have been shown to stimulate proinflammatory responses from T-cells in 

response to sodium changes in their microenvironments [164] which is further 

exacerbated by the suppression of Treg activation by microenvironments high in 

sodium [136]. The prevailing theory is that prohypertensive stimuli (dietary salt, 

angiotensin II, and catecholamines) promote the infiltration of these DCs into the 

vasculature and kidneys [165]. This accumulation of DCs, T-cells, and 

macrophages (and subsequent activation by DCs activate by the prohypertensive 

stimuli listed above) is thought to contribute to the end organ damage associated 

with hypertension by the heightened production of IL-1β, IL-6, and IL-23, 

exacerbating the damage to the local tissues [166]. Outside of the kidneys, it is 

known that sodium can be non-osmotically stored in the skin and muscle junction 

zones (i.e., neuromuscular junctions) [139, 140, 167]. It has recently been under 

investigation that endothelin Na+ channels (ENaC) present on immune cells, 

specifically DCs may be responsible for the activation of the NLRP3 inflammasome 

within DCs exposed to microenvironments high in dietary sodium [167, 168]; thus 

leading to the increased secretion of proinflammatory cytokines, isolevuglandins, 

and release of reactive oxygen species [169] all of which induce proinflammatory 

activation in immune cells [168]. 

Effects of high salt on Th-cells 

 T-cells are an important and diverse component of the immune system. 

Specifically, t-cells are part of the adaptive branch of the immune system and are 

responsible for recognizing, attacking, and remembering infected or abnormal cells 

that invade or are infected within the body [170]. Within t-cells there are two main 
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populations; 1) cytotoxic t-cells (CD4+) which, once activated are responsible for 

identifying and eliminating foreign target cells [171], and 2) Th-cells (CD8+) which 

once activated differentiate in to specific subsets of cells that produce their own 

unique cytokines and transcription factors as a means of activating specific 

immune responses [172]. Due to the amount of variability of potential programming 

with these cells, a wide variety of classifications have become common to use 

when discussing cells with similar phenotype and function, however the amount of 

cross regulation between these cells can result in massive assortment of potential 

function [172]. However, the cells predominantly associated with salt induced 

stress are T helper 17 cells (Th17) and Regulatory T cells (Treg) [130, 136]. Th17 

cells are primarily responsible for eliminating fungal and bacterial infection, though 

have been associated with autoimmune disorders when provoked to extreme 

responses [130]. Treg cells are powerful immunomodulatory cells that are both 

capable of fighting pathogen and suppressing immune action of Th17 [173] cells 

and for the prevention of autoimmune disorders and allergy [136, 174].  

 Regarding high salt consumption and microenvironments, the Th17/Treg axis 

(or ratio of Th17:Treg) is offset in favor of preferential proliferation of Th17 cells [136, 

175-178]. Under healthy conditions, Th17 express the transcription factor forkhead 

box O1 (FoxO1), which inhibits the activity of the nuclear factor retinoid-related 

orphan receptor γ t (RORγt), responsible for the synthesis and expression of the 

proinflammatory surface receptors IL-23R [136, 177]. However, when exposed to 

high salt a phosphorylation cascade will begin with the sodium sensitive kinase 

SGK1 [179], resulting in the phosphorylation of FOXO1 [136], decreasing its 
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activity on RORγt will increase the synthesis and surface expression of IL-23R, 

which will allow for the activation of the cell into a heightened proinflammatory state 

[177, 180]. Antithetically, under normal conditions, dephosphorylated FoxO1, in 

combination with FoxO3, stabilizes the FOXP3 transcription factor locus thus 

allowing the Treg to maintain its immunosuppressive function [136]. Importantly, 

loss of function of the FOXP3 gene and thus relative absence of the protein, has 

been reported to result in the absence of the suppressor cell populations 

accompanied aggressive and fatal autoimmune related lesions in both mice and 

humans [181]. In the presence of a high sodium microenvironment, the FOXP3 

protein loses stability because of SGK-1 phosphorylation of FoxO1, thus reducing 

the immunosuppressive capability of Treg populations [136, 177, 182]. However, 

some of these findings become quite interesting as microenvironments with high 

concentrations of sodium but without the influence of any other cytokines or other 

cellular process result in the maturation of anti-inflammatory Th17 cells [177, 183], 

thus suggesting a synergistic effect of high salt and inflammation present or 

produced by surrounding cells, namely cytokines produced by local MΦ [184]. 

 Once activated into mature Th17 cells, regardless of the influence of 

sodium, these cells will then begin producing the proinflammatory cytokine IL-17 

(specifically the isoforms IL-17A and IL-17F)[185]. Importantly, sodium does 

influence the balance of Th17, so while not only increase expression of these 

cytokines, high sodium microenvironments also impact the relative abundance of 

these cells [136]. IL-17 has many implications in the pathogenesis of hypertension, 

vascular dysfunction, and CVD within the literature. Simply, T-cells and the 
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secretion of IL-17 has been demonstrated to promote Angiotensin 2 mediated 

increases in blood pressure and vascular disfunction [186-188]. These series of 

experiments initially observed the absence of adaptive immune cells (B cells and 

T cells) blunted any Angiotensin 2 stimulated and DOCA salt increases in blood 

pressure of mice, and was not observed until the readoption of T cells only [187]. 

Further, Angiotensin 2 increased T cell production of TNFα which seemed to be in 

some way responsible for the development of hypertension and initiates molecular 

events responsible for the accumulation of T cells within the vasculature [187]. 

Continued trials resulted in the identification of IL-17 as a critical cytokine for the 

development of T cell mediated hypertension [186], and that the increase in IL-17 

was due to the phosphorylation cascade initiated by SGK1 [188]. In context with 

the SGK1 derived perturbations of Treg responses to sodium, it is reasonable to 

propose that a high sodium diet and subsequent observed changes in plasma 

sodium concentrations [142], play a role in the immune systems contribution to 

inflammation related to hypertension, and other CVD [189], through the SGK1 

antagonism [136, 177, 188]. 

 

Immune conclusions 

 As presented here, the immune system very likely plays a vital role in the 

pathogenesis of hypertension and CVD. Specifically, in addition to the systems we 

are aware of directly impacted by high salt consumption (blood volume, RAAS, 

sympathetic drive, etc.) it remains worth including to take an integrative approach 

and including the immune system in this list [50] when investigating strategies to 
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mitigate the vascular stresses and inflammation associated with high salt 

consumption and investigate strategies to shift the immune system back into an 

anti-inflammatory/immunomodulatory state. Furthermore, understanding the 

nuance of the immune system, some data suggests that the increased pro-

inflammatory response due to hypertonic environments in the skin may be 

beneficial for microbial defense [190]. While interesting, these are not the diseases 

plaguing those typically eating excessive amounts of salt. An additional 

consideration worth noting is the substantial interplay between the gut microbiota 

and the substantial portion of the immune system that supervises that area [135, 

136, 191]. 

 

Conclusions on sodium 

When the body begins struggling to avoid both damage from chronic high 

salt consumption and resultant high blood pressure pathological adaptations begin 

to display, as mentioned above. In response to the stresses imposed by high salt 

consumption, other clinical outcomes include the development of left ventricular 

hypertrophy as the hearts’ means to overcome the pressure necessary to open the 

aortic valve to allow systole [192]. Interestingly left ventricular hypertrophy may 

also be observed in athletes due to repeated training bouts of intense exercise, 

and thus increased exposure to higher blood pressures [193]. In addition to 

hypertension, excessive salt consumption has been linked to increased risk of 

developing other CVD such as stroke, heart failure, and risks of all-cause mortality 

[128]. As thoroughly discussed previously, excessive salt consumption is known 
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to deleteriously impact many organ systems, including those mentioned above.  

Therefore, it is imperative to investigate mechanisms and strategies that could 

ameliorate the stress imposed by high salt consumption. Of note nutritional 

manipulation of dietary potassium and magnesium and dietary nitrate, ketone, and 

mitochondrial antioxidant supplementation have demonstrated being beneficial for 

vascular health and potentially ameliorate some negative effects of high salt 

consumption. Additionally, exercise remains another key lifestyle factor that also 

impacts vascular and immunologic health. 

 

Dietary Fiber 

 The term dietary fiber originated in 1953 and has come to describe the 

constituents of plant cell walls (non-starch polysaccharides, cellulose, 

hemicellulose, oligosaccharides, lignin, pectin, gums, mucilage, and waxes [194, 

195]) that are at least resistant to human digestive enzymes [195, 196]. Dietary 

fiber is present in most plant derived foods including fruits, vegetables, legumes, 

and grains [197]. Current dietary recommendations encourage men between the 

ages of 19 – 50 years to consume at least 38 g fiber/day and women of the same 

age to consume at least 25 g fiber/day. Recommendations decrease slightly over 

the age of 51 years to at least 31 g fiber/day in men and at least 21 g fiber/day in 

women [197]. Despite these recommendations and the proposed health benefits 

of fiber, Americans consume on average between 15 - 17 g fiber/day, substantially 

lower than recommendations [197, 198]. 
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 Since humans lack the enzyme necessary to break β (1-4)-linked glucose 

[197], the predominating bond linking the glucose molecules of these nutrients, 

dietary fiber cannot be digested without the assistance of microbiota capable of 

initiating this reaction. Dietary fiber can be classed into two large groups largely 

based on the water solubility of the individual constituent [194]. Namely soluble 

fibers include pectin, gums, mucilage while insoluble fibers include non-starch 

polysaccharides, cellulose, hemicellulose, and lignin [194, 195]). These 

classifications are differentially used by the gut. Insoluble fiber is the fiber that 

contains long chains of carbohydrates unable to be hydrolyzed, and prominently 

include cellulose and resistant starches [194, 195]. Insoluble fiber is used to clear 

fecal matter through the digestive tract more quickly [197] and has been 

demonstrated to improve reported relief of symptoms associated with irritable 

bowel syndrome [199]. However, soluble fiber is capable of absorbing water and 

undergoing a fermentation process by the gut microbiota which results in the 

production of metabolites called short-chain fatty acids (SCFA’s) in the large 

intestine [197]. 

Soluble fiber itself has been shown to have many health benefits including 

lowering BMI, blood pressure, serum glucose among other cardiometabolic risk 

factors, and decreasing systemic inflammation measured  by circulating c-reactive 

protein (CRP) in patients with gestational diabetes [200]. Furthermore, in patients 

with type 2 diabetes high fiber diets also lowered plasma glucose concentrations 

[198]. The root of the health preserving capabilities of fiber may be from the 

bacterially derived metabolites SCFA’s (acetate, propionate, and butyrate). 
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SCFA’s have been demonstrated to have powerful metabolic and anti-

inflammatory signaling properties [201, 202] while also lowering blood pressure in 

rodents [134]. Regarding their metabolic signaling capabilities, SCFA’s seem to 

act on G protein coupled receptors (GPRs) associated with metabolic disorders 

[203] and butyrate has demonstrated activity as a histone deacetylase inhibitor 

(HDACi) [201, 204, 205]. With the help of probiotic and fiber interventions, changes 

in butyrate concentrations have been shown to be significantly related with GPR41 

and GPR43, indicating ample receptor and substrate interaction for metabolic and 

inflammatory modulation, strengthened by overall lower asthma related 

inflammatory symptoms driven by butyrate and propionate [206]. Taken together, 

butyrate’s HDACi activity may improve inflammatory status my increasing oxidative 

stress resistance through by inducing transcriptional changes [207].  

Regarding SCFA’s immunomodulator effects, HDAC inhibition has also 

been shown to directly inhibit proinflammatory expression [208] and reduce 

monocyte adhesion expression by increasing vascular cell adhesion molecule 

(VCAM); thus reducing inflammation within the endothelium [209]. Furthermore, 

when biopsied intestinal cells from Crohn’s patients were cultured with butyrate, 

inflammation was significantly decreased, to levels of inflammation similar to 

healthy controls [210]. The same participants’ PBMCs were cultured for 24 hours 

in the presence of LPS alone or LPS and butyrate and butyrate ameliorated any 

inflammatory response of the cells to the same effect as controls [211]. This 

remains in line with data showing butyrate’s ability to impact immune function by 
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inhibiting NF-κB activity and reducing TNF production in MΦ which also improves 

long term control of inflammation [210, 212]. 

  Diets with characteristically high salt are known increase CVD risk and all-

cause mortality, independent of the effect of fiber [128]. However high salt diets 

(referred to as western diets in this reference) are at the same time low in dietary 

fiber [213] suggesting the two nutrients likely indirectly related to each other. 

Furthermore, sodium has been shown to disrupt the gut microbiota [134] by shifts 

in the bacterial populations of the mucosa [214] contributing to the pathogenesis 

of CVD. Recently, these changes in the microbiota have been implicated in the 

development of salt sensitive hypertension [215, 216] by increasing local 

inflammation, activating the overwhelming presence of the immune system around 

the gut. Though, understanding the anti-inflammatory capacity of fiber and SCFA’s 

[134], these inflammatory reactions and subsequent rises in disease risks may be 

mediated by shifting the diet to more fiber rich (and typically low sodium) foods. 

Independently, there is a wealth of literature surrounding the SCFA-independent 

health benefits of fiber concomitant with increasing plant derived food consumption 

(phytochemicals, antioxidants, etc.) discussed here [213, 217-219] on the gut 

microbiota. 

Dietary fiber has been identified as a promising candidate to reduce blood 

pressure [220] and promotes gut microbial diversity. Though it may not work alone 

in a well-balanced [213] diet to mitigate the effects of high salt consumption, fiber 

has been demonstrated to promote mechanisms to improve anti-inflammatory and 

cardioprotective activity [197]. To date, no data has been published to determine 
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if fiber consumption can overcome the negative effects of sodium consumption in 

humans. Based on the data presented in this section this provides a few future 

directions worth investigating. Namely, can fiber overcome the effects of high salt 

consumption in the gut? Also worth investigating is determining whether the 

relation between salt and fiber consumption may be implicated in health outcomes, 

like blood pressure and CVD, due to their observed disparity between western and 

“prudent” diets [213]. 

 

Ketones 

Ketogenesis and ketone utilization 

Ketones are biologically active signaling molecules with metabolic functions 

and signaling properties shown to act as a cardioprotective agent and regulate 

systemic inflammatory responses [221-225]. Ketone bodies are produced by the 

liver during states of extreme endurance activity and calorie and carbohydrate 

restriction [33, 226]. During these ketogenic states, adipocytes are stimulated by 

a relatively low concentration of insulin and by relatively high concentrations of 

cortisol and glucagon. The stimulation of these adipocytes results in the release of 

fatty acids into the bloodstream [30, 34]. Carnitine palmitoyl transferases then 

uptake the fatty acids from the blood, into the hepatocytes of the liver where they 

are then used for β-oxidation metabolism [34, 227]. Ketogenesis occurs when 

hepatocytic concentrations of acetyl-CoA exceeds the ability of citrate synthase to 

convert acetyl-CoA into citrate for Krebs cycle metabolism. The excess acetyl-CoA 

is then catalyzed into acetoacteyl-CoA (AcAc-CoA) by acetyl-coenzyme A 
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acetyltransferases (ACAT) [33, 34]. AcAc-CoA is then is then converted into 3-

hydroxymethlyglutaryl (HMG-CoA) by HMG-CoA synthase and then cleaved by 

HMG-CoA lyase into the ketone body acetoacetate (AcAc) and an acetyl-CoA, 

which gets released back into the hepatic mitochondrial matrix [33]. AcAc then has 

three potential pathways to follow; the first is that AcAc may decarboxylate into 

CO2 and acetone. Both compounds may then diffuse from the hepatocytes and 

leave the body via respiratory exhalation [33]. AcAc may directly use 

monocarboxylic transporters (MCT) to enter the bloodstream and circulate as a 

small percentage of total circulating KB’s. Finally, AcAc can be reduced by β-

hydroxybutyrate (βHB) dehydrogenase (BDH1) in the presence of NADH which 

will then produce βHB and NAD+. βHB then also uses MCTs and enter systemic 

circulation as the primary transport ketone body [33, 34]. 

 After AcAc and βHB have entered systemic circulation, they begin to 

migrate to extrahepatic tissues’ mitochondria as fuel for oxidation and metabolism. 

Ketone metabolism begins by peripheral tissue MCT’s transporting the ketones 

into extrahepatic mitochondria. Once within extrahepatic mitochondria, βHB is then 

oxidized by BDH1. BDH1 is driven to maintain specific equilibrium of AcAc/ βHB 

and NAD+/NADH. BDH1 equilibrium favors AcAc reduction to βHB (and thus the 

conversion of NADH to NAD+). Therefore, in the hepatic mitochondria BDH1’s 

typical function is to reduce AcAc to βHB to maintain its equilibrium. However, in 

extrahepatic mitochondria, once enough βHB and NAD+ have accumulated, BDH1 

begins the oxidation reaction of βHB and NAD+ into AcAc and NADH. The NADH 

may then be oxidized (by complex 1, for example) and AcAc is then converted into 
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AcAc-CoA by succinyl-CoA-3-oxaloacid CoA transferase (SCOT; an enzyme not 

produced in the liver). SCOT transfers a CoA group from succinyl-CoA to AcAc, 

resulting in AcAc-CoA and succinate. Though no ATP investment is required to 

initiate this reaction, the formation of AcAc-CoA is preferential because of the lower 

energy of the AcAc-CoA bond than the succinyl-CoA bond and is especially 

reactive when there is both a relative abundance of intramitochondrial AcAc and a 

rapid consumption of acetyl-CoA by the Kreb’s cycle. AcAc-CoA is then catalyzed 

by thiolase, yielding two molecules of acetyl-CoA which can then directly enter the 

Kreb’s cycle for metabolic use [34] (Figure 2.3 [34]). 
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Not all βHB is the same, as βHB is an enantiomeric molecule, meaning it 

has two identical, but mirrored, molecular shapes with different affinities [226]. The 

two enantiomers of βHB have been labeled dextro- βHB (D- βHB) and levo- βHB 

(L- βHB), these are also discussed as R- βHB and S- βHB, respectively [228], 

though in humans the D/R enantiomer is the more abundant and bioactive of the 

two [229], thus will be discussed primarily in this section, though the S/L- βHB 

enantiomer is known to have some signaling responsibilities [230]. Though 

generally metabolized in the same manner, there remain tissue specific 

idiosyncrasies in how ketones are utilized once they enter specified cell types.  

Figure 2.3: Figure demonstrating the metabolism and catabolism of ketone bodies. 
Pulled from Puchalska et al. [222]. 
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Ketone bodies’ metabolic utility 

Ketones have demonstrated utility within cardiac muscle. Preclinical data in 

mice with type 2 diabetes show that increasing βHB concentrations improves 

cardiac function in these animals, suggesting that ketones are a viable fuel source 

when the muscle tissue is not responsive to glucose [231]. However, in healthy 

heart tissue, it appears that ketone utilization is relatively low based on the range 

of fuels readily available for metabolism [232]. This trial by Petrick et al. also 

measured fuel utilization in human skeletal muscle from highly trained cyclists 

(more predisposed to increased mitochondrial density and oxidative 

phosphorylation capacity). The researchers observed similar trends to their rodent 

cardiac tissue; ketone utilization is a viable fuel source but contributes to energy 

production in relatively low quantities when present with other fuel sources [232].  

Within the nervous tissue βHB is used readily to protect the brain from 

malnutrition as, after glucose, ketone bodies are the next fuel source used in the 

brain [233]. There is also varying evidence for ketone upregulation to improve 

convulsant symptoms [234], symptoms of mild cognitive impairment [235] and 

neurodegenerative diseases [236, 237], and improvements post traumatic brain 

injury [238, 239], spinal cord injury, and stroke [233]. Furthermore, in applied 

studies investigating where ketones are studies of the brain, clinical trials using 

PET scans compared people with artificially increased ketone concentrations to 

controls and were able to show different metabolic profiles and fuel utilization 
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within sensorimotor and activation of regions of the amygdala and hippocampus 

after increased ketone concentrations [240-242]. 

 

Measuring ketones 

Ketone concentrations are commonly measured as circulating blood βHB 

concentrations, typically remain around 0.3 – 0.5 mmol in humans with typical 

dietary patterns that are not supplementing in any way [243, 244]. However, this 

concentration can reach up to 5 mmol in fasted or supplemented states [243, 245]. 

Though βHB concentrations can reach greater than 12 mmol, this is typically where 

disease and dysfunction begin to arise, usually contributing to the pathology of 

diabetic ketoacidosis [243, 246]. These concentrations are all normative values 

ketone concentrations in the blood; however, ketones can be measured in the 

blood, urine, and breath [247-249]. Measuring each has its own advantages and 

disadvantages (Table 3.#). Interestingly, each method can measure only one of 

the ketone bodies (i.e., Plasma measures βHB, urine measures AcAc, and breath 

measures Acetone). While all methods have their pros and cons, for clinical 

settings and research purposes, it seems that plasma measures of βHB 

concentrations are the most utilized [39, 225, 250]  while urine manages to get 

used intermittently [251]. 
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Plasma Urine Breath 

Advantage Disadvantage Advantage Disadvantage Advantage Disadvantage 

Measures βHB  Measures 
AcAc 

 Measures 
Acetone 

 

Direct measure 
of blood 
ketones  

  Due to βHB 

and AcAc 
imbalance, 
urine ketones 
may be 
enriched as 
plasma 
ketones are 
metabolized. 
Decreasing 
validity [247] 

Strong 
correlation to 
blood βHB 

[248, 252] 

 

Immediately 
measurable 

 Immediately 
measurable 

Measure is not 
real time, it is 
the average of 
urine AcAc 
since last void 
[247, 253] 

“Breathalyzers” 
are available 
for quick 
measurement 

“Breathalyzers” 
have very low 
accuracy as of 
now 

 Requires 
equipment, 
and training to 
interpret 

Easily 
interpretable, 
technical skill 
not necessary 

  Validated GC-
MS requires 
high technical 
training [249] 

 Relatively 
expensive 

Relatively 
cheap 

 Breathalyzers 
are affordable 
and reusable 

GC-MS is very 
expensive 

 Potentially 
painful  

Painless  Painless  

 May be 
influenced by 
other 
substances 
[247] 

 May be 
influenced by 
other 
substances 
[247] 

 Highly variable 
based on 
environmental 
factors [248, 
249] 

Table 2.1: Advantages and disadvantages of methods of ketone 

measurement.  

  

Strategies to increase ketone concentrations 

In addition to the endogenous production of ketones, they can also be 

upregulated through the implementation of special diets. A precursor of the modern 

ketogenic diet was simply a low-calorie diet. The simple low-calorie diet was 
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originally hypothesized by ancient Greek physicians searching for therapies to 

alleviate the symptoms of what is now known as epilepsy. In 1921 this diet was 

modified and proposed by Dr. Wilder as a potential long-term option to manage 

the disease instead of extreme calorie restriction which was found to have low 

rates of compliance [254]. As time progressed and anticonvulsant medication 

become more available the low calorie diets became less used and prompted the 

development of medium chain triglyceride dietary interventions to replace the 

severely low-calorie diets implemented by Dr. Wilder [254, 255]. At the same time, 

work investigating the role of different dietary patterns was conducted to explain 

the roles of meal timing and nutrient makeup on endogenous ketone regulation. 

One of the first to begin investigating the role of restricted feeding in a clinical 

setting was Dr. George Cahill who had patients with obesity implement an extreme 

fasting protocol (~40 days with no food) [256]. In this study, βHB reached 

concentrations of ~8mmol within the 40 days of fasting demonstrating that extreme 

caloric restriction can induce ketogenesis. Slightly differently, albeit not as 

extreme, is the concept of intermittent fasting, or time restricted feeding which has 

many implementation strategies, but all include some form of short term fasting 

ranging from 18 hours/day every day, to 24 hours every other day [257, 258]. 

Though different strategies are used based on the ease of implementation, 

generally time restricted feed has shown increased concentrations of ketones by 

the end of each fasting period and also demonstrated improved markers of 

metabolic health and lowered blood pressure, and decreases in inflammation by 
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the conclusion of the trials (trial lengths varied between 1 week and 6 months of 

implementation) [257].  

Regarding nutrient makeup, the best way to increase ketogenesis is by 

predominantly deriving energy from sources of fat. As mentioned previously, 

ketogenesis occurs when fatty acids are used for β-oxidation metabolism in the 

liver [34, 227]. Furthermore, it has been accepted and demonstrated that in the 

presence of glucose, the most metabolically active body tissues will preferentially 

use glucose (i.e., neural [259, 260] and skeletal muscle [261, 262]) as the first 

available fuel source, though ketones remain a viable alternative fuel source [263]. 

Understanding this any diets exceeding ~50g of carbohydrates contain too many 

carbohydrates to effectively remain in a state of ketosis [244]. For example, the 

2020 – 2025 Dietary Guidelines for Americans (DGA) recommend ~50% of 

calories (~1,000 kcal/day or 250 g carbohydrates on a 2,000 kcal/day diet) be 

derived from carbohydrates. Furthermore, the National Academy of Science’s 

recommendation of daily allowance (RDA) is greater than 200 g carbohydrates/day 

[244]. This amount of carbohydrates in the diet will not allow for physiology to enter 

states of ketogenesis, thus non-normal nutrition strategies (low carbohydrate, high 

fat diets) must be implemented to maintain ketone concentrations associated with 

ketogenesis. For example, the DGA recommends ~20-35% of daily calories be 

derived from fat, however, to maintain a state of ketosis up > 70% of daily calories 

may be from nutritional sources of fat [244, 264]. Though not a recommended 

dietary pattern, the typical western diet contains neither low enough carbohydrates 

to be considered a ketogenic diet, nor low enough fat to be considered a low-fat 
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diet. Specifically, the western diet has been characterized as deriving ~46% of 

daily calories from carbohydrates, ~43% from fats, and the remaining ~11% from 

protein and has been demonstrated to be a deleterious dietary pattern, being 

implicated in the pathogenesis of many ‘lifestyle’ (non-communicable chronic) 

diseases [265].  

Recently, the ketogenic diet has made a resurgence as a nutritional tool to 

The KD has also been reported to have beneficial effects in patients with obesity, 

hyperglycemia and diabetes, some cancers, heart failure, and neurodegenerative 

diseases [34, 226-228, 266-270]. In addition to dietary intervention, ketone 

supplementation has been demonstrated to be an effective way of increasing 

ketone concentrations in the body [30, 225, 250, 271]. Popular supplements 

included in these lists are medium chain triglycerides, ketone salts, ketone 

monoesters, and other specific ketone precursor molecules [271]. Medium chain 

triglycerides are precursors to ketone synthesis. Medium chain triglycerides 

consist of 8-12 carbon-long chains of fatty acids and during digestion and can be 

absorbed by the portal vein for direct transport to the liver. Once reaching the liver 

these fatty acids can be processed in the same manner as stored fatty acids 

derived from adipocytes. Medium chain triglyceride supplements were 

successfully used to combat the seizures related to epilepsy and had a much 

higher rates of compliance than inducing fasted states of ketosis [227, 254, 255, 

272]. Further research into medium chain triglyceride usage has shown that three 

months of supplementation improved walking balance and gait stability in healthy 

older adults [240] and just 40 days supplementations was enough time to observe 
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weight loss in patients with obesity [273]. Another supplement incorporating the 

use of a βHB precursor molecule is the secondary alcohol 1,3- butanediol (1,3BD) 

[271]. Performance outcome data suggests generally no benefit of 1,3BD 

supplementation to aerobic performance outcomes [274, 275]. Although 1,3BD did 

demonstrate its capability to significantly raise plasma βHB concentrations, the 

trials were unable to reach βHB concentrations associated with ketogenesis, and 

simply may simply require adjusting the dosage given to participants [274, 275]. 

