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Abstract 

Asthma is a chronic respiratory condition characterized by airflow obstruction and 

breathing difficulties brought about by factors including airway inflammation and 

pulmonary remodeling that affect the smooth muscle cells of the airway and oftentimes 

diagnosed using tools to assess hyperresponsiveness to bronchoconstrictive agonists that 

trigger the smooth muscle. In allergic asthma, immune responses involving cytokines such 

as IL-4, IL-5, and IL-13, along with leukocytes including eosinophils and type 2 T-helper 

cells, drive inflammation and structural changes, including fibrosis and airway thickening. 

Bronchial smooth muscle (BSM) plays a critical role in asthma pathophysiology by 

exacerbating airway narrowing through pro-inflammatory cytokine release and increased 

contractility in response to allergens, microbial products, or inflammatory mediators. 

While bronchodilators, corticosteroids, and biologics effectively manage asthma for many 

patients, alternative or complementary therapies are needed for difficult-to-treat cases, 

particularly in obese and allergic individuals. 

Previous research has highlighted the potential for metabolic interventions to 

modify airway physiology. Obesity-associated asthma, which often presents with 

heightened airway hyperresponsiveness, is linked to metabolic dysfunction, and weight 

loss has been shown to improve symptoms and reduce inflammation. Emerging studies 

suggest that therapeutic ketosis, achieved through dietary interventions or exogenous 

ketone supplementation, may modulate airway function by altering inflammatory and 

contractile responses in bronchial smooth muscle. The primary ketone body, β-

hydroxybutyrate (BHB), augmented during times of ketosis, has demonstrated beneficial 

properties across various cell types and disease models. However, its specific effects on 

bronchial smooth muscle and airway hyperresponsiveness remain incompletely 

understood. 

We examined the effects of BHB on human bronchial smooth muscle cells 

(HBSMC) in vitro and mouse precision-cut lung slices (PCLS) ex vivo. In a dose-dependent 

manner, BHB reduced house dust mite extract (HDM)-induced morphological changes in 

BSM cells and decreased HDM protease activity. Additionally, BHB suppressed IL-1β-

induced pro-inflammatory cytokine production and inhibited histamine-induced 

contraction and bronchoconstriction, as observed through brightfield microscopy of 

HBSMC and light microscopy of PCLS, respectively. These findings suggest that BHB 

mitigates airway narrowing by reducing smooth muscle contraction and inflammatory 

signaling. Further analyses indicate that these effects may be mediated, at least in part, 

through the activation of Free Fatty Acid Receptor 3 (FFAR3), a proposed mechanism by 

which BHB elicits its protective effects on bronchial smooth muscle. 

These results highlight bronchial smooth muscle as a key target of therapeutic 

ketosis and support the potential of BHB as a novel adjunct therapy for asthma, particularly 

in individuals with difficult-to-treat disease. 
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Chapter 1: Comprehensive Literature Review 

1.1. Asthma 

1.1.1. Overview 

Asthma is a chronic, heterogeneous respiratory condition defined by the narrowing 

of the airways, leading to wheezing, shortness of breath, and difficulty breathing. These 

symptoms are often episodic and can be triggered by various factors, including allergens, 

respiratory infections, exercise, cold air, and environmental irritants such as smoke or 

pollution1. While asthma can affect individuals of any age, it often begins in childhood and 

is influenced by genetic, environmental, and immunological factors, and is increasingly 

prevalent in individuals who are obese2. 

Asthma is characterized by airway hyperresponsiveness, or an exaggerated response 

of the airways to stimuli that induce the aforementioned airway narrowing, which acutely 

induce excessive bronchoconstriction, promote airway inflammation, and eventually cause 

airway remodeling. These hallmarks of asthma contribute to the narrowing of the airway 

lumen and difficulty breathing that asthma patients often experience3. Asthma-associated 

airway hyperresponsiveness can be evaluated using the methacholine challenge test, a 

diagnostic procedure designed to assess the responsiveness of airway smooth muscle that 

initiate the subsequent responses. This test involves the inhalation of methacholine, a 

substance that causes airway constriction in individuals with asthma or other airway 

hyperreactivity conditions. By monitoring the degree of airway narrowing in response to 

methacholine, the test helps healthcare providers evaluate the functionality of the airway 

smooth muscle and plays a crucial role in confirming the diagnosis of asthma4,5. 
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1.1.2.  Allergic Asthma  

Allergic asthma is a subtype of asthma triggered by immune reactions to 

environmental triggers or allergens such as pollen, dust mites, pet dander, and mold3. The 

most common asthma phenotype, particularly in children, allergic asthma involves a 

complex interplay of immune cells associated with the cytokines interleukin(IL)-4, IL-5, 

and IL-13, inflammatory cells including eosinophils, mast cells, basophils, type 2 innate 

lymphoid (ILC2), and T helper (Th2) lymphocytes, and immunoglobulin E (IgE)-

producing plasma cells6-9, all of which contribute to chronic inflammation in the airways 

These immune responses release mediators that affect other asthma-relevant cell types, 

such as airway smooth muscle10-12 and airway epithelium6,13, exacerbating airway 

hyperresponsiveness and remodeling12,14-17. Over time, structural remodeling in the 

airways, including thickening of the airway walls, fibrosis, and increased mucus production 

caused by the chronic inflammation present in allergic asthma, can contribute to persistent 

asthma symptoms15,18. Environmental factors, such as exposure to allergens, air pollution, 

and respiratory infections, as well as genetic predisposition, can further influence the 

development and severity of allergic asthma19,20. 

1.1.3. Obesity-Associated Asthma 

Obesity has reached epidemic levels, affecting nearly 40% of adults and 19% of 

children in the United States21. A meta-analysis involving over 300,000 adults found a 

significant association between obesity and asthma, with the risk of asthma increasing as 

BMI rises22. Obesity-associated asthma is a prevalent and complex condition where excess 

body weight not only contributes to the development of asthma but also exacerbates asthma 

symptoms. The pathophysiology of obese asthma involves a multifaceted interplay of 
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mechanical and inflammatory factors. Excess adipose tissue in the thoracic and abdominal 

cavities can impair lung function mechanically and promote airway hyperresponsiveness. 

Additionally, adipose tissue releases pro-inflammatory mediators, such as cytokines 

plasminogen activator inhibitor-1, monocyte chemotactic factor-1, interleukin (IL)-6 and 

IL-8, as well as adipokines like leptin and adiponectin23-25. While the precise role of these 

mediators in asthma pathogenesis is not fully understood, it is hypothesized that they 

contribute to increased airway inflammation23,24,26. In our previous studies using a murine 

model of diet-induced obesity, we demonstrated that visceral adipocyte-conditioned media 

(Ad-CM) from mice fed a high-fat diet can induce proinflammatory responses in 

transformed mouse airway epithelial club cells27. Using an equivalent human system, we 

have previously found that weight loss following bariatric surgery reduces the ability of 

plasma from obese asthmatic individuals, to enhance proinflammatory cytokine secretion 

from human bronchial epithelial cells28 however, in human bronchial smooth muscle cells, 

exposure to Ad-CM alone did not reveal differences among the groups, but when an agonist 

was added, cells exposed to Ad-CM from non-allergic obese subjects exhibited lower 

responses than those from obese non-asthmatic subjects (Appendix A), suggesting that 

adipocyte-derived factors in the Ad-CM may not be the primary drivers behind the 

improvements in asthma management observed following weight loss in obese individuals.   

Individuals with both asthma and obesity often experience poorer asthma control 

and reduced responsiveness to standard therapies, including inhaled corticosteroids, long-

acting bronchodilators, and leukotriene receptor antagonists23,24,29,30. Weight loss, 

including through bariatric surgery, can significantly improve asthma control31. These 

benefits are evident in improved lung function, better performance on methacholine 
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challenge, and a reduction in self-reported asthma symptoms32. They also end up using less 

asthma control medication33. Together, these findings highlight the intricate relationship 

between obesity and asthma, emphasizing the contribution of adipose tissue in driving 

inflammation and airway dysfunction. Targeting obesity through weight loss interventions 

offers a promising approach to improving asthma outcomes, particularly for individuals 

with obesity-associated asthma. Understanding the mechanisms and mediators whereby 

weight loss elicits these beneficial effects remains an area of intense study. 

1.1.4. Bronchial Smooth Muscle 

Remodeling: Bronchial smooth muscle (BSM) plays a key role in maintaining 

normal airway tone and regulating airflow through controlled contraction and relaxation. 

Remodeling of the airway refers to the pathological structural changes such as increased 

BSM mass34,35. This can refer to increased BSM cell size (hypertrophy) and cell number 

(hyperplasia), which have both been described to be present in asthma36,37. Increased BSM 

mass results from a combination of smooth muscle cell hypertrophy and hyperplasia, 

driven by inflammatory mediators like cytokines and growth factors, including IL-13 and 

transforming growth factor-beta (TGF-β)38-43. These factors stimulate the proliferation of 

smooth muscle cells and their excessive accumulation in the airway walls12,14-17,38-40. 

Chronic inflammation further induces BSM hypertrophy and hyperplasia, thickening 

airway walls and reducing airflow44. The hypertrophy of smooth muscle cells also increases 

their contractile capacity, further amplifying airway constriction during asthma 

exacerbations34,39. Moreover, remodeling involves the deposition of extracellular matrix 

components, such as collagen and fibronectin, within the airway walls45-47. These structural 
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changes reduce the overall elasticity of the airways, impairing their ability to dilate 

properly and contributing to long-term airway obstruction43. 

Inflammation: Bronchial smooth muscle (BSM) also contributes to bronchial 

inflammation, acting as both a target and mediator of inflammatory reactions11,14. Key 

immune cells involved in asthma pathogenesis—such as eosinophils, mast cells, basophils, 

type 2 innate lymphoid cells (ILC2), T helper (Th2) lymphocytes, and IgE-producing 

plasma cells6,7 —release pro-inflammatory mediators like cytokines and chemokines that 

affect BSM cells10-12. These immune cells and mediators trigger complex signaling 

pathways that alter the function of BSM, enhancing airway inflammation and contributing 

to the pathophysiology of asthma. Notably, cytokines such as IL-4, IL-5, and IL-13 are 

central to BSM inflammation, driving the recruitment of inflammatory cells and enhancing 

the release of additional mediators like histamine, leukotrienes, and prostaglandins. These 

interactions not only exacerbate airway hyperresponsiveness but also amplify airway 

remodeling12,14-17, as discussed previously.  

BSM not only responds to inflammation but also actively contributes to the 

inflammatory environment. In allergic asthma, mast cells infiltrate smooth muscle tissue, 

intensifying airway hyperresponsiveness and further aggravating asthma symptoms14. The 

interaction between BSM and mast cells is critical; mast cell activation, often by allergen-

induced IgE crosslinking, induces the release of histamine, proteases, and cytokines, all of 

which contribute to the acute inflammatory response and facilitate BSM 

contraction11,12,15,48,49. This infiltration triggers BSM cells to release pro-inflammatory 

chemotactic cytokines (chemokines), such as IL-6 and IL-8, which attract additional 

inflammatory cells, including eosinophils and neutrophils, to the site of 
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inflammation34,50,51. The continued release of these mediators fosters a positive feedback 

loop of inflammation and BSM activation, further promoting airway narrowing52. 

Contraction: In healthy individuals, BSM contraction is typically a response to 

stimuli such as neural signals or environmental irritants, allowing for protective airway 

narrowing1. This contraction serves as a defense mechanism to prevent the entry of harmful 

particles or pathogens into the distal (gas-exchange) regions of the lungs; however, in 

asthma this process becomes dysregulated 34,53. The inflammatory response to mast cell 

infiltration and activation involves the production of mediators like histamine, 

leukotrienes, and prostaglandins, which independent of causing inflammation, act to 

induce bronchoconstriction and increase vascular permeability54,55. These mediators 

trigger the activation of intracellular signaling pathways, including calcium mobilization 

and protein kinase activation, leading to smooth muscle contraction and airway 

narrowing34,56-59. Other inflammatory mediators can also affect the contractile response of 

BSM. The cytokines IL-13 and IL-17A have been implicated in enhancing the expression 

of contractile proteins and calcium signaling pathways in BSM cells, further amplifying 

contraction60-62. 

BSM contraction is also exacerbated by heightened vagal nerve activity, which 

activates muscarinic receptors on the smooth muscle. When the vagus nerve, a component 

of the parasympathetic nervous system, is stimulated, it releases the neurotransmitter 

acetylcholine (ACh) from its nerve endings in the airways. Acetylcholine binds to 

muscarinic acetylcholine receptors (M3 receptors) located on the bronchial smooth muscle. 

These G-protein-coupled receptors trigger intracellular signaling pathways that lead to 

muscle contraction63-65. Activation of the M3 receptor increases intracellular calcium ion 
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(Ca²⁺) levels via the phospholipase C (PLC) pathway63,66. The elevated calcium levels 

interact with calmodulin, which activates myosin light chain kinase (MLCK), 

phosphorylating myosin light chain, facilitating the contraction of the smooth muscle 

fibers67-69 while inhibiting myosin light chain phosphatase (MLCP) and, thereby, inhibiting 

the relaxation of the smooth muscle fibers70,71. 

Bronchial smooth muscle (BSM) is central to the pathophysiology of asthma 

(Figure 1.1), as its contraction causes airway narrowing, resulting in obstruction and 

breathing difficulties17. These complex roles underscore the importance of BSM as a 

therapeutic target for addressing airway inflammation, hyperresponsiveness, and 

remodeling in asthma management. In fact, BSM are the target of the asthma control and 

asthma relief medications based on albuterol (and structurally similar compounds), which 

stimulates the β2-adrenergic receptor to promote BSM relaxation and inhibit pro-

inflammatory mediator production72-74. 
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Figure 1.1. The Role of Inflammation in Airway Smooth Muscle Pathology. The diagram 

depicts the intricate inflammatory pathways in airway diseases and their profound impact on airway 

smooth muscle (ASM). A variety of triggers initiate cascades involving immune cells and 

mediators, ultimately leading to ASM dysfunction. Therapeutic interventions targeting these 

pathways are highlighted. Inset boxes provide detailed views of cellular interactions and signaling 

cascades at the ASM level, illustrating the complexity of these inflammatory processes. 
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1.1.5. In vitro and ex vivo models and their applications 

In 1976, British statistician George Box famously stated, “All models are wrong, 

but some are useful.” This sentiment applies aptly to biological models of disease, 

including in vitro, ex vivo, and in vivo systems. In vitro systems, which simulate biological 

processes in a controlled laboratory setting using isolated cells, tissues, or biochemical 

frameworks, play a critical role in advancing biomedical research. These models are 

invaluable for studying disease mechanisms, testing therapeutic agents, and reducing 

reliance on in vivo animal experiments75. By providing controlled environments to 

manipulate specific variables, in vitro systems facilitate detailed mechanistic studies. 

Additionally, they are often cost-effective, support high-throughput drug screening, and 

accelerate drug discovery76,77. Importantly, models utilizing human cells enhance the 

translatability of findings, bridging the gap between laboratory research and clinical 

application, and ensuring greater relevance to human health78. Specifically, in studying 

lung and respiratory health, simplified in vitro representations created using human cells 

in culture can be instrumental for advancing our understanding of respiratory health and 

diseases such as asthma and that cell culture methodologies can offer control, design 

flexibility, and scalability to gain human-relevant insight79.  

The in vitro system utilized in the studies presented in this dissertation consists of 

primary asthmatic human bronchial smooth muscle cells (HBSMC), which are a relevant 

model to investigate disease-specific mechanisms such as hyperresponsiveness, 

inflammatory signaling, and structural remodeling, providing insights that are directly 

translatable to human asthma. This serves as a reductionistic model in which we can focus 

on a key component of airway hyperresponsiveness without the complexities of cell-to-
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cell, whole-organ, or systemic interactions and provides a controlled environment to test 

hypotheses, examine specific signaling pathways, and evaluate the direct effects of 

therapeutic agents on HBSMC, offering critical insights into asthma while minimizing 

confounding variables. 