Interestingly, 1,3BD has demonstrated preclinical relevance in rodent models of 

cardiometabolic disease and will be discussed shortly. 

In addition to medium chain triglycerides and 1,3BD; ketone salts and 

monoesters have also been developed to increase circulating ketone 

concentration [243, 271]. Ketone salts involve βHB binding to electrolytes (sodium, 

potassium, etc.) and esters involve binding βHB to an alcohol, commonly 1,3BD 

[271]. Ketone monoesters have been shown to be relatively well tolerated and 

seem to be the most effective vehicle to increase blood ketone concentrations in 

vivo to concentrations >3 mmol [276]. Again, though it is stated that very specific 

athletic contexts may benefit from ketone supplementation, generally raising 

ketone concentrations does not seem to improve athletic performance [243]. Due 

to asserted performance benefits associated with increasing circulating ketone 

concentrations, specifically in endurance athletes, athletes within endurance and 

ultra-endurance events continue to use these ketone supplements [243] as a 

theoretical means of improving performance and efficient energy storage for their 

events. However, these data in highly specific populations remain highly 
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inconclusive [277-279] and range from at best no differences to substantial 

decreases in human athletic performance with only definitive benefits being shown 

in mouse models [221, 227, 280-282].  

 

Ketones as a clinically relevant signaling molecule 

Though the adoption of these dietary patterns and supplement usage has 

gained popularity without the scientific backing of performance benefits, increasing 

circulating ketone concentrations has demonstrated specific health benefits. For 

example, in clinical populations, increasing ketone concentrations have 

demonstrated improvement in measures of metabolic health [279, 283, 284] and 

neural health and brain function [241, 285]. As mentioned earlier, clinical data has 

even demonstrated benefits of increasing ketone concentrations on vascular 

health [257, 271]. Regarding the effects of high salt diets on vasculature, one 

preclinical study has investigated the role ketone upregulation might play in 

mitigating the negative health outcomes associated with high salt [33]. Specifically, 

a 2018 investigation by Chakraborty et al. [33] using rats observed that βHB was 

downregulated in response to high salt load in salt sensitive rats. Blood pressure 

was also elevated in these rats, however after supplementing with 1,3BD, the rats 

blood pressures were ameliorated. Serum βHB was significantly increased despite 

the high salt diets with the 1,3BD supplementation. Though blood pressure did not 

returned to normotension, it was reduced by ~40 mmHg (systolic), ~15 mmHg 

(diastolic), and ~20 mmHg (mean arterial pressure) over a 24 hours of 

measurement [33]. In these same rats, not only did the 1,3BD supplementation 
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improve blood pressure, but also drastically improved proteins involved in the 

NLRP3 inflammasome (Nlrp3, Casp1, and IL-1β). Specific to IL-1β, the 

researchers also demonstrated that high salt on its own, increased activity of this 

proinflammatory cytokine [33]. Furthermore, as noted earlier, high salt is known to 

influence monocyte mitochondrial metabolism by inhibiting complex 2 [142] and 

that there is a relation between the milieu of the microenvironment around a naïve 

monocyte, the metabolic shift within the monocyte, and the polarization of these 

cells [155, 156]. Though the only data available of the effects of ketones in immune 

cells is in helper T cells, these finding suggest that βHB has an anti-inflammatory 

effect within T cells [39]. However, data from neural tissue suggest that ketone 

upregulation increases the available intramitochondrial succinate bioavailability 

through the SCOT reaction, potentially boosting complex 2 activity [286, 287] and 

that glycolysis may even be bypassed entirely shifting metabolism more oxidative 

[260]. To date, no studies have directly assessed whether these effects may 

counteract each other, thus mitigating the proinflammatory effects of high salt on 

monocyte function. This presents a novel gap in the literature for future in vivo and 

in vitro experiments. 

These findings highlight not only βHB’s efficacy as molecule to combat 

hypertension, but also its responsibility as a molecular signal. The findings by 

Chakraborty et al. corroborate multiple other trials demonstrating the ability of βHB 

to inhibit the NLRP3 inflammatory cascade [222, 288]. Though this anti-

inflammatory phenotype has regularly been observed in rodent monocytes, the 

data in primary human cells seems to suggest the opposite [289]. The authors 
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provide numerous speculations as to why this may be occurring, but more data 

would be helpful interrogating the underlying mechanisms at play and what 

differences may be observed between rodent and human immune physiology. In 

patients with acute pancreatic inflammation ketone upregulation, and specifically 

βHB concentration, appeared increased with pancreatic damage in humans [290]. 

This was confirmed in a rodent experiment of acute pancreatitis but what is more 

interesting is that while βHB was not directly protective of pancreatic cell damage, 

βHB upregulation was able to attenuate the activation of proinflammatory 

macrophages [290]. This is the only study we are aware of, to date, that has 

investigated the direct effects of βHB on monocyte/macrophage function. 

 In addition to potential inflammatory signal properties, βHB has also been 

implicated in specific GPR [291] signaling mechanisms, similar to butyrate [207], 

due to their relatively similar molecular structure (Figure 2.4). Specifically, βHB 

has been shown to act on GPR41 (aka, free fatty acid transporter 3; FFAR3), 

GPR43 (free fatty acid transporter 2; FFAR2), and GPR109A (hydroxy-carboxylic 

acid receptor 2; HCAR2) [229]. GPR41 and 43 function primarily as SCFA sensors, 

though are also stimulated by ketones, and modulate neural function, intracellular 

metabolism, hormone synthesis, and immune responses [292, 293]. Of particular 

relevance, PBMC’s, neutrophils, and other leukocytes may be affected by the 

activation GPR41 and 43 [293, 294]. Activation of these receptors inhibits the 

production of endothelial derived IL-6 and IL-8 by LPS or TNF-α stimulation [295], 

though no investigations have interrogated these effects directly in PBMC’s or any 

leukocyte subpopulation. However, the immune cell specific receptor GPR109A 
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has been implicated in both pro- and anti- inflammatory cascades also by 

regulating NF-κB and mitogen-activated protein kinase (MAPK) pathways [296]. 

Additionally, pharmacologic interventions of the receptor result in inhibited 

atherosclerotic development in mice [297], and this pathway has been used 

advantageously for the treatment of cardiovascular disease [298]. 

  

 

The primary area of research regarding the potential effects of ketones, 

specifically βHB, directly mediating immune function surrounds how dietary βHB 

interacts with the gut microbiome and how the resulting change in the gut 

microbiome influence immune function [299]. Butyrate has been shown to elicit 

Figure 2.4: Visual representation of the similarities in molecular structures 
between ketone bodies and SCFA’s. Figures generated in ChemSketch. 
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direct effects on the tissues and microenvironments around the gut. Butyrate is a 

short-chain fatty acid (SCFA) produced by the gut microbiome from ingested fiber, 

and has both similar structure and demonstrated similar signaling functions as 

βHB, and when acting as a cell signal it similarly inhibits histone deacetylation and 

GPR43 signaling [207, 226, 300]. Although there is data on butyrate’s efficacy in 

the modulation of gut-immune interaction, there remains paucity of data on the 

effect of βHB on the gut microbiota. 

 Additional signaling properties of βHB are the oxidation of mitochondrial 

coenzyme Q and reduction of NADP+. These attributes may effectively decrease 

ROS damage, though not much work has been done to investigate the effects of 

βHB on these constituents of the ETC [258]. βHB also may act as an epigenetic 

modulator of metabolic genes. Ketones are capable of operating as a histone 

deacetylase (HDAC) inhibitors [226, 301], specifically acting on HDAC3 [302]. 

Histone acetylation loosens the chromatin architecture about the histone allowing 

nuclear transcription factors greater access to the genetic material and facilitating 

greater potential for transcription [303]. HDACi activity in response to βHB 

specifically has implications on genes associated with metabolism, oxidative stress 

[304] and antioxidant capacity [305], carcinogenesis [306], and immunomodulatory 

effects by inhibiting IL-8 and IL-17A [305]. βHB may also have specific epigenetic 

β-hydroxybutyrylation (KβHB) activity [307-309]. Similar to acetylation, KβHB acts 

on the lysine residues of histones and acts as a histone post-translational 

modification [310]. This action of βHB, only discovered in 2016, activates gene 

expression independent of any effects of histone acetylation and KβHB sites are 
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primarily located on histones H2a, H2b, H3, and H4 [310]. The transcriptional 

modifications of K HB seem to be involved in similar pathways of βHB’s other 

mechanism of epigenetic modification such as amino acid catabolism, redox 

reaction balance, and oxidative phosphorylation pathways. More specifically, 

KβHB also seems to influence peroxisome proliferator activated receptor (PPAR; 

regulation of energy production, lipid metabolism, and inflammation [311]), and 

interestingly may play some role in circadian rhythmicity [310].  

Taken together, βHB is a pleiotropic signaling molecule with physiological 

relevance as a fuel source for nearly all tissues of the body, epigenetic and 

posttranslational modulation, and inflammatory mediation. Ketones continue to be 

carefully interrogated as supplements and diets upregulating this powerful 

metabolite are continuing to be widely used as therapies from weight loss to 

unconfirmed performance supplements, and as potential treatments for chronic 

diseases. 

 

Exercise 

 Exercise has been known to be one of the earliest methods to combat 

disease and aging as Hippocrates observed the effects of lack of physical activity 

in the advancement of aging and disease in the 5th century B.C.E. [312]. However, 

the perturbations of physical inactivity on health had been observed ~100 years 

earlier in India, with the first exercise prescriptions coming from this area in ~600 

B.C.E. [313, 314]. Even in modern eras, physical inactivity is the primary cause of 

most noncommunicable chronic disease [315], and increased exercise has been 
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demonstrated to delay onset of approximately 40 of these diseases, many of which 

fall into the category of CVD [312]. Before progressing any further, it is important 

to delineate between the terms ‘physical activity’, ‘physical inactivity’, and 

‘exercise’. Based on definitions given by the US Centers of Disease Control and 

Prevention (CDC): Physical activity is “Any bodily movement produced by the 

contraction of skeletal muscle that increases energy expenditure above a basal 

level; is generally a subset of physical activity that enhances health” and Exercise 

is “A subcategory of physical activity that is planned, structured, repetitive, and 

purposive in the sense that the improvement or maintenance of one or more 

components of physical fitness is the objective” [315]. Booth et al, later defined 

physical inactivity themselves, due to no CDC provided definition, as “physical 

activity levels less than those required for optimal health and prevention of 

premature death” [315]. 

 The American College of Sports Medicine (ACSM), American Medical 

Association (AMA), and the Office of the Surgeon General recommend that health 

adults (humans) perform, at minimum 150 minutes of moderate, dynamic, exercise 

per week [314, 316]. Though different health organizations’ recommendations 

differ slightly, most have agreed to similar guidelines. Again referring to healthy 

adults, the Physical Activity Guidelines (PAG) for Americans by the Physical 

Activity Guidelines Advisory Committee and the World Health Organization (WHO) 

recommend 150 – 300 minutes of moderate to vigorous aerobic physical activity 

per week or 75 – 150 minutes of vigorous aerobic physical activity per week [317, 

318]. The American Heart Association (AHA) recommends a minimum of 30 
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minutes of moderate aerobic physical activity on five days a week, or 20 minutes 

of vigorous physical activity on three days a week with combinations of moderate 

and vigorous activity also encouraged to meet these goals [319]. Adults are also 

recommended to incorporate at least two days of moderate of greater intensity for 

building muscular strength [317]. 

 These recommendations highlight important differences in types of training. 

Specifically, the differences between different modes of exercise training like, 

broadly, aerobic training and strength training. Aerobic training (or endurance 

activities like walking, swimming, jogging, etc.) has been demonstrated to improve 

cardiovascular and metabolic disease outcomes and physiological that may further 

mitigate disease risk [320-322]. Furthermore, aerobic training is known to improve 

cardiorespiratory fitness [323, 324]; and improvements in cardiorespiratory fitness 

have been shown to reduce cardiovascular event incidence [325]. Strength training 

(or resistance training, activities like weight training), also improve metrics of whole 

body and metabolic health [321], while additionally providing improvements in 

skeletal muscle morphology inducing hypertrophic responses, increases in 

strength and power, and neural adaptations [321, 326]. Strength training is well 

respected as a means of maintaining muscle mass as throughout aging and has 

been demonstrated to improve sarcopenic outcomes (i.e., reduced the rate of 

tissue loss, and consequential rates of death) in hemodialysis patient populations 

[327]. Furthermore, this resistance training intervention was also observed to 

improve the inflammatory profile of these patients. Independently, strength training 

has also been demonstrated to improve blood pressure and CVD risk [328]. 
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Exercise as an anti-hypertensive medication 

 Pertaining to how exercise may mediate some of the effects of high salt 

diets (i.e., increased blood pressure and CVD risk), physical activity may reduce 

salt sensitivity of blood pressure in a large feeding trial conducted in China [329]. 

Furthermore, two independent clinical trials have demonstrated that salt 

consumption increases 24-hour blood pressure monitoring [330], while 12 weeks 

of aerobic exercise three days/week was enough to improve hypertensive patients 

waking blood pressure during 24 hour blood pressure monitoring to levels 

considered normotensive [331]. Another independent trial confirms the 

antihypertensive effects of aerobic training and extends the decreases in waking 

systolic blood pressure to resistance training [322]. Understanding that exercise 

does seem to be a strong antagonist to the negative health implications of high salt 

diets, the paucity of data directly assessing how exercise may be combating these 

perturbations presents a large gap in understanding that remains to be 

investigated [332]. Additionally, it is well known that ketones are upregulated as an 

emergency fuel in the liver during extreme endurance activities [33, 226]. Taken in 

context with the previous section, this may provide another mechanism by which 

exercise may mediate the effects of high salt diets. One clinical trial has been 

conducted, to date, to directly determine the efficacy of exercise in combating this 

dietary stressor on endothelial function [333]. The exercise modality used (four 

weeks of yoga) improved MAP and endothelial function measured as changes in 

flow mediated dilation (FMD). No effects of the high salt diet were observed in the 
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endothelial function; however this highlights the work able to be translated into 

humans [106, 334] using, potentially; longer high salt interventions, different 

modes of exercise, a true randomized control clinical trial study design, and also 

assessing concomitant inflammatory expression [335, 336]. This presents a large 

gap in understanding micronutrient, specifically minerals like sodium, interactions 

with different modes of exercise [337]. Additionally, understanding that high salt 

diets are typically resultant in chronic inflammation and lead to the pathogenesis 

of many diseases, it is imperative to also understand the effects of these modifiable 

lifestyle factors on the immune system due to its role in driving inflammatory 

responses. While the interaction of salt and the immune system has been 

discussed above, this presents a unique opportunity to investigate the effects of 

exercise on the immune system. 

 

Phagocyte Biology 

As previously mentioned, the immune system is a complicated organ 

system with many different cell types each with their own function. Of particular 

relevance to this project is the role exercise plays in monocyte biology and how 

monocytes impact health, performance, and recovery from exercise as well as 

impact inflammation and disease. Monocytes are an important subset of immune 

cells that play a vital role in the innate branch of the immune system. Monocytes, 

among other innate immune cells, are predominantly tasked with identifying 

molecular patterns associated with foreign invaders (PAMPs) and cellular damage 

(DAMPs) [132, 338, 339]. Monocytes are a cell type with many potential fates. 
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Broadly, monocytes may be polarized into the proinflammatory (M1) phenotype or 

alternatively, a lineage associated with an immunomodulatory and tissue 

remodeling (M2) phenotype [156].  

Importantly, there are further subpopulations of monocytes based on the 

presence and concentrations of specific clusters of differentiation (CD). ‘Classical’ 

monocytes, are represented as CD14+CD16- is the largest of the monocyte 

subpopulation; “non-classical’ or ‘proinflammatory’ monocytes, are represented as 

CD14+CD16++ and produce large quantities of TNF-α; and an intermediate 

phenotype, CD14++CD16+ and are considered to be anti-inflammatory due to their 

predominant production of the cytokine IL-10 [339-342]. While the M1/M2 

delineation of monocytes was originally defined in mouse models, they are still 

relevant for human health and translational science [343]; however they represent 

two extreme phenotypes on a spectrum of endotoxin reactivity [344]. Furthermore, 

any cell within the progenitor line of macrophage dendritic cell precursor (MDP; 

including monocytes, macrophages, and dendritic cells) may be able to 

differentiate into other hematopoietic lineages [345]; though this data is sparse and 

challenges the current dogma that differentiation is restricted to within the 

committed lineage [343]. 

 Monocytes are currently understood to be progenitor cells for two other 

MDP cell types, macrophages and dendritic cells (DCs) [144, 339, 346]. Initially, 

monocyte migration into the interstitial spaces was thought to be the sole 

mechanism of how macrophages are generated in the body [347]. However, it has 

been uncovered that while monocyte to macrophage maturation does occur, 
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resident macrophages also develop while an animal is still in the embryonic stage 

of development [148, 347]. These cells end up permanently surveying their local 

environment and responding to pathogen or tissue damage stimuli [347]. DCs 

function slightly differently from the other phagocytic cells to which they are closely 

related. Immature DC’s will migrate from bone marrow, through the blood, and 

eventually into tissues; along the way they ingest small particles and extracellular 

fluid and degrade any pathogens taken up [338]. However, instead of  

phagocytosing and digesting the foreign pathogen, immature DC’s will be activated 

into mature DC’s (also known as antigen presenting cells; APC’s) which can then 

present the foreign antigen and activate T cells to ensure recognition of the 

pathogen if a return infection were to occur [338]. Thus, DC’s and APC’s, through 

the action of antigen presentation, form a crucial link between the function of the 

innate and adaptive immune systems (i.e., B cells and T cells).  

 Monocytes play an important role in vascular health; so important that 

originally monocytes were thought to be ancestral endothelial cells in circulation 

[347]. This was due to their expression of endothelial growth factors and 

implications in angiogenic development [348]. We now also know that in response 

to ischemia, vessel damage, lipid accumulation, and inflammation induced 

adhesion [349, 350] monocytes play a major role in the development of arterial 

plaques and the pathogenesis of atherosclerosis [351]. Monocytes, after 

penetrating the endothelial barrier of the vascular wall can mature into 

macrophages by a synergistic effect of inflammation and cholesterol mishandling. 

Once stuck behind the endothelium, monocytes begin their delineation into foam 
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cells, exacerbating the already present inflammation and inducing the vascular 

plaque formation associated with atherosclerosis [352]. This initial translocation of 

monocytes out of the vessel lumen can be caused by any number of signals, 

however increases in ROS production by the endothelium [1] and increases in the 

concentration of translocation cytokines (MCP-1) [52, 158] are both known to be 

induced by high salt diets.  

 

Monocyte biology in response to exercise 

 Just as previously mentioned that there are mechanisms by which exercise 

improves health and even potentially mitigates the stress of high salt diets; 

similarly, exercise seems to also provide benefits to the immune system that may 

alleviate these stressors from the consumption of high salt. Due to the many stimuli 

and cell programing outcomes that derive from them, monocytes play a vital role 

in the maintenance of inflammatory homeostasis [353]. Regarding any number of 

stressors, specifically exercise can influence the phagocytic capacity, cell receptor 

and receptor function, cytokine production, and polarization of monocytes [339]. 

Due to their implications within the vasculature, specific targeting and modulation 

of monocytes has been postulated as viable mechanisms to target in fighting 

hypertension and improving vascular health [354, 355] 

 

Monocyte signaling (Inflammatory mechanisms) 
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Important membrane bound receptors on monocytes is the family of 

proteins called toll like receptors (TLR’s). The TLR family of proteins is comprised 

of 13 transmembrane proteins that detect and are activated by microbial pathogen 

and endogenous tissue damage signals [339, 356]. The result of initiating TLR 

signaling cascades is to increase production of proinflammatory cytokines, 

therefore the regulation of these receptors is imperative to both host defense and 

the mediation of systemic inflammation [357]. Of particular relevance to exercise, 

TLR4 seems to not only be activated by LPS but also highly responsive to 

endogenous DAMPs [356, 357] indicating its function as a potent responder to 

tissue damage.  

A single bout of acute submaximal exercise decreases TLR expression 

[358, 359] for up to one hour after the conclusion of exercise. However, while 

monocyte TLR4 expression remained numerically lower after 1.5 hours of 

submaximal cycling than controls for up to 24 hours in the Oliveira et al study, 

significance was not maintained after the first hour. In line with these data, acute 

exercise was also demonstrated to reduce monocyte TLR stimulated cytokine 

production, specifically IL-6, IL-1β and TNF-α [358, 360]. Thus, demonstrating the 

anti-inflammatory effects of even a single bout of submaximal aerobic exercise. 

McFarlin et al. expanded these findings into resistance training, and specifically 

investigated how TLR4 is responsive to chronic training adaptations [361, 362] in 

older women. Monocyte expression was significantly and substantially lower in the 

trained individuals than the untrained, yet TNF-α tended to have a more robust 

response to LPS stimulation, though again these observations were not found to 
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be significant [361]. In another study using resistance training in both older males 

and females, TLR4 was again decreased after 8 weeks of resistance training [363]. 

Understanding that TLR activation drives M1 polarization [156], acute aerobic 

exercise and resistance training seem to promote anti-inflammatory shifts when 

compared to sedentary individuals. Though consistent resistance training was not 

observed to impact subsequent cytokine excretion it did decrease the expression 

of monocyte TLR4 [361]. These findings are interesting to see paired as this might 

suggest that future work should investigate normalizing TLR activity, as similar 

cytokine excretion was observed despite lower TLR4 expression. This could 

indicate that with exercise training immune cells become more efficient at 

modulating the inflammatory response associated with exercise [364]. 

 

Shifts in cell populations in response to exercise 

Shifts in monocyte populations have been observed after acute bouts of 

submaximal aerobic exercise. Specifically, in a 2009 trial by Simpson et al. 

proinflammatory subsets of monocytes were used to normalize relative TLR 

expression as it was noted that CD14+CD16-, CD14+CD16++, and CD14++CD16- 

cell all have different relative surface concentrations of TLR2 and TLR4 [365]. TLR 

expression remained different between subpopulations of monocytes, indicating 

that the shifts in contributions of these cells to total TLR concentrations are 

independent. Another trial was conducted with participants aerobically exerting 

themselves at near maximal intensities and demonstrated similar shifts out from 

the blood compartment by the whole monocyte population, [365, 366]. However 
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normalized TLR4 expression was, in opposition to their previous findings, elevated 

for the hour following strenuous exercise [366]. This may be that this was the only 

trial to use strenuous exercise as the stimulus instead of submaximal efforts. An 

interesting aim of this investigation was the exposure of pre-exercise monocytes 

to post-exercise plasma. The subsequent lack in changes of surface expression 

on the monocytes suggests that the exercise induced differences in TLR 

expression are not due to soluble factors in the blood, and may be mediated by 

phenomena like hormone interactions, increased stress from cardiac output, or 

even the small changes in blood pH associated with vigorous exercise [366]. 

  

Cytokine secretion 

 It is important to mention that in addition to the TLR mechanism mentioned 

above, there is another hypothesized theory by which exercise mediates 

inflammation. Mathur and Pedersen 2008, posited the hypothesis that there must 

be increased release of anti-inflammatory cytokines from contracting skeletal 

muscle [367]. The predominating myokines in the literature are IL-6 [339], lactate 

[368-370], and TNF-α suppression [371]. Despite Booth et al. determining that 

monocyte TLR4 expression is independent of soluble factors, these and the 

signaling properties of other signaling molecules known to be upregulated during 

exercise, like extracellular vesicles, could have effects on the immature myeloid 

progenitor cells [372], impacting future phagocytic function. Another study 

investigated how high intensity interval training (HIIT; repeated bouts of near- or 

supra-maximal exertion with minimal recovery) and endurance exercise training 
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effected cytokine expression [373]. While most of the cytokine concentrations 

measured were unchanged after either exercise, IL-6/IL-10 ratio was decreased 

30 minutes after the endurance exercise, suggesting a potential anti-inflammatory 

compensatory cascade. Furthermore, MCP-1 was decreased up to two days after 

the endurance exercise trial, suggesting that in addition to the immediate anti-

inflammatory effects of exercise, exercise also transiently inhibits monocyte 

chemotaxis out of the bone marrow and into interstitial spaces [373]. 

 

Exercise immunology conclusions 

 Exercise is one of the oldest forms of prescribed medicine that remains a 

viable therapy even in modern society. Exercise and physical activity are beneficial 

across a multitude of tissue types and organ systems not limited to skeletal muscle, 

the cardiovascular system, and immune systems. Exercise is well established to 

provide training effects for the muscles and vasculature, but what remains 

relatively under investigated is the role exercise might play in mediating disease 

risk by modulating the immune system. Acute exercise bouts and training 

interventions have demonstrated immunomodulatory responses with decreased 

surface receptors on monocyte proinflammatory cascades (TLR4). More work 

needs to be done to investigate which potential mechanisms may be responsible 

for the anti-inflammatory effects of exercise and learning how these mechanisms 

can be best target to improve clinical outcomes. 
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Conclusion 

 In conclusion, reducing dietary salt is the top modifiable risk factor of 

developing hypertension, which is the largest risk factor of developing CVD. 

Despite education and clinical interventions, Americans continue to overconsume 

salt [7] with most of the salt not even being added by the consumer [374]. This 

presents a need for clinically relevant lifestyle modification to offset the negative 

cardiovascular consequences of consuming too much salt. In this review, three 

major lifestyle modifications have been discussed, specifically the addition of 

adequate fiber to American’s diets, the upregulation of ketones through extreme 

caloric restriction or carbohydrate restriction and implementing exercise 

programming. These modifications have not only been demonstrated to be 

beneficial in mediating the negative effects of excessive salt consumption on the 

cardiovascular system but have also been demonstrated as strategies to 

ameliorate systemic inflammation as an additional factor contributing to the 

pathogenesis of CVD. Additional investigations are needed to elucidate some of 

the mechanisms described within, and population level modelling might one day 

be used to determine which, if any, of the proposed interventions ought to be used 

for successful implementation into the public health arena. 
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Project Background Aim One 

Aim One Is sodium alone or sodium indexed to fiber associated with blood 

pressure and inflammation? 

 

Research Question 1a: Does sodium consumption cause increases in 

blood pressure and inflammation at the population level, in people not 

actively taking antihypertensive medication? 

Hypothesis 1a: Sodium consumption will be positively correlated 

with a circulating inflammatory marker (C-Reactive Protein; CRP) 

and blood pressure. 