In a less reductionistic modeling approach, an ex vivo model or system refers to the 

study of living tissues or organs outside their natural biological context but in conditions 

that closely mimic an in vivo environment. These models retain the structural, cellular, and 

functional complexity of intact tissues, enabling researchers to investigate physiological 

and pathological processes in a controlled setting. For instance, ex vivo models of human 

bronchial tissue are used to study airway remodeling, inflammation, and contractility in 

diseases like asthma, preserving critical interactions between epithelial cells, smooth 

muscle, and immune components80,81. Precision Cut Lung Slices (PCLS) are a valuable ex 

vivo model for studying airway reactivity and contraction, closely mimicking lung 

architecture and cellular diversity82-85. They bridge the gap between in vitro and in vivo 

studies and are particularly useful in asthma research, demonstrating altered responses like 

hyperresponsiveness and bronchoconstriction when exposed to various agonists72,82,85,86. 

PCLS offer several advantages, including the ability to study tissue responses in a setting 

that closely mimics in vivo conditions, thereby enhancing the translational relevance of 

research findings. They also reduce the need for animal models, aligning with ethical 

considerations in research. However, it's important to note that while ex vivo models 

provide a more realistic environment than in vitro systems, they may still lack certain 

systemic factors that are present in living organisms80,81,85. In summary, ex vivo models like 

PCLS serve as valuable tools in biomedical research, bridging the gap between in vitro 
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studies and in vivo animal models, and offer insights that are more directly applicable to 

human health. 

1.1.6. Current Asthma Therapies 

The management of asthma typically involves avoiding known allergens, using 

medications such as bronchodilators to open the airways, inhaled corticosteroids to reduce 

inflammation, or biologic therapies that target type 2 cytokines, their inducers, or their 

targets1,3,8. Relaxation of BSM is mediated by β2-adrenergic receptors, which activate 

intracellular signaling pathways to promote smooth muscle relaxation and maintain open 

airways87. β-agonists, a cornerstone of asthma therapy, target BSM contraction to alleviate 

airway obstruction effectively. These agents activate the β2-adrenergic receptors, 

triggering the cyclic adenosine monophosphate (cAMP) signaling pathway to relax BSM, 

improve airflow, and reduce bronchospasm. Short-acting β-agonists (SABAs), such as 

albuterol, are commonly prescribed for acute symptom relief, providing rapid 

bronchodilation during asthma exacerbations87. 

For long-term asthma management, long-acting β-agonists (LABAs), such as 

salmeterol and formoterol, are frequently combined with inhaled corticosteroids (ICS) to 

address both bronchoconstriction and airway inflammation88. This combination therapy 

has demonstrated effectiveness in reducing exacerbations and improving overall asthma 

control, although it requires careful monitoring to mitigate the potential risk of masking 

poorly controlled inflammation1,88-91. Emerging therapies aimed at modulating immune 

responses, including monoclonal antibodies against IgE, IL-4, IL-5, IL-13, and TSLP (or 

their receptors), have shown promise in improving effective disease control92-94. For 

instance, omalizumab targets IgE to reduce allergic inflammation, while dupilumab inhibits 
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IL-4 and IL-13 signaling to address type 2 inflammation in asthma95-97. Similarly, 

mepolizumab and benralizumab target IL-5 and its receptor to reduce eosinophilic 

inflammation, which is often present in severe asthma95,98,99. Targeting the alarmin, thymic 

stromal lymphopoietin (TSLP) released by stimulated airway epithelial cells, tezepelumab 

(Tezspire) is the most recently-approved biological therapy for asthma, and is prescribed 

to those patients in which other therapies have failed or in which type 2 biomarkers are 

absent100,101. Despite their efficacy, these biologics are not ideal for all patients due to 

factors such as high costs, potential side effects like injection site reactions or 

immunosuppression, and the need for frequent administration102-104. Additionally, they are 

typically indicated for patients with specific asthma phenotypes, such as severe 

eosinophilic or allergic asthma, limiting their utility for individuals whose asthma does not 

fit these categories105,106. For some 'difficult-to-treat' individuals with severe or 

uncontrolled disease, alternative or adjunctive therapies may be necessary107. 

1.2. Therapeutic Ketosis 

1.2.1. Overview 

Under normal conditions, glucose is the primary energy source for the body. It is 

derived from dietary carbohydrates and stored as glycogen in the liver and muscles. When 

glucose is plentiful, insulin secretion facilitates its uptake into cells, where it undergoes 

glycolysis to produce ATP, the body’s energy currency108. The brain, which consumes about 

20% of the body's energy, relies heavily on glucose as its primary fuel109. During periods 

of carbohydrate restriction, fasting, or prolonged exercise, glycogen stores are depleted. 

The body compensates by shifting to ketogenesis, a process in which the liver converts 

fatty acids into ketone bodies (β-hydroxybutyrate, acetoacetate, and acetone)110. This 
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metabolic adaptation ensures a continuous energy supply, especially for the brain, which 

can utilize ketone bodies in place of glucose during prolonged fasting or carbohydrate 

deprivation108-111. Ketosis, the physiological state characterized by elevated ketone levels, 

reduces the body's reliance on glucose and promotes fat metabolism as the primary energy 

source. This metabolic flexibility is crucial for survival during periods of nutrient scarcity 

and is being studied for therapeutic applications in many disorders112. 

1.2.2. Ketone Metabolism  

Ketogenesis: Ketogenesis is a metabolic pathway through which the liver produces 

molecules called ketone bodies from fatty acids. This process is primarily triggered when 

glucose levels are low, such as during prolonged fasting, carbohydrate restriction, or 

vigorous exercise. Ketogenesis serves as a critical adaptive mechanism that provides an 

alternative energy source, particularly for the brain, when glucose availability is 

insufficient110. Stimulated by hormones such as glucagon, cortisol, and epinephrine, and 

inhibited by insulin, the process begins with the lipolysis, or the breakdown of adipose 

tissue into fatty acids113,114. Triglycerides, which are the primary form of stored fat in 

adipocytes (fat cells), are hydrolyzed by the enzymes hormone-sensitive lipase (HSL) and 

adipocyte triglyceride lipase (ATGL) into glycerol and free fatty acids115,116. The free fatty 

acids are then released into the bloodstream, where they are transported to tissues such as 

the liver and muscles for oxidation and energy production114.  

Ketogenesis primarily takes place in the mitochondria of liver cells. Fatty acids are 

transported into the mitochondria through the action of carnitine palmitoyltransferase 1 

(CPT-1) and subsequently broken down into acetyl-CoA through beta-oxidation. Two 

acetyl-CoA molecules are then combined to form acetoacetyl-CoA via the enzyme thiolase, 
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also referred to as acetyl coenzyme A acetyltransferase (ACAT). Acetoacetyl-CoA is 

further converted into HMG-CoA by the enzyme HMG-CoA synthase (HMGCS2). Next, 

HMG-CoA lyase catalyzes the conversion of HMG-CoA into acetoacetate. Acetoacetate 

can either undergo non-enzymatic decarboxylation to form acetone or be reduced into β-

hydroxybutyrate by the enzyme β-hydroxybutyrate dehydrogenase (BDH1)113,114 (Figure 

1.2). The ketone bodies can then be released into the bloodstream to be utilized by 

extrahepatic, or peripheral tissues117.  

 

Figure 1.2. Ketogenesis Pathway. Simplified schematic of ketogenesis, illustrating the breakdown 

of adipocyte triglycerides into fatty acids and their conversion into β-hydroxybutyrate (BHB) 

through β-oxidation and key enzymatic steps. 

 

Ketolysis: Ketolysis is the metabolic process through which ketone bodies are 

broken down to generate energy in peripheral tissues. It complements ketogenesis, which 

produces ketone bodies in the liver, by allowing these energy-rich molecules to be utilized 

by other cells. Ketolysis occurs primarily in tissues like the brain, skeletal muscles, and 

heart, which rely on ketone bodies as an alternative fuel source118. The process of ketolysis 

begins with the transport of ketone bodies—β-hydroxybutyrate and acetoacetate—from the 

bloodstream into cells. β-hydroxybutyrate is first oxidized to acetoacetate by the enzyme 
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β-hydroxybutyrate dehydrogenase. Acetoacetate is then activated to acetoacetyl-CoA by 

the enzyme succinyl-CoA:3-ketoacid-CoA transferase (SCOT), which uses succinyl-CoA 

as a co-substrate 114,118. This step is critical because SCOT is absent in liver cells, ensuring 

that the liver does not utilize the ketone bodies it produces114,117,119. Finally, acetoacetyl-

CoA is cleaved into two acetyl-CoA molecules by the enzyme thiolase. The acetyl-CoA 

enters the citric acid cycle (Krebs cycle), where it is oxidized during oxidative 

phosphorylation to generate 22 ATP per molecule, the cell’s primary energy currency113,120 

(Figure 1.3).  

 

Figure 1.3. Ketolysis and Ketone Utilization. Overview of ketone metabolism, showing ketone 

production in hepatocytes via ketogenesis and their subsequent utilization in extrahepatic tissues 

through ketolysis for energy production. Figure created using Biorender. Adapted from cited121. 

 

Ketolysis is essential in maintaining energy homeostasis during periods of limited 

glucose availability, such as during prolonged fasting or when consuming a ketogenic diet. 
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The brain, in particular, benefits from ketolysis as it can derive up to 70% of its energy 

from ketone bodies under such conditions111. This process not only conserves glucose for 

tissues that depend exclusively on it, like red blood cells, but also helps prevent the 

excessive breakdown of muscle protein, which would otherwise be needed for 

gluconeogenesis122. While ketolysis is a natural and efficient energy pathway, imbalances 

in this system can contribute to metabolic disorders. For example, in diabetic ketoacidosis 

(DKA), excessively high levels of ketone bodies overwhelm the body’s buffering capacity, 

leading to acid-base imbalances and severe complications. One of the ketone bodies, 

acetone, does not convert back to acetyl-CoA and is instead excreted through urine or 

exhaled113. The accumulation of acetone can result in a characteristic "sweet" or fruity odor 

on the breath, which is often used as a diagnostic indicator of DKA. When properly 

regulated, as in nutritional ketosis, ketolysis functions as an adaptive mechanism that 

enhances metabolic flexibility and energy efficiency, offering significant benefits without 

the risks of ketone over-accumulation.  

1.2.3. Augmentation of Ketones 

While starvation was historically the primary way our bodies augmented ketones 

for energy, it is not the only method available to do so today. There are various modern 

approaches—such as dietary changes, fasting protocols, and supplements—that can 

stimulate ketone production without relying on prolonged periods of food deprivation123. 

Ketogenic Diet: The ketogenic diet is a high-fat, moderate-protein, and very low-

carbohydrate diet that induces ketosis and promotes the production of ketone bodies by 

limiting glucose availability and shifting the body’s metabolism toward fat oxidation124,125. 

Typical macronutrient ratios for this diet are 70–80% fat, 10–20% protein, and 5–10% 
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carbohydrates124,126. In addition to promoting fat loss, the diet has been associated with 

improvements in insulin sensitivity, reduced inflammation, and enhanced mitochondrial 

function126-128. However, long-term adherence to the ketogenic diet may require careful 

management of nutrient intake to avoid potential deficiencies in micronutrients126,129. 

Intermittent Fasting: Intermittent fasting (IF) is a dietary approach that alternates 

between periods of eating and fasting, aiming to induce ketosis. By limiting the window of 

food intake, IF leads to the depletion of glycogen stores, prompting the body to shift toward 

fat metabolism and ketone production for energy130. Popular methods of IF include the 16/8 

method, which involves a 16-hour fast followed by an 8-hour eating window, and alternate-

day fasting, where individuals consume very few calories on fasting days131. Similar to the 

ketogenic diet, research has suggested that IF can enhance insulin sensitivity, reduce 

inflammation, and improve cardiovascular health, while also supporting weight loss and 

metabolic flexibility131,132.  

Prolonged Exercise: Prolonged exercise is an effective method to augment ketone 

production by depleting glycogen stores and stimulating fat metabolism. During extended 

periods of aerobic activity, such as long-distance running or cycling, the body shifts from 

utilizing glycogen as its primary fuel source to oxidizing fatty acids, leading to the 

production of ketone bodies in the liver114. This metabolic adaptation supports sustained 

energy supply for both muscle activity and brain function during endurance exercise. 

Research shows that trained athletes often achieve higher levels of ketogenesis during 

prolonged exercise compared to sedentary individuals, as their bodies adapt to more 

efficiently utilize fat as fuel133. Additionally, combining prolonged exercise with fasting or 

a ketogenic diet can further amplify ketone production, promoting enhanced metabolic 
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flexibility and endurance134. However, to optimize the benefits of prolonged exercise, it is 

crucial to carefully manage intensity, duration, and caloric intake to avoid any negative 

impact such as ketoacidosis135.  

Exogenous Ketogenic Supplementation: Exogenous ketones, including ketone 

salts, ketone esters, or ketogenic precursors are dietary supplements that provide an 

external source of ketone bodies, such as β-hydroxybutyrate (BHB), to rapidly elevate 

blood ketone levels without a need for fasting or strict dietary modifications. Ketone salts 

combine BHB with minerals like sodium, potassium, or magnesium, whereas ketone esters, 

in the form of a monoester or diester, consist of BHB or AcAc bound to an alcohol 

molecule, enabling efficient absorption and utilization136,137. A ketogenic precursor is a 

molecule or compound that can be metabolized by the body to produce ketone bodies. 

Medium chain triglycerides and a compound 1,3-butanediol are examples of this. Medium-

chain triglycerides (MCTs) are a type of fat composed of medium-length carbon chains, 

typically ranging from 6 to 12 carbons, which are rapidly absorbed and metabolized by the 

liver to produce ketones. Found in coconut oil, palm oil, and MCT oil supplements, MCTs 

bypass normal fat digestion and directly support ketogenesis, making them a popular 

choice for enhancing ketosis138,139. MCT supplementation has been shown to improve 

energy metabolism, cognitive function, and endurance performance in ketogenic and non-

ketogenic states140-143. 1,3-Butanediol is a synthetic alcohol compound metabolized in the 

liver to beta-hydroxybutyrate (BHB), providing a direct source of ketones. Unlike MCTs, 

1,3-butanediol does not require fat metabolism for ketone production and has been studied 

for its potential in enhancing ketone levels for therapeutic and performance purposes, 
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although promising, its use is primarily experimental, with ongoing research to determine 

its safety, efficacy, and optimal dosing strategies143-145.  

Glucose-lowering Medications: Glucose-lowering medications can indirectly 

enhance ketone production by shifting the body’s metabolism toward increased fat 

oxidation. Sodium-glucose cotransporter-2 (SGLT2) inhibitors, such as canagliflozin and 

dapagliflozin, reduce blood glucose levels by promoting glucose excretion through urine, 

thereby encouraging lipolysis and ketogenesis as alternative energy pathways146. While 

these drugs are effective for managing type 2 diabetes by lowering blood glucose levels, 

and increasing ketone levels, they carry a known risk of diabetic ketoacidosis (DKA)147-

149. Risk factors for DKA in SGLT2 inhibitor users include low carbohydrate intake, 

prolonged fasting, alcohol consumption, or underlying illness. Because of these risks, 

SGLT2 inhibitors should be prescribed with caution, particularly in patients with type 1 

diabetes or other conditions predisposing them to ketoacidosis147. Recently becoming 

popular as a method of weight loss, glucagon-like peptide-1 (GLP-1) receptor agonists, 

such as semaglutide and liraglutide, improve glycemic control and promote weight loss by 

enhancing insulin secretion, reducing appetite, and potentially increasing fat oxidation150-

153. While these medications may facilitate ketosis, their primary purpose is to manage 

conditions such as type 2 diabetes and obesity. Additionally, both SGLT2 inhibitors and 

GLP-1 receptor agonists should be used under medical supervision, as they carry potential 

side effects, therefore, these medications should not be used as a primary method to 

augment ketosis without proper clinical guidance147,149,154-156. 
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1.2.4. Current Studies of Ketone Bodies as a Therapeutic  

The concept of therapeutic ketosis refers to a controlled metabolic state in which 

elevated levels of ketone bodies are utilized for therapeutic potential112. The idea of using 

ketosis to treat epilepsy has its roots in ancient medicine, long before the mechanisms of 

ketosis or even epilepsy were scientifically understood. As early as 400 BCE, Hippocrates, 

the "Father of Medicine," documented cases in which fasting alleviated seizure 

symptoms157. Additionally, reference is made in the bible of a patient with epilepsy being 

cured through “prayer and fasting”158. Fasting became a cornerstone of epilepsy treatment 

in ancient cultures, particularly within religious or spiritual contexts, where it was believed 

to cleanse the body and spirit. However, the scientific exploration of this approach didn’t 

begin until the early 20th century. 