 

Research Question 1b: Does sodium indexed to fiber cause increases in 

blood pressure and inflammation at the population level, in people not 

actively taking antihypertensive medication? 

 

Hypothesis 1b: Sodium consumption indexed to fiber will be 

positively correlated with a circulating inflammatory marker (C-

Reactive Protein; CRP) and blood pressure. 

 

Rationale: 

Our human pilot data indicates that Na+/fiber is associated with resting 

brachial and central BP in young adults (Figure 2.5). For this data we assessed 

80 young adults pooled from two clinical trials conducted at Georgia Southern 
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University (NCT05132556) and the NVPL at Auburn University (NCT04576338). 

Participants completed a food and fluid log for ≥2 weekdays and ≥1 weekend day. 

We used Nutrition Data System for Research to quantify average daily dietary Na+, 

total fiber, and soluble fiber. We analyzed the association between variables using 

simple linear regression (Figure 2.5) and ANOVA (to compare tertiles of Na+/Fiber 

or Na+/Sol Fiber). We also measured carotid-femoral pulse wave velocity (cf-PWV; 

an index of arterial stiffness) using SphygmoCor XCEL and determined Na+/fiber 

is associated higher cf-PWV indicating premature arterial stiffening (Figure 2.6). 

We are in the process of having plasma SCFAs measured at the University of 

Figure 2.5: Na+/fiber correlated to BP. Unadjusted data; no controlling for site, sex, 
race, BMI. PWV remains significant after adjustment whereas other variables did not. 
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Illinois. I will serve as a coauthor on the resultant manuscript and these data 

informed my hypotheses and study design for Aim One. 

 

We hypothesize that Na+/fiber is associated with measures of resting blood 

pressure and inflammation, assessed via circulating C-reactive protein (CRP). 

 

Population Level Analysis: Data will be downloaded from the National Health 

and Nutrition Examination Survey (NHANES) to be used as a secondary analysis 

for the population level analysis. Simple regression models will be used to assess 

the relation of sodium and Na+/fiber on measures of blood pressure and CRP. 

Statistics will be run in jamovi 2.3.18, and more advanced models may be run in 

RStudio 2022.07.1 as needed. Data will be selected based on the variables 

available and participants will be screened for in RStudio-hypertensive medication. 

Sex, race, and BMI will be 

used as covariates, and 

potassium will be assessed for 

collinearity and used as a 

control variable due to its close 

association with fiber [375]. 

 

  

Figure 2.6: Na+/fiber correlated to cf-PWV. 
Unadjusted data; no controlling for site, sex, 
race, BMI. PWV remains significant after 
adjustment whereas other variables do not. 
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Project Background Aims Two and Three 

Aim 2: Can ketones attenuate high salt-induced increases in blood pressure 

reactivity? 

Research Question 2a: Assessing if increasing βHB via supplementation 

attenuates the effects short-term HS loading on BP reactivity during dynamic 

exercise. 

Hypothesis 2a: Short term HS alone will raise BP reactivity 

compared to baseline, but concomitant βHB supplementation will 

decrease BP reactivity during exercise compared to the HS 

condition. 

Research Question 2b: Assessing if increasing βHB via supplementation 

attenuates the blunted post-exercise hypotensive (PEH) response induced 

by short-term HS loading.  

Hypothesis 2b: Short term HS alone will diminish PEH compared to 

baseline, but concomitant βHB supplementation will improve PEH 

compared to the HS condition. 

 

Aim 3: Can ketones mitigate the effects of sodium on immune cell 

subpopulations and inflammatory cytokine expression? 

Research Question 3a: Assessing if HS influences inflammatory 

phenotype, and whether increasing βHB concentrations attenuates these 

changes.  
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Hypothesis 3a: Short term HS alone will increase concentrations of 

inflammatory cytokines and polarize immune cell subsets to more 

proinflammatory phenotypes. Additionally, concomitant βHB 

supplementation will decrease inflammatory cytokine concentrations 

and ameliorate the proinflammatory polarization of PBMC 

subpopulations in vivo. 

Research Question 3b: Assessing if HS influences inflammatory 

phenotype, and whether increasing βHB concentrations attenuates these 

changes in vitro.  

Hypothesis 3b:  in vitro HS exposure will increase proinflammatory 

RNA expression and immune cell phenotypes, and concomitant βHB 

exposure will downregulate anti-inflammatory expression and 

phenotypes. 

 

Rationale: 

Regarding Aims Two and Three Our human pilot data indicates that HS 

suppresses circulating βHB concentration in healthy young adults (Figure 2.7). 

However, there is a knowledge gap 

regarding whether increasing βHB 

during HS intake can counteract the 

negative effects of HS on peri-exercise 

and inflammation BP in healthy young 

adults. Therefore, we will test our global Figure 2.7: Conceptual Schematic of Study Design 



80 
 

hypothesis for Aims Two and Three (Figure 2.7) that ketone supplementation 

counteracts HS-induced BP dysregulation and inflammatory responses in younger 

adults. We will measure BP responses during and after submaximal aerobic 

exercise and inflammatory markers in blood and isolated immune cells (i.e., 

monocytes). 

 

We hypothesize that increasing circulating βHB concentration via ketone 

supplementation will counteract the negative effects of HS on the measures for our 

three aims. Regarding exaggerated BP reactivity and PEH, we have found that 

HS-induced elevations in plasma volume correlated with changes in BP reactivity 

and PEH. Additionally, we have demonstrated that HS-induced changes in 

endothelial function correlate with increased BP reactivity. This finding supports 

prior cross-sectional data indicating that endothelial function is inversely related to 

BP responses during both submaximal [376] and maximal [377] exercise, such that 

those with reduced endothelial function have greater BP reactivity during aerobic 

exercise. Because PEH is characterized by persistent vasodilation that is not offset 

by increases in cardiac output [378, 379], salt-induced changes in vascular 

function and fluid balance (i.e., elevated plasma volume) may adversely affect 

PEH. Interestingly, elevating βHB leads to greater sodium excretion under HS 

conditions (indicative of restoration of plasma volume homeostasis) and restores 

nitric oxide-dependent vasodilation in rodents. Thus, we hypothesize that ketone 

supplementation will improve BP regulation during and after exercise. Lastly, 

recent findings suggest that βHB induces anti-inflammatory expression of another 
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embedding cell type in the immune system (T-cells) that is thought to contribute to 

chronic inflammation in addition to monocytes and macrophages [39, 380]. Though 

exploratory, we hypothesize that βHB supplementation blunts the HS-induced 

proinflammatory alterations in monocytes and blood samples using parallel in vitro 

and applied approaches. 

 

PRELIMINARY DATA: 

Our pilot data (Age: 24±4 yrs; 11 males, 9 females) indicate that short-term HS 

decreases circulating βHB (Figure 2.8A) and demonstrates that the ketone 

supplement (KetoneAid ®) increases circulating βHB (Figure 2.8B). Additionally, 

we have demonstrated that short-term HS increases circulating levels of the 

cytokine MCP-1 (Figure 2.9). Furthermore, we have also demonstrated a relation 

between MCP-1 and BP responses [158] corroborating the findings of another 

group [381]. 

 

 

Figure 2.8: A) Preliminary data suggesting 10-days of HS decreases 
circulating βHB in humans (2 females, 6 males). B) Preliminary data 
demonstrating the pharmacokinetic response to βHB in three different 
feeding conditions. (4 males) 

Figure 2.9: Preliminary data 
suggesting 10-days of HS 
increases the cytokine MCP-1 in 
humans. (9 females, 11 males) 
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Clinical Study Design: This will be a placebo-controlled, double-blinded, 

randomized crossover design study. Participants will three complete conditions 1) 

Control: placebo capsules + placebo 

beverage, 2) HS: salt capsules + 

placebo beverage, and 3) HS + βHB: 

HS capsules + βHB beverage in 

random order (Figure 2.10). 

Participants will consume the 

supplements for ten days and each intervention will be followed by a 14-day 

washout. Ten days of HS has previously been used to elicit changes in vascular 

function [11]. We will recruit ~30 participants. Before randomization, participants 

will consult with a registered dietitian (Sofia Sanchez MBA RDN) to learn how to 

consume a normalized, low sodium diet (0.7 -0.9 mg/Kcal) for each ten-day period 

based on a similar protocol utilized by the Dietary Approaches to Stop 

Hypertension (DASH)-Sodium trial [43]. For the HS conditions, participants will 

consume unmarked salt capsules (Morton® table salt (NaCl)) that will increase 

total salt consumption to 2 mg sodium/Kcal/day, and placebo control capsules will 

contain equal volume dextrose (NOW Foods ®). For example, someone eating 

2,000 Kcal/day would be counseled to consume ~1,600 mg sodium/day from their 

diet for all conditions, then supplemented up to 4,000 mg sodium/day for HS 

conditions. For the βHB supplement condition, participants will consume 36 g 

βHB/day (12 g three times per day) [225]. βHB supplements will be consumed as 

Figure 2.10: Outline of Study 
 



83 
 

a drink with a sugar-free sweetener for palatability. Placebo beverages will be 

taste-matched with the sugar-free sweetener and bitter agent to keep participants 

blinded [29, 35, 225]. Experimental visits will be on day ten of each conditional 

intervention and participants will arrive between 7 am and 9 am after an overnight 

fast. 

Graded Exercise Test: Participants will undergo V̇O2peak assessment during their 

first visit. V̇O2peak will be assessed on an electronically braked upright cycle 

ergometer (Lode Excalibur, Lode) using a ramped protocol. Briefly, participants will 

warm up for 2 minutes at a resistance of 30 W. Following warm-up, resistance will 

increase by 1 W every 2 seconds until participants are unable to maintain a 

cadence of 60 rpm. This will be used to determine cardiorespiratory fitness and to 

determine the absolute exercise workloads at 70% V̇O2peak, for the three 

experimental visits.  

Submaximal Exercise Bouts: Participants will perform 40 minutes of lower body 

cycling (Lode Excalibur). The exercise bout will include a five-minute warm-up at 

self-selected resistance (matched between visits), followed by 30 minutes of 

cycling at a wattage equivalent to 70% V̇O2peak (confirmed using HR), and a five-

minute cool down. We will match water intake during exercise (≤5 mL/kg) between 

visits [382]. Based on our prior study [382] HS elicits exaggerated BP well within 

30 minutes of exercise and several studies have demonstrated that 30 minutes of 

~70% V̇O2peak exercise elicits a robust PEH response [383]. We will also measure 

beat-to-beat BP variability at rest [384]. 
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Brachial Blood Pressure: We will measure supine brachial BP after ≥15 

minutes of quiet rest in the laboratory using an automated oscillometric 

monitor (SunTech CT40). We will take ≥4 measures and exclude the first 

reading. We will also manually measure seated BP before exercise and 

every five minutes during the submaximal exercise test (mentioned below) 

[382].  

Beat-to-beat blood pressure: We will measure beat-to-beat BP continuously 

at the middle finger using photoplethysmography (Finapres NOVA and 

LabChart). We will measure brachial BP to calibrate this beat-to-beat signal. 

Beat-to-beat BP will be assessed as a primary measure at rest and during 

submaximal exercise [11]. 

Post-Exercise Hypotension: Immediately after the cessation of aerobic 

exercise, participants will lay semi-recumbent in a dimly lit room for 60 

minutes. We will measure automated oscillometric BP (described above) 

every five minutes to compare to baseline measures. Beat-to-beat BP will 

also be measured [382].  

Ambulatory BP Monitor: Participants will wear an ambulatory BP monitor 

(Oscar2, Suntech Medical) for 12-16 hours after experimental visits to 

measure longer-term PEH. Monitors will take readings every 20 minutes 

[382].  

 

Three-Day Dietary Food Logs: Participants will complete a three-day food log for 

three days before all visits. Visit 1 diet log will be used to counsel participants and 
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identify any high sodium problem foods. Diet logs will be completed during visits 

2-4 and participants will be asked to consume similar foods before each 

subsequent experimental visit. To reduce the background sodium in participants’ 

diets, we will have them meet with an on-campus Registered Dietitian to educate 

participants on how to interpret nutrition labels to meet sodium intake 

requirements. To ease participant burden, we will provide low sodium 

recommendations (e.g., low salt soup) to replace popular high salt foods. 

 

Urine Samples: As we have previously described we will ask participants to collect 

urine for 24 hours before the study visit in a 3500 ml sterile and light-protected 

container to ensure diet and condition adherence [11, 382]. Urine will also be 

assessed for osmolality, electrolytes, and protein markers of kidney injury.  

 

Blood Draw: A 12-hour fasted blood sample will be collected at the beginning of 

each study visit. Blood samples will be used to measure standard health markers 

(glucose and cholesterol) via Cholestech®, minerals (sodium, potassium, and 

chloride), osmolality, hemoglobin, hematocrit, and will be used to harvest immune 

cells. Additional blood will be stored in a freezer for future analysis of free radicals, 

metabolic markers particularly βHB (plasma, Cayman Chemical Kit, e.g., Figure 

2.9), and inflammatory markers (described in Aim 3). 

 

Aim 2 Data Analysis Plan: The investigators will not know which pills were 

consumed for data collection and analyses. Beat-to-beat BP will be extracted from 
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Finometer BP waveforms. The data will be collected in LabChart Pro and 

processed using LabChart modules, MatLab, and Microsoft Excel. All measures 

will be examined during baseline, aerobic exercise, and post-exercise to determine 

reactivity and PEH. The peak change in BP will be used to determine BP reactivity 

and the difference from baseline in BP during recovery will be used to determine 

PEH.  

 

Aim 2 Statistical Analyses: Our primary outcome is BP reactivity during exercise. 

Based on prior rodent data comparing HS + βHB to HS alone (resting BP) [33], 

and our prior data comparing habitual salt to HS (BP reactivity) [11], we ran a 

conservative power analysis for repeated measures ANOVA with projected BP 

reactivity data. The resultant estimated η2 of 0.116, moderate correlation within 

participants (r = 0.3), a priori a set at 0.05, and power (1-β) set at 0.90 and 

determined a sample size of 24. To account for ~20% dropout, we set our total 

recruitment to 30 participants. Baseline characteristics will be assessed using 

independent t-test (e.g., males compared to females). We will assess primary 

outcomes between the experimental conditions (low salt, HS, HS + ketone) with 

repeated measures ANOVA or mixed models (e.g., if missing data). When 

appropriate, we will perform post hoc testing using Tukey’s HSD. Should the data 

not be normally distributed, we will perform nonparametric analyses. We will 

complete statistical procedures with IBM SPSS (version 26.0), GraphPad Prism 

(version 9.3), jamovi (version 2.0.0), or R (version 1.4).  
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Aim 3: Research Plan 

Whole Blood Stimulation: Fresh blood samples will be taken from the same trial 

as Aim 2 (NCT05545501) at each visit to assess the influence of our supplement 

conditions on systemic inflammation and the phenotypes of circulating monocytes. 

Whole heparin treated blood will undergo 2-hour exposure to 1µg/mL 

lipopolysaccharide (LPS) [385], an endotoxin commonly used to activate 

monocytes and results in the production of inflammatory cytokines and 

chemokines relevant to monocyte signaling [386]. Negative controls will be used 

to establish background inflammation within each sample.   

 

Plasma Assays: After whole blood LPS stimulation, we will centrifuge and collect 

the plasma of the blood and use multiplex assays to complete the measurement 

of inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interferon-

gamma (IFN-γ), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10) 

interleukin- 17A (IL-17A), and C-C motif chemokine ligand 2 (CCL2/MCP-1). We 

will use R&D Systems high sensitivity kits for all analytes and run all samples in 

triplicate. We chose these cytokines based on prior investigations demonstrating 

that in vivo and in vitro HS models influence their activity [135, 149]. 

 

Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs): Current 

banked human PBMCs have been stored from a separate, active, clinical trial 

(NCT05545501) and will be used for Aim 3B in vitro work. PBMC’s were separated 

from whole blood using Ficoll density-gradient centrifugation [387]. Briefly, we 
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diluted whole blood with Dulbecco’s phosphate-buffered saline (DPBS) 

approximately 1:1 with DPBS and layered onto lymphocyte separation media-1077 

(Sigma). The diluted whole blood was carefully centrifuged to extract the PBMC’s. 

Two DPBS rinses followed resulting in viable PBMC’s. PBMC’s were then stored 

in 450 ml FBS/ 50 mL DMSO freezing solution and slowly frozen down to -80ºC for 

24 hours before being moved to a liquid nitrogen dewar for long term storage. 

 

PBMC Experiments: PBMC’s will be cultured in the presence of normal Na+ (140 

mmol/L) or high Na+ (190 mmol/L) and low (0.2 mmol/L) or high (5mmol/L) βHB 

concentrations to determine the effect of βHB on PBMC’s exposed to short-term 

high Na+ concentrations. We will perform RT-qPCR to determine pro- and anti-

inflammatory genes in these monocytes, along with multiplexing for protein 

expression assays (triplicate) for sets of chemokines released from the cultured 

PBMC’s. 

 

Aim 3 Data Analysis Plan: The investigators will not know which pills were 

consumed for data collection of Aim 3A and analyses. When collecting data from 

ELISAs, inter-assay variability will be controlled by running all three samples from 

each participant in triplicate on the same plate. These data will be processed in 

Microsoft Excel. Investigators will not be masked to the conditions of the cells for 

the in vitro work. 
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Chapter 3: Grant Proposal (Submitted to the American College of Sports 

Medicine in November 2022) 

 

 

Personal Narrative – 5000 characters 

My research interest is to use interdisciplinary approaches to investigate human 

physiology and immunology to better understand how health behaviors (e.g., diet 

and physical activity) influence the crosstalk between the immune and 

cardiovascular systems and the role it plays in health and performance. Thus far, 

most of my academic training has focused on cardiovascular health and 

performance. As an undergraduate I worked with Dr. Eric O’Neal to learn 

cardiorespiratory fitness assessments (i.e. VO2MAX testing) in the laboratory via 

indirect calorimetry. I helped pilot test protocols, collect data, and assisted with 

basic statistical analyses, and my contributions led to a coauthored manuscript 

(PMID: 33042383). An internship at the Lakeshore Foundation (that led to an 

employee position) enabled me to learn clinically relevant, alternative, measures 

of health. For example, at Lakeshore we frequently used the six-minute walk test 

or arm ergometry to assess cardiorespiratory fitness in older adults. Additionally, 

as an employee at the Lakeshore Foundation, I was exposed to the administrative 

requirements of research as I picked up responsibility for the previously ongoing, 

5-year longitudinal study observing trends in chronic disease and aging. As a 

Master’s student at the University of Alabama at Birmingham (UAB), I assisted with 

data collection for a clinical trial in Dr. Gordon Fisher’s laboratory focused on 
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dietary nitrate and antioxidants, and exercise tolerance and health benefits in 

individuals with obesity (NCT03545009). I learned to assess aerobic exercise 

efficiency and assisted with measures of glucose tolerance. I also learned 

molecular biology techniques such as culturing oral microbiome samples and 

performing protein assays. My efforts culminated in a coauthored manuscript 

(PMCID: PMC7556310) and multiple conference presentations (see Biosketch). 

Taken together my undergraduate and master’s training provided me with an 

excellent foundation to pursue additional doctoral training. 

 

Before graduating from UAB, I was awarded an Auburn University Presidential 

Graduate Research Fellowship, a competitive research assistantship, to pursue 

my Ph.D. under the mentorship of Dr. Austin Robinson. While at Auburn I 

coordinated an interdisciplinary study focused on sleep, social determinants, and 

vascular health in young adults (NCT04576338). Additionally, in my time at 

Auburn, I have been awarded a TL-1 Fellowship through the UAB Center for 

Clinical and Translational Science. This award is currently affording me one year 

(July 2022 – June 2023) of protected time to work on the research outlined in this 

project. Regarding technical skills, I have mastered several new clinical, applied, 

and basic laboratory techniques. For example, I have learned how to assess 

endothelial function using brachial artery flow mediated dilation, beat-to-beat blood 

pressure with photoplethysmography, ambulatory blood pressure monitoring and 

recently learned phlebotomy to attain blood samples. In the molecular biology 

laboratory, I isolate plasma and peripheral blood mononuclear cells, perform 
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several point-of-care measures as well as multiple assays to measure various 

biomarkers. I have also been trained in Dr. Jianzhong Shen’s laboratory to 

establish monocyte isolation protocols as part of Dr. Robinson’s K01 project on 

racial disparities and salt sensitivity (NCT04244604). For this project we will 

determine whether short-term ketone supplementation (10-days) can counteract 

the adverse effects of short-term high dietary salt consumption on blood pressure 

regulation during and after exercise, monocyte phenotype, and inflammation. The 

aims of this project are aligned with the mission of the ACSM by seeking ways to 

optimize the safety and health promoting effects of exercise. 

The ACSM has been a vital part of my growth as a student and scientist. I have 

held ACSM membership since my undergraduate training and plan to continue to 

remain an active researcher within the organization. For the duration of this project, 

I plan to continue to hone my skills in Dr. Robinson’s lab while learning several 

new immunology techniques with Dr. Shen to improve my interdisciplinary training. 

I will continue to regularly present my research findings at ACSM meetings and 

aim to publish in ACSM journals. This project aligns with the ACSM mission, 

provides clinical relevance, and will instill the training I need (technical skill 

acquisition, publishing and presenting, obtaining further funding) to continue my 

professional development towards my ultimate career goal of becoming a tenure-

track research faculty member.  
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Specific Aims – 5000 characters 

Project title: Can ketone supplementation counteract high salt induced blood 

pressure dysregulation and inflammatory responses in humans? 

 

Primary mentor: Austin T. Robinson 

 

Introduction and background: Chronic high salt (HS) consumption increases 

blood pressure (BP) and increases cardiovascular disease (CVD)  risk [5, 6]. There 

are several mechanisms by which HS intake may increase CVD risk, including the 

promotion of chronic inflammation [19], which plays a critical role in CVD [20, 21]. 

However, many people exhibit “salt-resistant” BP where resting BP does not 

change in response to large changes in salt intake [388, 389], but short-term HS 

ingestion does lead to exaggerated blood pressure reactivity during submaximal 

exercise [11, 12] and blunts post exercise hypotension [73]. Importantly, 

exaggerated BP responses during stressors, such as exercise, are prognostic of 

future hypertension [17, 18] and CVD mortality [390]. These data indicate HS 

causes BP dysregulation even in those with low CVD risk. The well-documented 

relation between HS and CVD risk along with rampant HS intake in the United 

States demonstrate a critical need for therapeutic strategies to combat the 

consequences of HS, particularly in at-risk populations. We have identified the 

liver-derived ketone body β-hydroxybutyrate (βHB) as a potential target to combat 

the negative cardiovascular health effects of HS. 
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Circulating βHB concentration increases in response to endurance exercise or 

calorie restriction, both of which also reduce BP and lower CVD risk [33, 34]. 

Recent data suggests that increasing circulating βHB concentration with 

exogenous ketones also improves BP [37] and vascular function in humans [38]. 

In rodents, chronic HS consumption suppresses hepatic βHB production, 

increases BP, and elicits a proinflammatory immune response [33, 40, 52]. 

Regarding inflammation, HS microenvironments increase the prevalence of 

proinflammatory phenotypes of certain immune cell subsets [136, 142, 391]. 

Importantly, HS induced immune system dysregulation may further amplify BP 

dysregulation and CVD risk [52, 136-138, 142]. However, nutritionally upregulating 

hepatic βHB production in rodents with 1,3-butanediol counteracts the adverse 

effects of HS consumption on resting BP, in part by acting as a vasodilator, and 

also attenuated dysregulation of specific immune cells [33, 40]. Our human pilot 

data also indicates that HS loading suppresses circulating βHB concentration in 

healthy young adults. Nonetheless, there remains a knowledge gap on strategies 

to counteract the adverse effects of HS on BP and inflammatory responses in 

humans. We are currently unaware of any literature investigating the effects 

exogenous ketone supplementation may have on HS-induced disruptions of 

cardiovascular health. Therefore, we are seeking to test the hypothesis that 

concurrent ketone supplementation counteracts short term HS induced BP 

dysregulation and inflammatory responses in older adults (n=30, males and 

females, 50 - 75 years). Participants will randomly complete the following three 

conditions for 10 days (each separated by at least seven days); 1) Control: placebo 
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capsules + placebo beverage, 2) HS: salt capsules + placebo beverage, 3) HS + 

βHB: HS capsules + ketone beverage. We have developed three specific aims: 

 

Aim 1 Determine whether increasing βHB via supplementation can attenuate 

the effects short-term HS loading has on BP reactivity during dynamic 

exercise. 

Continuous beat-to-beat and brachial BP (every 5 minutes) responses will be 

determined during 30 minutes of 70%VO2Peak lower body cycling. 

 

 

Aim 2 Determine whether increasing βHB via supplementation can attenuate 

the blunted post-exercise hypotensive (PEH) response induced by short-

term HS loading. 

Continuous beat-to-beat and brachial BP (every 5 minutes) responses will be 

determined after 30 minutes of 70%VO2Peak lower body cycling for 60 minutes in 

the laboratory and for 24-hours after using ambulatory BP monitoring. 

 

Aim 3 Determine whether HS influence inflammatory phenotype, and 

whether increasing βHB concentrations attenuates these changes. 

 

We will collect blood plasma to measure inflammatory cytokines after each diet 

period and stimulate whole blood with lipopolysaccharide to measure pro-
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inflammatory gene expression using PCR. We will also isolate a subset of 

monocytes from whole blood to measure their polarization with flow cytometry. 

 

We expect increasing systemic βHB concentrations to counteract HS-induced BP 

dysregulation and inflammation and provide potential rationale for future 

mechanistic studies and larger controlled feeding trials. Additionally, this grant will 

provide excellent training for Mr. Linder and help ensure that he secures additional 

publications and presentations which will help him reach his goal of becoming a 

tenure track faculty member at a top-tier research university. The aims of this 

project align with the mission of the ACSM as we seek ways to optimize the safety 

and health promoting effects of exercise. 
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Budget Justification – 2500 characters 

Assay Kits: 

In our budget of ~$5,000, we have allotted $3,100 to purchase two R&D Luminex 

discovery assay kits to assess concentrations of MCP-1, IFN-y, TNF-a, IL-1B, IL-

6, IL-10, and IL-17A in plasma samples with or without treatment with 

PMA/ionomycin.  

Reagents for immune cells characterization: 

We have allotted $600 to purchase supplies needed to investigate monocytes from 

participants’ blood samples. We anticipate this $600 to cover the cost of 

Dulbecco’s Phosphate Buffer Solution, Lipopolysaccharide, Primers for PCR, 

Penicillin Streptomycin, serological pipette tips, and pipettor tips.  

Blood collection supplies: 

We have allotted $750 to purchase 9 – 100 packs of EDTA K3 vacutainers needed 

to collect blood from participants (30 participants * 3 conditions * 8 EDTA 

vacutainers = 810 total vacutainers) with remainder in the case of participants who 

may not complete all study visits.  

Cryovials for sample specimen storage: 

Finally, we have allotted $550 to purchase a 500 pack of 1.9 mL cryovials to 

preserve samples in the freezer.  

 

Our cost estimates also include the costs to cover shipping. 
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Institutional Resources and Environment – 2500 characters 

Office Space and Computing. Mr. Linder’s office is adjacent to Dr. Robinson’s 

laboratory. His office includes a Microsoft Surface laptop with additional 24-inch 

monitors, equipped with software for standard word processing, laboratory 

analysis and statistics. Specific software includes Microsoft Office Pro®, IBM 

Statistics SPSS v26.0, LABVIEW 10.0.1, Clarivate Analytics Endnote, and 

GraphPad Prism 9. The offices and labs on the main campus are linked to network 

switches at 100 Mbps. He has access to the Auburn University library database 

which are subscribed to more than 250 licensed databases. 

Research Space: Dr. Robinson’s Neurovascular Physiology Laboratory is housed 

on the 3rd floor of the School of Kinesiology, and is specifically designed for clinical 

research, containing all equipment necessary to perform assessments of resting 

(Welch Allyn ProBP 3400), ambulatory (Oscar2), and beat-to-beat (Finometer 

NOVA) blood pressure; arterial stiffness (SphygmoCor XCEL system), endothelial 

function (vascular ultrasound; GE Logic e), and cardiorespiratory fitness (Parvo 

TrueOne). Ancillary equipment includes Powerlab (ADInstruments) for raw data 

acquisition and analysis with a lab workstation (Dell; Intel Pentium 5 Processor) 

equipped with Lab Chart software. Additionally, Dr. Robinson has lab space 

adjacent to his clinical laboratory for blood and urine processing and storage. 

Additional shared space enables further molecular biology experiments (e.g., cell 

culture, western blot, ELISA, flow cytometry). Specific capabilities in the PI’s lab 

include blood and urine electrolytes, assessed with a SmartLyte Electrolyte 

Analyzer (Diamond Diagnostics), plasma and serum separation with a Megafuge 
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8R Centrifuge (Thermo Scientific) and Sorvall Legend Micro 17 Centrifuge 

(Thermo Scientific), hemoglobin is measured with a hemoglobin analyzer 

(HemoCue 201+), and microbalances and general balances (METTLER TOLEDO) 

are used for weighing reagents. The lab houses a -80ºC upright freezer, -20ºC 

benchtop freezer, two upright 4ºC refrigerators, and the PI has access to a liquid 

nitrogen tank, and several dewars for sample preservation and storage and 

reagent storage. There is a DXA Laboratory equipped with an iDXA (GE 

Healthcare) located in the Kinesiology Building. Dr. Shen’s lab space located in 

the Harrison School of Pharmacy contains a cell culture hood (Class II, Type A2) 

for sterile handling, two cell incubators (Thermo Fisher), and equipment for PCR 

and protein assays. 
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Lay Summary – 2500 characters 

Most Americans consume excess dietary salt based on the recommendations set 

by the American Heart Association. High dietary salt impairs the ability of blood 

vessels, the nervous system, and the kidneys to control blood pressure. Excessive 

salt consumption leads to blood pressure dysregulation and inflammation, and 

these are risk factors for the development of chronic kidney disease and 

cardiovascular disease, the leading cause of death in America. There is a critical 

need for strategies to counteract the effects of high dietary salt because Americans 

are likely not going to decrease their salt intake. One promising option is ketones, 

metabolites that are produced in the liver during prolonged exercise and very low-

calorie diets. While exercise and low-calorie diets are beneficial, not many 

Americans engage in these activities. However, there is evidence that indicates 

ketone supplements improve cardiovascular health in humans. Additionally, 

studies performed on rats show that ketone supplements prevent high salt from 

increasing blood pressure, causing blood vessel dysfunction, and promoting 

kidney injury. Our human pilot data also indicates that high dietary salt reduces 

ketone production, but it is unclear whether ketone supplementation can also 

protect humans against some of the negative effects of high salt consumption, like 

the rat studies.  

Therefore, we are going to perform a study to determine whether a ketone 

supplement prevents the high dietary salt from increasing blood pressure, causing 

blood vessel dysfunction, and promoting inflammation. Specifically, we will assign 

participants to three conditions (condition 1: low salt + no ketones, condition 2: 
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high salt + no ketones, condition 3: high salt + high ketones) for 10 days each. We 

will measure blood pressure during and after exercise, which provides important 

information about blood pressure regulation. We will also measure inflammatory 

markers in blood samples and examine immune cells that control inflammation. 

We will measure ketone levels and other metabolites that may be altered by high 

salt, which could allow us to determine novel therapeutic targets to combat high 

salt. We expect ketones to reduce the negative effects of high salt consumption 

which would provide valuable information into avenues of improving the 

cardiovascular health of Americans.  
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Research Strategy – 4 Pages 

BACKGROUND AND SIGNIFICANCE: 

Excessive dietary sodium consumption is widespread across the United States 

and remains a leading risk factor for developing hypertension and cardiovascular 

disease (CVD) [7, 8]. What has been less appreciated until recently is that high 

salt (HS) plays a large role in the development of chronic inflammation [19], which 

importantly, plays a critical role in the development of CVD [20, 21]. The well-

documented relation between HS, hypertension, and CVD risk along with the 

ubiquitous HS intake in the United States demonstrate a critical need for 

investigation into mechanisms of salt-induced CVD; and the development of 

therapeutic strategies to combat the consequences of HS, particularly in at-risk 

populations. We have identified the liver-derived ketone body β-hydroxybutyrate 

(βHB) as a potential target to combat the negative cardiovascular health effects of 

HS.  

Circulating βHB concentration typically increases in response to endurance 

exercise or calorie restriction, both of which also reduce blood pressure (BP) and 

lower CVD risk [33, 34]. Several acute (60 – 90 minutes) ketone supplementation 

studies have demonstrated 

improvements in cardiometabolic 

function (e.g., improved glucose 

tolerance) [28, 35, 36]. Further,  

increasing circulating βHB 

concentrations, using short-term 
Figure 3.1: Conceptual Schematic of Study Design 
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(2-6 weeks) exogenous ketone supplements or ketogenic diets, improves resting 

BP [37], vascular function in humans [38], and causes favorable alterations in 

immune cell profile in humans [39]. Interestingly, chronic HS consumption 

suppressed endogenous hepatic βHB production in rats, but nutritionally 

upregulating hepatic βHB production attenuated the adverse effects of HS in the 

rats [40]. Specifically, using 1,3-butanediol to increase βHB counteracts the 

adverse effects of HS on resting BP, in part by acting as a vasodilator, and 

attenuating inflammation [33, 40]. Our human pilot data also indicates that HS 

suppresses circulating βHB concentration in healthy young adults (See Figure 

3.3). However, there is a knowledge gap regarding whether increasing βHB 

during HS intake can counteract the negative effects of HS on BP and 

cardiovascular function in humans. Therefore, we will test our global hypothesis 

(Figure 3.1) that ketone supplementation counteracts HS-induced BP 

dysregulation and inflammatory responses in middle-aged/older adults. We will 

measure BP responses during and after submaximal aerobic exercise and 

inflammatory markers in blood and isolated immune cells (i.e., monocytes). 

Recognizing that HS does not increase resting BP in everyone, several studies 

consistently indicate that short-term HS ingestion (days to weeks) leads to 

exaggerated BP reactivity during submaximal exercise in rodents [392] and 

humans [11, 12]. Importantly, exaggerated BP responses during aerobic exercise 

(i.e., BP reactivity) have prognostic value for future hypertension [393, 394], 

coronary disease risk [395], and cardiovascular mortality [390]. These relations are 

stronger when evaluated using submaximal aerobic exercise [396]. Apart from 
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leading to exaggerated exercise BP reactivity, we have found that HS also reduces 

the magnitude of post-exercise hypotension (PEH) after an acute bout of 

submaximal aerobic exercise in healthy adults [382]. Importantly, the reductions in 

BP observed after a single bout of exercise are associated with longer-term 

exercise reductions in BP [397, 398], suggesting that some of the benefits of 

aerobic exercise on BP status are the result of transient reductions in BP resulting 

from an acute bout of exercise [399]. Regarding the effects of HS on the immune 

system and inflammation, microenvironments with elevated concentrations of 

sodium increase the prevalence of proinflammatory phenotypes within specific 

immune cell subsets [136, 142, 391]. Specifically, high Na+ microenvironments 

inhibit macrophage mitochondrial bioenergetics and induce hyperpolarization of 

macrophages into proinflammatory M1 macrophages [142]. Additionally, HS 

conditions activate monocytes to produce pro-inflammatory cytokines, reactive 

oxygen species, and further activate T-cells [52, 149]. Thus, HS-induced immune 

system dysregulation may further amplify BP dysregulation and CVD risk. 

We hypothesize that increasing circulating βHB concentration via ketone 

supplementation will counteract the negative effects of HS on the measures for our 

three aims. Regarding exaggerated BP reactivity and PEH, we (Dr. Robinson and 

colleagues) have found that HS-induced elevations in plasma volume correlated 

with changes in BP reactivity and PEH. Additionally, we have demonstrated that 

HS-induced changes in endothelial function correlate with increased BP reactivity. 

This finding supports prior cross-sectional data indicating that endothelial function 

is inversely related to BP responses during both submaximal [376] and maximal 
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[377] exercise, such that those with reduced endothelial function have greater BP 

reactivity during aerobic exercise. Because PEH is characterized by persistent 

vasodilation that is not offset by increases in cardiac output [378, 379], salt-induced 

changes in vascular function and fluid balance (i.e., elevated plasma volume) may 

adversely affect PEH. Interestingly, elevating βHB leads to greater sodium 

excretion under HS conditions (indicative of restoration of plasma volume 

homeostasis) and restores nitric oxide-dependent vasodilation in rodents. Thus, 

we hypothesize that ketone supplementation will improve BP regulation during and 

after exercise. Lastly, recent findings suggest that βHB induces anti-inflammatory 

expression of another embedding cell type in the immune system (T-cells) that is 

thought to contribute to chronic inflammation in addition to monocytes and 

macrophages [39, 380]. Though exploratory, we hypothesize that βHB 

supplementation blunts the HS-induced proinflammatory alterations in monocytes 

and blood samples using parallel in vitro and applied approaches. 

INNOVATION: 

This conceptually innovative project will be the first to assess whether short-term 

ketone supplementation counteracts HS-induced BP dysregulation and 

inflammatory responses in humans. Specifically, (1) we are the first to assess the 

influence of HS consumption with 

and without ketone supplementation 

on BP at rest as well as during and 

after dynamic exercise. (2) 

Furthermore, this project will be the Figure 3.2: Outline of Study 
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first to determine whether βHB can attenuate alterations in monocyte activity and 

pro-inflammatory cytokine production induced by HS in vivo and in vitro, thus 

decreasing the inflammatory load on the vascular system and decreasing CVD 

risk. (3) While the measures we propose are not technically novel, the combined 

use of applied human physiology measures and immunological approaches in 

isolated cells is innovative.  

APPROACH:  

Study Design: This will be a placebo-controlled, double-blinded, randomized 

crossover design study. Participants will three complete conditions 1) Control: 

placebo capsules + placebo beverage, 2) HS: salt capsules + placebo beverage, 

and 3) HS + βHB: HS capsules + βHB beverage in random order (Figure 2). 

Participants will consume the supplements for ten days and each intervention will 

be followed by a 14-day washout. Ten days of HS has previously been used to 

elicit changes in vascular function [11]. We will recruit ~30 older adults (50 – 75 

years; ~50% males, ~50% post-menopausal females), who are no more than 

recreationally active (≤3 days per week of moderate exercise). Before 

randomization, participants will consult with a registered dietitian (Sofia Sanchez 

MBA RDN) to learn how to consume a normalized, low sodium diet (0.7 -0.9 

mg/Kcal) for each ten-day period based on a similar protocol utilized by the Dietary 

Approaches to Stop Hypertension (DASH)-Sodium trial [43]. For the HS conditions, 

participants will consume unmarked salt capsules (Morton® table salt (NaCl)) that 

will increase total salt consumption to 2 mg sodium/Kcal/day, and placebo control 

capsules will contain equal volume dextrose (NOW Foods ®). For example, 
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someone eating 2,000 Kcal/day would be counseled to consume ~1,600 mg 

sodium/day from their diet for all conditions, then supplemented up to 4,000 mg 

sodium/day for HS conditions. For the βHB supplement condition, participants will 

consume 36 g βHB/day (12 g three times per day) [225]. βHB supplements will be 

consumed as a drink with a sugar-free sweetener for palatability. Placebo 

beverages will be taste-matched with the sugar-free sweetener and bitter agent to 

keep participants blinded [29, 35, 225]. Experimental visits will be on day ten of 

each conditional intervention and participants will arrive between 7 am and 9 am 

after an overnight fast. 

Graded Exercise Test, Physical Activity, and Sleep: Participants will undergo 

V̇O2peak assessment during their first visit. V̇O2peak will be assessed on an 

electronically braked upright cycle ergometer (Lode Excalibur, Lode) using a 

ramped protocol. Briefly, participants will warm up for 2 minutes at a resistance of 

30 W. Following warm-up, resistance will increase by 1 W every 2 seconds until 

participants are unable to maintain a cadence of 60 rpm. This will be used to 

determine cardiorespiratory fitness and to determine the absolute exercise 

workloads at 70% V̇O2peak, for the three experimental visits.  

Submaximal Exercise Bouts: Participants will perform 30 minutes of lower body 

cycling (Lode Excalibur). The exercise bout will include a five-minute warm-up at 

self-selected resistance (matched between visits), followed by 30 minutes of 

cycling at a wattage equivalent to 70% V̇O2peak (confirmed using HR), and a five-

minute cool down. We will match water intake during exercise (≤5 mL/kg) between 

visits [382]. Based on our prior study [382] HS elicits exaggerated BP well within 
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30 minutes of exercise and several studies have demonstrated that 30 minutes of 

~70% V̇O2peak exercise elicits a robust PEH response [383].  

Three-Day Dietary Food Logs: Participants will complete a three-day food log for 

three days before visits 2-4 and be asked to consume similar foods before each 

subsequent experimental visit. To reduce the background sodium in participants’ 

diets, we will have them meet with an on-campus Registered Dietitian to educate 

participants on how to interpret nutrition labels to meet sodium intake 

requirements. To ease participant burden, we will provide low sodium 

recommendations (e.g., low salt soup) to replace popular high salt foods. 

Urine Samples: As we have previously described we will ask participants to collect 

urine for 24 hours before the study visit in a 3500 ml sterile and light-protected 

container to ensure diet and condition adherence [11, 382]. Urine will also be 

assessed for osmolality, electrolytes, and protein markers of kidney injury.  

Blood Draw: A 12-hour fasted blood sample will be collected at the beginning of 

each study visit. Blood samples will be used to measure standard health markers 

(glucose and cholesterol) via Cholestech®, minerals (sodium, potassium, and 

chloride), osmolality, hemoglobin, hematocrit, and will be used to harvest immune 

cells. Additional blood will be stored in a freezer for future analysis of free radicals, 

metabolic markers particularly βHB (plasma, Cayman Chemical Kit, e.g., Figure 

3.3), and inflammatory markers (described in Aim 3). 

Aim 1: Determine whether increasing βHB via supplementation can attenuate 

the effects short-term HS loading has on BP reactivity during dynamic 

exercise 
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Brachial Blood Pressure: We will measure supine brachial BP after ≥15 minutes of 

quiet rest in the laboratory using an automated oscillometric monitor (SunTech 

CT40). We will take ≥4 measures and exclude the first reading. We will also 

manually measure seated BP before exercise and every five minutes during the 

submaximal exercise test (mentioned below) [382].  

Beat-to-beat blood pressure: We will measure beat-to-beat BP continuously at the 

middle finger using photoplethysmography (Finapres NOVA). We will measure 

brachial BP to calibrate this beat-to-beat signal. Beat-to-beat BP will be assessed 

as a primary measure at rest and during submaximal exercise [11]. 

Aim 2: Determine whether increasing βHB via supplementation can attenuate 

the blunted post-exercise hypotensive (PEH) response induced by short-

term HS loading  

Post-Exercise Hypotension: Immediately after the cessation of aerobic exercise, 

participants will lay supine in a dimly lit room for 60 minutes. We will measure 

automated oscillometric BP (described above) every five minutes to compare to 

baseline measures. Beat-to-beat BP will also be measured [382].  

Ambulatory BP Monitor: Participants will wear an ambulatory BP monitor (Oscar2, 

Suntech Medical) for 12-16 hours after experimental visits to measure longer-term 

PEH. Monitors will take readings every 20 minutes [382].  

Aim 3 Determine whether HS influence inflammatory phenotype, and 

whether increasing βHB concentrations attenuates these changes  

Whole Blood Stimulation: Fresh blood samples will be taken at each visit to assess 

the influence of our supplement conditions on systemic inflammation and the 
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phenotypes of circulating monocytes. Whole heparin treated blood will undergo 2-

hour exposure to 1µg/mL lipopolysaccharide (LPS) [385], a common pathogen 

associated molecular pathway, which is known to activate monocytes and results 

in the production of inflammatory cytokines and chemokines relevant to monocyte 

signaling [386]. Negative controls will be used to establish background 

inflammation within each sample.   

Plasma Assays: After whole blood LPS stimulation, we will centrifuge and collect 

the plasma of the blood and use multiplex assays to complete the measurement 

of inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interferon-

gamma (IFN-γ), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10) 

interleukin- 17A (IL-17A), and C-C motif chemokine ligand 2 (CCL2/MCP-1). We 

will use R&D Systems high sensitivity kits for all analytes and run all samples in 

triplicate. We chose these cytokines based on prior investigations demonstrating 

that in vivo and in vitro HS models influence their activity [135, 149]. 

Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs): Human PBMCs 

will then be separated from the remaining blood using Ficoll density-gradient 

centrifugation [387]. Briefly, we will reconstitute the remaining cells with an amount 

of Dulbecco’s phosphate-buffered saline (DPBS) equivalent to the volume of 

plasma removed. Reconstituted blood will then be further diluted 1:1 with DPBS 

(to ensure adequate cell density) and layered onto lymphocyte separation media-

1077 (Sigma). We will centrifuge blood samples with lymphocyte separation media 

(650 g) to extract the PBMC’s, followed by two DPBS rinses, before isolating 

monocytes.  
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Monocyte Isolation and 

Experiments: Primary monocytes 

will be further purified from 

PBMCs by using a Pan Human 

Monocyte Isolation Kit (Miltenyi) 

[149]. Since it is known that 

different monocyte subtypes have 

differential effects on vascular inflammation, a fraction of the purified total 

monocytes will be used for flow cytometry to determine the percentage of the 

classical vs. non-classical monocyte phenotype. A fraction of monocytes will be 

aliquoted for flow cytometry looking for surface proteins responsible for 

inflammatory phenotypes and responses (CD14, CD16, CD206) [400, 401] and 

vascular interaction (CCR2, CD54, CD102, CD106C) [52, 402]. In addition, we will 

perform RT-qPCR to determine pro- and anti-inflammatory genes in these 

monocytes, along with multiplexing for protein expression assays (triplicate) for 

sets of chemokines released from the cultured monocytes (described below).  

Data Analysis: The investigators will not know which pills were consumed for data 

collection and analyses. Beat-to-beat BP will be extracted from Finometer BP 

waveforms. The data will be collected in LabChart Pro and processed using 

LabChart modules and Microsoft Excel. All measures will be examined during 

baseline, aerobic exercise, and post-exercise to determine reactivity and PEH. The 

peak change in BP will be used to determine BP reactivity and the nadir in BP 

following exercise will be used to determine PEH.  

Figure 3.3: A) Preliminary data suggesting 10-days of HS 
decreases circulating βHB in humans (2 females, 6 males). 
B) Preliminary data demonstrating the pharmacokinetic 
response to βHB in three different feeding conditions. (4 
males) 
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Statistical Analyses: Our primary outcome is BP 

reactivity during exercise. Based on prior rodent 

data comparing HS + βHB to HS alone (resting BP) 

[33], and our prior data comparing habitual salt to 

HS (BP reactivity) [11], we ran a conservative 

power analysis for repeated measures ANOVA 

with projected BP reactivity data. The resultant 

estimated η2 of 0.116, moderate correlation within 

participants (r = 0.3), a priori a set at 0.05, and power (1-β) set at 0.9. and 

determined a sample size of 24. To account for ~20% dropout, we set our total 

recruitment to 30 participants (see timeline). Baseline characteristics will be 

assessed using independent t-test (e.g., males compared to females). We will 

assess primary outcomes between the experimental conditions (low salt, HS, HS 

+ ketone) with repeated measures ANOVA or mixed models (e.g., if missing data). 

When appropriate, we will perform post hoc testing using Tukey’s LSD. Should the 

data not be normally distributed, we will perform nonparametric analyses. We will 

complete statistical procedures with IBM SPSS (version 26.0), GraphPad Prism 

(version 9.3), jamovi (version 2.0.0), or R (version 1.4).  

PRELIMINARY DATA: 

Our pilot data (Age: 24±4 yrs; 12 males, 8 females) indicate that short-term HS 

decreases circulating βHB (Figure 3.3A) and demonstrates that the ketone 

supplement (KetoneAid ®) increases circulating βHB (Figure 3.3B). Additionally, 

we have demonstrated that short-term HS increases circulating levels of the 

Figure 3.4: Preliminary data 
suggesting 10-days of HS 
increases the cytokine MCP-1 in 
humans. (8 females, 12 males) 



112 
 

cytokine MCP-1 (Figure 3.4). Furthermore, we have also demonstrated a relation 

between MCP-1 and BP responses (r = .446, p = .006, data not shown) 

corroborating the findings of another group [381]. 

Expectations, Pitfalls, and Alternative Approaches: Pitfalls of the proposed study 

include participants’ non-compliance with supplementation or decreasing 

background sodium consumption to recommended levels. However, we will be 

able to assess nutritional compliance by measuring blood metabolites and urine 

mineral concentrations. Additionally, we will be asking participants to return 

capsules and drink containers as an additional confirmation of compliance. 

Another pitfall may be a lack of salt sensitive participants, however, by focusing on 

older adults we anticipate that a substantial portion of our cohort (~50%) will exhibit 

salt-sensitive BP (i.e., experience increases in resting BP of ≥5 mmHg mean 

pressure) [403-405]. Nevertheless, even if we don’t enroll many salt-sensitive 

participants, the novelty of this proposed study is investigating the effects of HS on 

exercise BP reactivity, PEH, and systemic inflammation all of which are important 

for elucidating future CVD risk reduction. Given that we have previously 

demonstrated that salt loading augments BP responses and attenuates PEH using 

a similar exercise bout in healthy young adults [11], we speculate that there is a 

high likelihood we will detect an effect in our older cohort, and the potential for b-

OHB to counteract the 

augmented BP responses. 

While not part of the aims of 

this particular grant, my 

Study Timeline 

 Year One Year Two Post Award 

Completed 

Participants 
N = 18 N = 12 

analysis + 

manuscripts 
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colleagues and I will collect additional data that will further elucidate the potential 

cardioprotective effects of ketone supplementation on vascular function and 

arterial stiffness due to several studies having demonstrated that HS impairs 

endothelial function [1]. A final additional consideration of our proposal is that 

individuals in the southeastern United States have the highest risk for developing 

CVDs in the country, thus our project will take place in a particularly vulnerable 

region of the country and have implications for health disparities [57-59]. 
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Descriptions of risks for the protection of human subjects or vertebrate 

animals – 5000 characters 

Exercise and Exercise Testing: There is a low risk that an adverse event can 

occur during exercise. To this end, and according to the 2017 ACSM Guidelines 

for Exercise Testing and Prescription, the risk of death associated with exercise 

testing is 0.05% in a healthy population. To minimize this risk, we will encourage 

participants to stop exercising if they feel short of breath or have chest 

tightness. We will also monitor heart rate and blood pressure before, during, and 

after the test.  

  

Blood Draw: There can be bruising following blood draws. However, the 

investigators have been thoroughly trained through a phlebotomy course at Auburn 

University. The blood draw procedure involves aseptic technique (i.e., thorough 

alcohol swabbing of the area, the use of single-use sterile needles).  

   

  

Supplements: The supplement conditions may cause participants to have upset 

stomach although the risk of these side effects is quite low. 

 

Blood pressure reactivity assessments: There may be minor discomfort 

associated with the finger BP cuff, removal of adhesive electrodes, inflation of 

certain blood pressure cuffs (numbness and tingling in the lower arm). Additionally, 
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the participants will be placing their hands in an ice-cold bucket which we anticipate 

being temporarily uncomfortable. 

 

Data Storage: Data will only be handled by lab members. Data will be deidentified 

in the case of data leak. Digital files will be stored on a password protected hard 

drive that remains in the Neurovascular Physiology Laboratory. Print files will be 

stored in a secured file closet in the Neurovascular Physiology Laboratory to which 

only lab members have key access.  

 

COVID-19: Study visits involve interacting with multiple laboratory personnel and 

may place participants at an increased risk of coming into contact of contracting 

infectious diseases (COVID-19). We screen participants and practice additional 

sanitation techniques recommended by the CDC, NIH, and Auburn University on 

top of our regular laboratory cleaning practices (wearing gloves and other PPE 

while interacting with participants). Additionally, laboratory personnel will not come 

to work if they are ill. We will continue to follow NIH and CDC guidance about PPE 

meaning we will require lab members and participants to properly wear face masks 

during lab visits as long as the CDC and Auburn University continue to recommend 

doing so. 
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A. Personal Statement 

My research interest is to use interdisciplinary approaches to investigate 

cardiovascular physiology and immunology to better understand how health 

behaviors (e.g., diet and physical activity) influence the interaction between the 

cardiovascular and immune systems and their subsequent impact on human 

health and performance. Thus far in my career, most of my academic training has 

focused on cardiovascular health and performance. As an undergraduate student 

I worked with Dr. Eric O’Neal at the University of North Alabama to learn 

cardiorespiratory fitness assessments (i.e., VO2MAX testing) via indirect calorimetry. 

My efforts from this project included helping pilot test protocols, collect data, and 

assisted with basic statistical analyses, which led to a coauthored manuscript 

(PMID: 33042383). My experience at the University of North Alabama provided me 

an internship, and later offer of employment, in the Lakeshore Foundation’s 

research branch directed by Dr. James Rimmer. Working at Lakeshore Foundation 

enabled me to learn clinically relevant, adapted, assessments of physical fitness 

in special populations (e.g., older adults and patients with stroke, Parkinson’s, or 

spinal cord injury). I also gained administrative skills ranging from overseeing 

adapted exercise classes to coordinating multiple, large scale clinical trials. As a 

master’s student at the University of Alabama at Birmingham (UAB), I assisted 

with data collection for a clinical trial in Dr. Gordon Fisher’s laboratory. This project 

focused on dietary nitrate and antioxidants consumption via beetroot juice on 

exercise tolerance and health benefits in individuals with obesity (NCT03545009). 



118 
 

Here, I learned to assess aerobic exercise efficiency and assisted with measures 

of glucose tolerance. I also learned molecular biology techniques such as culturing 

oral microbiome samples and performing protein assays. My research efforts 

culminated in several abstract presentations and a coauthored manuscript 

(PMCID: PMC7556310). 