The modern understanding of therapeutic ketosis for epilepsy began in the 1920s, 

when physicians noticed that fasting was remarkably effective in controlling seizures, 

especially in patients resistant to available treatments 159. At the time, fasting was seen as 

a radical but effective therapy, with case reports documenting patients who experienced 

significant reductions in seizure frequency or even became seizure-free. However, fasting 

had obvious limitations—it could not be sustained long-term without serious health 

risks159. This led researchers to search for alternative methods to mimic the metabolic 

effects of fasting. In 1921, Dr. Russel Wilder at the Mayo Clinic proposed the ketogenic 

diet as a means to replicate the benefits of fasting without requiring patients to abstain from 

food. The diet was designed to be high in fat, very low in carbohydrates, and moderate in 

protein, forcing the body into a state of ketosis. Wilder's work demonstrated that this diet 
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could control seizures effectively, and the ketogenic diet became a standard treatment for 

epilepsy, particularly in children160,161. 

The popularity of the ketogenic diet waned in the mid-20th century with the advent 

of anti-epileptic drugs (AEDs), which were easier to administer and more socially 

acceptable than a restrictive diet 159. However, in the 1990s, interest in the ketogenic diet 

experienced a resurgence, thanks in part to the advocacy of parents like Jim Abrahams, 

whose son Charlie had severe, drug-resistant epilepsy162. Charlie's dramatic improvement 

on the diet spurred the creation of the Charlie Foundation, which helped raise awareness 

and funding for research into the ketogenic diet as a treatment for pediatric drug-resistant 

refractory epilepsy163.  

While the exact mechanisms by which ketosis suppresses seizures are not fully 

understood, it is believed to involve changes in brain energy metabolism, stabilization of 

neuronal membranes, alterations in neurotransmitter levels, epigenetic modifications, and 

anti-inflammatory effects164-167. The diet's success also inspired the development of 

modified ketogenic protocols and exogenous ketone supplements to make the therapy more 

accessible and sustainable168,169. Today, the ketogenic diet remains a cornerstone treatment 

for drug-resistant epilepsy, and the insights gained from its use have opened the door to 

exploring therapeutic ketosis in a wide range of other neurological and metabolic 

disorders168,170 171. 

Therapeutic ketosis is being explored as a treatment strategy for several 

pathological diseases and conditions, primarily because of its metabolic effects and 

influence on inflammation, oxidative stress, and cellular energy. Other than epilepsy, 

neurological or neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Amyotrophic 
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Lateral Sclerosis (ALS), and Traumatic Brain Injury (TBI), are currently being investigated 

in their response to therapeutic ketosis112,172-176. 

Therapeutic ketosis is being explored as an adjunct treatment for cancer due to its 

potential to target the unique metabolic vulnerabilities of cancer cells. Many cancer cells 

rely on aerobic glycolysis for energy production, a phenomenon known as the Warburg 

effect, which makes cancer cells heavily dependent on glucose177. It should be noted that, 

while foundational in cancer metabolism research, this idea is understood to be more 

nuanced than originally though due to cancer heterogeneity and heterogeneity in cancer 

metabolism178,179. While the Warburg effect remains a valuable model, researchers 

increasingly view cancer metabolism as dynamic and context dependent. This shift has 

implications for therapeutic strategies like ketogenic diets, which aim to exploit cancer's 

metabolic vulnerabilities180. Such approaches must account for metabolic diversity and 

tumor adaptability to be effective181,182. Preclinical studies have demonstrated that 

ketogenic diets may slow tumor growth, inhibit metastasis, and enhance the effectiveness 

of conventional therapies such as chemotherapy and radiation183-185. However, there are 

several reports of cancer cells utilizing ketone bodies as fuels for their malignant 

transformation, growth, and metastasis186,187, making ketone therapies in cancer a topic of 

controversy. 

As previously mentioned, therapeutic ketosis and ketogenic diets (KD) have shown 

promise in managing various metabolic disorders such as obesity and type 2 diabetes, by 

addressing underlying issues related to insulin resistance, glucose dysregulation, and 

mitochondrial dysfunction114,127,154,188,189. Emerging evidence also suggests benefits in non-

alcoholic fatty liver disease (NAFLD), as the metabolic benefits are thought to result from 
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the reduction of glucose and insulin spikes, increased fatty acid oxidation, and enhanced 

mitochondrial efficiency driven by ketone metabolism190-192. 

Therapeutic Ketosis is being investigated for its potential benefits in autoimmune 

and inflammatory diseases, primarily due to the anti-inflammatory and immunomodulatory 

effects. Ketone bodies, such as beta-hydroxybutyrate (BHB), have been shown to inhibit 

the NLRP3 inflammasome, a key driver of inflammation in many chronic conditions193. In 

diseases like rheumatoid arthritis, ketone bodies have been proposed to reduce 

inflammation and joint damage by modulating immune responses and reducing oxidative 

stress194-196. Additionally, the anti-inflammatory properties of ketosis have shown promise 

in inflammatory bowel diseases (IBD), such as Crohn's disease and ulcerative colitis, by 

improving gut barrier function and reducing intestinal inflammation197-199.  

In the context of cardiovascular health, therapeutic ketosis has garnered attention 

for its potential effects, with evidence suggesting both benefits and potential risks. 

Positively, ketosis has been shown to improve several cardiovascular risk factors, including 

reductions in body weight, blood glucose levels, and triglycerides, as well as an increase 

in high-density lipoprotein (HDL), which is considered to be the "good" 

cholesterol128,200,201. Additionally, the anti-inflammatory effects of ketone bodies, such as 

beta-hydroxybutyrate, may benefit conditions like atherosclerosis by reducing vascular 

inflammation and oxidative stress201,202. However, concerns persist regarding the long-term 

safety to cardiovascular health, especially of certain high-fat ketogenic diets. Some studies 

report increases in low-density lipoprotein (LDL) or "bad" cholesterol, which could raise 

the risk of cardiovascular events129,200,203,204. Given these mixed effects, more research is 

needed to determine the long-term impact of therapeutic ketosis on cardiovascular diseases, 
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to identify populations that may benefit most from this dietary intervention, and to devise 

diets eliciting the positive benefits of ketones without the deleterious effects of long-chain 

saturated fats. 

Despite caveats, therapeutic ketosis shows promise for a wide range of conditions, 

from neurodegenerative and autoimmune diseases to cancer, though the exact mechanisms 

behind its benefits remain unclear. However, emerging research has begun to shed light on 

the potential roles and function of ketone bodies in modulating these pathological 

conditions and diseases, providing a foundation for understanding their therapeutic effects.  

1.2.5. Functions of Ketone Bodies  

Ketone bodies, including β-hydroxybutyrate (BHB), acetoacetate (AcAc), and 

acetone, are traditionally recognized as alternative energy sources during fasting or 

carbohydrate restriction. However, their potential to elicit beneficial effects across a wide 

range of diseases and conditions remains poorly understood. Proposed functions include 

roles as alternative energy sources, mediators of anti-inflammatory and antioxidant 

pathways, regulators of mitochondrial and metabolic health, modulators of immune 

function, and epigenetic regulators, with therapeutic implications for conditions discussed 

in the previous section. The following sections will explore these functions in detail, 

providing a comprehensive overview of the evidence supporting their diverse roles.  

Energetic Substrate: As previously discussed and comprising 78%, 20%, and 2% 

of circulating levels, respectively118, the ketone bodies β-hydroxybutyrate (BHB), 

acetoacetate (AcAc), and acetone serve as an alternative energy source, especially during 

fasting or carbohydrate restriction. This adaptation not only ensures survival during 

nutrient scarcity but also provides a more oxygen-efficient energy source, as BHB and 
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AcAc generate more ATP per unit of oxygen compared to glucose metabolism123. This 

metabolic strategy highlights the evolutionary importance of ketone bodies as an efficient 

and adaptive energy source and has been implicated as being closely linked to their ability 

to mitigate various diseases and conditions by providing efficient, alternative fuel during 

metabolic stress and improving cellular energy metabolism. In neurodegenerative diseases 

like Alzheimer's and Parkinson's, impaired glucose metabolism in the brain can be 

mitigated by BHB, which provides an efficient alternative energy source for neurons. BHB 

helps restore ATP levels, reduces oxidative stress, and improves cognitive function, as seen 

in Alzheimer's models205-207. 

Beyond their metabolic role, ketone bodies, especially BHB since it is the most 

abundant extracellularly, has been shown to exert several direct signaling effects, including 

binding to cell-surface receptors, transcriptional regulation, serving as a substrate for 

protein post-translational modifications, and modulating ion channel activity.  

Recognition by Cell Surface Receptors: BHB functions as a ligand for G-protein-

coupled receptor 109A (GPR109A, also called HCAR2), a receptor expressed in adipose 

tissue, immune cells, and the colon. Activation of GPR109A by BHB has been linked to 

anti-inflammatory effects, such as suppressing pro-inflammatory cytokine production and 

promoting the differentiation of regulatory T cells193. While FFAR3, also known as GPR41, 

is traditionally associated with short-chain fatty acids (e.g., butyrate, acetate, and 

propionate), emerging evidence suggests that BHB may also modulate FFAR3 activity208. 

FFAR3 is expressed in key tissues, including the gut209, nervous system210,211, and 

pancreas212, and plays a role in linking metabolic and immune functions, most importantly, 
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FFAR3 has been shown to be expressed in airway smooth muscle and modulates 

contraction213. 

Transcriptional Regulation: Ketone bodies, particularly BHB, regulate gene 

expression through their ability to inhibit key enzymes and serve as substrates for 

posttranslational modifications of proteins. These mechanisms converge to modulate 

transcriptional activity, epigenetic states, and cellular responses. BHB directly inhibits 

histone deacetylases (HDACs), enzymes that remove acetyl groups from histone proteins, 

thereby influencing chromatin structure and gene transcription. HDAC inhibition generally 

promotes a more relaxed chromatin state, facilitating the transcription of genes involved in 

stress resistance, antioxidant defense, and metabolism214,215. BHB can covalently modify 

lysine residues on histones, a process known as β-hydroxybutyrylation. This unique 

modification alters histone-DNA interactions and influences transcriptional programs 

distinct from those regulated by acetylation or methylation. β-hydroxybutyrylation has 

been shown to increase the expression of genes involved in lipid metabolism and oxidative 

stress, highlighting its role in adapting to metabolic changes during ketosis216-218. This 

adaptive regulation may underline ketone bodies' ability to attenuate disease progression 

in the aforementioned diseases and conditions.  

Modulation of Ion Channel Activity: Ketone bodies regulate the activity of various ion 

channels, impacting cellular excitability and signaling. BHB has been shown to inhibit 

voltage-gated sodium channels, reducing neuronal excitability and contributing to the 

anticonvulsant effects of ketogenic diets in epilepsy219. Additionally, BHB modulates 

ATP-sensitive potassium channels, which stabilizes membrane potential in neurons and 

regulates insulin secretion in pancreatic beta cells during fasting or ketogenic 
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states193,220,221. Emerging evidence also suggests that BHB may influence voltage-gated 

calcium channels by decreasing calcium influx into cells, thereby reducing excitotoxicity 

and preventing calcium overload, a critical factor in neurodegenerative diseases222,223. The 

regulation of ion channels by ketone bodies may work in conjunction with their signaling 

through the aforementioned cell-surface receptors, such as G protein-coupled receptors 

(GPCRs), to orchestrate a coordinated cellular response. For example, activation of the 

hydroxycarboxylic acid receptor 2 (HCAR2) by β-hydroxybutyrate (BHB) initiates anti-

inflammatory pathways and modulates energy metabolism, potentially influencing ion 

channel activity indirectly through downstream signaling cascades223. Similarly, free fatty 

acid receptor 3 (FFAR3) activation by short-chain ketones can modulate neuronal 

excitability and systemic metabolic responses, which may complement the direct effects of 

BHB on ion channels222. Together, these mechanisms integrate extracellular signaling with 

intracellular excitability, contributing to the many benefits observed.  

1.3. Therapeutic Ketosis as a Treatment for Asthma 

Asthma is a complex inflammatory disease influenced by immune dysregulation, 

oxidative stress, metabolic dysfunction, and characterized by airway hyperresponsiveness. 

Emerging evidence suggests that therapeutic ketosis, primarily through the actions of 

ketone bodies such as beta-hydroxybutyrate (BHB), may provide significant benefits in 

asthma management. This section explores the key mechanisms by which ketosis 

modulates inflammation, oxidative stress, metabolic dysfunction, and airway reactivity in 

the context of asthma, highlighting its potential as a novel therapeutic. 

Anti-inflammatory Effects: Ketosis exerts significant anti-inflammatory effects that 

could be beneficial in managing asthma, particularly through its impact on key immune 
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pathways. One of the most well-documented mechanisms whereby ketone bodies influence 

inflammatory pathways is the inhibition of the NLRP3 inflammasome, a protein complex 

that plays a central role in inflammation and the pathogenesis of asthma193,224,225. The 

NLRP3 inflammasome is responsible for activating pro-inflammatory cytokines including 

IL-1β and IL-18, which contribute to airway inflammation, hyperresponsiveness, and 

mucus production in asthma226-228. Ketones such as BHB have been shown to inhibit this 

inflammasome activation, thereby reducing the production of these harmful 

cytokines193,229. Additionally, BHB has been demonstrated to downregulate the release of 

TNFα and IL-6, two cytokines involved in systemic inflammation and airway remodeling 

in asthma229-231. Ketosis also influences macrophages, which are key players in immune 

responses, by shifting them from a pro-inflammatory (M1) phenotype to an anti-

inflammatory (M2) phenotype. This shift contributes to a reduction in inflammatory 

mediator production232,233. Furthermore, BHB has been shown to mitigate airway 

inflammation by regulating mast cell function, which in turn reduces ILC2 proliferation 

and the type 2 cytokine response. These effects suggest that BHB could serve as a 

promising therapeutic agent for managing many endotypes of asthma234.  

Anti-oxidant Effects: Oxidative stress plays a central role in the pathogenesis of asthma, 

where an imbalance between reactive oxygen species (ROS) and antioxidant defenses 

contributes to airway inflammation, tissue damage, and bronchoconstriction. Ketosis, by 

promoting the utilization of ketone bodies like BHB, has been shown to reduce ROS 

production, particularly in the mitochondria, where electron leakage from the electron 

transport chain is a major source of ROS. Ketones enhance mitochondrial efficiency by 

improving electron flow and reducing mitochondrial dysfunction, thus limiting ROS 
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generation235,236. Additionally, ketosis upregulates endogenous antioxidant systems, such 

as glutathione, which plays a crucial role in neutralizing free radicals and protecting against 

oxidative damage237-239. Studies in animal models have demonstrated that BHB decreases 

oxidative stress markers and promotes an antioxidant milieu240 that can protect airway cells 

from the damaging effects of chronic inflammation and environmental insults241,242.  

Metabolic and Obesity-related Factors: Metabolic dysfunction, particularly obesity, 

has been recognized as a significant contributor to the exacerbation of asthma symptoms. 