Before graduating from UAB, I was awarded an Auburn University Presidential 

Graduate Research Fellowship, a competitive research assistantship, to pursue 

my Ph.D. under the mentorship of Dr. Austin Robinson. While at Auburn I have 

assisted by coordinating an interdisciplinary study focused on sleep, social 

determinants, and vascular health in young adults (NCT04576338). Regarding 

applied physiology technical skills, I have mastered several new clinical and 

applied measures of vascular health such as how to assess endothelial function 

using brachial artery flow mediated dilation, beat-to-beat blood pressure with 

photoplethysmography, ambulatory blood pressure monitoring, and phlebotomy to 

attain blood samples. Over the summer I visited Dr. Zachary Schlader’s laboratory 

at Indiana University to learn ultrasound-based assessments of renal and 

segmental artery blood velocity and renal vascular conductance. and. I have also 

received training in the molecular biology laboratory where I have learned to isolate 

plasma and peripheral blood mononuclear cells, perform several point-of-care 

measures as well as multiple assays to measure various biomarkers. I have also 

been trained in my co-mentor Dr. Jianzhong Shen’s laboratory to establish 

monocyte isolation protocols as part of Dr. Robinson’s K01 project on racial 

disparities and salt sensitivity (NCT04244604). 
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For my ACSM project, I will continue to hone my skills in Dr. Robinson’s lab 

while learning new molecular biology and applied physiology techniques. We will 

determine whether short-term (10-days) ketone supplementation counteracts the 

adverse effects of shorth-term high dietary salt on blood pressure regulation during 

and after exercise, and on inflammatory responses. This project is relevant to the 

ACSM’s mission of helping Americans lead active, healthy lives. The training I will 

receive working with my mentors will assist me in continuing my professional 

development (technical skill acquisition, publishing and presenting, obtaining 

further funding, etc.) and ensure I make progress towards my ultimate career goal 

of becoming a tenure-track research faculty member.  

 

Funding: Relevant to this ACSM submission, I have secured independent 

fellowship funding that will allow me adequate time to complete the aims 

proposed in this grant 

Pending: 

01/2023 – 07/2024 American Heart Association (AHA) Predoctoral 

Fellowship   

 Funds: $32,553/year 

 *Submitted September 2022 

Active: 
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07/2022 – 06/2023 TL-1 Fellowship (NIH/NCATS CTSA grant 

UL1TR003096),  

 Funds: $50,740 

08/2020 – 05/2023 Auburn University Presidential Graduate Research 

Fellowship,         

Funds: $90,000 

 

B. Positions, Scientific Appointments, and Honors 

2022 – 2023   UAB Center for Clinical and Translational Science

 TL-1 Fellow 

2020 – 2023 Auburn University Presidential Graduate 

Research Fellow 

2020 – current  Auburn University Kinesiology Graduate 

Assistant 

 

Academic and Professional Memberships 

08/2022 – current    Student Member – American Heart Association 

05/2022 – current  Student Member – American Society for 

Integrative Pathology 

12/2021 – current Student Member – American Association for 

Immunologists 
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09/2020 – current Student Member – The American Physiological 

Society 

02/2017 – current Student Member – American College of Sport 

Medicine 

Academic and Professional Honors 

08/2014 Dean’s list – University of North Alabama, Florence, AL 

(awarded six of eight semesters through graduation: 

08/2018) 

2016-2017 Selected for Southeast-Region All-Academic DII Cross 

Country Team (awarded to athletes maintaining cumulative 

GPA of 3.5 or higher and placed in the top 30% at the 

regional meet) 

08/2018 Graduated, Magna cum Laude honors distinction B.S. in 

Kinesiology from the University of North Alabama (3.7/4.0) 

07/2020 Graduated, M.S. in Kinesiology from the University of 

Alabama at Birmingham (3.9/4.0) 

08/2020 Awarded Outstanding Graduate Student by the University 

of Alabama at Birmingham 

 

C. Contributions to Science 

Throughout my career in science, I have contributed to numerous applied 

physiology research studies investigating factors that influence human 
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performance, improve exercise adherence, and attenuate the development or 

progression of chronic disease. I have contributed to seven published manuscripts, 

have an additional manuscript in review, and multiple presented abstracts. Below 

I will highlight three areas of research where I have gained experience.  

 

1.  Health behaviors on cardiovascular health: While at Auburn University 

I have coordinated an interdisciplinary study focusing on sleep, social 

determinants, and vascular health in young adults (NCT04576338), with many 

abstracts from this project being accepted for presentation at national 

conferences. I have helped with a project focused on investigating the benefits 

of the mitochondrial antioxidant MitoQ (NCT04334135) resulting in a published 

abstract and poster presentation. I have also been assisting with a clinical trial 

investigating how an acute high salt meal may affect cardiovascular health 

outcomes (NCT04244604). Similarly, I have registered a trial with Dr. Robinson’s 

guidance investigating the role ketones may play in ameliorating the negative 

effects of short-term high salt consumption on cardiorenal heath 

(NCT05545501). My ACSM project will complement the aims of this trial and 

serve as my dissertation project. Pertaining to my expertise for this project, I 

recently coauthored a recent review paper on the potential benefits of ketone 

supplements on cardiovascular health (PMID: 35969209). I also have a first 

authored manuscript under revisions after a favorable review at the American 

Journal of Physiology; Regulatory, Integrative, and Comparative Physiology 

(AJP Reg, ID: R-00240-2022) focused on the effects of short-term high salt on 
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autonomic regulation of the cardiovascular system during exercise and systemic 

inflammation. 

Peer-reviewed Manuscripts 

a. Braxton A. Linder, Matthew C. Babcock, Kamilla U. Pollin, Joseph C. 

Watso, Austin T. Robinson, Short-term high dietary salt intake does not 

influence resting or exercising heart rate variability, but increases MCP-1 

concentrations in young adults. (In Review: AJP Reg, ID: R-00240-2022) 

b. Tiago J. Costa, Braxton A. Linder, Seth Hester, Milene Fontes, Laena 

Pernomian, Camilla F. Wenceslau, Austin T. Robinson, Cameron G. 

McCarthy. The Janus Face of Ketone Bodies in Hypertension. Journal of 

Hypertension, 2022 Aug 9. doi: 10.1097/HJH.0000000000003243. Online 

ahead of print.  

Conference Proceedings 

c. Braxton A. Linder, Joseph C. Watso, Matthew C. Babcock, Kamila U. 

Pollin, William B. Farquhar, Austin T. Robinson. Short-term salt loading 

does not influence heart rate variability during submaximal exercise and 

recovery. American College of Sports Medicine Annual Meeting. San Diego, 

CA. May 31 – June 4, 2022. 

d. Braxton A. Linder, Alex M. Barnett, Zach J. Hutchison, McKenna A. 

Tharpe, Andreas N. Kavazis, Orlando M. Gutierrez, Austin T. Robinson. The 

Influence of Acute High Dose MitoQ on Urinary Kidney Injury Markers in 

Healthy Adults. Experimental Biology. Philadelphia, PA. April 2-5, 2022. 
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2. Investigating variables that influence human performance and 

metabolic health: Most recently I contributed to a recent publication in the 

American Journal of Heart and Circulation investigating the role of biological sex 

on cardiovascular reactivity (PMID: 36367694) by running and interpreting the 

biochemical assays needed for publication. While at Auburn University, I have 

also contributed to a manuscript investigating the role limb lengths play in army 

fitness assessment scores (PMID 35794778) by providing statistical support and 

assisting with data interpretation. I also wrote a commentary for the Journal of 

Physiology (1st author) focused on the negative adaptations related to short-term 

limb immobilization and reductions in postprandial glucose uptake. As an 

undergraduate volunteer in the University of North Alabama’s Human 

Performance Research Laboratory with Dr. Eric O’Neal I assisted on a project 

that investigated the effects of three modest levels of proximal loading on 

marathon pace running economy. My responsibilities on this project included 

pilot testing protocols, assisting with recruitment, statistical analyses, and editing 

the published manuscript (PMID: 33042383).  

Peer-reviewed Manuscripts 

a. Zoe R. Lincoln, Wesley T. Blumenburg, Brett L. Cross, Joseph D. 

Vondrasek, Joseph C. Watso, Andrew A. Flatt, Braxton A. Linder, Austin 

T. Robinson, Gregory J. Grosicki. Habituation Attenuates the Sex-Specific 

Associations Between Ischemic Pain, Blood Pressure, and Arterial Stiffness 
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in Young Adults. Am J Physiol Heart Circ Physiol. 2022 Nov 11. doi: 

10.1152/ajpheart.00567.2022. Epub ahead of print. PMID: 36367694. 

 

b. Philip J. Agostinelli, CSCS, MS, Braxton A. Linder, MS, Katherine A. Frick, 

ATC, MS, JoEllen M. Sefton, PhD, Anthropometrics Impact Army Combat 

Fitness Test Performance in Reserve Officer Training Corps Cadets, 

Military Medicine, 2022;, usac202, https://doi.org/10.1093/milmed/usac202. 

PMID: 35794778 

c. Braxton A. Linder, Alex M. Barnett, McKenna A. Tharpe Move it or lose it: 

limb immobilization results in impaired postprandial skeletal muscle glucose 

uptake, J Physiol. 2021 Jul;599(14):3433-3434. PMID: 34033132. 

 

d. Eric K. O’Neal, Jackson W. Gaddie, Emily P. Kennedy, J. Matt Green, 

Lauren G. Killen, Braxton A. Linder, and Angel A. Heinkel Effects of three 

modest levels of proximal loading on marathon pace running economy 

International Journal of Exercise Science, 2020 Sep 1;13(7):1120-1131. 

PMID: 33042383. 

 

3. The influence of dietary nitrate on exercise tolerance and metabolic 

health in type 2 diabetes: While at UAB, I worked in the Kinesiology Laboratory 

and assisted with the data collection on a clinical trial investigating the effects of 

beetroot juice on exercise tolerance and cycling efficiency in adults with obesity 

(NCT03545009). For this project my responsibilities included maintenance and 
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sanitation of the metabolic cart and exercise testing. I was also in charge of 

collecting and storing blood samples throughout the lab visits and assisted with 

the molecular biology assays on plasma samples. This project resulted in a co-

authored manuscript (PMCID: PMC7556310). In addition to the coauthored 

manuscript, I also presented abstracts demonstrating the pharmacokinetic 

response to dietary nitrate consumption and investigating whether beetroot juice 

acts as an ergogenic aid during cardiovascular exercise performance by 

improving oxygen delivery to muscle tissue. 

Peer-reviewed Manuscripts 

a. Christian E. Behrens, Khandaker Ahmed, Karina Ricart, Braxton A. Linder, 

Jose Fernandez, Brenda Bertrand, Rakesh P. Patel, Gordon Fisher. Acute 

beetroot juice supplementation improves exercise tolerance and cycling 

efficiency in adults with obesity. Physiological Reports, 2020 Oct; 8 (19): 

e14574.DOI: 10.14814/phy2.14574. PMCID: PMC7556310 

Conference Proceedings 

b. Christian E. Behrens Jr., Rakesh P. Patel, Ahmed A. Khandaker, Braxton 

A. Linder, Rima Patel, Emily Stucky, José R. Fernández, Brenda Bertrand, 

Gordon Fisher, Effects of Beetroot Juice Components on Exercise 

Tolerance and Cardiometabolic Health in Individuals with Obesity. 

Southeast American College of Sport Medicine Annual Meeting, February 

2020, Jacksonville, FL.  

 

http://www.ncbi.nlm.nih.gov/pmc/articles/pmc7556310/
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c. Braxton A. Linder, Christian E. Behrens Jr., Rakesh Patel, Khandaker A. 

Ahmed, Rima Patel, Emily Stuckey, José R. Fernández, Brenda Bertrand, 

Gordon Fisher, Improved Cycling Efficiency Following Beetroot Juice Intake 

is not due to Changes in Muscle Oxygen Saturation. Southeast American 

College of Sport Medicine Annual Meeting, February 2020, Jacksonville, 

FL. 

 

d. Braxton A. Linder, Christian E. Behrens Jr, Rakesh P. Patel, Khandaker 

A. Ahmed, Rima Patel, Emily Stucky, José R. Fernández, Brenda Bertrand, 

Gordon Fisher, Effects of Beetroot Juice Intake on Changes in Plasma 

Antioxidant Capacity and Nitrate/Nitrite. UAB Center for Exercise Medicine 

7th Annual Symposium, The University of Alabama at Birmingham, 

September 2019, Birmingham, AL. 

 

D. Academic Record 

  



128 
 

 

Chapter 4: Is sodium alone or sodium indexed to fiber associated with 

blood pressure and inflammation? 

 

 

Abstract: 

Cardiovascular disease (CVD) is the leading cause of adult deaths in the 

United States. Despite recommendations for lowering daily sodium intake, sodium 

consumption continues to rise and remains one of the leading modifiable risk 

factors associated with CVD. Therefore, candidate nutrients such as potassium 

and magnesium have been identified by their potential to offset CVD risk. Dietary 

fiber has also been identified as a nutrient that lowers BP and improves vascular 

function. Therefore, the purpose of this analysis was to determine whether 

indexing sodium to fiber (Na+/Fiber) may be a better predictor of vascular health 

than sodium consumption alone. This was an observational study using data 

supplied in the 2017 – March 2020 Pre-Pandemic NHANES dataset. In this 

analysis we focused on middle aged – older adults with less than stage 2 

hypertension and not taking antihypertensive medication. No relations were 

observed in simple linear regression analyses of sodium and Na+/Fiber on systolic 

blood pressure, diastolic blood pressure, mean arterial pressure, and c-reactive 

protein concentrations (CRP) (ps > 0.208). Nonlinear analyses resulted in well fit 

models between Na+/Fiber and all blood pressure measures (W > 0.967, ps > 

0.113), but not CRP nor any nonlinear model assessing sodium alone. Multiple 
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regression models incorporating common covariates (age, sex, BMI), nutrition 

variables (potassium, magnesium, and fiber in the case of the sodium alone 

models), and participant inflammation (CRP) were all found to be null (ps > 0.220) 

and very poor fit (Adj R2 < 0.06). Nonlinear findings resulted in positive quadratic 

relations between Na+/Fiber and blood pressure measures, which for high 

Na+/Fiber ratios aligns with the current literature, but for the lowest ratios seems 

counterintuitive and highlights the need for intervention level work in this area. 

Similarly, the null effect observed between sodium on blood pressure does not 

align with much of the current literature, especially with trials using the DASH-diet. 

This highlights some of the drawbacks of our design (stringent filtering, age 

boundaries, potential influence of drugs not classified as anti-hypertensive) which 

may have resulted in a too small of sample to adequately detect change. 
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Abbreviations: 

AHA: American Heart Association 

BP: blood pressure 

CRP: c-reactive protein 

CVD: cardiovascular disease 

CVH: cardiovascular health 

DBP: diastolic blood pressure 

LE8: Life’s Essential 8 

MAP: mean arterial pressure 

Na+/Fiber: Sodium to fiber ratio - Sodium (g) / Fiber (g) 

NHANES: National Health and Nutrition Examination Survey 

SBP: systolic blood pressure 
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1. Background 

Cardiovascular disease (CVD) is the leading cause of death for adults in the 

United States [13-16]. Hypertension is one of the strongest predictors of future 

CVD [42]. Excessive dietary sodium consumption increases population level blood 

pressure (BP) [5, 6] and  remains a leading risk factor for developing hypertension 

and CVD [7-12]. Dietary sodium is greatly overconsumed (~3500mg per day) in 

the United States [3], and consumption does not appear to be decreasing despite 

recommendations of no more than 2300 mg per day [7]. Additionally, there is 

growing appreciation that dietary sodium density (e.g., relative to Calories) may be 

even more important than absolute sodium intake [406]. Due to the adverse impact 

of dietary sodium on cardiovascular health, there is a growing interest in dietary 

interventions to potentially mitigate the impact of sodium. For example, the Dietary 

Approaches to Stop Hypertension (DASH)-Sodium trial demonstrated the DASH 

diet, high in fruits and vegetables, whole grains, low-fat dairy, lean proteins, and 

nuts, seeds, and legumes, reduces the BP-raising effects of high sodium [407]. 

Studies have also sought to examine the efficacy of isolated nutrients in DASH, 

including minerals such as potassium and magnesium [408, 409], and dietary 

nitrate [410], to offset the adverse effects of high salt on BP and cardiovascular 

health.  High fiber intake is associated with reduced CVD risk [411-418] and may 

be another candidate nutrient to offset the cardiovascular consequences of high 

dietary salt. For example, dietary fiber lowers BP [419, 420].  

Apart from BP and vascular function, dietary sodium and fiber also appear 

to have differential effects on inflammation, which may mediate the harmful effects 
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of high sodium on cardiovascular health. High dietary sodium is directly related to 

chronic inflammation [19], which plays a critical role in the development of CVD 

[20, 21, 421]. Specifically, high salt increases the polarization of proinflammatory 

immune cells [136, 142] and inflammatory cytokine production [52]. Of particular 

interest, the inflammatory biomarker C-reactive protein (CRP) is a sensitive, 

though non-specific, marker of inflammation that recognizes patterns on 

pathogens or exposed during cell death and can initiate innate and complement 

inflammatory cascades [422]. Furthermore, CRP has been associated with 

increased CVD risk, and stroke [422, 423]. Interestingly, consuming foods high in 

fiber (specifically, >19.5g/day of fiber) is associated with decreased CRP 

concentrations in humans [424]. From a mechanistic perspective, fiber can be 

fermented by the gut microbiota into short chain fatty acids which can elicit 

favorable downstream signaling in the local lymphatic tissue and immune system 

[425, 426]. However, it is unknown whether dietary Na+ indexed to fiber (i.e., 

Na+/Fiber) may be stronger predictor of BP or inflammation than sodium alone. 

Moreover, investigating population level nutrition patterns can give better insight 

into how nutritional stimuli directly impact the immune and vascular systems. 

Therefore, the purpose of this study was to determine the effects of sodium 

consumption (alone and indexed to fiber [22, 23]) is correlated with BP, and the 

inflammatory marker CRP in adults from the 2017 – March 2020 Pre-Pandemic 

NHANES data. The current analysis was focused solely on middle-aged and older 

adults who were not being medicated with anti-hypertensive because middle-aged 

and older adults are more prone to the BP-raising effect of high sodium and 
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because we did not want to include those on medications that could confound the 

association between Na+/Fiber with BP. We hypothesized that Na+/Fiber would be 

correlated to BP and CRP. We also hypothesized these correlations (with BP and 

CRP) would be stronger than those of sodium alone. The current investigation is 

important for informing future randomized controlled trials on the ability of fiber to 

counteract the adverse health effects of high dietary sodium. 

 

2. Methods 

2.1 Data Acquisition 

This was analysis conducted using the 2017 – March 2020 Pre-Pandemic 

cohort of the National Health and Nutrition Examination Survey (NHANES) online 

database. NHANES is a nation-wide, multi-stage probability survey design. For the 

present study, 32 files were downloaded and included into the master data file. All 

files were downloaded and handled in R studio Version (2022.07.1). NHANES is 

approved by the NCHS IRB (Protocol #2018-01), and all participants provided 

informed consent. Within the analysis, observations were linked by their “SEQN” 

number and subsequently filtered for outliers (>1.5 IQR), place holders, and 

missing data. Furthermore, for the present analysis observations were only 

included if they had complete data across all variables included in the models 

(below) with calculated variables described later. 

2.3 Variable Selection 
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Questionnaire and laboratory data were downloaded from the NHANES 

database, imported into R studio, and merged into an R datafile to ensure data 

consistency and appropriate cross-sectional associations and comparisons. 

2.3.1 Demographic Data and Social Descriptions 

 The 2017 – March 2020 Pre-Pandemic cohort of NHANES data collection 

consists of 1103 complete observations for participants. Participants provided self-

identified data for sex, age, and race. Adolescent and childhood data has been 

excluded from our analysis. All included individuals were older adults (over the age 

of 50 years). For this analysis, we left age as a continuous variable. Self-identified 

sex was collected as a binary variable. Regarding race, for this analysis we used 

the race-ethnicity variable “RIDRETH3” as it included non-Hispanic Asians in its 

categorization, including the following race and ethnicities: 1. Mexican American 

(MA), 2. Other Hispanic (OH), 3. Non-Hispanic White (NHW), 4. Non-Hispanic 

Black (NHB), 5. No Code, 6. Non-Hispanic Asian (NHA), 7. Other Race – Including 

Multi-Racial (OR). 

2.3.2 Model Data 

Dietary data was collected across two days of dietary recall. All measures 

for the present analysis used the means of nutrients consumed across both days. 

Specifically, we used sodium consumption indexed to fiber (Na+/fiber). We used 

CRP as our biomarker of inflammation. We included potassium and magnesium 

as covariates in all multiple regression models. Multiple regression models 

containing fiber as the two both tend to be higher in plant-based foods and 

potassium can also have beneficial effects on cardiovascular health in the context 
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of high salt diets [427]. Based on national level data observing the differences in 

disease states and risk by age stratification [428], we elected to exclude individuals 

under the age of 50 from this analysis to ensure data to be reflective of the 

populations at greater risk of future adverse cardiovascular event risk. Data was 

then split by question “BPQ050A” (Are you now taking prescribed [blood pressure] 

medication?) into two groups, observations that answered ‘No’ (n = 58) were 

included in the present analysis Figure 4.1. All BP measures were recorded in 

triplicate for each participant and the average of the three measures was used for 

this analysis. BMI was calculated from participants height and mass.  

The Na+/Fiber ratio was calculated as follows:  

Daily sodium consumption (mg) / average daily fiber consumption (g) = Na+/Fiber 

Ratio 

  

2.4 Statistical Analysis 

Outliers were identified when outcome variables were greater than 1.5 times 

the interquartile range outside of the third and first quartiles of each variable and 

subsequently removed from all analyses and are not presented in any figures [429-

431]. All variables were tested for normality with the Shapiro-wilks test and QQ 

plots were inspected for data distribution. Simple linear regression were run 

between Sodium and Na+/Fiber on systolic BP, diastolic BP, mean arterial 

pressure, and CRP. Upon visual inspection of the bivariate scatterplots, nonlinear 

relations were assessed across all comparisons. Nonlinear model fit was assessed 
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based on the Shapiro-Wilk test of normality of residuals (W) and confidence 

intervals of the best fit values.  

 Four regression models were generated to assess the relations between 

sodium and sodium indexed to fiber and systolic BP, diastolic BP, and mean 

arterial pressure. Model 1 was the equivalent of a simple linear regression with 

either sodium alone or sodium indexed to fiber on the BP measures. Model 2 

incorporated common covariates of CVD risk (age, sex, race, BMI). Model 3 then 

incorporated additional nutrition derived variables (potassium, magnesium, and 

fiber only for sodium alone models). Fiber was excluded from the sodium indexed 

to fiber models due to its use in calculating the independent variable. Model 4 then 

included the marker of inflammation, CRP. Significance was set a priori to α ≤ 0.05. 

This analysis was conducted in R Studio 4.1.0 and GraphPad Prism 9.5.1. 

 

3. Results 

3.1 Demographic Data 

 The 2017 – March 2020 Pre-Pandemic cohort of NHANES data collection 

consists of 1103 complete observations for participants. Our sample population 

appears to be racially heterogenous, with non-Hispanic white and non-Hispanic 

black adults being disproportionately overrepresented, and an even distribution 

between sex. Our analyses included only unmedicated individuals (n = 58) Table 

4.1.  
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3.2 Does Sodium Consumption Alone, or Sodium Indexed to Fiber Impact Blood 

Pressure and Inflammation at the Population Level? 

 Using regression, absolute sodium alone was not meaningfully correlated 

with systolic BP (β = -0.086, r = 0.0001, p = 0.932), diastolic BP (β = -0.938, r = 

0.027, p = 0.932), mean BP (β = -0.654, r = 0.015, p = 0.355), or CRP concentration 

(CRP; β = -0.265, r = 0.028, p = 0.208). Similarly, Na+/fiber was not correlated with 

systolic BP (β = 9.426, r = 0.010, p = 0.462), diastolic BP (β = 5.415, r = 0.005, p 

= 0.581), mean BP (β = 6.752, r = 0.010, p = 0.456), or CRP (β = -3.090; r = 0.023, 

p = 0.251) Figure 4.2. 

 Upon visual inspection of simple regression scatterplots, nonlinear 

regression was then run for all simple linear regression models. Quadratic relations 

appeared between Na+/Fiber and all BP measures (SBP; R2 = 0.12; β2 = 305.6 

[66.1, 545.1], β1 = -138.4 [-256.7, -20.0], β0 = 136.1 [123.3, 149.0]; W = 0.967, p = 

0.113: DBP; R2 = 0.25, β2 = 353.4 [184.0, 522.8], β1 = -165.5 [-249.2, -81.8], β0 = 

89.9 [80.7, 99.0]; W = 0.983, p = 0.598: MAP; R2 = 0.27, β2 = 337.4 [183.2, 491.7], 

β1 = -156.5 [-232.7, -80.2], β0 = 105.3 [97.0, 113.6]; W = 0.983, p = 0.572) but not 

between sodium and BP measures. Similarly, quadratic models were not 

appropriate between either sodium or Na+/Fiber and CRP Figure 4.3. Cubic 

relations were also assessed and determined that quadratic relations were most 

appropriate for the present data Supplemental Figures 4.1-4.4. 

 

3.3 Multiple Regression Models 



138 
 

 Regarding systolic BP, neither sodium (ps >0.841) nor Na+/Fiber (ps > 

0.205) contributed to any model. The only covariate to contribute to any of the 

models was CRP (Sodium: β = -2.19, p = 0.014; Na+/Fiber: β = -2.05, 0.018), 

though none of the models assessing SBP were significant (ps > 0.264). Table 4.2 

and Table 4.3. Sodium alone was not related to diastolic BP (p = 0.220); however, 

we observed an inverse association between sodium consumption with DBP in 

models that included covariates (Models 2, 3, and 4; ps < 0.039), though no models 

were significant (ps > 0.162) Table 4.4. Na+/Fiber was not associated with diastolic 

BP across all models (ps > 0.581) and no covariates contributed to the models (ps 

> 0.125) Table 4.5. Regarding mean BP, neither sodium (ps > 0.092) nor Na+/Fiber 

(ps > 0.465) contributed to any model. CRP was the only covariate to contribute to 

the model (Sodium; β = -1.37, p = 0.026) and approached significance when 

sodium was indexed to fiber (β = -1.23, p = 0.050) Tables 4.6 and 4.7. However, 

no multiple regression model for mean BP was observed to be significant for 

sodium (ps > 0.348) or Na+/Fiber (ps > 0.456). 