Obesity is associated with increased airway inflammation, airway hyperresponsiveness, 

and a greater frequency of asthma attacks26,243. The concept of therapeutic ketosis has 

gained a broader appreciation following observations in patients undergoing bariatric 

surgery, in which ketosis has been associated with improvements in asthma symptoms and 

reduced airway inflammation independent of the weight loss, suggesting that similar 

metabolic changes could benefit asthmatic individuals, particularly those with obesity28. 

This suggests that circulating factors influenced by obesity contribute to airway 

inflammation in asthma, and that weight loss can mitigate these effects perhaps through 

the early and transient production of ketone bodies. The study highlights the role of 

metabolic and obesity-related factors in asthma pathogenesis and supports the potential of 

therapeutic ketosis, achieved through weight loss interventions like bariatric surgery, to 

reduce airway inflammation in obese asthmatic individuals. This idea is further supported 

by in vivo murine studies, which demonstrated that weight loss decreased methacholine 

hyperresponsiveness in mouse models of diet-induced obese asthma, suggesting that 

similar metabolic changes through ketosis could benefit asthmatic individuals, particularly 

those with obesity244. In murine models of inherent obese asthma, mice with ketone levels 



 
 

30 

 

augmented through dietary intervention showed decreases in methacholine 

hyperresponsiveness245. This suggests that ketosis, achieved through weight loss or dietary 

interventions, may improve airway responsiveness in obese asthmatic individuals.  

Airway Hyperresponsiveness: Ketosis has been shown to have a beneficial impact on 

airway hyperresponsiveness, a hallmark of asthma. Studies in animal models suggest that 

ketone bodies, such as beta-hydroxybutyrate (BHB), can reduce the sensitivity of airway 

smooth muscles to constrictive stimuli, thereby decreasing airway reactivity246. This effect 

may result from the ability of BHB to modulate key cellular pathways involved in smooth 

muscle contraction and inflammation. While these mechanisms have been observed in 

preclinical models, there remains a gap in knowledge regarding how BHB-mediated 

modulation of these pathways influences the pathogenesis of asthma and whether these 

effects can be effectively applied in human disease management.   
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Figure 1.4. Beta-Hydroxybutyrate (BHB) as a Potential Mediator of Metabolic and 

Airway Health. Schematic illustrates the correlative and causal relationships between 

beta-hydroxybutyrate (BHB), body mass index (BMI), and airway health. The top panel 

depicts various interventions, including weight loss, bariatric surgery, time-restricted 

eating (TRE), GLP-1R agonists, and ketogenic diets, which are associated with increased 

BHB levels and BMI reduction in both rodents and humans. The bottom panel highlights 

the causal evidence linking ketogenic diets and ketone ester supplementation to improved 

airway function in asthmatic mice. The potential for therapeutic ketosis to alleviate asthma 

symptoms in humans remains an open question. Relevant PubMed IDs (PMIDs) are 

provided for each supporting study. Figure created using Biorender.  
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1.4. Scope of Dissertation 

The scope of this dissertation is centered on elucidating the mechanisms by which 

therapeutic ketosis, particularly through beta-hydroxybutyrate (BHB), influences bronchial 

smooth muscle function and asthma pathophysiology. The research is anchored in the 

complex interplay between the key hallmarks of asthmatic airway hyperresponsiveness — 

remodeling (Chapter 2), inflammation (Chapter 3), and contraction (Chapter 4). By 

investigating the attenuation of these hallmarks in bronchial smooth muscle, a central 

component to asthma pathophysiology, this work seeks to bridge gaps in the understanding 

of how ketosis may mitigate airway hyperresponsiveness in asthma.  
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2.1. Abstract 

Individuals with allergic asthma exhibit lung inflammation and remodeling 

accompanied by methacholine hyperresponsiveness manifesting in proximal airway 

narrowing and distal lung collapsibility, and they can present with a range of mild-to-

severe disease amenable or resistant to therapeutic intervention, respectively. There 

remains a need for alternatives or complements to existing treatments that could control 

the physiological manifestations of allergic asthma. Our aim was to examine the 

hypothesis that because ketones bodies elicit anti-inflammatory activity and are effective 

in mitigating the methacholine hyperresponsiveness associated with obese asthma, 

increasing systemic concentrations of ketone bodies would diminish the pathological 

outcomes in asthma-relevant cell types. Therefore, we explored the effects of ketones 

bodies on bronchial smooth muscle cells in vitro. In a dose-dependent manner, the ketone 

body beta-hydroxybutyrate (BHB) decreased house dust mite extract (HDM) induced 

morphological change of bronchial smooth muscle cells and decreased HDM protease 

activity. Increasing systemic BHB concentrations through dietary interventions could 

provide symptom relief for several endotypes of allergic asthma individuals though the 

effects on bronchial smooth muscle.  

2.2. Introduction 

Asthma is a common, chronic pulmonary disorder that mechanistically involves a 

complex interaction of lung inflammation, remodeling, and reactivity1. Allergic asthma 

increases responsiveness to bronchoconstricting agents, making both humans and mice 

hyperresponsive to the most common clinically used asthma diagnostic, methacholine2. As 

can be effectively modeled in mice3, allergic asthma typically manifests in large airway 
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methacholine hyperresponsiveness (AHR) and additionally involves distal lung 

compartments that are affected as a consequence of tethering to the airways. 

Treatments for allergic asthma include bronchorelaxing beta-agonists that increase 

airway lumen caliber, anti-inflammatory corticosteroids, and biological therapies targeting 

causal mediators of the type 2 immune response4,5. While affording effective disease 

control to the majority of patients, there remain those with “difficult-to-treat” allergic 

asthma for whom alternative or complementary therapies are needed6-8. We have recently 

reported on the beneficial effect of elevating circulating levels of ketone bodies, termed 

“therapeutic ketosis”, in mouse models of obese asthma9, wherein they significantly 

decrease methacholine hyperresponsiveness. Ketone bodies can become elevated 

systemically as fatty acids consumed in the diet10 or mobilized from adipose tissue as a 

consequence of energetic demand11-13 are catabolized through β-oxidation in the liver to 

the ketone bodies acetoacetate (AcAc) and β-hydroxybutyrate (BHB), which are then 

released into the circulation and can be used as an energy source by cells throughout the 

body14. Consuming a ketone body precursor such as 1,3-butanediol (1,3-BD)15, or ketone 

esters, a dietary supplement approved for human use16, can transiently elevate ketone body 

concentrations. 

Ketone bodies can modulate several of the key pathological processes involved in 

both obese and allergic asthma16-18. As an energy source, ketone bodies make cells less 

reliant on glycolysis14,19-23 and therefore produce less lactic acid, a catabolite implicated as 

a causal factor in allergic asthma pathogenesis24-28. Ketone bodies have been reported to 

function through cell surface receptors, including the G protein-coupled receptors 

hydroxycarboxylic acid receptor 2 (HCAR2/GPR109a) and free fatty acid receptor 3 
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(FFAR3/GPR41)11,12,29,30. Ketone bodies also function as antioxidants16,17,31,32 and exert 

anti-inflammatory effects, including suppression of NF-kappaB activation33 as well as 

inhibition of the NLRP3 inflammasome and subsequent IL-1β production18,34-36, which are 

also implicated in the pathogenesis of allergic asthma. Interestingly, IL-1, itself is a cause 

of elevated glycolysis and accompanying pathology in asthma 25,37,38. Alternate day caloric 

restriction elevates BHB levels that are correlated with reductions in oxidative stress and 

inflammation, along with improved clinical findings in overweight asthmatic subjects, 

including those with allergic asthma39. Importantly, ketone body augmentation in human 

subjects is well-tolerated40. 

Despite the strong connections between the mechanisms underlying allergic asthma 

and the beneficial effects of ketone bodies, their potential to be used therapeutically in 

allergic asthma has not been evaluated in the modern era41,42. We hypothesized that since 

ketone bodies can exert significant anti-inflammatory, redox-regulating, and metabolic 

effects, they could be relevant targets and tools in the treatment of allergic asthma. Our 

objectives were to evaluate the effectiveness of ketone bodies in reducing in vitro 

pathological features of bronchial smooth muscle, a cell type relevant to allergic asthma, 

caused by exposure to the most common perennial allergens, house dust mites 

(Dermatophagoides farinae and Dermatophagoides pteronyssinus)43. Additionally, we 

aimed to identify mechanisms through which ketone bodies may modulate these effects. 

Further understanding the efficacy and mechanisms of ketone bodies in vitro could provide 

new dietary and pharmacological targets for the treatment of allergic asthma that could in 

turn be addressed in subsequent clinical trials. 
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2.3. Methods and Materials 

2.3.1. In vitro Bronchial Smooth Muscle Cell Culture 

Human bronchial smooth muscle cells (HBSMC) purchased from Lonza 

(Morristown, NJ) were cultured using the smooth muscle cell growth medium-02 BulletKit 

according to manufacturer’s instructions at 37C in 95% humidified air containing 5% 

CO2. Cells were used within the first 9 passages to ensure proper smooth muscle 

phenotype. For experiments, HBSMC were plated at 5x104 cells/ml in 500 l media in 24-

well plates and allowed to grow for two days. The media was then removed, fresh media 

was added, and cells were treated as indicated within the figure legends for each experiment 

using Dermatophagoides pteronyssinus house dust mite (HDM) extract in saline (Part No. 

XPB70D3A25, Lot No. 343205; Stallergenes Greer, Lenoir, NC) in the absence or presence 

of BHB for 24 hours. HBSMC were imaged using a Nikon Eclipse TS100 microscope 

(Melville, NY) at 10x magnification and equipped with a MU1003 AmScope Microscope 

Digital Camera (Irvine, CA). For quantitative analysis, systemic uniform sampling by 

independent observers was used to select imaging locations. Images were binarized using 

ImageJ technology (FIJI)64 and background was eliminated using the raw images in the 

Image calculator function. Cellular surface area was quantified using the ‘bwarea’ function 

in MATLAB version R2022a (The Mathworks Inc., Natick, MA). All experimental 

conditions were replicated. 

2.3.2. Protease Activity Assay 

HDM-associated protease activity was measured using a microplate assay in which 

HDM extract was incubated in the presence of 10 g/mL of dye/quencher (D/Q)-ovalbumin 

(catalog # D-12053, Molecular Probes, Eugene, OR) without or with BHB at 37°C for 1 

hour. Fluorescence intensity (excitation 485  20 nm and emission 528  20 nm) induced 
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by the protease-dependent liberation of the quencher (Q) from the BODIPY FL fluorescent 

dye (D) was read every minute on a Bio-Tek Synergy HTX multi-mode plate reader. End 

values are presented. 

2.4. Results 

2.4.1. Bronchial Smooth Muscle Morphological Change induced by House Dust Mite 

Extract is inhibited by β-hydroxybutyrate.  

Results from the animal models of allergic asthma44 as well as the mouse models 

of obesity-associated asthma reported previously9, suggested prominent effects of ketone 

bodies on bronchial smooth muscle. Consequently, we exposed human bronchial smooth 

muscle cells (HBSMCs) to HDM in the absence or presence of a BHB racemic mixture 

((R,S)-BHB) used in Figures 1 and 2, as well as single (R)-BHB and (S)-BHB enantiomers, 

and visualized cell surface area by light microscopy (Figure 2.1A). In contrast to 

unexposed control cells, HBSMCs exposed to HDM displayed a contracted phenotype in 

which the cell area of the unexposed, confluent cells in culture were markedly condensed. 

The presence of BHB, whether the mixed enantiomer or single enantiomers (e.g., (R)-BHB 

or (S)-BHB), decreased HDM-induced HBSMC contraction. Quantitation of cell pixel 

density revealed that HBSMC contraction induced by HDM was inhibited in a dose-

dependent manner irrespective of the BHB enantiomer (Figure 2.1B). 

2.4.2. House Dust Mite Extract Protease Activity is inhibited by β-hydroxybutyrate.  

As allergen-associated proteases are an important means of HDM-induced cellular 

activation45, and HDM protease can directly influence bronchial smooth muscle cell 

morphology46, we examined the effect of several BHB enantiomers on HDM protease 

activity47. The assay employed is sensitive to both selective serine (e.g., trypsin) and 

cysteine (e.g., papain) proteases, as well as to the mixture of serine and cysteine proteases 
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present in house dust mite extract48. Furthermore, the assay employs a substrate optimized 

for studies of endo-lysosome proteolysis, so is insensitive to acid-mediated inhibition49 . 

The BHB racemic mixture as well as the single enantiomers equally inhibited HDM 

protease activity in a dose-dependent manner (Figure 2.1C), implicating an absence of 

BHB stereoselectivity in this effect. 

2.5. Discussion 

The increasingly prevalent global asthma epidemic50, especially of severe asthma6-

8, has created a pressing need to devise alternative and complementary strategies to limit 

the impact on patients’ lives imposed by the syndrome. “Therapeutic ketosis” is one such 

approach that has recently gained attention for its potential to provide benefit in a myriad 

of disease settings and through a number of mechanisms. As reported herein, our studies 

demonstrate that the ketone body BHB inhibit agonist-induced morphological change in 

asthma-relevant cell type bronchial smooth muscle, in a dose-dependent manner. 

Mechanisms whereby these ketones elicit effects in vitro remain uncertain, but may include 

activation of cell surface receptors, providing energetic substrates for utilization through 

the Krebs cycle, functioning as antioxidants, modulating intracellular signaling regulating 

cytokine production and cell contraction, and inhibiting allergen protease activity. 

Moreover, through these or other mechanisms, dietary treatments that increase systemic 

concentrations of BHB in vivo, including ketogenic diet, ketone body precursor feeding, or 

ketone ester supplementation decrease allergic asthma-associated methacholine 

hyperresponsiveness, the most relevant pathophysiological manifestation of preclinical 

asthma models.  
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Both large airway and peripheral lung dysfunction are present in allergic asthma51, 

and our interventions show that increased BHB concentrations benefit both these 

anatomical units. In our previously published preclinical obese asthma models presented, 

and the published manuscript that this data is included in, ketone bodies decreased the 

parameter RN, which provides a measure of the flow resistance of the entire airway tree9,44. 

Ketone body augmentation also decreased tissue damping, G, and tissue elastance, H, 

which are increased by the development of heterogeneous ventilation to the distal reaches 

of the lung due to variations in airway narrowing, and also by derecruitment of lung units52, 

both of which are particularly sensitive to contraction of peripheral airways53. As the 

central airways and the lung periphery are not mechanically independent due to the 

tethering of parenchymal tissues to the airways54, we speculate that a mechanism through 

which ketones restrain AHR may involve affecting bronchial smooth muscle cells affected 

by HDM challenges, attenuating their capacity to contract in response to methacholine and 

thereby affecting the changes in all three mechanics parameters. 

Our studies using human bronchial smooth muscle cells cultured in vitro show that 

HDM-induced morphological change is attenuated in the presence of BHB and is at least 

partially a consequence of BHB-mediated inhibition of HDM protease activity. We posit 

that providing elevated levels of ketone bodies could provide benefit55 to allergic asthma, 

and may do so through a number of direct and indirect effects on lung physiology 

throughout the proximal airways and distal airspaces that modulate inhaled methacholine 

hyperresponsiveness. Although our studies reveal one mechanism by which ketone bodies 

may beneficially affect allergic asthma by attenuating HDM-induced effects on bronchial 

smooth muscle cells, the effects observed in vitro may also be evoked if high concentrations 
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of BHB were achieved in vivo, perhaps through pharmacological instead of dietary means. 

Several studies of in vivo anti-inflammatory activities of therapeutic ketosis have been 

reported, with some directly relevant to lung inflammation18,34,35. Intriguingly, it has been 

shown that ketogenic diet inhibits allergic airway inflammation elicited by the protease 

papain by decreasing type 2 innate lymphoid cell (ILC2) influx, activation, and 

accompanying cytokine production, although the mechanism described was related to 

decreased glucose availability rather than the effects of ketone bodies, per se, and 

methacholine responsiveness was not assessed56. 