 

4. Discussion 

In this study we investigated whether sodium consumption played a role in 

population level BP and CRP in middle-aged and older adults not taking 

antihypertension medication. Contrary to data from numerous clinical trials [11, 72, 

158, 382, 432], we initially observed no relations between sodium consumption 

(absolute or indexed to fiber) and BP or CRP. After using nonlinear approaches, 

we observed quadratic relations between Na+/Fiber and BP measures, but not 
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CRP nor any relations between sodium or any outcome variables. Regarding our 

multiple regression models, generated to account for common physiological and 

nutrition-derived cofactors of BP, no model was observed to be significant or have 

good fit in our sample. Understanding that this is an observational, population level, 

data analysis we have identified multiple reasons why our data doesn’t align with 

prior findings and identified additional considerations for future analyses. 

One potential reason as to why the current investigation did not observe an 

impact of self-reported sodium consumption on BP could have been the selection 

criteria implemented by the investigative team. Specifically, we sought to 

investigate the effects of sodium consumption in relatively healthy adults, not 

currently taking anti-hypertensive medication, with less than stage 2 hypertension. 

The a priori exclusion of people not taking anti-hypertension medication or with 

blood pressures exceeding either 140 mmHg systolic or 90 mmHg diastolic BP 

may have limited our ability to observe higher BP in participants with higher self-

reported sodium consumption. Our reasoning for these stringent criteria was that 

adding individuals who are currently taking anti-hypertensive medications, may 

impair any potential observations between self-reported dietary patterns and BP 

outcomes because medications may “mask” potential associations between 

sodium (absolute or indexed to fiber) and BP. Another consideration is that our 

stringent inclusion criteria also resulted in a modest sample size, and we may have 

been underpowered to detect an effect. Had we included a broader age range of 

participants, we may have detected potential associations. Lastly, another 

consideration is that we only assessed BP and CRP as outcomes.  
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However, tools and algorithms have been developed by the American Heart 

Association (AHA) to assess wholistic cardiovascular health (CVH) as opposed to 

BP alone. For example. Life’s Essential 8 (LE8) consists of eight metrics that are 

well-established risk factors for CVD [433, 434], and is a more comprehensive 

assessment of CVH. Future analyses could be used to examine associations 

between sodium consumption (absolute or indexed to fiber) and LE8 and CRP. 

 We also acknowledge other important variables that impact BP, such as 

physical fitness, exercise and sleep, were not controlled for in the present study.  

Physical activity and sleep duration, an important dimension of sleep health, are 

included in the LE8. We are also aware that  that consistent exercise training 

improves BP outcomes, even in older participants similar in age to the participants 

used in the present analysis [435]. These variables, however, were not accounted 

for in our analysis and could potentially explain some of our unexpected findings, 

although we acknowledge this is speculative. 

 Interestingly, though we did not observe a linear fit of our nutrition variable 

(sodium and Na+/Fiber) with BP as we hypothesized, we instead observed 

nonlinear relations between Na+/Fiber and measures of BP. Specifically, we 

observed a parabolic relation in our sample where very low and very high Na+/Fiber 

demonstrated higher BPs and a Na+/Fiber ratio of ~0.2 g Na+ / g fiber demonstrated 

lower BPs. Recognizing that the average fiber intake in the US is ~16 g/ day [436], 

this results in the consumption of ~3200 mg of sodium at that ratio, which is still 

900 – 1200 mg over recommendations. Within the context of large clinical trials 

using the DASH diet [407] the increase in BP as Na+/Fiber aligns with the current 
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understanding of the impact of these two nutrients on vascular health. The 

observed increase in systolic BP, diastolic BP, and mean BP as Na+/Fiber 

decreases seems counterintuitive to the current literature, however this may be a 

case of lifestyle change in response to elevated BP (i.e., reverse causality). 

According to the National Institute for Health and Clinical Excellence, it is best 

practice for medical practitioners to advocate for diet and lifestyle changes at all 

stages of hypertension, from prehypertension to high-risk patients on medication 

[437]. This highlights the need for additional clinical trials to isolate the impact of 

sodium and fiber in the diet as our findings are observation and causality should 

not be inferred. Furthermore, we observed no relation between sodium or 

Na+/Fiber and CRP. While this does not align with what the literature describes 

(high sodium consumption increasing CRP concentration [52] and high fiber 

decreasing CRP concentration [424]) we only controlled for anti-BP medications 

and remain unaware of any over the counter or prescribed anti-inflammatory 

pharmaceuticals that participants may have taken on the day samples were 

donated. In addition to measuring more inflammatory biomarkers to get a complete 

inflammatory phenotype, these findings further demonstrate the need for clinical 

trials to interrogate the specific effects of these molecules on inflammatory 

response. 

Regarding our multiple regression analyses, since we observed no 

significant models it is difficult to determine the validity of individual variables within 

the models. One that we found particularly reliable and is backed by the current 

literature was the repeated effect of age within our models. Age is the largest risk 
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factor for impaired vascular health [76, 438] and increases in BP [439] though there 

remains nuance to progression of hypertension development [439]. Due to this 

nuance, future investigations should investigate using a wider age range for their 

analyses.  

 We do wish to recognize limitations within our analysis. The first to highlight 

is our relatively low sample size for making population level inferences. Due to the 

unfortunate prevalence of hypertension and missing data within participants in our 

variables of interest, our sample size became very limited when compared to the 

amount of data available before our filtering process. Additionally, since nutrition 

data was vital for this analysis another limitation is the protocol used to collect 

dietary data. Though it is reasonable to accept self-reported diet logs as reliable 

measures of food intake, at least regarding energy intake [440], the gold standard 

in dietary recall is to have multiple days of daily participant recordings, as opposed 

to the two day recall obtained within the NHANES data sets. However, with a 

trained investigator, it appears that electrolyte consumption can be reliably 

obtained in a single 24-hour recall [441]. 

5. Conclusion 

 In our sample of relatively healthy, older individuals not currently taking anti-

hypertensive medication, we did not observe any relations between self-reported 

sodium consumption or self-reported Na+/Fiber and BP or CRP concentration.  

Future investigations should consider prioritizing understanding the effects of 

regular or a single bout of exercise in population level data and including more 

than two days of dietary recall for regular micronutrient consumption.   
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6. Tables 

  Mean (SD) Range 

Race LatinX = 3; Hispanic Other = 6; NH-White = 34; 
NH-Black = 9; NH-Asia = 3; Other/Multi-Race = 3 

Sex M = 23; F = 35 
Age 62.7 (8.1) 50-80 
BMI  27.6 (4.2) 19.5 - 34.7 
SBP 123 (9) 103 - 138 
DBP 74 (7) 57 - 89 
MAP 90 (7) 74 - 105 
Sodium (mg/day) 2812 (1249) 765 - 5970 
Potassium (mg/day) 2335 (995) 703 - 4588 
Magnesium (mg/day) 275 (109) 84 - 513 
Sodium (mg)/Fiber(g)  213 (98) 66 - 431 
CRP (mg/L) 2.57 (2.0) 0.15 - 7.80 
Table 4.1: Demographics of observations included in this analysis 
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na+ 
(mg) -0.09 0.00 0.932 0.25 0.00 0.841 0.28 0.00 0.877 -0.26 0.00 0.881 
                          
Age (yr)       0.13 0.18 0.485 0.14 0.18 0.462 0.03 0.18 0.858 
Sex       -0.38 3.00 0.898 -0.13 3.14 0.967 0.46 3.00 0.880 
Race       -1.00 1.01 0.330 -0.90 1.12 0.424 -2.00 1.14 0.087 
BMI 
(kg/m2)       -0.26 0.32 0.421 -0.26 0.33 0.427 0.25 0.37 0.496 
                          
K (mg)             -1.76 3.17 0.581 -0.12 3.07 0.968 
Mg (mg)             19.31 29.59 0.517 2.93 28.75 0.919 
Fiber (g)             -0.05 0.29 0.861 -0.06 0.28 0.826 
                          
CRP 
(mg/L)                   -2.19 0.85 0.014 
                          
Intercept 123.6 3.1 <0.001 125.8 17.1 <0.001 124 18.3 <0.001 127.0 17.4 <0.001 
                          
Adj R2 -0.02   0.932 -0.06   0.850 -0.11   0.965 0.003   0.437 
Table 4.2: Multiple regression models assessing the relation of sodium consumption (Model 1), sodium 
consumption and common covariates of BP (Model 2), sodium consumption, common covariates of BP, and 
relevant nutrition derived covariates (Model 3); and sodium consumption, common covariates of BP, relevant 
nutrition derived covariates, and CRP (Model 4) on systolic blood pressure. 
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na (g)/ 
Fiber (g) 9.43 12.72 0.462 15.52 14.25 0.281 0.02 0.02 0.205 0.01 0.02 0.333 
                          
Age (yr)       0.16 0.17 0.332 0.22 0.19 0.248 0.11 0.18 0.554 
Sex       0.26 2.77 0.924 1.09 3.04 0.722 1.50 2.91 0.608 
Race       -1.14 1.01 0.262 -0.93 1.05 0.383 -2.02 1.10 0.073 
BMI (kg/m2)       -0.25 0.31 0.419 -0.27 0.31 0.395 0.20 0.36 0.573 
                          
K (mg)             -1.79 2.85 0.533 -0.55 2.77 0.845 
Mg (mg)             24.81 26.88 0.361 6.18 26.75 0.818 
                         
                          
CRP (mg/L)                   -2.05 0.84 0.018 
                          
Intercept 121.4 2.97 <0.001 120.3 15.56 <0.001 111.7 20 <0.001 117.0 19.24 <0.001 
                          
Adj R2 -0.008   0.462 -0.033   0.675 -0.055   0.769 0.041   0.264 
Table 4.3: Multiple regression models assessing the relation of sodium indexed to fiber (Model 1), sodium indexed 
to fiber and common covariates of BP (Model 2), sodium indexed to fiber, common covariates of BP, and relevant 
nutrition derived covariates (Model 3); and sodium indexed to fiber, common covariates of BP, relevant nutrition 
derived covariates, and CRP (Model 4) on systolic blood pressure.  
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na+ -0.94 0.76 0.220 -2.11 0.89 0.022 -2.74 1.29 0.039 -2.98 0.00 0.025 
                          
Age (yr)       -0.31 0.13 0.022 -0.30 0.13 0.029 -0.34 0.13 0.014 
Sex       -2.85 2.16 0.193 -2.94 2.25 0.198 -2.68 2.23 0.235 
Race       0.16 0.73 0.827 0.43 0.80 0.593 -0.05 0.85 0.955 
BMI 
(kg/m2)       -0.01 0.23 0.949 -0.02 0.23 0.938 0.21 0.27 0.454 
                          
K (mg)             -1.37 2.27 0.547 -0.66 2.29 0.776 
Mg (mg)             20.43 21.18 0.340 13.24 21.44 0.540 
Fiber (g)             0.06 0.21 0.756 0.06 0.21 0.768 
                          
CRP 
(mg/L)                   -0.96 0.64 0.138 
                          
Intercept 76.6 2.32 <0.001 103.5 12.4 <0.001 100.7 13 <0.001 102.0 13 <0.001 
                          
Adj R2 0.009   0.220 0.05   0.162 0.03   0.306 0.06   0.229 
Table 4.4: Multiple regression models assessing the relation of sodium consumption (Model 1), sodium consumption 
and common covariates of BP (Model 2), sodium consumption, common covariates of BP, and relevant nutrition 
derived covariates (Model 3); and sodium consumption, common covariates of BP, relevant nutrition derived 
covariates, and CRP (Model 4) on diastolic blood pressure.   
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na (g)/ 
Fiber (g) 5.42 9.77 0.581 0.22 10.99 0.984 -1.92 11.60 0.870 -3.99 -0.34 0.734 
                          
Age (yr)       -0.17 0.13 0.194 -0.22 0.14 0.125 -0.26 0.15 0.075 
Sex       -0.59 2.14 0.784 -1.34 2.32 0.566 -1.17 2.31 0.614 
Race       0.18 0.78 0.817 0.06 0.80 0.945 -0.38 0.87 0.669 
BMI 
(kg/m2)       -0.07 0.24 0.759 -0.08 0.24 0.755 0.11 0.28 0.693 
                          
K (mg)             -2.95 2.17 0.180 -2.46 2.20 0.269 
Mg (mg)             16.29 20.46 0.430 8.90 21.24 0.677 
                         
                          
CRP 
(mg/L)                   -0.81 0.66 0.228 
                          
Intercept 72.8 2.26 <0.001 86.78 12.00 <0.001 94.64 15.25 <0.001 96.74 15.27 <0.001 
                          
Adj R2 -0.01   0.581 -0.047   0.789 -0.041   0.687 -0.031   0.615 
Table 4.5: Multiple regression models assessing the relation of sodium indexed to fiber (Model 1), sodium indexed 
to fiber and common covariates of BP (Model 2), sodium indexed to fiber, common covariates of BP, and relevant 
nutrition derived covariates (Model 3); and sodium indexed to fiber, common covariates of BP, relevant nutrition 
derived covariates, and CRP (Model 4) on diastolic blood pressure.   
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na+ -0.65 0.70 0.355 -1.32 0.00 0.128 0.00 0.00 0.171 0.00 0.00 0.092 
                          
Age (yr)       -0.16 0.12 0.199 -0.15 0.13 0.238 -0.22 0.13 0.089 
Sex       -2.02 2.08 0.334 -2.00 2.17 0.362 -1.64 2.09 0.438 
Race       -0.22 0.70 0.752 -0.01 0.77 0.986 -0.70 0.80 0.388 
BMI 
(kg/m2)       -0.10 0.22 0.667 0.10 0.23 0.661 0.22 0.26 0.393 
                          
K (mg)             -1.50 2.19 0.496 -0.48 2.14 0.825 
Mg (mg)             20.05 20.47 0.332 9.80 20.13 0.629 
Fiber (g)             0.03 0.20 0.897 0.02 0.19 0.917 
                          
CRP 
(mg/L)                   -1.37 0.60 0.026 
                          
Intercept 92.3 2.16 <0.001 111 11.95 <0.001 108 12.65 <0.001 110.4 12.16 <0.001 
                          
Adj R2 -0.002   0.355 -0.03   0.631 -0.06   0.785 0.023   0.348 
Table 4.6: Multiple regression models assessing the relation of sodium consumption (Model 1), sodium consumption 
and common covariates of BP (Model 2), sodium consumption, common covariates of BP, and relevant nutrition 
derived covariates (Model 3); and sodium consumption, common covariates of BP, relevant nutrition derived 
covariates, and CRP (Model 4) on mean arterial pressure.   
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  Model 1 Model 2 Model 3 Model 4 
  β SE p β SE p β SE p β SE p 
Na (g)/ 
Fiber (g) 6.75 9.00 0.456 5.32 10.25 0.606 5.25 10.90 0.632 2.13 10.70 0.843 
                          
Age (yr)       -0.06 0.12 0.629 -0.08 0.13 0.577 -0.14 0.13 0.300 
Sex       -0.31 1.20 0.879 -0.53 2.18 0.809 -0.14 0.13 0.200 
Race       -0.26 0.73 0.721 -0.27 0.75 0.720 -0.92 0.80 0.254 
BMI 
(kg/m2)       -0.13 0.22 0.552 -0.14 0.23 0.536 0.14 0.26 0.585 
                          
K (mg)             -2.57 2.04 0.215 -1.82 2.02 0.371 
Mg (mg)             19.13 19.22 0.324 7.99 19.47 0.683 
                         
                          
CRP 
(mg/L)                   -1.23 0.61 0.050 
                          
Intercept 89.0 2.10 <0.001 98.0 11.19 <0.001 100.3 14.3 <0.001 103.5 14.00 <0.001 
                          
Adj R2 -0.008   0.456 -0.069   0.932 -0.078   0.889 -0.016   0.534 
Table 4.7: Multiple regression models assessing the relation of sodium indexed to fiber (Model 1), sodium 
indexed to fiber and common covariates of BP (Model 2), sodium indexed to fiber, common covariates of BP, and 
relevant nutrition derived covariates (Model 3); and sodium indexed to fiber, common covariates of BP, relevant 
nutrition derived covariates, and CRP (Model 4) on mean arterial pressure.  
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7. Figures 

 

Figure 4.1: Flow chart of data acquisition, filtering, and processing.
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p = 0.251

 

Figure 4.2: Simple correlations between sodium (left panels; filled circles) and Na+/Fiber (right panels; 

open circles) on systolic BP (A and E), diastolic BP (B and F), mean arterial pressure (C and G), and 

CRP (D and H). Slope (β), model fit (R2), and variable significance are presented. 
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Figure 4.3: Quadratic relations between sodium (left panels; filled circles) and Na+/Fiber (right panels; 

open circles) on systolic BP (A and E), diastolic BP (B and F), mean arterial pressure (C and G), and 

CRP (D and H). Model fit (Adjusted R2) and model significance are presented. Individual β-weights can 

be found in Supplemental Tables 4.1-4.4. 



153 
 

      Model 1 Model 2 Model 3 
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    β0 β1 β0 β1 β2 β0 β1 β2 β3 

So
di

um
 

β (p) 
123.6 

(<0.001) 
-0.09 

(0.932) 
122.2 

(<0.001) 1.0 (0.825) 
-0.2 

(0.807) 
133.7 

(<0.001) 
-12.5 

(0.424) 
4.4 

(0.398) 
-0.5 

(0.365) 

CI 
[17.5, 
129.8] 

[-2.1, 
1.9] 

[108.8, 
135.6] 

[-8.351, 
10.43] [-1.7, 1.3] 

[105.1, 
162.2] 

[-43.8, 
18.7] 

[-5.8, 
14.6] [-1.5, 0.5] 

F(df)   
0.007 [1, 

56]     
0.034 (2, 

55)       
0.301 (3, 

54) 

R2 (p)   
0.00 

(0.932)     
-0.04 

(0.967)       
-0.04 

(0.824) 
Res. W 
(p)         

0.946 
(0.012)       

0.954 
(0.027) 

AIC   428.8     430.7       431.8 

                      
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

N
a/

Fi
be

r 

β (p) 
121.4 

(<0.001) 
9.4 

(0.462) 
136.1 

(<0.001) 
-138.3 
(0.023) 

305.6 
(0.013) 

141.3 
(<0.001) 

-223.0 
(0.299) 

703.6 
(0.470) 

-550.6 
(0.680) 

CI 
[115.4, 
127.4] 

[-16.1, 
34.9] 

[123.3, 
149.0] 

[-256.7, -
20.0] 

[66.1, 
545.1] 

[113.2, 
169.3] 

[-648.8, 
202.9] 

[-1235, 
2642] 

[-3213, 
2111] 

F(df)   
0.549 (1, 

56)     
3.572 (2, 

55)       
2.403 (3, 

54) 

R2 (p)   
0.01 

(0.462)     
0.08 

(0.035)       
0.07 

(0.078) 
Res. W 
(p)         

0.967 
(0.113)       

0.966 
(0.103) 

AIC   428.2     423.7       425.5 
  Supplemental Table 4.1: Simple linear (Model 1), quadratic regression (Model 2), and cubic regression (Model 3) showing the 

relation between systolic BP and daily sodium consumption (top) and sodium indexed to fiber (bottom). Model statistics are 
presented with the highest order variable in that model. β0 represents the y-intercept, β1 represents the linear term of all models, 
β2 represents the quadratic term of all models, and β3 represents the cubic term of all models. 
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      Model 1 Model 2 Model 3 

D
ia

st
ol

ic
 B

lo
od

 P
re

ss
ur

e 

    β0 β1 β0 β1 β2 β0 β1 β2 β3 
So

di
um

 

β (p) 
76.6 

(<0.001)  
-0.94 

(0.220) 
77.0 

(<0.001) -1.3 (0.720) 0.1 (0.922) 
83.1 

(<0.001) 
-8.4 

(0.480) 
2.5 

(0.525) 
-0.2 

(0.530) 

CI 
[71.9, 
81.2] [-2.5, 0.6] 

[66.9, 
87.2] [-8.4, 5.8] [-1.1, 1.2] 

[61.4, 
104.7] 

[-32.1, 
15.3] 

[-5.3, 
10.2] [-1.0, 0.5] 

F(df)   
1.541 (1, 

56)     
0.762 (2, 

55)       
0.635 (3, 

54) 

R2 (p)   
0.03 

(0.220)     
-0.01 

(0.472)       
-0.02 

(0.595) 
Res. W 
(p)         

0.985 
(0.677)       

0.986 
(0.762) 

AIC   396.3     398.3       399.9 

                      
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

N
a/

Fi
be

r 

β (p) 
72.8 

(<0.001) 
5.4 

(0.581) 
89.9 

(<0.001) 
-165.5 

(<0.001) 
353.4 

(<0.001) 
74.9 

(<0.001) 
81.0 

(0.582) 
-806.8 
(0.231) 

1605.2 
(0.085) 

CI 
[68.2, 
77.4]  

[-14.2, 
25.0] 

[80.7, 
99.0] 

[-249.2, -
81.8] 

[184.0, 
522.8] 

[55.5, 
94.2] 

[-212.4, 
374.5] 

[-2143, 
529.4] 

[-229.2, 
3440] 

F(df)   
0.308 (1, 

56)     
8.936 (2, 

55)       
7.208 (3, 

54) 

R2 (p)   
0.01 

(0.581)     
0.22 

(<0.001)       
0.25 

(<0.001) 
Res. W 
(p)         

0.983 
(0.598)       

0.980 
(0.444) 

AIC   397.6     383.6       382.3 
  Supplemental Table 4.2: Simple linear (Model 1), quadratic regression (Model 2), and cubic regression (Model 3) showing the 

relation between diastolic BP and daily sodium consumption (top) and sodium indexed to fiber (bottom). Model statistics are 
presented with the highest order variable in that model. β0 represents the y-intercept, β1 represents the linear term of all models, 
β2 represents the quadratic term of all models, and β3 represents the cubic term of all models. 
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      Model 1 Model 2 Model 3 
M

ea
n 

A
rt

er
ia

l P
re

ss
ur

e 
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

So
di

um
 

β (p) 
92.3 

(<0.001) 
-0.65 

(0.355) 
92.1 

(<0.001) 
-0.5 

(0.879) 
-0.02 

(0.963) 
99.9 

(<0.001) 
-9.8 

(0.375) 3.1 (0.387) 
-0.3 

(0.378) 

CI 
[88.0, 
96.6] [-2.1, 0.8] 

[82.7, 
101.5] [-7.1, 6.1] [-1.1, 1.0] 

[79.9, 
120] 

[-31.7, 
12.2] [-4.0, 10.3] [-1.0, 0.4] 

F(df)   
0.869 (1, 

56)     
0.428 (2, 

55)       
0.547 (3, 

54) 

R2 (p)   
0.02 

(0.355)     
-0.02 

(0.654)       
-0.02 

(0.652) 
Res. W 
(p)         

0.984 
(0.654)       

0.992 
(0.964) 

AIC   387.7     389.7       390.9 

                      
                      
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

N
a/

Fi
be

r 

β (p) 
89.0 

(<0.001) 
6.8 

(0.456) 
105.3 

(<0.001) 
-156.5 

(<0.001) 
337.4 

(<0.001) 
97.0 

(<0.001) 
-20.3 

(0.882) 
-303.3 
(0.625) 

886.6 
(0.300) 

CI 
[84.8, 
93.2] 

[-11.3, 
24.8] 

[97.0, 
113.6] 

[-232.7, -
80.2] 

[183.2, 
491.7] 

[79.1, 
114.9] 

[-292.2, 
251.6] 

[-1541, 
934.7] 

[-813.0, 
2586] 

F(df)   
0.563 (1, 

56)     
9.989 (2, 

55)       
7.035 (3, 

54) 

R2 (p)   
0.01 

(0.456)     
0.24 

(<0.001)       
0.24 

(<0.001) 
Res. W 
(p)         

0.983 
(0.572)       

0.986 
(0.730) 

AIC   388     372.7       373.5 
  Supplemental Table 4.3: Simple linear (Model 1), quadratic regression (Model 2), and cubic regression (Model 3) showing the 

relation between mean arterial pressure and daily sodium consumption (top) and sodium indexed to fiber (bottom). Model statistics 
are presented with the highest order variable in that model. β0 represents the y-intercept, β1 represents the linear term of all 
models, β2 represents the quadratic term of all models, and β3 represents the cubic term of all models. 
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      Model 1 Model 2 Model 3 
C

-R
ea

ct
iv

e 
Pr

ot
ei

n 
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

So
di

um
 

β (p) 
3.3 

(<0.001) 
-0.27 

(0.208) 
4.2 

(0.004) 
-0.9 

(0.352) 0.1 (0.498) 
3.8 

(0.202) 
-0.5 

(0.869) 
-0.02 

(0.983) 
0.01 

(0.905) 

CI [2.0, 4.6] [-0.7, 0.2] [1.4, 6.9] [-2.9, 1.0] [-0.2, 0.4] 
[-2.1, 
9.8] [-7.1, 6.0] [-2.1, 2.1] [-0.2, 0.2] 

F(df)   
1.621 (1, 

56)     
1.036 (2, 

55)       
0.683 (3, 

54) 

R2 (p)   
0.03 

(0.208)     0.00 (0.362)       
-0.02 

(0.566) 
Res. W 
(p)         

0.927 
(0.002)       

0.927 
(0.002) 

AIC   246.7     248.2       250.2 
                      
    β0 β1 β0 β1 β2 β0 β1 β2 β3 

N
a/

Fi
be

r 

β (p) 
3.2 

(<0.001) 
-3.1 

(0.251) 
2.5 

(0.079) 3.8 (0.774) 
-14.2 

(0.593) 
6.9 

(0.027) 
-67.3 

(0.149) 
320.3 

(0.132) 
-462.8 
(0.113) 

CI [1.2, 4.5] [-8.4, 2.3] [-0.3, 5.4] 
[-22.4, 
29.9] [-67.1, 38.8] 

[0.8, 
12.9] 

[-159.4, 
24.8] 

[-99.1, 
739.7] 

[-1039, 
112.9] 

F(df)   
1.343 (1, 

56)     
0.807 (2, 

55)       
1.420 (3, 

54) 

R2 (p)   
0.02 

(0.251)     
-0.01 

(0.451)       
0.02 

(0.247) 
Res. W 
(p)         

0.934 
(0.004)       

0.929 
(0.002) 

AIC   247     248.7       247.9 
  Supplemental Table 4.4: Simple linear (Model 1), quadratic regression (Model 2), and cubic regression (Model 3) showing the 

relation between CRP and daily sodium consumption (top) and sodium indexed to fiber (bottom). Model statistics are presented 
with the highest order variable in that model. β0 represents the y-intercept, β1 represents the linear term of all models, β2 
represents the quadratic term of all models, and β3 represents the cubic term of all models. 
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Chapter 5: Can ketones attenuate high salt-induced increases in blood 

pressure reactivity? 