Beta-hydroxybutyrate has been reported to function as a class-I histone deacetylase 

(HDAC) inhibitor11,12,32 and to induce β-hydroxybutyrylation of histone H3 lysines57,58 to 

influence gene expression. Histone modifications have been reported in the context of 

allergic asthma59,60. β-hydroxybutyrylation also post-translationally modifies a multitude 

of additional cellular proteins with both known effects and heretofore unknown 

consequences61,62. Although we speculated that β-hydroxybutyrylation of HDM proteins 

could account for the ability of BHB to inhibit HDM protease activity, inconsistencies of 

available reagents did not enable us to provide compelling evidence to support this 

hypothesis. As we previously reported altered expression of the smooth muscle-associated 

genes, Tagln (transgelin / SM-22 alpha) and Acta2 (actin alpha 2 / alpha smooth muscle 

actin), in the lungs of methacholine-hyperresponsive, HFD-fed obese mice, which were 

decreased in obese mice consuming a ketone ester supplement, perhaps these cells in vivo 

are targets of BHB-induced post-translational modifications affecting gene expression or 

protein functions related to methacholine hyperresponsiveness. Effects of BHB on 

methacholine-induced intracellular signaling events in bronchial smooth muscle cells merit 
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further investigation. Intriguingly, inflammasome activation18,34-36 and PAD4-regulated 

netosis63 are both inhibited by BHB, which decreases the regulated secretion of bioactive 

products, including IL-1 and neutrophil extracellular traps, respectively. It is possible that 

in addition to inhibiting bronchial smooth muscle contraction, BHB inhibits mucus 

secretion from methacholine-stimulated airway goblet cells that could affect airflow and, 

therefore, the parameters measured in our flexiVent analysis9,44. 

There are several limitations to our findings. Namely, we conducted in vitro studies 

using primary human bronchial smooth muscle cells instead of human subjects. While 

informative, human cell studies fail to capture the prolonged and complex nature of human 

asthma. They offer a reductionist approach by focusing on a single cell type and a specific 

agonist that readily initiates an inflammatory cascade, allowing us to observe only the 

inhibitory effects of BHB at that initial step without assessing its role in maintaining 

suppression or facilitating recovery. Another notable limitation of this study is the lack of 

assessment of the remodeling response of bronchial smooth muscle to HDM extract 

stimulation. Overall, these findings support the potential of therapeutic ketosis as a 

promising complement or alternative to other conventional approaches for asthma 

treatment in patients.  
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2.6. Figure Legends 

Figure 2.1. -hydroxybutyrate decreases bronchial smooth muscle morphological 

change and inhibits protease activity of house dust mite extract.  

Human bronchial smooth muscle cells (HBSMCs) cultured in vitro for 24 hours in the 

absence (control) or presence of house dust mite extract (HDM) and increasing 

concentrations of a racemic BHB mixture or individual enantiomers of BHB were 

visualized by light microscopy for a contractive phenotype (A). The pixel count of cells in 

the images were quantitated (B). Images and values are representative of studies performed 

twice. HDM was incubated in the absence of or in increasing concentrations of BHB and 

a fluorogenic protease substrate for 1 hour and fluorescence was measured (C). N = 4 

samples/group. **** = p≤0.0001 compared to HDM. 
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2.7. Figures 

Figure 2.1. -hydroxybutyrate decreases bronchial smooth muscle morphological 

change and inhibits protease activity of house dust mite extract.  
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3.1. Abstract 

Asthma is a common airway condition causing breathing difficulties due to 

reversible airflow obstruction. It often affects obese individuals, with symptoms triggered 

by environmental factors that induce immune responses, leading to inflammation and 

bronchoconstriction. Bronchial smooth muscle (BSM) plays a central role in airway 

narrowing, driven by type 2 immune responses involving cytokines like IL-4, IL-5, and IL-

13, along with leukocytes including eosinophils and type 2 T-helper cells. These responses 

cause structural changes such as fibrosis and airway thickening, while BSM cells worsen 

asthma by releasing pro-inflammatory cytokines in response to allergens, microbial 

signals, or inflammatory cytokines from other cells. While current treatments manage 

asthma in most patients, alternative therapies are needed for difficult-to-treat cases, 

particularly prevalent in obese, allergic individuals. Emerging research suggests that 

therapeutic ketosis, induced by dietary changes or ketone supplementation, may reduce 

airway hyperresponsiveness and inflammation. The primary ketone body, β-

hydroxybutyrate (BHB), produced during carbohydrate scarcity, acts via cell-surface 

receptors and transporters, potentially mitigating asthma symptoms. Weight loss and 

caloric restriction increase ketone levels, correlating with reduced inflammation and 

improved asthma outcomes. We hypothesized that β-hydroxybutyrate (BHB) reduces 

bronchoconstriction and inflammation in asthma by targeting bronchial smooth muscle. 

Using human bronchial smooth muscle cells (HBSMC) in vitro, we demonstrate herein that 

BHB suppresses IL-1β-induced pro-inflammatory cytokine production through Free Fatty 

Acid Receptor 3 (FFAR3) activation. These findings suggest that bronchial smooth muscle 

is a key target of therapeutic ketosis, supporting BHB’s potential benefits in preclinical 

asthma models. 
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3.2. Introduction 

Asthma, a condition affecting the airways, is typically provoked by environmental 

triggers that initiate immune reactions in the lungs, leading to excessive inflammation and 

bronchoconstriction, and affects approximately 8.9% of adults and 6.7% of children in the 

United States1. Asthma-associated airway hyperresponsiveness can be evaluated using the 

methacholine challenge test, a diagnostic procedure designed to assess the responsiveness 

of airway smooth muscle. This test involves the inhalation of methacholine, a substance 

that causes airway constriction in individuals with asthma or other airway hyperreactivity 

conditions. By monitoring the degree of airway narrowing in response to methacholine, the 

test helps healthcare providers evaluate the functionality of the airway smooth muscle and 

plays a crucial role in confirming the diagnosis of asthma2,3. Bronchial smooth muscle is 

central to the pathophysiology of asthma, as its contraction causes airway narrowing, 

resulting in obstruction and breathing difficulties4. 

Bronchial smooth muscle has been implicated in the pathophysiology of bronchial 

inflammation both as a target as well as a mediator of inflammatory reactions5,6. Type 2 

inflammation is most common in asthmatics and is associated with the cytokines 

interleukin(IL)-4, IL-5, and IL-13, inflammatory cells including eosinophils, mast cells, 

basophils, type 2 innate lymphoid (ILC2) and T helper (Th2) lymphocytes, and 

immunoglobulin E (IgE)-producing plasma cells7,8. These asthma-relevant cell types can 

release pro-inflammatory mediators such as cytokines and chemokines that can affect 

bronchial smooth muscle cells6,9,10, the products of which further exacerbate airway 

hyperresponsiveness and remodeling4,5,10-12. Over time, this chronic inflammation can lead 

to structural changes in the airways, including thickening of the airway walls, fibrosis, and 
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increased mucus production, which in aggregate contribute to the persistent symptoms of 

asthma11,13. We and others have previously reported that bronchial smooth muscle cells 

secrete pro-inflammatory cytokines in response to immune stimulants, including 

lipopolysaccharide (LPS) and house dust mite (HDM) extract, as well as cytokines such as 

IL-1β10,14 produced from the other asthma-relevant cell types. IL-1β is a potent pro-

inflammatory cytokine produced from both immune (leukocytes) and non-immune 

cells12,15. Importantly, IL-1β is elevated in the airways16 and serum of allergic and non-

allergic asthmatic subjects compared to controls17. 

Current treatments for asthma include broncho-relaxing β-agonists, anti-

inflammatory corticosteroids, and biological immunotherapies targeting the type 2 immune 

response18. While these therapies provide effective disease control for most patients, 

individuals with 'difficult-to-treat' asthma often require alternative or additional 

approaches, especially as severe asthmatics with type 2 inflammation exhibit poor response 

to corticosteroids19. Recently, we have demonstrated the beneficial effects of increasing 

circulating ketone bodies, known as therapeutic ketosis, in multiple mouse models of 

obesity-associated20 and allergic asthma21. Ketone bodies, β-hydroxybutyrate (BHB) and 

acetoacetate (AcAc), are synthesized in the liver from fatty acids22,23, either through dietary 

modifications23,24 or the mobilization of adipose tissue during periods of increased energy 

demand23. Once produced, these ketone bodies are transported via the bloodstream to cells 

throughout the body. 

Ketone bodies have been implicated in modulating key pathological processes in 

asthma. Initially recognized as an energy substrate for ATP production in the Krebs cycle 

during carbohydrate scarcity, ketone bodies have since been shown to influence cellular 
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processes through various mechanisms. They can stimulate cell-surface receptors such as 

the G-protein coupled receptors Hydroxycarboxylic Acid Receptor 2 (HCAR2 or 

GPR109a) and Free Fatty Acid Receptor 3 (FFAR3 or GPR41)23,25-29, or by uptake through 

transporters such as Monocarboxylate Transporter 1 (MCT1)27,30. Beyond these roles, 

ketone bodies also function as antioxidants31,32 and exert effects through transcriptional 

and epigenetic regulation22,27,33, including suppression of nuclear factor-κB (NF-κB) 

activation31,25. Furthermore, they possess anti-inflammatory properties, notably through 

inhibition of the NLRP3 inflammasome, which decreases IL-1β production34-36. In vivo, 

dietary interventions such as weight loss and alternate-day caloric restriction raise BHB 

levels, which correlate with reduced asthmatic symptoms, including lower oxidative stress 

and inflammation in obese asthmatic patients14,37,38. Early ketone body elevations are 

linked to improved asthma symptoms in obese patients following bariatric surgery39,40, 

alternate-day caloric restriction37, and during treatment with GLP-1R agonists41. 

Independent of weight loss, therapeutic ketosis can be achieved through providing 

exogenous ketones or ketogenic precursors (e.g., ketone esters). Therapeutic ketosis can be 

induced by providing exogenous ketones or ketogenic precursors (e.g., ketone esters). 

Notably, increasing ketone levels is generally well-tolerated in humans42,43, highlighting its 

potential as a viable therapeutic approach. 

Therapeutic ketosis achieved through feeding a high fat/low carbohydrate diet or 

by supplementing the normal diet with ketone esters, significantly and substantially 

decreases methacholine hyperresponsiveness in mouse models of asthma20,21 and also 

decreases methacholine responsiveness in non-asthmatic mice20. As methacholine 

functions through the activation of bronchial smooth muscle44-47, we sought to study these 
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cells more directly to explore the impact of ketone bodies on the ability of bronchial smooth 

muscle to contribute to the inflammatory environment in asthma. We have established a 

well-functioning in vitro model using human bronchial smooth muscle cells (HBSMC), 

allowing us to directly observe the effects of BHB on this cell type21. Herein, we used 

HBSMC as an in vitro model of bronchial smooth muscle to address gaps and provide a 

valuable platform for investigating the therapeutic potential of ketone bodies and their 

underlying mechanisms of action. 

We hypothesized that BHB can mitigate asthma-related pathologies, in part, by 

inhibiting pro-inflammatory cytokine production from bronchial smooth muscle cells. Our 

objectives were to assess the effectiveness of BHB in reducing IL-1β-induced pro-

inflammatory cytokine secretion in vitro and to identify the mechanisms by which BHB 

may influence these effects. Gaining a deeper understanding of the efficacy and 

mechanisms by which BHB reduces pro-inflammatory cytokine production by human 

bronchial smooth muscle in vitro could offer valuable insights into potential novel targets 

for treating asthma and its associated symptoms. 

3.3. Methods and Materials 

3.3.1. Study Approval 

Studies involving potentially hazardous material were reviewed and approved by 

the University of Vermont’s Institutional Biosafety Committee (REG201900052). 

3.3.2. Human Bronchial Smooth Muscle Cell Culture 

Primary human bronchial smooth muscle cells (HBSMC) isolated from a 45-yr-old 

female patient with asthma (Lonza, Morristown, NJ, Lot No. 00194850, Batch No. 

0000195154) were cultured in smooth muscle cell growth medium-02 BulletKit (Lonza, 



 
 

73 

 

CC-3182) according to the manufacturer’s instructions at 37°C in 95% humidified air 

containing 5% CO2. The cells were used within the first seven passages to ensure proper 

smooth muscle phenotype. Cell authentication was performed by Lonza (negative Factor 

VIII-related antigen, positive α-Actin expression) and cells tested negative for mycoplasma 

(MycoDect Mycoplasma Detection Kit (Alstem, Richmond, CA)) before being utilized for 

experiments. For agonist-induced cytokine production experiments, human bronchial 

smooth muscle cells (HBSMC) were stimulated with 50 ug/mL House Dust Mite extract 

(HDM) (Stagrallery/Greer, Cat No.B70, Lot No.390992), 100 ng/mL ultrapure 

lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (Invivogen, Cat No.tlrl-3pelps), 

or 10 ng/mL recombinant human IL-1β (Stem Cell Technologies, Cat No.78034.1).  

 For simultaneous exposure and stimulation experiments, HBSMC were plated at 

5x104 cells/cm2 in 1mL of media in a 12-well plate and allowed to grow for 48 hours at 

37°C and 5% CO2. HBSMC were exposed for 24 hours with vehicle or 1.25-10 mM beta-

hydroxybutyric acid (BHBA) (Sigma-Aldrich, St. Louis, MO, Cat No.166898), sodium 

beta-hydroxybutyrate (NaBHB)(Sigma-Aldrich, Cat No.54965), (R)-beta-hydroxybutyric 

acid ((R)-BHBA) (Sigma-Aldrich, Cat No.54920), (S)-beta-hydroxybutyric acid ((S)-

BHBA) (Sigma-Aldrich, Cat No.54925), FFAR3 agonist, AR420626 (AR) (Caymen, Cat 

No.17531), or MCT1 inhibitor, AZD3965 (Med Chem Express, Cat No.HY-12750), 

butyric acid (BA), sodium butyrate (SB), nicotinic acid (NA), and sodium nicotinic acid 

(NaNA) while being stimulated with 10 ng/mL recombinant human IL-1β (Stem Cell 

Technologies, Cat No.78034.1).  

In pre-exposure experiments with subsequent stimulation, HBSMC were plated at 

5x104 cells/cm2 in 1mL of media in a 12-well plate and allowed to grow for 24 hours at 
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37°C and 5% CO2. After the initial 24 hours, cells were exposed to vehicle or 1.25-10 mM 

BHBA, NaBHB, (R)-BHBA, (S)-BHBA, or AR for another 24 hours before being washed 

and stimulated with 10 ng/mL recombinant human IL-1β. 

3.3.3. Cytokine Immunoassays  

Conditioned medium from the cell culture studies was collected at the indicated 

time points, centrifuged for 10 minutes at 3300 x g to eliminate debris, transferred into new 

tubes or multi-well plates, and frozen at -20°C until analysis. ELISAs to quantitate human 

IL-8/CXCL8 and IL-6 levels (DuoSets from R&D Systems) were used according to the 

manufacturer recommendations, with samples diluted to coincide with the range of the 

standards. A custom human magnetic Luminex assay (R&D Systems, Minneapolis, MN) 

was performed per manufacturers’ instructions to measure cytokines present in the 

HBSMC supernatants, including CCL2, CCL4, CCL20, CXCL1, CXCL2, and G-CSF. 

Luminex assays were performed using the Bio-Rad Bio-Plex suspension array system, Bio-

Rad Bio-Plex Pro II wash station, and Bio-Plex Manager 6.0 software (Bio-Rad, Hercules, 

CA). Concentrations were calculated by five-place logistic regression from standards 

within 70%-130% of the expected values using Bio-Rad Manager 6.0. Studies were 

conducted with all BHB compounds used in the experiments to validate that they did not 

interfere substantially with the ability of the ELISAs to accurately quantify the recombinant 

standards. 

3.3.4. Statistical Analyses 

All experiments included multiple biological replicates for each condition. Outliers 

were identified and removed using the ROUT method (Q=1%) and the cleaned data were 

analyzed using unpaired one-way ANOVA with post-hoc multiple comparisons: Tukey’s 
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test (for comparing all means) or Dunnett’s test (for comparing each mean to a control), 

were performed using GraphPad Prism 10.2.3 (GraphPad Software, Inc., La Jolla, CA). 