 

 

Abstract: 

Background: Excessive dietary sodium is ubiquitous and is a leading risk 

factor for developing cardiovascular disease (CVD). For example, high dietary 

sodium both increases blood pressure (BP) reactivity during exercise and reduces 

post exercise hypotension (PEH), which are prognostic of future CVD risk. In 

rodents, increasing ketone production via supplementation prevents several of the 

adverse effects of high sodium. However, whether ketone supplementation can 

counteract the adverse effects of high sodium in humans is unclear. Therefore, the 

purpose of this investigation was to determine whether concomitant ketone 

monoester supplementation attenuates the effects of short-term salt loading on 

BPR during exercise and PEH. Methods: 10 participants with complete data were 

instructed to consume a low sodium (0.7-0.9 mg sodium/kcal) background diet and 

in random order given one of three conditions (A: placebo capsules and placebo 

drinks; B: salt capsules and placebo drinks; and C: salt capsules and ketone 

drinks). With high salt, participants consumed ~2 mg sodium/kcal and the ketone 

supplement provided 36 grams of beta-hydroxybutyrate.  Participants provided a 

24-hour urine collection and resting venous blood sample for osmolarity and 

electrolyte assessment. We assessed BP and flow mediated dilation at rest, and 

BP during and for 30 minutes after dynamic lower body cycling at 70% of the 
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resistance measured during a VO2peak test. Results: There were no differences 

in resting BP or flow mediated dilation. There were time effects for BPR (ps < 

0.001) and PEH (ps < 0.025), but no effect of condition (ps > 0.431) and no 

interaction effects (ps > 0.382). There were no differences observed in peak BPR 

(ps > 0.091) or peak PEH (ps = 0.690). However peak mean BP reactivity (p = 

0.091, η2p = 0.168) approached significance and exhibited a large effect size. 

Conclusion: At this time, it does not appear that ketone supplementation 

ameliorates negative effects of high salt capsule supplementation. However, due 

to not reaching the sample size needed to power this analysis, more conclusive 

results will be generated upon collecting more data.  
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Abbreviations 

βHB: β-hydroxybutyrate 

BP: Blood Pressure 

BPR: Blood Pressure Reactivity 

CVD: Cardiovascular Disease 

HS: High Salt 

PEH: Post Exercise Hypotension 
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1. Background 

Excessive dietary sodium consumption is widespread across the United 

States [2-4], increases blood pressure (BP) at the population level [5, 6], and 

remains a leading risk factor for developing hypertension and cardiovascular 

disease (CVD) [7-12]. However, addressing the risk of excessive sodium 

consumption on resting BP is difficult due to a dichotomy of responders (salt 

sensitive) and non-responder (salt-resistant) within the population [442], with salt 

sensitivity increasing with age [6]. However, it has been known that large increases 

in BP during psychological and physiological stressors (blood pressure reactivity; 

BPR) increase one’s risk of developing CVD [11, 443, 444]. Thus, BPR presents 

a viable assessment of heightened CVD even in individuals who no not experience 

a change in resting BP with sodium loading (i.e., salt resistant BP). Our group and 

others have demonstrated high salt leads to exaggerated BP during exercise [11, 

12].  Moreover, several studies have demonstrated short-term high dietary salt 

reduces vascular endothelial function [11, 334, 427, 445], and we recently 

demonstrated that exaggerated BPR during dynamic lower body cycling is 

correlated with reductions in brachial artery flow mediated dilation, a gold standard 

assessment of endothelial function [11]. In addition to BPR, the reduction in BP 

following an exercise bout, termed post exercise hypotension (PEH), also has 

implications in mediating the effects of high blood pressure. Specifically, those with 

hypertension typically observe greater reductions in blood pressure after acute 

bouts of aerobic training [446]. Diminished systolic PEH (i.e., blunted PEH) has 

been demonstrated to be predictive of the development of hypertension, and 



161 
 

increased risk of future CV events, in normotensive men [447] and we have 

demonstrated that high dietary salt (HS) decrease PEH responses in a young 

relatively healthy population [382]. 

Rodent data indicate that high dietary salt suppresses production of the primary 

endogenous ketone body beta-hydroxybutyrate (βHB) and that concomitant 

ketone upregulation with high salt may attenuate some of the adverse effects of 

high salt [33, 271, 448, 449]. However, these findings have not been translated to 

humans. Independent of diets high in dietary salt, ketone upregulation through diet 

or supplementation has been demonstrated to improve resting BP [37], improve 

vascular function [38, 271], and induce favorable changes in immune cell profiles 

[39] in humans. Furthermore, understanding the close link between CVD and 

metabolic and renal diseases, acute ketone supplementation has been shown to 

improve cardiometabolic function (glucose tolerance) in humans [28, 35, 36] and 

ameliorate renal damage induced in mice [450]. Therefore, the purpose of this 

investigation was to test the following hypotheses; first that simultaneous ketone 

monoester supplementation will mitigate high salt-induced increases in BPR, and 

second that simultaneous ketone monoester supplementation will mitigate high 

salt-induced reductions in PEH in apparently healthy adults.  

 

2. Methods 

 The data presented herein were collected as part of an ongoing clinical trial 

(NCT05545501; conducted between January 2023 - Current). All procedures 

involving human research participants were approved by the Institutional Review 
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Board at Auburn University (protocol #: 22-025) and were performed in accordance 

with the Declaration of Helsinki. All participants provided written informed consent 

before participation in this study. 

2.1 Participants 

 Participants were recruited from the local community (Auburn, Alabama) and 

surrounding areas. Eligibility required for this trial included that participants be 

between the ages of 18 – 75 years old, resting BP below 150/90 mmHg, BMI below 

35 kg/m2, recreationally active (able to cycle for 40 minutes), taking blood thinning 

medications, allergies to supplement ingredients, and free of diagnosed metabolic 

disease, pulmonary disorders, CVD, Autoimmune disorders, and cancer. 

2.2 Dietary Interventions 

We used a block randomized, double-masked, placebo-controlled, 

crossover study design. Participants provided a three-day diet record (two 

weekdays and a weekend day) prior to the first intervention to assess habitual 

sodium and caloric intake. Participants were subsequently instructed on how to 

interpret nutrition labels, educated on common sources of high sodium, their own 

personal high sodium dietary choices and counseled on how to consume a diet 

with sodium consumption between 0.7 – 0.9 mg Na+/kcal by a member of the 

research team (S.O.S and S.J.).  For example, this would be 1400 – 1800 mg 

sodium/day on a typical 2,000 kcal/day diet during all 10-day intervention periods. 

Participants consumed unmarked capsules each day containing either salt 

(Morton® table salt (NaCl), to achieve ~2mg Na+/kcal; ~4,000 mg Na+/day on a 

typical 2,000 kcal/day) or a placebo (NOW Foods® maltodextrin). Prior 



163 
 

publications indicate that this duration of salt manipulation is sufficient to elicit 

physiological effects, including studies utilizing this salt capsule model [11, 72, 158, 

382, 451, 452].  

Participants consumed a total of 36 g βHB/day (12 g three times per day) 

[225] of ketone supplement (KetoneAid® KE4, KetoneAid Inc, VA, USA) or 

equivalent supplement volume of ketone-free placebo (KetoneAid® KE4 Placebo, 

KetoneAid Inc, VA, USA) for each 10-day condition. Ketone supplementation has 

been demonstrated to be physiologically relevant regarding metabolic, 

inflammatory, and vascular outcomes across acute [28, 35, 36] and short term [37-

39, 225, 453] supplementation strategies. Placebo beverages were be taste-

matched with the sugar-free sweetener and bitter agent to keep participants 

blinded [29, 35, 225]. 

Condition order was block randomized with a washout period of at least 14 

days. Participants were exposed to three supplement conditions: 1) Maltodextrin 

Placebo and KE4 placebo, 2) salt capsules and KE4 Placebo, 3) salt capsules and 

βHB-rich KE4. To ensure further control of supplement order, participants were 

randomly grouped into one of three condition orders in a 1:1:1 ratio (A: 1, 2, 3; B: 

2, 3, 1; C: 3, 1, 2) so that no condition was overrepresented at one specific 

experimental visit. Previous investigations demonstrate that no washout period 

between randomized salt manipulation diets result in demonstrable changes in 

vascular and autonomic function [102, 334]. Similarly, 14-day washouts seem to 

be sufficient for ketone supplement consumption [225, 453]. Thus, we are 

confident that our 14-day washout was adequate to minimize carryover effects. 
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2.3 VO2peak  

 Participants performed a VO2 peak test on a stationary bicycle (Monark 874E; 

Monark Sport and Medical, Vansbro Dalarnas Lan, Sweden) to assess 

cardiorespiratory fitness. Briefly, participants were instructed to keep their cadence 

between 60 and 70 revolutions per minute (rpm). Participants had a 3-minute 

warmup with 0.8 kpa loaded on to the cycle ergometer. At the conclusion of the 

three-minute warmup, additional 0.5 kpa was loaded onto the bike at the beginning 

of each minute, increasing power output by ~30 W/min. The VO2 peak test was 

stopped when participants either stopped exercising or fell below 60 rpm. 

  

2.4 Study visits 

On the tenth day of each diet, participants reported to the Neurovascular 

Physiology Laboratory at Auburn University for trial visits. All menstruating 

participants’ trial visits were scheduled during their anticipated early follicular 

phase (self-report). Upon arrival, participants provided a spot urine sample for 

assessment of hydration status via urine specific gravity (Portable refractometer). 

Participants were then allowed to rest, a venous blood sample was collected from 

the antecubital vein, and then baseline BPs were measured after an additional 10-

minute rest period. Participants then briefly rested for another 10 minutes before 

completing an exercise protocol (described below) to capture exercising BPR and 

PEH. All participants were scheduled for each of their three visits at approximately 

the same time of day (± one hour). 
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2.5 Exercise Protocol 

 We used a steady‐state submaximal (70% of VO2peak) exercise protocol and 

HR was monitored continuously. Briefly, following instrumentation, participants 

rested quietly in a dimly lit room for 10 minutes after blood draw and BP and 

vascular measures. During this 10-minute period BP was collected manually 

(Auscultatory cuff) and via SunTech CT40 (SunTech Medical, Morrisville, NC, 

USA) (post-exercise) to ensure the same device was used for BPR and PEH 

calculations. Following this period of supine rest, participants moved to an upright 

cycle ergometer (Monark 874E). Participants began submaximal aerobic exercise 

(70% VO2peak) with a five‐minute warm‐up period at self‐selected resistance. The 

resistance was then increased to the power output determined during the 

VO2peak test (described in section 2.3) for 30 minutes. After 30 minutes of 

exercise at 70% VO2peak, participants completed five additional minutes 

of aerobic exercise at a self‐selected resistance as a cool down. Exercise 

workloads for warm-up, exercise, and cool-down were matched between 

conditions. Participants pedaled at their preferred cadence above 50 revolutions 

per minute. Additionally, ratings of perceived exertion (Borg 6-20 scale) and 

exercising BP (measured via auscultatory cuff) cuff were recorded every 

five minutes. Exercise was followed by 30 minutes of supine recovery. Participants 

were permitted to drink water ad libitum during the first exercise trial and recovery 

period and were matched for the second and third visits.  
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2.6 Data, Calculations, and Statistics 

 We ran a conservative power analysis for repeated measures ANOVA with 

projected BP reactivity data based on prior rodent data on the efficacy of ketones 

to counteract high salt salt-induced changes in resting BP [33], and our prior work 

on high salt leading to exaggerated BPR [11]. The resultant estimated η2 of 0.116, 

moderate correlation within participants (r = 0.3), a priori a set at 0.05, and power 

(1-β) set at 0.90 and determined a sample size of 24. To account for ~20% dropout, 

we set our total recruitment goal to 30 participants. 

 Our BPR data was calculated by subtracting baseline BP measures from each 

measured 5-minute segment of exercise BP. Similarly, PEH was calculated as 

each measured 10-minute segment of the supine recovery subtracted from the 

average of the baseline BP measures. Outliers were not removed due to the 

sample size of the current analysis. All variables were assessed for normality using 

the Shapiro-Wilk test of normality and visual QQ plot inspection.  

 Repeated measures ANOVAs were run across all baseline molecular markers 

to determine adherence to the nutrition protocols and across all baseline applied 

measures. The Kruskal Wallis was used in the case of not normally distributed 

data. Normally distributed data is presented as mean ± SD and non-normal data 

is presented as median (IQR). Regarding BPR and PEH analyses, we performed 

two-way repeated measures ANOVA (time x condition) on normally distributed 

data. If data violated normal distribution the variable was log-transformed (systolic 

BPR, diastolic BPR, MAP BPR, systolic PEH, diastolic PEH, MAP PEH; 

additionally, Δ diastolic PEH also violated normality, however due to the Δ 
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transformation was unable to be log transformed without substantial loss of data 

and was thus in the repeated measures ANOVA without log transformation) to 

meet the assumptions of the ANOVA; data are represented as raw data and effects 

represent the condition, time, and interaction effects of the log-transformed data. 

Regarding baseline vascular measures and biomarker assessments, a repeated 

measures ANOVA was performed on parametric data and Kruskal-Wallis was 

performed on not normally distributed data. Significance was set a priori to α < 

0.05. Effect sizes were interpreted either with η2p or ε2 as the following; small = 

0.01, medium = 0.06, and large 0.14 [454]. Statistics were run in jamovi 2.3.18 

[455] and figures were made in GraphPad Prism 10.2.1. 

 

3. Results 

3.1 Demographic Data 

 Ten (10) participants completed all three experimental trials at the time of 

analysis. Descriptive statistics can be observed in Table 5.1. 

 

3.2 Effects of the Dietary Interventions (Baseline applied/molecular) 

 There were no significant differences across baseline vascular measures 

(ps > 0.233) with low effects sizes (η2p < 0.035; ε2 < 0.035) Table 5.2. Similarly, 

there were no significant differences across biological markers of hydration, urine 

and plasma osmolyte concentration, or urine and plasma electrolyte concentration 

(ps > 0.124). However, despite being underpowered, we observed moderate 
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effects for urine osmolality (p = 0.400, η2p = 0.066) and plasma potassium (p = 

0.509, ε2 = 0.050), and large effects for urine sodium (p = 0.177, η2p =0.120), urine 

potassium (p = 0.146, η2p = 0.137), urine chloride (p = 0.124, η2p = 0.148), and 

plasma sodium (p = 0.139, η2p = 0.146) Table 5.2.  

 

3.3 Blood Pressure Reactivity 

 Two-way ANOVA (condition x time) were run on all log-transformed BP 

measures (systolic, diastolic, MAP) during exercise. Effects represent the ANOVA 

of log transformed data, and data are presented as raw data points Figure 5.1A-

C. Change scores were calculated as the difference of the timepoint from pre-

exercise baseline assessed by auscultatory BP measurement. Change scores 

also violated normality, however, were unable to be log-transformed, therefore the 

effects and data represent the raw change scores Figure 5.1D-F. As anticipated, 

time had a significant effect on all measures of exercising BP (ps < 0.025), however 

condition had no effect on BP (ps > 0.431) and no interaction effects were 

observed (ps > 0.382) Figure 5.1. 

 

3.4 Post Exercise Hypotension 

Two-way ANOVA (condition x time) were run on all log-transformed BP 

measures (systolic, diastolic, MAP) for PEH. Effects represent the ANOVA of log 

transformed data, and data are presented as raw data points Figure 5.2A-C. 

Change scores were calculated as the difference of the timepoint from pre-
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exercise baseline assessed by automatic oscillometric cuff (Suntech CT40). 

Change scores also violated normality, however, were unable to be log-

transformed, therefore the effects and data represent the raw change scores 

Figure 5.2D-F. A significant main effect of time was observed on all measures of 

PEH (ps < 0.038), however condition had no effect on BP (ps > 0.629) and no 

interaction effects were observed (ps > 0.382) Figure 5.1. 

 

3.5 Peak Reactivity 

 One way ANOVA were run across all peak reactivity metrics. In the case 

where data violated normality the Krukal-Wallis was used. Effect sizes are used as 

stated previously [454]. Peak reactivity was calculated by taking the difference of 

baseline BP and the highest BP measured during exercise. No significant effects 

were observed (ps > 0.091), however there was nearly a moderate-to-large effect 

of condition on peak systolic reactivity (p = 0.154, η2p = 0.134), nearly a moderate 

effect of condition on peak diastolic reactivity (p = 0.479, η2p = 0.055) and a large 

effect of condition that approached significance in MAP reactivity (p = 0.091, η2p = 

0.168) Figure 5.3A-C. Peak hypotension was calculated by taking the difference 

of baseline BP and the lowest BP measured after exercise. No significant effects 

(ps > 0.690) or substantial effect sizes (η2p = 0.028; ε2 < 0.011) were observed 

(peak systolic hypotension: p = 0.690, η2p < 0.028; peak diastolic hypotension: p 

= 0.861, ε2 < 0.011; peak MAP hypotension: p = 0.922, ε2 < 0.006) Figure 5.3D-F. 
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4. Discussion 

 This project sought to determine whether a short-term ketone supplement 

intervention could ameliorate the effects of a high salt diet in baseline, exercising, 

and post exercise BP measures. Contrary to our hypotheses, we did not observe 

any significant findings to suggest that ketone supplementation may offset the 

negative effects of high salt consumption on cardiovascular health. However, 

approaching this discussion with the nuance that the clinical trial is still ongoing 

and at the current sample size the analysis was severely underpowered, there 

were interesting observations discovered when taking into account effect sizes that 

strengthen the rationale to continue collecting these data. Specifically, we 

observed large effect sizes of condition that impacted electrolyte excretion and 

peak BP reactivity during exercise. 

 Regarding the efficacy of the supplements, we observed no significant 

differences in urine osmolyte or electrolyte excretion. However, we did observe 

large effect sizes within these measures and elevated sodium excretion on the 

high sodium conditions with the highest sodium excretion on the high sodium and 

ketone concentration. We observed a similar trend where chloride excretion was 

higher in the high sodium conditions with no noticeable difference between the 

high sodium alone and the high sodium and ketone conditions. We used NaCl for 

within our high sodium conditions, so observing these increases is promising 

though significant sodium excretion would confirm adherence. Interestingly, 

potassium excretion was substantially decreased on the high sodium high ketone 

condition. This may suggest that in addition to ketones decreasing renal 
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inflammation [33], they may also play a role on electrolyte balance both within the 

kidney or by mediating extrarenal electrolyte concentrations [456]. Though we 

have not observed any shift in plasma electrolytes as a result from ketone 

supplementation, this is a mechanism that will continue to be investigated as our 

sample size continues to grow. One mechanism in which ketones may be active is 

by influencing the renin-angiotensin-aldosterone-system (RAAS) cascade. A 

recent study in individuals with obesity has demonstrated that a ketogenic diet and 

ketogenic diet supplemented with ketone salts results in increased aldosterone 

concentration [457]. Briefly, aldosterone is a key hormone in RAAS endocrine 

cascade responsible for regulating renal vasculature and maintaining water and 

salt homeostasis [79] by the reabsorption of sodium and water [83] and the 

excretion of potassium. This would be contrary to our findings as we are observing 

increases in sodium excretion and decreases in potassium excretion within the 

only ketone containing condition. Though, this observation remains underpowered 

and could be demonstrated to confirm these findings as the project progresses. 

Additionally, we have yet to measure aldosterone to determine whether RAAS is 

affected by the conditions. However, one potential reason for the discrepancy 

between the data generated by the ketogenic diet + ketone salt experiments and 

out data could be that we have used a ketone monoester as our vehicle while the 

other investigator used a ketone salt. Ketone salts are supplements in where a 

ketone (typically βHB or Acetylacetate) is bound to an electrolyte (commonly 

sodium or potassium) to improve transport [271]. Based on the nutrition information 

provided [458], the ketogenic diet groups consumed significantly more sodium than 
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the low fat controls, with the ketogenic diet and ketone salt supplemented group 

on average, consuming over 6000mg of sodium per day. Though with higher 

sodium consumption, aldosterone should have been suppressed like renin [457], 

suggesting an independent pathway by which ketones influence RAAS. 

 Interestingly, this same study [457] observed no negative impact on 

cardiometabolic risk factors despite the higher sodium consumptions, though this 

trial was also implementing a low-calorie diet and similar effects may not be 

observed during a typical western diet. Animal models have demonstrated that 1,3-

butanediol (a βHB precursor) supplementation was able to partially offset the 

negative effects of high sodium feeding on resting BP in rodents [33]. We did not 

observe any effect of the supplements on resting BP and have yet to confirm 

whether background sodium was controlled for in our population. However, parallel 

to the animal data, we did observe a substantial decrease in peak systolic reactivity 

and peak mean BP reactivity during exercise as a result of consuming the ketone 

monoester with the salt capsules compared to the salt capsules alone. Increases 

in peak systolic reactivity has been demonstrated to be associated with increases 

in CVD risk [11]. Despite unknown background sodium adherence, between equal 

high sodium supplementation, the ketone monoester was able to potentially 

decrease CVD risk in our relatively healthy population. Furthermore, we were able 

to also observe a similar trend in MAP.  

Taken together, these findings could suggest that ketone supplements, 

regardless of vehicle, may be an effective way to improve CVD risk in humans. As 

our sample size grows we would like to correlate our peak reactivity data with 
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baseline vascular measures to determine whether we can replicate previous 

findings from our group [11], and appropriately power analyses for the raw 

measures of BPR and PEH. As of now, we have only observed effects of time on 

exercising BP and PEH. This is to be expected as it is well established that the 

onset of exercise induces sympathetic drive to increase cardiac output in order to 

meet the physiological demand of the activity [459]. Despite different collection 

times and intensities, we have so far have observed similar BP responses to 

exercise and similar PEH as previous groups [11, 382]  

 Taking the discussion to this point with nuance, we would also like to 

acknowledge the limitations within this study and of this analysis. The primary 

limitation of this analysis is our lack of sample size. According to our power analysis 

we have only ~42% of the required sample needed to detect significant findings. 

While this could substantially contribute to why we have not detected any 

significance, it remains promising that we are observing such moderate to large 

effect sizes thus far. Similarly, reductions of nearly 20 mmHg in peak systolic 

reactivity with near equivalent baseline BPs indicate a drastic decline in BP during 

exercise. Regarding adherence, based on urine sodium and chloride excretion, it 

appears that participants may have reduced salt consumption slightly, but the HS 

conditions still greatly increased sodium excretion. It should still be noted that the 

analyzer used to assess electrolyte concentrations in plasma and urine was 

producing inconsistent data during prolonged stretches of our data collection, thus 

impairing our confidence in our electrolyte excretion measures, and urine βHB 

remains to be measured. We have stored urine and serum to reanalyze on a 
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consistent electrolyte analyzer in the future and for future data collections. 

Similarly, the exercise cycling ergometer we used malfunctioned in the middle of 

data collection, so as our sample size grows, we will be able to either control for 

bike changes within participants or exclude trials in which a different bike was 

used. 

5. Conclusion 

 Though underpowered, we observed strong, while not significant, effects of 

the high sodium condition increasing BPR which has been associated with 

increased risk of cardiovascular events. Within these same analyses, the ketone 

supplement appears to be lowering BPR substantially. While no definite conclusion 

can be made with this pilot analysis, by continuing to collect data and grow the 

sample size, the researchers will be able to make more concrete conclusions in 

the future. Regarding future data collections it is imperative to continue to provide 

detailed expectations on the low sodium background diet and have access to a 

consistent method of assessing electrolyte excretion to ensure adherence to 

nutrition regimens. 
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6. Tables and Figures 

Sex Male = 7; Female = 3 

Race 
White = 5; Black = 2; 

LatinX = 1; South Asian = 

1; Mixed = 1 

Age 33 ± 12 

Height (cm) 171.7 ± 13.1 

Mass (kg) 74.8 ± 15.2 

BMI 25.2 ± 3.2 

Table 5.1: Demographics table of 

participants (n = 10). Data are represented 

as numeric for nominal variables and 

Mean ± SD for continuous variables  
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    Low Salt - 
Placebo 

High Salt - 
Placebo 

High Salt - 
Ketone 

p-value Effect Size 
    η2p ε2 
Baseline Blood Pressures     

  

 
Systolic BP (mmHg) 107 ± 13 107 ± 14 109 ± 10 0.579 0.059 --- 

 
Diastolic BP (mmHg) 63 ± 7 63 ± 7 65 ± 6 0.138 0.198 --- 

 
MAP (mmHg) 78 ± 8 77 ± 9 80 ± 6 0.197 0.165 --- 

Biomarkers 
      

 
Spot USG 1.011 (0.012) 1.022 (0.017) 1.018 (0.015) 0.734 --- 0.023 

 
24-hour USG 1.012 (0.010) 1.013 (0.012) 1.015 (0.014) 0.658 --- 0.029 

 
Flow Rate (ml/min) 1.64 (1.34) 1.64 (1.96) 1.75 (1.34) 0.979 --- 0.001 

 
Urine Osmolality (mOsm/L) 340 ± 161 399 ± 165 450 ± 205 0.134 0.200 --- 

 
Urine Sodium (mEq/L) 55.4 ± 41.0 83.9 ± 54.9 100.1 ± 60.2 a 0.006 0.432 --- 

 
Urine Potassium (mEq/L) 46.8 ± 17.5 44.2 ± 18.6 32.6 ± 12.4 0.137 0.220 --- 

 
Urine Chloride (mEq/L) 60.3 ± 33.7 94.1 ± 38.1 a 96 ± 48.4 a 0.002 0.548 --- 

 

Plasma Osmolality 

(mOsm/L) 283 ± 6.1 285 ± 8.0 285 ± 4.4 0.851 0.020 --- 

Table 5.2: Baseline vascular measures and urine and plasma biomarkers. Normally distributed data is presented as 

Mean ± SD, was analyzed using one way ANOVA, and effect size is presented as η2p. Non normally distributed data 

is presented as Median (IQR), was analyzed using the Kruskal-Wallis test, and ε2 is presented as the effect size.             
a denotes significant difference from low salt – placebo; b denotes significant difference from high salt-placebo. 
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Figure 5.1: BP reactivity data. Time, condition, and interaction effects are the result of two-way ANOVA (time x condition) 

run on log transformed data. Raw data is shown in figures. 
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Figure 5.2: PEH data. Time, condition, and interaction effects are the result of two-way ANOVA (time x condition) run on 

log transformed data. Raw data is shown in figures. 
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Figure 5.3: Peak exercise and nadir post-exercise BP data. Normally distributed data was analyzed using one way ANOVA 

and effect size is presented as η2p. Non normally distributed data was analyzed using the Kruskal-Wallis test, and ε2 is 

presented as the effect size. 
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Chapter 6: Investigating the role of ketones in counteracting sodium-related 

immune and inflammatory dysregulation. 

 
 

 

Abstract: 

Background: High salt (HS) consumption is a leading nonmodifiable risk factor for 

cardiovascular disease and has been implicated in increasing systemic inflammation. 

Ketone bodies, specifically β-hydroxybutyrate (βHB), modulate inflammation by 

improving anti-inflammatory capacity within different populations of immune cells. 