Data are presented as means ± SEM from representative experiments. P values below 0.05 

are considered statistically significant, and significance levels are indicated in the figure 

legends. 

3.4. Results 

3.4.1. Human Bronchial Smooth Muscle Cells (HBSMC) Inducibly Secrete Pro-

Inflammatory Cytokines.  

Although known primarily as a contractile cell type, bronchial smooth muscle can 

produce many chemokines and cytokines in response to various agonists10,14,48. A custom 

human magnetic Luminex assay was performed to measure cytokines present in the 

HBSMC supernatants following stimulation for 24 hours with House Dust Mite extract 

(HDM), lipopolysaccharide (LPS), and human recombinant IL-1β to determine which pro-

inflammatory cytokines were produced. This analysis revealed that CCL2 (Figure 3.1A), 

CCL4 (Figure 3.1B), CCL20 (Figure 3.1C), CXCL1 (Figure 3.1D), CXCL2 (Figure 

3.1E), G-CSF (Figure 3.1F), IL-6 (Figure 3.1G), and CXCL8/IL-8 (Figure 3.1H) were 

produced significantly when HBSMC were stimulated with 10 ng/mL of recombinant 

human IL-1β. 

3.4.2. BHB Attenuates IL-1-Induced Pro-Inflammatory Cytokine Production 

From HBSMC 

Ketone bodies, acetoacetate (AcAc) and especially -hydroxybutyrate (BHB), have 

been reported to exert anti-inflammatory effects, especially via inhibition of NLRP3 

inflammasome activation34-36. In our recent studies, we demonstrated the therapeutic 

benefits of elevating circulating ketone bodies—a state known as therapeutic ketosis—in 
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multiple mouse models of both obese20 and allergic asthma21, which effectively mitigated 

methacholine-induced airway hyperresponsiveness and significantly improved lung 

function in vivo20,21. We also demonstrated in vitro that BHB attenuated pro-inflammatory 

cytokine secretion from several asthma-relevant cell types, including macrophages, CD4 T 

lymphocytes, and airway epithelium21. Building on these findings, we investigated the 

effects of ketone bodies on IL-1-induced pro-inflammatory cytokine production from 

human bronchial smooth muscle cells (HBSMC). We determined that simultaneous 

exposure for 24 hours to beta-hydroxybutyric acid (BHBA) or sodium beta-

hydroxybutyrate (NaBHB) in the presence of 10ng/mL human recombinant IL-1 caused 

a dose-dependent decrease in the concentrations of the pro-inflammatory cytokines IL-6 

(Figure 3.2A) and CXCL8/IL-8 (Figure 3.2B) compared to cells stimulated with IL-1 in 

the absence of BHB or in the presence of appropriate pH controls. BHBA significantly 

decreased both IL-6 and IL-8 concentrations in a dose-dependent manner, but when 

neutralized to a pH of 7 the robust effect in attenuating IL-6 secretion at all concentrations 

and in attenuating IL-8 secretion at a BHBA concentration of 10mM was lost. NaBHB did 

not exert a robust inhibitory effect on pro-inflammatory cytokine production until the pH 

of the 10mM working solution was matched to the pH of the working concentration of 

10mM BHBA. The acidified NaBHB exerted a more robust inhibitory dose response than 

the non-acidified NaBHB or the neutralized BHBA. An equivalent concentration of HCl 

matching the acidity (pKa) of the acidic BHB molecules (10mM) modestly attenuated IL-

1-induced secretion of IL-6 and IL-8, but not to the extent of the BHBA or the acidified 

NaBHB. 
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3.4.3. Inhibition of Pro-Inflammatory Cytokine Production from HBSMC by BHB 

Is Not Enantioselective. 

To determine if the inhibitory effect elicited by BHB on IL-1-induced IL-6 and 

IL-8 production was through a mechanism dependent on the metabolism of BHB as an 

energetic substrate, we utilized (R)-beta-hydroxybutyric acid ((R)-BHBA) and (S)-beta-

hydroxybutyric acid ((S)-BHBA), the individual enantiomers of the racemic BHBA, as 

well as included exposure to the (R) enantiomer of  NaBHB, and a cocktail representative 

of circulating ketone bodies in vivo. The BHB cocktail consists of 78% BHB, 20% AcAc, 

and 2% acetone, which are biologically consistent with the concentrations of ketone bodies 

in circulation during fasting49. In this study, with simultaneous exposure to the BHB 

compounds and 10 ng/mL IL-1 for 24 hours, we determined that both the (R) and (S) 

enantiomers, the (R) enantiomer of NaBHB, and the BHB cocktail significantly inhibited 

IL-1-induced secretion of IL-6 (Figure 3.3A) and CXCL8/IL-8 (Figure 3.3B) from 

HBSMC. In this study, all conditions except the (R) enantiomer of NaBHB demonstrated 

dose-dependent inhibition of pro-inflammatory cytokine production. 

3.4.4. Short-Chain Carboxylic Acids Inhibit IL-1β-Induced Pro-Inflammatory 

Cytokine Production From HBSMC. 

As BHB has been proposed to elicit effects through activation of cell surface 

receptors such as hydroxycarboxylic acid receptor 2 (HCAR2)22 23 25 26 27, we sought to 

determine if a pharmacological HCAR2 agonist would elicit similar beneficial inhibitory 

effects as BHB. Furthermore, as we have previously shown that small molecules 

structurally similar to BHB have anti-inflammatory effects34, and that short-chain 

carboxylic acids exert anti-inflammatory functions50,51, we wanted to determine if butyric 

acid and sodium butyrate could elicit the same inhibitory effects as BHB. When HBSMC 
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were simultaneously exposed to butyric acid, sodium butyrate, nicotinic acid, and sodium 

nicotinic acid, as well as the HCAR2 agonist, and stimulated with 10ng/mL IL-1, 

production of IL-6 (Figure 3.4A) and CXCL8/IL-8 (Figure 3.4B) was dose-dependently 

attenuated. Whereas the nicotinic acid and the sodium nicotinic acid both significantly 

inhibited secretion of the pro-inflammatory cytokines, the butyric acid and sodium butyrate 

had a much more substantial effect, with the lowest doses of butyric acid and sodium 

butyrate having a greater impact than the highest dose of exposure, which was 10mM of 

the nicotinic acid or sodium nicotinic acid. 

3.4.5. Pre-Exposure of HBSMC to BHBA Attenuates IL-1-Induced Pro-

Inflammatory Cytokine Production. 

As our previously reported in vivo studies have modeled endogenous ketone 

augmentation through dietary interventions that provide elevated systemic concentrations 

of these molecules over a protracted period, we sought to model this extended exposure in 

an in vitro system. HBSMC were pre-exposed to biologically relevant concentrations of 

beta-hydroxybutyric acid (BHBA) for 24 hours, followed by washing and subsequent 

stimulation with 10 ng/mL human recombinant IL-1. Pre-exposure to BHBA significantly 

attenuated IL1-induced IL-6 (Figure 3.5A) and CXCL8/IL-8 (Figure 3.5B) production 

in a dose-dependent manner, consistent with the inhibitory effects observed during 

simultaneous exposure of BHBA and IL-1. While not as robust as simultaneous 

stimulation, pretreatment with the higher concentrations of 5mM and 10mM BHBA 

significantly attenuated IL-6 and IL-8 production from these cells. Although not 

statistically significant, a trend towards a dose-responsive effect was observed. 
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3.4.6. Simultaneous Exposure of BHBA with FFAR3 Agonist Dose-Dependently 

Attenuates IL-1β-Induced Pro-Inflammatory Cytokine Production. 

Ketone bodies, particularly BHB, have been proposed to mediate their beneficial 

effects via uptake through Monocarboxylic Transporter 1 (MCT1)26,43 or through a Free 

Fatty Acid 3 (FFAR3)-dependent pathway26-28,52. To evaluate the involvement of these 

receptors, we tested the MCT1 inhibitor AZD3965 (AZD) in the presence of the BHB 

compounds. HBSMCs were exposed to biologically relevant concentrations of BHB to 

model endogenous ketone augmentation, a combination of both the increasing 

concentrations of BHB and 50µM of the FFAR3 agonist, or a combination of increasing 

concentrations of BHB and 40nM MCT1 inhibitor (AZD) while stimulated with 10 ng/mL 

recombinant human IL-1 for 24 hours. The FFAR3 agonist in combination with BHB 

dose-dependently attenuated IL-6 (Figure 3.6A) and CXCL8/IL-8 (Figure 3.6B) 

production, and to a greater extent than BHBA alone. In contrast, the presence of AZD did 

not block the inhibitory effects of BHB on IL-1-induced pro-inflammatory cytokine 

production, indicating that these effects are independent of MCT1-mediated uptake of 

BHB. 

3.4.7. FFAR3 Activation Is Sufficient to Inhibit IL-1-Induced HBSMC Pro-

Inflammatory Cytokine Production. 

Given that beta-hydroxybutyrate (BHB) has been suggested to act as a ligand for FFAR3 

and exert its beneficial effects through a FFAR3-mediated pathway, we investigated 

whether activating FFAR3 could replicate the inhibitory effects of BHB on IL-1-induced 

pro-inflammatory cytokine production from HBSMC. Whereas in our previous study we 

evaluated the combination of BHBA and FFAR3 agonist, we sought to determine whether 

FFAR3 activation alone could elicit the same effects. HBSMC were exposed to biologically 
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relevant concentrations of BHBA, 50µM FFAR3 agonist (AR) alone, or to a combination 

of the concentrations of BHBA and 50µM FFAR3 agonist. HBSMCs exposed to BHBA 

and AR individually, as well as those exposed to the combination of BHBA and the FFAR3 

agonist, significantly attenuated IL-1-induced HBSMC production of IL-6 (Figure 3.7A) 

and CXCL8/IL-8 (Figure 3.7B), suggesting that the observed inhibitory effects of BHB 

may indeed be mediated, at least in part, through the activation of FFAR3. Notably, whereas 

the FFAR3 agonist (AR) had a robust effect alone, the combination of the FFAR3 agonist 

and BHBA exerted the greatest inhibition, signifying a synergistic effect.  

3.5. Discussion 

The growing asthma epidemic underscores the urgency for new treatment 

approaches aimed at managing severe and challenging endotypes, ultimately enhancing the 

well-being of individuals affected by this complex and chronic disorder. One promising 

strategy that has attracted increasing interest is therapeutic ketosis, recognized for its wide-

ranging beneficial effects across various pathological conditions and diseases53-56. In our 

previous studies, we reported that therapeutic ketosis, achieved through dietary 

interventions such as a ketogenic diet, ketogenic precursor supplementation, or ketone ester 

intake, augments circulating concentrations of BHB and reduces methacholine 

hyperresponsiveness, a pathophysiological feature in models of preclinical allergic-

associated and obesity-associated asthma20,21, decreases airway inflammation,  and inhibits 

a multitude of pathological activities of asthma relevant cell types20,21. Several other studies 

have shown the in vivo anti-inflammatory activities of therapeutic ketosis36,57,58, with some 

affecting lung inflammation.  
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Although we previously demonstrated that exogenous ketones reduce pro-

inflammatory cytokine production and exert anti-inflammatory effects in vitro20,21, their 

impact on bronchial smooth muscle cells remains unexplored. Given that bronchial smooth 

muscle cells are key players in bronchial inflammation, acting as both targets and mediators 

of inflammatory responses5,6, investigating their cytokine production represents a critical 

research area in airway inflammation and asthma management. In preclinical asthma 

models, distal airway and peripheral lung dysfunction are commonly observed59. Our prior 

work showed that elevated BHB concentrations confer protective effects on these regions 

20,21, including reductions in methacholine-induced hyperresponsiveness, airway 

resistance, tissue damping, and tissue elastance—physiological markers that increase due 

to heterogeneous ventilation caused by uneven airway narrowing59,60 that are closely linked 

to peripheral airway contraction. These findings suggest that ketones may directly 

modulate bronchial smooth muscle to reduce airway hyperresponsiveness. 

As reported herein, our studies demonstrate that BHB inhibits bronchial smooth 

muscle pro-inflammatory cytokine production induced by the asthma-relevant agonist, IL-

1β10,12,14-17. The mechanisms by which BHB can elicit these effects may include activation 

of cell surface receptors such as free fatty acid receptor 3 (FFAR3)22,23,27,28 or 

hydroxycarboxylic acid 2 (HCAR2)25,26,29. Given that BHB has been proposed to function 

across a wide range of applications and through many G-coupled protein receptors 

(GCPRs)22,25-29, including perhaps inducing tachyphylaxis, it likely operates through a 

fundamental mechanism that is universally relevant to these processes, such as ion 

exchange27,36,61, calcium signaling27,28, or altering membrane potential61. 
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Once determining that IL-1 significantly caused pro-inflammatory cytokines to be 

produced from human bronchial smooth muscle cells (HBSMC), our in vitro studies 

demonstrated that BHB attenuated the production of IL-6 and IL-8 (CXCL8) in a dose-

dependent manner.  These studies included conditions using beta-hydroxybutyric acid 

(BHBA) as well as sodium beta hydroxybutyrate (NaBHB). The inclusion of both of these 

compounds in our studies allowed us to explore the influence of pH by comparing BHBA 

with a 1M stock pH of 2.09 and the NaBHB, with a 1M stock pH of 9.73. When diluted to 

biologically relevant concentrations in buffered media, which resulted in near-neutral pH 

in the cell culture media (i.e., pH 7.2), only BHBA had a significant inhibitory effect on 

IL-1-induced production of pro-inflammatory cytokines in vitro. These results suggest 

that the acidic nature of the BHBA influences its ability to inhibit pro-inflammatory 

cytokine production. The inclusion of pH controls supports this notion in that when the 1M 

stock pH of the NaBHB was changed to be reminiscent of the 1M stock pH of the BHBA, 

the inhibitory effects of BHB were then present. Conversely, when the 1M stock pH of the 

BHBA was adjusted to the 1M stock pH of the NaBHB, the inhibitory effects were lost. 

The inclusion of a hydrochloric acid (HCl) pH-equivalent control, which did not inhibit 

pro-inflammatory cytokine production from IL-1β stimulated HBSMCs, implies that 

although the acid is sufficient to elicit modest inhibitory effects, the inclusion of BHB is 

necessary to enhance the effect. 

BHBA is a racemic mixture containing both enantiomers (R)-BHB and (S)-BHB. 

Since only (R)-BHB can be efficiently metabolized by β-hydroxybutyrate dehydrogenase 

to form acetyl-CoA that is subsequently converted into ATP and used as an energy 

substrate62, we confirmed that the attenuation of pro-inflammatory cytokine production 
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occurs independently of BHB’s metabolic function. Additionally, the MCT1 inhibitor, 

AZD3965 (AZD) failed to block BHB’s effects, indicating that MCT1-mediated uptake is 

not involved in the inhibitory capacity of BHB. The comparison between the (R)-BHB and 

the (R) enantiomer of the NaBHB (Na-R-BHB) reiterates that the acid allows for a robust 

pro-inflammatory cytokine production to be inhibited. 

The HCAR2 agonists, nicotinic acid and sodium nicotinic acid, elicited similar 

inhibitory effects, but not to the extent of BHBA or the structurally similar compounds 

butyric acid and sodium butyrate, suggesting that some inhibitory effects may be mediated 

though HCAR2. Most likely, BHB does not elicit its attenuating effects on IL-1-induced 

pro-inflammatory cytokine production through activation of HCAR2. Furthermore, the 

FFAR3 agonist AR420626 elicited inhibitory effects similar to and in an additive manner 

with BHB, suggesting that FFAR3 activation contributes substantially to the inhibitory 

action of BHB. Confirmation of this action would require an FFAR3 antagonist, a 

compound that is not currently available. Despite this limitation, these findings support 

future investigations, including studies using FFAR3 knockdown cells and FFAR3 

knockout mice, to clarify the receptor’s involvement. 

Simultaneous exposure to BHBA during IL-1β stimulation was more effective at 

reducing IL-1β-induced pro-inflammatory cytokine production in HBSMCs compared to 

BHBA pre-exposure and subsequent stimulation with IL-1β. This effect may be partly due 

to greater cytokine induction during simultaneous exposure, likely caused by increased cell 

confluency from the additional 24 hours in culture. Nonetheless, in a clinical setting, 

‘therapeutic ketosis’ would maintain consistently elevated BHB concentrations, which 
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could be modeled in vitro using the pre-exposure approach without removing BHBA before 

assessing IL-1β-induced pro-inflammatory cytokine production from HBSMCs. 

There are several limitations to our findings. Namely, we conducted in vitro studies 

using primary human bronchial smooth muscle cells instead of ex vivo studies or human 

subjects. While informative, human cell studies fail to capture the prolonged and complex 

nature of human asthma. They offer a reductionist approach by focusing on a single cell 

type and a specific agonist that readily initiates an inflammatory cascade, allowing us to 

observe only the inhibitory effects of BHB at that initial step without assessing its role in 

maintaining suppression or facilitating recovery. Another notable limitation of this study is 

the lack of assessment of the fibrotic remodeling response of bronchial smooth muscle to 

IL-1β stimulation. In our previous work, we used an in vivo mouse model of severe asthma 

characterized by fibrotic remodeling and found that therapeutic ketosis still produced 

beneficial effects21. Overall, these findings support the potential of therapeutic ketosis as a 

promising treatment strategy for asthma, demonstrating its efficacy in both fibrotic and 

non-fibrotic contexts and highlighting its broad anti-inflammatory and protective effects. 

To gain a more comprehensive understanding of BHB's impact on the long-term outcomes 

of an asthma exacerbation, diverse models, including in vivo, ex vivo, more advanced in 

vitro systems, and in clinic studies could be used to evaluate not only the initiation but also 

the maintenance and resolution of inflammation. 

Therapeutic ketosis is being explored in the clinical treatment of respiratory 

diseases, including asthma63,64 and Cystic fibrosis65. In asthma trials, medium-chain 

triglyceride supplementation is used as a substrate to promote ketone body formation in 

vivo, whereas Cystic fibrosis trial uses a ketone ester precursor, which more rapidly and 
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efficiently increases circulating ketone body concentrations and is the same compound we 

have employed in mouse models of obese asthma and allergic asthma20,21. The inclusion of 

therapeutic ketosis in clinical trials highlights the increasing scientific interest in its 

potential benefits. The positive results of the studies reported herein would strengthen the 

case for investigating therapeutic ketosis into asthma treatment regimens and stimulate 

further mechanistic and clinical studies into its capacity to serve as a complementary or 

alternative asthma therapy. This ongoing exploration emphasizes the importance of 

understanding ketone-based interventions and calls for continued examination of their 

underlying mechanisms and therapeutic potential. 

3.6. Figure Legends 

Figure 3.1. IL-1β induces pro-inflammatory cytokine secretion from HBSMC.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 50 mg/mL House Dust 

Mite extract (HDM), 100 ng/mL lipopolysaccharide (LPS), or 10 ng/mL recombinant 

human IL-1β for 24 hours and (A) CCL2, (B) CCL20, (C) G-CSF, (D) CCL4, (E) CXCL2, 

(F) CXCL1 (G) IL-6 and (H) CXCL8/IL-8 levels were measured. ∗P ≤ 0.05, ∗∗P ≤ 0.01, 

∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001 compared to the vehicle. 

Figure 3.2. BHB dose-dependently attenuates IL-1β-stimulated pro-inflammatory 

cytokine production from HBMSC.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 10 ng/mL recombinant 

human IL-1β in the presence of increasing concentrations of BHBA, NaBHB, or the 

appropriate pH controls of each for 24 hours and (A) IL-6 or (B) CXCL8/IL-8 were 

measured. n=4 per group; values are inclusive of studies performed three times. ∗∗∗∗P ≤ 
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0.0001 compared to the vehicle, #P ≤ 0.05, ##P ≤ 0.0, ###P ≤ 0.001, ####P ≤ 0.0001 

compared to IL-1β. 

Figure 3.3. BHB enantiomers dose dependently attenuate IL-1β-stimulated pro-

inflammatory cytokine production from HBSMC.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 10 ng/mL recombinant 

human IL-1β in the presence of increasing concentrations of (R)-BHBA, (S)-BHBA, Na-

(R)-BHBA, or a BHB cocktail composed of 78% (R)-BHBA, 20% AcAc, and 2% acetone, 

for 24 hours and (A) IL-6 or (B) CXCL8/IL-8 were measured. n=4 per group; values are 

inclusive of studies performed three times. ∗∗∗∗P ≤ 0.0001 compared to the vehicle, #P ≤ 

0.05, ##P ≤ 0.01, ###P ≤ 0.001, ####P ≤ 0.0001 compared to IL-1β. 

Figure 3.4. Short-chain carboxylic acids inhibit IL-1β-induced pro-inflammatory 

cytokine secretion.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 10 ng/mL recombinant 

human IL-1β in the presence of increasing concentrations of butyric acid (BA), sodium 

butyrate (SB), nicotinic acid (NA), or sodium nicotinic acid (NaNA) for 24 hours and (A) 

IL-6 or (B) CXCL8/IL-8 were measured. n=4 per group; values are inclusive of studies 

performed three times. ∗∗∗∗P ≤ 0.0001 compared to the vehicle, #P ≤ 0.05, ##P ≤ 0.01, 

###P ≤ 0.001, ####P ≤ 0.0001 compared to IL-1β. 

Figure 3.5. Pre-exposure to BHBA dose-dependently decreases IL-1β-induced pro-

inflammatory cytokine secretion.  
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HBSMCs remained unexposed or were exposed in vitro to increasing concentrations of 

beta hydroxybutyric acid (BHBA) for 24 hours, washed and then stimulated with 10 ng/mL 

recombinant human IL-1β for another 24 hours. (A) IL-6 or (B) CXCL8/IL-8 were then 

measured. n=4 per group; values are inclusive of studies performed three times. ∗∗∗P ≤ 

0.001 compared to the vehicle, #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001, ####P ≤ 0.0001 

compared to IL-1β. 

Figure 3.6. Simultaneous exposure to BHBA with a FFAR3 agonist or MCT1 inhibitor 

dose-dependently attenuates IL-1β induced pro-inflammatory cytokine secretion.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 10 ng/mL recombinant 

human IL-1β in the presence of increasing concentrations of beta hydroxybutyric acid 

(BHBA), a combination of FFAR3 agonist (AR) and BHBA, or a combination of MCT1 

inhibitor (AZD) and BHBA for 24 hours and (A) IL-6 or (B) CXCL8/IL-8 were measured. 

n=4 per group; values are inclusive of studies performed three times. ∗∗∗∗P ≤ 0.0001 

compared to the vehicle, #P ≤ 0.05, ##P ≤ 0.01, ####P ≤ 0.0001 compared to IL-1β. 

Figure 3.7. FFAR3 activation is sufficient to inhibit IL-1β induced pro-inflammatory 

cytokine secretion.  

HBSMCs were unstimulated (Unstim) or stimulated in vitro with 10 ng/mL recombinant 

human IL-1β in the presence of increasing concentrations of beta hydroxybutyric acid 

(BHBA), a combination of FFAR3 agonist (AR) and BHBA, or a combination of MCT1 

inhibitor (AZD) and BHBA for 24 hours and (A) IL-6 or (B) CXCL8/IL-8 were measured. 

n=4 per group; values are inclusive of studies performed three times. ∗∗∗∗P ≤ 0.0001 

compared to the vehicle, #P ≤ 0.05, ##P ≤ 0.01, ####P ≤ 0.0001 compared to IL-1β. 
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3.7. Figures 

 

Figure 3.1. IL-1β induces pro-inflammatory cytokine secretion from HBSMC. 
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Figure 3.2. BHB dose-dependently attenuates IL-1β-stimulated pro-inflammatory 

cytokine production from HBMSC. 
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Figure 3.3. BHB enantiomers dose dependently attenuate IL-1β-stimulated pro-

inflammatory cytokine production from HBSMC. 
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Figure 3.4. Short-chain carboxylic acids inhibit IL-1β-induced pro-inflammatory 

cytokine secretion. 
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Figure 3.5. Pre-exposure to BHBA dose-dependently decreases IL-1β-induced pro-

inflammatory cytokine secretion.  
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Figure 3.6. Simultaneous exposure to BHBA with a FFAR3 agonist or MCT1 inhibitor 

dose-dependently attenuates IL-1β induced pro-inflammatory cytokine secretion.  
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Figure 3.7. FFAR3 activation is sufficient to inhibit IL-1β induced pro-inflammatory 

cytokine secretion.  
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4.1. Abstract 

Asthma is a chronic respiratory condition characterized by airway inflammation, 

remodeling, and hyperresponsiveness to triggers causing airway constriction. Bronchial 

smooth muscle plays a critical role by narrowing airways, leading to obstruction and 

breathing difficulties, often exacerbated by mast cell infiltration and histamine release. 

Whereas current treatments, including bronchodilators, corticosteroids, and biologics 

provide effective management for most patients, alternative therapies are needed for 

difficult-to-treat asthma. Recent research highlights the potential of therapeutic ketosis, 

achieved through dietary interventions or supplementation with exogenous ketones, to 

reduce airway hyperresponsiveness and inflammation. Ketone bodies, known for providing 

energy during carbohydrate scarcity, also influence asthma by activating cell-surface 

receptors and transporters. In vivo, interventions like weight loss and caloric restriction 

increase ketone body levels, correlating with improved asthma symptoms, reduced 

oxidative stress, and inflammation. These effects suggest ketone bodies, particularly β-

hydroxybutyrate, may play a therapeutic role in mitigating bronchoconstriction and smooth 

muscle contraction in asthma. We utilize human bronchial smooth muscle cells (in vitro) 

and mouse precision-cut lung slices (PCLS) (ex vivo) to assess the effects of BHB on 

histamine-induced bronchoconstriction. Brightfield microscopy showed that BHB reduces 

contraction in human bronchial smooth muscle cells, an effect involving free fatty acid 

receptor 3 (FFAR3) activation. Light microscopy of PCLS revealed that BHB inhibits 

airway narrowing and cellular extrusion, demonstrating its ability to mitigate 

bronchoconstriction by suppressing smooth muscle contraction. These results implicate 

bronchial smooth muscle as a cellular target of therapeutic ketosis, an important contributor 

to the beneficial effects of BHB in preclinical models of asthma. 
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4.2. Introduction 

Asthma is a chronic, heterogenous, and widespread respiratory syndrome affecting 

patients’ breathing that is characterized by hyperresponsiveness to broncho-constrictive 

triggers, inflammation, and remodeling of the airway, and with which more than a quarter 

of a billion people are diagnosed worldwide1. Airway hyperresponsiveness can be assessed 

through the methacholine challenge test, which serves as a diagnostic tool to evaluate 

airway smooth muscle function and aid in the clinical diagnosis of asthma2,3. Bronchial 

smooth muscle plays a key role in the pathophysiology of asthma by causing airway 

narrowing through cellular contraction, leading to obstruction and difficulty breathing4. 

Stimulation of bronchial smooth muscle can also contribute to lung inflammation through 

the production of pro-inflammatory cytokines5. 

Bronchial smooth muscle can be both affected by the inflammatory environment as 

well as contribute to it. Mast cells can infiltrate into the smooth muscle tissue in allergic 

asthma and thereby induce or augment airway hyperresponsiveness6. This infiltration can 

cause bronchial smooth muscle cells to release pro-inflammatory chemotactic cytokines 

(chemokines)7,8, and the mast cells release mediators such as histamine8,9 which contributes 

to airway obstruction by causing smooth muscle contraction, increasing bronchial 

secretions, and provoking mucosal edema9. Bronchoconstriction was amongst the first 

biological effects described for histamine10 and can cause bronchial smooth muscle 

contraction to the same extent as M1 muscarinic receptor agonists (e.g., methacholine) and 

has been suggested to generate more contraction in peripheral tissue11. 

Current treatments for asthma include broncho-relaxing β-agonists, anti-inflammatory 

corticosteroids, and biological immunotherapies targeting the innate and adaptive immune 
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response12. While most patients achieve effective disease control, some with 'difficult-to-

treat' asthma require alternative or additional therapies. Our lab13,14 and others15 have 

reported the efficacy of augmenting circulating ketone body concentrations, known as 

“therapeutic ketosis”, to mitigate the pathophysiological manifestations in mouse models 

of obese and allergic asthma. Ketone bodies, β-hydroxybutyrate (BHB) and acetoacetate 

(AcAc), are endogenously produced in the liver from fatty acids16,17, either through diet17,18 

or adipose tissue mobilization during energy demand17, and are then circulated to cells 

throughout the body. 

Ketone bodies have been implicated in modulating key pathological processes in 

asthma. Originally described as an energetic substrate for the production of ATP in the 

Krebs Cycle during time of carbohydrate scarcity19, ketone bodies have also been reported 

to exert their effects through the stimulation of cell-surface receptors, such as G-protein 

coupled receptors HCAR2 (GPR109a) and FFAR3 (GPR41) 15,17,20-23, or by uptake through 

transporters such MCT122,24. Additionally, ketone bodies act as antioxidants25,26 and have 

anti-inflammatory properties, including the suppression of nuclear factor-κB (NF-κB) 

activation25,25 and inhibition of the NLRP3 inflammasome, which reduces IL-1β 

production27-29. In vivo, dietary interventions such as weight loss and alternate-day caloric 

restriction raise BHB levels, which correlate with reduced asthmatic symptoms, including 

lower oxidative stress and inflammation in obese asthmatics30-32. 

Notably, ketone augmentation or therapeutic ketosis is well-tolerated in human 

subjects33,34. Early ketone body elevations are associated with decreased asthma symptoms 

in obese asthmatic subjects following bariatric surgery35,36, undergoing alternate-day 

caloric restriction30, and during treatment with GLP-1R agonists37. Therapeutic ketosis can 
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also be achieved through providing exogenous ketones or ketogenic precursors (e.g., 

ketone esters). Therapeutic ketosis is achieved through feeding a high fat/ low carbohydrate 

diet or by supplementing the normal diet with ketones esters, significantly and substantially 

decreases asthma associated methacholine responsiveness13,14 and also decreases 

methacholine responsiveness in non-asthmatic mice13. As methacholine functions through 

the activation of bronchial smooth muscle38-41, we sought to study these cells more directly 

to explore the impact of ketone bodies on their activity. We developed a reliable in vitro 

model using human bronchial smooth muscle cells (HBSMC), enabling direct observation 

of BHB’s effects on morphological change in this cell type14. Herein, we used HBSMC as 

an in vitro model of bronchial smooth muscle along with precision cut lung slices (PCLS) 

as an ex vivo model to more thoroughly assess the effects of ketone bodies on these cells 

and the mechanisms whereby they function. 

PCLS are a valuable ex vivo model for studying airway reactivity and contraction, 

closely mimicking lung architecture and cellular diversity42-45. They bridge the gap 

between in vitro and in vivo studies and are particularly useful in asthma research, 

demonstrating altered responses like hyperresponsiveness and bronchoconstriction when 

exposed to various agonists42,45-47. Building on the utility of PCLS in asthma research, this 

study explores the potential of ketone bodies, particularly BHB, to directly influence 

bronchial smooth muscle contraction, addressing gaps in our understanding of their 

therapeutic potential. 

Although connections between the underlying mechanisms of asthma and the 

benefits of ketone body augmentation are increasing, further evaluations are still needed, 

specifically studies on the capacity of ketone bodies to affect bronchial smooth muscle 
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directly13,14. We hypothesized that BHB can mitigate bronchoconstriction by inhibiting 

contraction of bronchial smooth muscle. Our objectives were to assess the effectiveness of 

BHB in reducing histamine-induced bronchial smooth muscle contraction in vitro and ex 

vivo to identify the mechanisms by which BHB may influence these effects. Further 

understanding of the efficacy and mechanisms of BHB attenuation of contraction in 

bronchial smooth muscle could provide insight into novel targets for the treatment of 

asthma and asthmatic symptoms. 