Ketones counteract some of the adverse effects of HS but it is unclear whether they 

modulate the effects of HS on inflammation.  Therefore, the purpose of this study was to 

determine whether concomitant ketone exposure with HS in vitro or short-term ketone 

supplementation in vivo can offset increases in proinflammatory cytokine expression and 

concentration with a HS load. Methods: Two separate studies were conducted to 

investigate this question. First, 16 young, relatively healthy adults provided blood, from 

which peripheral blood mononuclear cells were isolated, treated, and lysed for RNA 

extraction. Cells were exposed to 1) low salt; 2) HS; 3) HS+ βHB; 4) a negative control; 

5) an osmotic control; and 6) a vehicle (ethanol) control. Expression of the target genes 

(TNF-α, IL-1β, IL-4, IL-6, IL-10, and MCP-1) was assessed using RT-qPCR. The second 

study isolated plasma from whole blood that was stimulated with LPS after participants 

completed three, 10-day supplement interventions; 1) placebo capsules (low salt; LS) + 

placebo beverage; 2) HS + placebo beverage; 3) HS + βHB beverage. We completed 
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enzyme linked immunosorbent assays to assess plasma concentrations of TNF-α, IL-6, 

and MCP-1. One-way repeated measures ANOVA was used for normally distributed data. 

If data were not normally distributed the Kruskal-Wallis test was used. Significance was 

set a priori to α = 0.05. Results: Regarding cytokine expression, there was an effect of 

condition on IL-1β (ANOVA, p < 0.001, η2 = 0.69) and IL-10 (ANOVA, p = 0.008, η2 = 

0.55).  IL-1β expression was increased in HS (p = 0.006, d = 2.27) compared to LS, and 

decreased by HS + βHB condition (p < 0.001, d = 3.36) compared to HS. IL-10 expression 

was significantly increased in response to the HS+βHB condition compared to LS (p = 

0.048, d = 1.80) and HS (p = 0.007, d = 2.26). No effects were observed on IL-6 

expression (ANOVA, p = 0.188, η2 = 0.22) or MCP-1 expression (ANOVA, p = 0.214, η2 

= 0.14). Regarding the in vivo study, TNF-α (ANOVA, p = 0.035, η2 = 0.343) concentration 

was decreased by HS + βHB supplementation when compared with the HS condition (p 

= 0.029, 1.16). Conclusions: These data indicate that ketones may mitigate the adverse 

effects of high sodium on proinflammatory immune cell expression and cytokine 

production. This suggests a beneficial role for ketones as immunomodulatory molecules 

in the context of HS microenvironments and diets.  
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Abbreviations 

βHB: β-hydroxybutyrate 

CCL2/MCP-1: C-C motif ligand 2/ monocyte chemoattractant protein 1 

CT: cycle threshold 

CVD: Cardiovascular disease 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

HS: High salt 

HS + βHB: High salt and high β-hydroxybutyrate 

IL-1β: Interleukin 1β 

IL-4: Interleukin 4 

IL-6: Interleukin 6 

IL-10: Interleukin 10 

IL-17: Interleukin 17 

LPS: Lipopolysaccharide 

LS: Low salt 

MQ: macrophage 

NC: Negative control 

OC: Osmotic control 

PBMC: Peripheral blood mononuclear cell 
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TNF-α: Tumor necrosis factor - α 

VC: Vehicle control 
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1. Background 

Excessive dietary sodium consumption is widespread across the United States [2-4], 

increases blood pressure at the population level [5, 6], and remains a leading risk factor 

for developing hypertension and cardiovascular disease (CVD) [7-12]. Furthermore, high 

dietary sodium has been linked to increased inflammation [19], which itself has been 

linked with increased blood pressure [20, 21, 134]. More recent studies indicate high 

sodium consumption and microenvironments also directly impact the immune system 

[135, 136, 460]. In vitro data has shown that high sodium environments preferentially 

polarize monocytes towards M1 macrophages phenotype [136, 142] over the anti-

inflammatory M2 macrophage counterparts [52] after differentiation within three hours of 

a high salt (HS) meal [142]. After a high salt diet, these cells also increased expression 

of C-C motif receptor 2 (CCR2), a receptor implicated in the pathogenesis of hypertension 

[402]. Similarly, T-cells have a similar response to high sodium microenvironments by 

preferentially differentiating into the proinflammatory Th17-cells instead of Treg-cells [135, 

182]. 

Regarding the effects of HS on the immune system and inflammation, 

microenvironments with elevated concentrations of sodium increase the prevalence of 

proinflammatory phenotypes within specific immune cell subsets [136, 142, 391]. 

Specifically, peripheral tissues such as the skin [139, 140, 461, 462] and skeletal muscle 

[165] may store relatively large amounts of osmotically inactive sodium as a means of 

extrarenal sodium regulation [52, 136, 139, 354], leading to hypersaline 

microenvironments within these tissues. In addition to the skin, any number of immune 

subsets may infiltrate target organs (cardiac, vascular, and renal tissues) commonly 
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affected by high salt consumption and hypertension [6, 354]. One of the predominating 

immune mechanisms is the dysregulation of circulating monocytes and consequently 

transmigrated macrophages (MQ). High sodium microenvironments attract monocytes in 

vitro, and induce the hyperpolarization of monocytes into the proinflammatory M1 

monocytes which mature into M1 MQs [142]. These findings suggest that higher 

interstitial Na+ concentrations may also increase localized inflammation via monocyte 

polarization and subsequent polarized MQ activation [52, 136, 142]. Additionally, once 

exposed to HS conditions, monocytes begin to produce pro-inflammatory cytokines and 

reactive oxygen species furtherer activating T-cells, which are also responsive to HS 

environments [39, 52, 135, 136, 149]. Thus, HS induced immune system dysregulation 

may further amplify BP dysregulation and CVD risk [5, 52, 136-138, 142, 463-465] 

Rodent data suggests that the ketone body β-hydroxybutyrate (βHB) may ameliorate 

some of the negative vascular consequences of sodium consumption [33]. In bovine 

monocytes, βHB exposure at hypoketotic levels decreased monocytes adhesion, 

migration, and phagocytic activity [466]. Furthermore, increasing circulating ketone 

concentrations have demonstrated an increase in oxidative phosphorylation and a shift 

away from proinflammatory phenotypes in T-cells [39]. In rodent models, ketone 

supplementation ameliorates the increases in circulating interleukin-1β (IL-1β; a highly 

proinflammatory cytokine) concentration from HS consumption [33]. However, there have 

not been any studies investigating whether ketones might be an effective nutritional 

strategy to combat the proinflammatory effects of HS consumption in humans. 

Therefore, the purpose of this study is to assess the efficacy of ketone exposure at 

reducing the inflammatory responses of HS both in vitro and ex vivo. We used two 
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experimental designs to answer these questions (outlined below). Our first question 

investigates whether direct ketone exposure can offset increases in inflammatory gene 

expression in response to HS exposure on isolated peripheral blood mononuclear cell 

(PBMC) populations. We hypothesized that HS exposure will promote mRNA expression 

of proinflammatory cytokines and will suppress mRNA expression of anti-inflammatory 

cytokines; and that direct βHB exposure would reverse the effects of the HS exposure. In 

the second experiment we hypothesized that short term (10 days) of HS consumption 

would exacerbate the inflammatory response of ex vivo lipopolysaccharide (LPS) 

stimulated whole blood by increasing inflammatory cytokine concentrations, and that 

concomitant ketone monoester supplementation would ameliorate the inflammatory 

cytokine concentration. 

2. Methods 

2.1 Experiment 1 

 The first experiment of this project was to determine whether direct βHB exposure 

in vitro would offset proinflammatory responses to high salt exposure in treated primary 

PBMCs. 

2.1.1 PBMC Isolation 

Primary human PBMC’s were isolated from venous whole blood collected from 

participants taking part in a larger parent trial (NCT04244604). Briefly, PBMC’s were 

separated using Ficoll density gradient centrifugation. We collected ~ 80mL of whole 

blood from participants. Whole blood was then mixed at a 1:1 concentration with 

Dulbecco’s Phosphate Buffered Saline and slowly layered onto the Ficoll (Lymphocyte 
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Separation Media; PromoCell; CN: C-44010) and centrifuged at 700G for 30 minutes at 

10ºC with acceleration and deceleration turned off. The buffy layer was then separated 

and washed twice in DPBS to ensure purity of PBMCs (500G for 10 minutes at 10ºC). 

Fresh PBMC’s were immediately reconstituted into 12 mL RPMI 1640 (COMPANY INFO) 

supplemented 10% FBS.  Cells were separated into 2 mL aliquots in a 6-well plate at 

densities of 0.5 – 1.0 x 106 cells/mL. Six conditions were used on each cell population; 

Positive control (Low salt; LS) – 135 mmol sodium, High Salt (HS) - 190 mmol sodium, 

High Salt and High βHB (HS+βHB) – 190 mmol sodium and 5 mmol βHB; Negative 

control (NC) – media alone, Omotic Control (OC) - media 545uL 0.8 M mannitol control, 

βHB Vehicle control (VC) + 33.3 uL Ethanol. Cells were exposed to the conditions for two 

hours, followed by an additional two-hour exposure to 10 ng/mL LPS stimulation at 37ºC 

5%CO2.  

2.1.2 RNA Extraction 

Upon completion of the incubation protocol, each cell population was lysed by 1mL of 

TRIzol (Thermo Fisher Scientific, CN: 15596026) and stored at -20ºC for at least 24 hours 

before RNA extraction. RNA samples were then isolated using a ZYMO RESEARCH 

Direct-zol RNA Miniprep Plus kit (Zymo Research; CN: R2070). Briefly samples were 

thawed at room temperature and mixed with 200 uL 1-Bromo-3-chloropropane (Acros 

Organics; CN 106860010), shaken vigorously for 15 seconds, let settle for 2 minutes, 

then centrifuged at 12,000G for 15 minutes at 4ºC. Aqueous supernatant was extracted 

and placed in new 2mL Eppendorf tubes with 1 mL of ethanol. Samples were added ~800 

uL at a time to the Zymo-Spin IIICG Column and centrifuged at 16,000G for 30 seconds 

at room temperature, twice. From here, protocol follows what is found with the kit with 
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exception of the elution step in which only 30 uL of DEPC H2O (growcell.com; CN: UPW-

0500) was used to elute RNA from the column matrix. RNA concentrations were assessed 

with a ThermoScientific NanoDrop LITE spectrophotometer then stored at -80ºC until RT-

qPCR. 

2.1.3 RT-qPCR 

We performed RT-qPCR to determine pro- and anti-inflammatory gene expression 

from the conditions above (2.1.1) within our PBMC populations. Specifically, the genes of 

interest  we targeted were IL-1β, interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10 

(IL-10), interleukin-17A (IL17A), tumor necrosis factor-α (TNF-α), and C-C motif 

chemokine ligand 2 (CCL2/MCP-1) [158, 467-470]. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as our housekeeper gene. Primer sequences can be 

found in Table 6.1. RT-qPCR was run on applied biosystems (QuantaBio3; QuantStudio 

Design & Analysis Software v1.4.2) using Fast-SYBR green reagent (Thermo Fisher 

Scientific CN: 4385610) in applied biosystems MicroAmp® Optical 96-Well Reaction 

Plate (Thermo Fisher Scientific CN: 4306737). Samples were initially heated to 95ºC at a 

rate of 2.74ºC/s and maintained at 95ºC for 20 seconds. Samples were then cooled at a 

rate of 2.12ºC/s to 60ºC where they were maintained for 20 seconds before being 

reheated at a rate of 2.74ºC/s to 95ºC where samples were maintained for one second. 

This process was repeated a total of 40 cycles with fluorescence measured at the end of 

each cycle. QuantStudio determined the cycle when exponential amplification had 

occurred. Fold change was calculated from the cycle threshold (CT) using the 2-ΔΔCt 

method for relative fold change with condition A being used as the control condition for 

experimental conditions. 
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2.2 Experiment 2 

 The second experiment of this project was to determine whether short term ketone 

supplementation may ameliorate any negative effects high salt may have on markers of 

systemic inflammation.  

2.2.1 Whole blood stimulation 

 Venous whole blood was collected as part of a registered clinical trial 

(NCT05545501) focused on the ability of ketone supplementation to attenuate the 

adverse cardiorenal consequences of high salt. Briefly, participants were counseled to 

maintain a low sodium (0.7-0.9 mg Na+/kcal) background diet while consuming one of 

three conditions: 1) placebo capsules and a placebo beverage, 2) salt capsules and a 

placebo beverage, 3) salt capsules and a ketone monoester beverage for 10 days with a 

minimum 14 days of washout between conditions. More details regarding the study 

design can be found in Chapter 5. Whole blood was stimulated with LPS (10ng/mL) at 

37ºC for 120 minutes. After LPS stimulation, whole blood was centrifuged at 1500 g for 

10 minutes. Plasma was collected and stored at -80ºC until ELISA experiments. 

 

2.2.2 ELISA 

A subset (n=8) of the above participants were selected for these experiments. 

Specifically, participants with successful blood draws from all three visits were chosen for 

these experiments. We used Enzyme linked immunosorbent assays (ELISA) to complete 

the measurement of inflammatory cytokines from the stimulated plasma. We specifically 
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investigated IL-6 (R&D Systems, CN: D6050B), TNF-α (R&D Systems, CN: DTA00D), 

and CCL2/MCP-1 (R&D Systems, CN: DCP00) based on prior investigations 

demonstrating in vivo and in vitro models that HS influence the concentrations of these 

proteins [135, 149]. 

 

2.3 Statistics 

 Based on previous work [158, 467-470], we determined that an adequate sample size 

for experiment 1 would be between 8 -10 participants. Based on the power analysis for 

Experiment 2, refer to Chapter 5, we anticipate needing to collect 24 complete samples 

for this analysis. Outliers were identified as values that fell greater than 2 standard 

deviations away from the mean for PCR variables and were subsequently removed from 

all analyses. Outliers were not assessed or removed from the stimulated blood data since 

we were only able to include 8 of the anticipated 24 participants at the time of this writing. 

All variables were assessed for normality using the Shapiro-Wilk test of normality. A one-

way repeated measures ANOVA was used for normally distributed data. If data were not 

normally distributed, the Kruskal-Wallis test was used. Significance was set a priori to α 

= 0.05. Statistics were run in jamovi 2.3.18 and figures were made in GraphPad Prism 

10. 

 

3. Results 

3.1 Experiment 1 

3.1.1 Demographics 
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 Data from 16 generally healthy participants (NCT04244604) were collected to 

generate relative mRNA expression. Of the 16 samples collected, 15 were included in the 

final analysis, due to low cell yield and low mRNA concentrations from one participant. 

Participant demographics can be found in Table 6.2. 

3.1.2 PCR analysis 

 Of the seven inflammatory targets we investigated IL-4, IL-17, and TNF-α did not 

achieve detection and thus could not be normalized and were excluded Figure 6.1. All 

cytokines were not normally distributed (ps ≤ 0.001) and Kruskal-Wallis test were run. 

There was a significant effect on IL-1β (p = 0.027, ε2 = 0.27). Post hoc analyses revealed 

no significant pairwise comparisons between nutrient exposure conditions, though HS 

compared to HS + βHB did approach significance (p = 0.054). We observed no significant 

effects of condition on IL-6 (p = 0.304, ε2 = 0.08), IL-10 (p = 0.191 ε2 = 0.21), or MCP-1 

(p = 0.538 ε2 = 0.04) expression Figure 6.1. 

 

3.2 Experiment 2 

Demographics 

 Plasma was aliquoted from whole blood, which was LPS-stimulated ex vivo from 

8 young, generally healthy participants (KEAS; NCT05545501). Participant 

demographics for these participants can be found in Table 6.3.    

ELISA Results 

 TNF-α concentration did not violate any assumptions of normality (Shapiro-Wilk = 

0.959, p = 0.545) and was analyzed with a one-way ANOVA by condition. There was a 
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significant effect of condition on TNF-α concentration (p = 0.035, η2 = 0.343). Though no 

pairwise difference was detected between low and high salt conditions (p = 0.612, 0.53), 

there was a significant decrease in TNF-α between the HS and HS+ βHB condition (p = 

0.029, 1.16) Figure 6.2A. IL-6 concentration violated normality (Shapiro-Wilk = 0.890, p 

= 0.019) and was analyzed using the Kruskal-Wallis. There was no effect of condition on 

IL-6 concentration (p = 0.504, ε2 = 0.065) Figure 6.2B. MCP-1 concentration did not 

violate any assumptions of normality (Shapiro-Wilk = 0.926, p = 0.187) and was analyzed 

with a one-way ANOVA. Similarly, there was no effect of condition on MCP-1 

concentration Figure 6.2C. 

 
 
4. Discussion 
 Briefly, we sought to determine whether exposure to the ketone body βHB could 

offset the inflammatory environment present in high salt conditions at physiologic 

concentrations both in vitro (experiment 1) and ex vivo (experiment 2). We found that IL-

1β and IL-6 expression were affected by exposure to HS and HS+βHB. In our ex vivo 

experiment we observed βHB ameliorate the response of TNF-α despite the HS 

participants were also consuming. Taken together, these findings suggest HS may induce 

some proinflammatory effects within the immune system and that the presence of βHB 

can act as an immunomodulator.  

 We did observe an effect of nutrient exposure on IL-1β expression, but none of the 

other cytokines we were able to detect and were not able to determine any pairwise effect 

of the nutrient exposure on IL-1β. Regarding the effects of HS on immune function, HS 

has been shown to induce proinflammatory phenotype polarization in monocytes and 
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macrophages [52, 136] and T-cells [135]. T-cells have separately been demonstrated to 

be responsive to ketone exposure in vivo (3-week ketogenic diet) and in vitro [39]. While 

our in vitro findings do not seem to absolutely align with the previous literature, it is worth 

noting that this work has been done using specific cell subpopulations investigating the 

roles of these nutrients alone. It is known that the immune system is comprised of multiple 

cell types and tissues each with their own unique interactions [471]; this diversity of cell 

type and function may be responsible for the variability of our relative expression data. 

Likewise, due to the variety in frequency of observation of these subpopulations within 

PBMC samples, our use of primary cells may also be increasing the variability within each 

sample in response to the nutrient exposures. 

 Interestingly, we also observed no effect of the short-term dietary intervention on 

MCP-1 or IL-6 concentrations. We have previously demonstrated that MCP-1 

concentration is increased in response to a 10-day high salt load but this was under 

unstimulated conditions, an experiment we need to complete in the current study as we 

continue to grow our sample size [158]. Additionally, previous work (all male, 14 day HS 

intervention [52]) has demonstrated that HS supplementation increases CCR2 

expression and MCP-1 concentrations. The major difference between these previous 

studies and the current work is the normalization of sodium consumption to participants’ 

daily caloric intake and inclusion of female participants. While the normalization of sodium 

consumption may increase the generalizability of our study, the more extreme, absolute, 

short-term sodium consumption requirements seem to elicit a more robust inflammatory 

response. Regarding IL-6, previous work has demonstrated that IL-6 expression is 

increased after exposure to HS [142] in monocytes, though the incubation period was 
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much longer (24 hours) than the incubation period we used (2 hours + 2 hours with LPS). 

The discrepancy in stimulation times may explain why we were unable to replicate these 

data. Similarly, longer incubation protocols can induce polarization of specific cell 

subpopulations [39]. This polarization could also impact the transcriptional activity within 

the PBMCs.  

 Though we were unable to detect any relative mRNA expression in the cell model, 

we were able to detect an effect of the 10-day nutrient intervention on TNF-α 

concentrations. TNF-α is a cytokine commonly associated with chronic inflammation and 

autoimmune disorders and is known to initiate intracellular cascades to upregulate 

proinflammatory gene expression and transcription [472]. To the best of our knowledge, 

TNF-α has not been investigated directly in response to a HS load. However, HS induces 

the polarization of proinflammatory Th17 cells [135], which activate inflammatory 

cascades, commonly using TNF-α, IL-17, and granulocyte macrophage colony-

stimulating factor [473]. We speculate that TNF-α’s role as a potent signaling protein may 

be why we were unable to detect it in vitro due to potential post translational degradation 

of the mRNA. It has also been hypothesized that LPS inhibits the degradation of TNF-α 

mRNA [474], and due to our dilution of cells during the in vitro experiments, future 

experiments should investigate optimal LPS concentrations. Additionally, with TNF-α 

being highly expressed by T-cells, a T-cell targeted stimulus in culture, such as 

PMA/ionomycin [475], should also be considered when studying TNF-α gene expression. 

We would like to recognize some limitations of the current investigation and future 

directions for investigators to consider. Regarding the in vitro experiments, future 

investigations should consider analyzing the protein content of the media and cell lysates 
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to normalize RNA and assess translational activity. This would allow for a more complete 

understanding of the transcriptional and translational mechanisms underlying how HS 

and ketone exposure may be impacting immunomodulation. Additionally, the genes that 

we were investigating may be affected at different lengths of exposure and collecting 

samples across timepoints (i.e., 2-hours, 6-hours, 12-hours, 24-hours) may elucidate 

further effects of these nutrient exposures. Regarding the ex vivo experiments, we 

recognize that our findings should be interpreted with nuance. The sample size for this 

experiment will continue to grow as this clinical trial remains active. A similar trial that 

specifically investigated T-cell activity in response to a ketogenic diet [39] had a sample 

size of 44 participants, nearly double our anticipated sample size. Similarly, other studies 

have used longer incubation times for the whole blood stimulation challenge to induce 

cytokine secretion [52]. Furthermore, the use of more than one challenge, such as 

different combinations of LPS and PMA/ionomycin alone, and LPS + PMA/ionomycin 

challenge, may be useful. Another method would be to isolate the PBMC population into 

constituent sub populations before challenging specific cell types to best elucidate their 

responses. Though, this approach would not allow for the interconnected communication 

of cell types similar to what is found in vivo.   

5. Conclusion 

 High dietary sodium has been linked with increased systemic inflammation. 

Preclinical and cell culture data suggest that the ketone βHB may have anti-inflammatory 

properties that would offset the inflammation induced by HS consumption. We have 

demonstrated that short term ketone consumption can lower circulating concentrations of 

TNF-α in spite of concomitant HS consumption compared with HS alone.  
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6. Tables and Figures 
 
 

Gene   Primers 5’ → 3’  

IL-1B Forward AAG GCG GCC AGG ATA TAA CT 
Reverse CCC TAG GGA TTG AGT CCA CA 

IL-4 Forward CAG CCT CAC AGA GCA GAA G 
Reverse CCG TTT CAG GAA TCG GAT CA 

IL-6 Forward AGG AGA CTT GCC TGG TGA AA 
Reverse CAG GGG TGG TTA TTG CAT CT 

IL-10 Forward GAA GAG AAA CGA GGG AGC CC 
Reverse ATC CCT CCG AGA CAG TGG AA 

MCP-1 Forward TCC CAA AGA AGC TGT GAT CTT CA 
Reverse CAG ATT CTT GGG TGG AGT GA 

TNF-a Forward ATC TAC TCC CAG GTC CTC TTC 
Reverse CCC GGT CTC CCA AAT AAA TAC A 

GAPDH Forward ACA GTT GCC ATG TAG ACC 
Reverse TTT TTG GTT GAG CAC AGG 

Table 6.1: Primer sequences for genes of interest and 
housekeeping gene (GAPDH).  
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Sex m = 6; f = 10 
Age (yrs) 28 ± 4 
Height (cm) 172.9 ± 8.6 
Mass (kg) 77.4 ± 15.7 
BMI (kg.m2) 25.8 ± 4.5 
SBP (mmHg) 105 ± 10 
DBP (mmHg) 64 ± 6 
MAP (mmHg) 77 ± 7 
Table 6.2: Demographics table of 
participants who donated PBMC’s 
for the in vitro experiment. 
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Sex m = 6; f = 2 
Age (yrs) 28.9 ± 4.7 
Height (cm) 172.4 ± 12.9 
Mass (kg) 74.5 ± 17.5 
BMI (kg.m2) 24.6 ± 3.0 
SBP (mmHg) 107 ± 13 
DBP (mmHg) 63 ± 6 
MAP (mmHg) 78 ± 8 
Table 6.3: Demographics table 
of participants for the ex vivo 
whole blood stimulation  
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Figure 6.1: Relative mRNA expression from PBMC’s exposed directly to nutrient 
conditions and controls. Data are presented as fold change. ANOVA were run on LS (dark 
blue), HS (Orange), and HS+βHB (light blue) only. Control conditions are represented by 
a grey coloring.  
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Figure 2 
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Figure 6.2: Cytokine expression data from stimulated whole blood from participants who 
had completed short term nutrient interventions. ANOVA was used to compare the effects 
of the conditions on TNF-α and MCP-1, Kruskal-Wallis test was used to compare the 
effects of the conditions on IL-6. 
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Chapter 7: Discussion 

 

 

 The purpose of this dissertation was to examine the deleterious effects of high salt 

consumption on vascular health and immune function, and whether alterations in habitual 

dietary patterns may improve cardiovascular disease risk outcomes. Specifically, I sought 

to determine whether common dietary constituents (primarily fiber and ketones) might 

offset any negative consequences of high salt consumption in a population level analysis 

of older healthy individuals. I also was determined to expand previous findings from a 

clinical trial that observed increased blood pressure reactivity, decreased post exercise 

hypotensive response, and increased cardiovascular disease risk after 10 days of high 

salt supplementation. To expand these findings, we added a third condition where 

participants received high salt supplements and ketone enriched supplements (with 

ketone depleted placebos accompanying the other two arms) to determine whether 

ketone supplementation can ameliorate the impact of short-term high salt diets. Finally, 

understanding the impact the immune system has on generating inflammation, how 

inflammation increases cardiovascular disease risk, and that excessive sodium in the 

surrounding milieu can activate the immune system into a proinflammatory state; I sought 

to determine the impact of these bioactive molecules (sodium and βHB) on PBMCs.  

While observing the dietary patterns of relatively healthy, older individuals, we 

observed only nonlinear relations between self-reported sodium consumption or self-

reported Na+/Fiber on BP or CRP concentration. While our data don’t align with the clinical 
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literature, this may be more reflective of a combination of chronic nutrition habits and 

relatively recent nutrition modification. Regarding the inflammatory marker, while CRP is 

a well-documented marker of systemic inflammation, a more diverse cytokine panel would 

be beneficial in elucidating the effects for inflammation on vascular health. 

Regarding our ongoing clinical trial, though the analyses were underpowered, we 

observed strong, though not significant, effects of the high sodium condition increasing 

BPR which has been associated with increased risk of cardiovascular events. Within 

these same analyses, the ketone supplement appears to be lowering BPR substantially. 

While no definite conclusion can be made with this pilot analysis, by continuing to collect 

data and grow the sample size, the researchers will be able to make more concrete 

conclusions in the future. Future data collections it is imperative to continue to provide 

detailed expectations on the low sodium background diet and have access to a consistent 

method of assessing electrolyte excretion to ensure adherence to nutrition regimens. 

Regarding the PBMC culture and stimulated whole blood models, we were not able 

to demonstrate that βHB exposure ameliorates the expression of the proinflammatory 

cytokines or overcome any suppression of the anti-inflammatory cytokine IL-10. However, 

we have demonstrated that short term ketone consumption can lower circulating 

concentrations of TNF-α after an inflammatory stimulus despite concomitant HS 

consumption compared with HS alone. These data suggest that βHB exposure may have 

immunomodulatory effects within whole PBMC populations. 

Taken together, these data suggest that βHB consumption and exposure may 

have beneficial effects on cardiovascular health and anti-inflammatory effects in vivo yet 
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more work is needed to determine whether ketones do provide cardioprotective benefits 

despite high salt consumption. 
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