4.3. Methods and Materials 

4.3.1. Study Approval  

The animal experiments were reviewed and approved by the University of 

Vermont’s Institutional Animal Care and Use Committee (PROTO202000195), in 

accordance with the recommendations in the Guide for the Care and Use of Laboratory 

Animals, prepared by the Institute of Laboratory Animal Resources, National Research 

Council, and published by the National Academy Press (revised 2011). Studies involving 

potentially hazardous materials were reviewed and approved by the University of 

Vermont’s Institutional Biosafety Committee (REG201900052). 

4.3.2. Human Bronchial Smooth Muscle Cell Culture 

Primary human bronchial smooth muscle cells (HBSMC) isolated from a 45-yr-old 

female patient with asthma (Lonza, Morristown, NJ, Lot No. 00194850, Batch No. 

0000195154) were cultured in smooth muscle cell growth medium-02 BulletKit (Lonza, 

CC-3182) according to the manufacturer’s instructions at 37°C in 95% humidified air 

containing 5% CO2. The cells were used within the first seven passages to ensure proper 

smooth muscle phenotype. Cell authentication was performed by Lonza (negative Factor 
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VIII-related antigen, positive α-Actin expression) and cells tested negative for mycoplasma 

(MycoDect Mycoplasma Detection Kit (Alstem, Richmond, CA)) before being utilized for 

experiments.  

4.3.3. Microscopy-Based Contraction Assay  

For simultaneous exposure and stimulation experiments, human bronchial smooth 

muscle cells (HBSMC) were plated at 5x104 cells/cm2 in 1mL of media in a 12-well plate 

and allowed to grow for 24 hours at 37°C and 5% CO2 to ensure sub-confluency for better 

visualization. HBSMC were exposed for 5 minutes with vehicle or 1.25-10 mM beta-

hydroxybutyric acid (BHBA) (Sigma-Aldrich, St. Louis, MO, Cat No.166898), sodium 

beta-hydroxybutyrate (NaBHB) (Sigma Aldrich, Cat No.54965), (R)-beta-hydroxybutyrate 

((R)-BHBA) (Sigma Aldrich, Cat No.54920), (S)-beta-hydroxybutyrate ((S)-BHBA) 

(Sigma Aldrich, Cat No.54925), FFAR3 agonist AR420626 (AR) (Caymen, Ann Arbor, 

MI, Cat No. 17531 ), or a combination of MCT1 inhibitor AZD3965 (AZD) 

(MedChemExpress, Monmouth Junction, NJ, Cat No. HY12750) and BHBA, before being 

stimulated with 0.1–10 mM histamine (Sigma Aldrich, Cat No.H7125). 

In pre-exposure experiments with subsequent stimulation, HBSMC were plated at 

5x104 cells/cm2 in 1mL of media in a 12-well plate and allowed to grow for 24 hours at 

37°C and 5% CO2. After the initial 24 hours, cells were exposed to vehicle or 1.25-10 mM 

BHBA, NaBHB, (R)-BHBA, or (S)-BHBA for another 24 hours before being washed and 

stimulated with 2.5 mM histamine. 

Cells were imaged with an EVOSxl system (Thermo Fisher, Waltham, MA) to 

acquire brightfield microscopy images at 20X magnification captured at 10 second 

intervals for 5 minutes. For experiments, through time-lapse brightfield microscopy, the 
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contraction of individual cells was identified by visual cellular shape change and the 

reduction of intercellular space. Cellular area changes were quantified using the polygon 

tool in ImageJ (FIJI) to outline the perimeter of individual cells. The enclosed area was 

measured with ImageJ software both before and after agonist stimulation. The pre-

stimulation value was normalized to 100%, and percent change was calculated. Percent 

contraction is presented as the reciprocal of the percent change, in which a negative percent 

change represents a decrease in cellular area, indicating contraction. Each individual cell 

analyzed represents n=1. 

4.3.4. Precision Cut Lung Slices (PCLS)  

6–12-week-old female and male C57BL/6J mice were euthanized, and their whole 

lungs were inflated with 40C 1.5% low-melting point agarose in phosphate buffered saline 

(PBS) through the cannulated trachea and cooled in ice-cold PBS. The right murine lobe 

was uniformly cut into 150M thick slices using a 7000smz-2 Vibratome (Campden 

Instruments, Lafayette, IN) maintained at 4C, at a speed of 0.7mm/s. The freshly cut PCLS 

were placed in sterile, room temperature 1X PBS for imaging or into submerged tissue 

culture plates for culture with DMEM-F12 medium supplemented with 1X 

penicillin/streptomycin, 1g/mL insulin, and 1X Primocin for continued incubation of the 

PCLS in 5% CO2 at 37°C. Cultured PCLS were imaged within 4 days. 

4.3.5. Ex vivo Live Tissue Imaging 

For simultaneous exposure and stimulation experiments, PCLS were exposed for 

10 minutes with vehicle or 10mM BHBA or NaBHB while images were acquired and were 

subsequently stimulated with 10mM histamine. In pre-exposure with subsequent 

stimulation experiments, PCLS were exposed to 10mM BHBA or NaBHB for 24 hours at 
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37°C and 5% CO2, and then placed in PBS to be imaged and stimulated with 10mM 

histamine. Live tissue contraction of the PCLS was imaged using the Zeiss Airyscan 2 

confocal microscope imaging system in conjunction with the ImageJ Micro-Manager 2.0.0 

Multi-Dimensional Acquisition (FIJI). Images were acquired at a frame rate of 1 

frame/second and were analyzed using ImageJ (FIJI) software measuring relative diameter 

change to calculate percent airway narrowing. A 3D-printed PLA wafer was used during 

imaging to weigh down the PCLS to increase efficiency and reproducibility of imaging. 

Each individual airway represents n=1. 

4.3.6. Statistical Analyses 

All experiments included multiple biological replicates for each condition. Outliers 

were identified and removed using the ROUT method (Q=1%) and the cleaned data were 

analyzed using unpaired one-way ANOVA with post-hoc multiple comparisons: Tukey’s 

test (for comparing all means) or Dunnett’s test (for comparing each mean to a control), 

were performed using GraphPad Prism 10.2.3 (GraphPad Software, Inc., La Jolla, CA). 

Data are presented as means ± SEM from representative experiments. P values below 0.05 

are considered statistically significant, and significance levels are indicated in the figure 

legends. 

4.4. Results 

4.4.1. Histamine induces human bronchial smooth muscle cell contraction. 

Histamine is well-documented as a potent inducer of airway smooth muscle 

contraction that causes bronchoconstriction10. Using human bronchial smooth muscle cells 

(HBSMC) as an in vitro model, we confirmed that histamine provokes a dose-dependent 

contraction of these cells (Figure 4.1A). The contraction induced by 2.5 mM histamine 
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was visualized using light microscopy, with comparative images captured before 

stimulation and 5 minutes after stimulation (Figure 4.1B). Post-stimulation images clearly 

show contracted cells, highlighted by red arrows, emphasizing the effect of histamine 

exposure. Quantitative analysis revealed that histamine elicited significant contraction 

compared to the vehicle control. Additionally, dose-dependent increases in contraction 

were statistically significant across all comparisons, except for the transition from 1 mM 

to 2.5 mM histamine. These results demonstrate the robust and measurable effect of 

histamine on bronchial smooth muscle contraction, enabling the examination of ketone 

bodies on this asthma-related phenotype. 

4.4.2. Beta-hydroxybutyrate (BHB) attenuates histamine induced human bronchial 

smooth muscle cell contraction. 

In our recent studies, we demonstrated the therapeutic benefits of elevating 

circulating ketone bodies—a state known as therapeutic ketosis—in mouse models of both 

obese13 and allergic asthma14. This intervention effectively mitigated methacholine-

induced airway hyperresponsiveness and significantly improved lung function in vivo13,14. 

Building on these findings, we investigated the effects of ketone bodies on histamine-

induced contraction in human bronchial smooth muscle cells (HBSMC) using our validated 

in vitro system. Whereas exposure to 2.5 mM histamine elicited pronounced HBSMC 

contraction, cells that were co-treated with 2.5 mM beta-hydroxybutyric acid (BHBA), (R)-

beta-hydroxybutyric acid ((R)-BHBA), (S)-beta-hydroxybutyric acid ((S)-BHBA), or 

sodium beta-hydroxybutyrate (NaBHB) exhibited significantly attenuated histamine-

induced contraction (Figure 4.2). Notably, none of the BHB forms tested induced 

contraction in the absence of histamine, indicating their specific role in modulating 

histamine-evoked responses. 
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Interestingly, the attenuation of contraction was more pronounced with the racemic 

BHBA and the individual enantiomers (R)-BHBA and (S)-BHBA compared to sodium 

beta-hydroxybutyrate (NaBHB). These findings suggest that the pH of the beta-

hydroxybutyrate compound contributes to its efficacy, highlighting the potential for 

targeted therapeutic strategies leveraging specific BHB formulations. 

4.4.3. Beta-hydroxybutyric acid dose-dependently inhibits histamine-induced 

HBSMC contraction. 

Building on the observed inhibitory effects of various forms of BHB on histamine-

induced contraction, we next investigated whether these effects were dose-dependent. 

Human bronchial smooth muscle cells (HBSMC) were simultaneously stimulated with 2.5 

mM histamine and exposed to increasing, biologically relevant concentrations of beta-

hydroxybutyric acid (BHBA) for 5 minutes in vitro. By quantifying the percentage of cell 

contraction, we found that BHBA effectively attenuated histamine-induced contraction in 

a dose-dependent manner (Figure 4.3). Notably, all tested concentrations of BHBA 

significantly reduced contraction compared to the histamine control, further supporting its 

potential to modulate airway smooth muscle reactivity. 

4.4.4. Pre-exposure of HBSMC to BHBA attenuates histamine-induced contraction. 

As our previously reported in vivo studies have modeled endogenous ketone 

augmentation through dietary interventions that provide elevated systemic concentrations 

of these molecules over a protracted period, we sought to replicate this exposure in an in 

vitro system. To mimic endogenous ketone elevation, human bronchial smooth muscle cells 

(HBSMC) were pre-exposed to biologically relevant concentrations of beta-

hydroxybutyric acid (BHBA) for 24 hours, followed by washing and subsequent 
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stimulation with histamine. Pre-exposure to BHBA significantly attenuated histamine-

induced contraction in a dose-dependent manner (Figure 4.4), consistent with the 

inhibitory effects observed during simultaneous exposure of BHBA and histamine. 

Notably, all pre-exposure concentrations demonstrated significant reductions in 

contraction compared to the histamine control, which received an appropriate vehicle pre-

exposure. Interestingly, when comparing the two exposure methods, the simultaneous 

exposure of BHBA with histamine proved more effective at reducing contraction than the 

pre-exposure approach. 

4.4.5. Pre-exposure to BHB or a Free Fatty Acid Receptor (FFAR)3 agonist inhibits 

histamine-induced HBSMC contraction. 

Given that beta-hydroxybutyrate (BHB) has been suggested to act as a ligand for 

FFAR3 and exert its beneficial effects through an FFAR3-dependent pathway21-23,48, we 

investigated whether activating FFAR3 could replicate the inhibitory effects of BHB on 

histamine-induced contraction in HBSMC. To test this possibility, cells were pre-exposed 

to biologically relevant concentrations of BHB to model endogenous ketone augmentation, 

as well as to the FFAR3 agonist AR420626 (AR). Both pre-exposure to BHB and AR 

significantly attenuated histamine-induced HBSMC contraction (Figure 4.5), suggesting 

that the observed inhibitory effects of BHB may indeed be mediated, at least in part, 

through the activation of FFAR3.  

4.4.6. FFAR3 activation is sufficient to attenuate histamine-induced HBSMC 

contraction.  

The ability of the FFAR3 agonist AR420626 (AR) to attenuate histamine-induced 

contraction in a simultaneous stimulation mirrors the effects observed with pre-exposure 

to BHBA, (R)-BHBA, (S)-BHBA, or NaBHB. This similarity suggests that these 
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compounds may exert their inhibitory effects through a shared mechanism or pathway. In 

our model of exogenous ketone augmentation, simultaneous stimulation with histamine in 

the absence or presence of BHB compounds or AR once again attenuated histamine-

induced HBSMC contraction (Figure 4.6). 

Ketone bodies, particularly BHB, have been proposed to mediate their beneficial effects 

via uptake through Monocarboxylic Transporter 1 (MCT1) (21, 37). To evaluate the 

involvement of this pathway, we tested the MCT1 inhibitor AZD3965 (AZD) in the 

presence of the BHB compounds. Notably, the presence of AZD did not block the 

inhibitory effects of BHB on histamine-induced contraction, indicating that these effects 

are independent of MCT1-mediated uptake. Interestingly, the use of DMSO as a vehicle 

for both AR and AZD also resulted in unexpected inhibition of histamine-induced 

contraction. This observation underscores the need for further investigation into the 

potential off-target effects of DMSO in this context. 

4.4.7. Histamine induces airway narrowing in murine PCLS.  

It has been reported that in murine models of allergic asthma, methacholine (McH) 

exposure causes pronounced bronchoconstriction of mouse lungs that were immune-

primed with either ovalbumin (OVA) or house dust mite (HDM)14,49 and that treatment of 

human and guinea pig PCLS with histamine causes a decrease in airway lumen area50. It 

was also recently reported that agonist-induced bronchoconstriction in the airways can 

cause pathological airway epithelial crowding, triggering cellular extrusion into the airway 

lumen49. Using live tissue imaging of murine PCLS, we observed that histamine causes 

dose-dependent narrowing of the airway by causing cellular extrusion during 

bronchoconstriction (Figure 4.7A). The cellular extrusion induced by 10 mM histamine 
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was visualized using light microscopy, with comparative images captured before 

stimulation and 10 minutes after stimulation (Figure 4.7B). Post-stimulation images 

clearly show extruded cells, highlighted by red arrows, emphasizing the effect of histamine 

exposure. Quantitative analysis revealed that histamine elicited significant airway 

extrusion compared to the vehicle control (Figure 4.7C). Interestingly, we did not observe 

the same robust airway narrowing in our sequential dose-response studies in which the 

10mM histamine condition only induced a mean value of about 5% airway narrowing, 

whereas in the studies in which a single stimulation of 10mM histamine was used, a mean 

value of about 55% airway narrowing or closure was observed. 

4.4.8. Exogenous BHB stimulation is sufficient to inhibit airway cellular extrusion 

in PCLS.  

We have previously reported that BHB has inhibitory effects on allergen-induced 

pro-inflammatory cytokine secretion14 in human bronchial epithelial cells, providing some 

evidence that BHB already has effects directly on this relevant cell type. Using in vitro 

model systems, histamine can disrupt barrier integrity through adverse effects on tight 

junction integrity51-53 and fluid hypersecretion52,54. Building on our findings in vitro of the 

inhibitory effects of BHB on histamine-induced HBSMC contraction, we investigated the 

effects of ketone bodies on histamine-induced airway narrowing ex vivo. 

Exposure to 10 mM histamine elicited a pronounced phenotype of cellular extrusion 

and a significant increase in the percentage of airway narrowing occurring, as expected 

(Figure 4.8A). However, in PCLS exposed to 10 mM beta-hydroxybutyric acid (BHBA), 

or sodium beta-hydroxybutyrate (NaBHB), histamine-induced airway narrowing, and 

cellular extrusion visualized using light microscopy, was significantly attenuated, with 
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comparative images captured before stimulation and 10 minutes after stimulation (Figure 

4.8B) in the presence of BHBA or NaBHB. Post-stimulation images clearly show extruded 

cells, highlighted by red arrows, emphasizing the effect of histamine exposure compared 

to the histamine positive control.  

4.4.9. Pre-exposure of PCLS with BHB attenuates histamine-induced cellular 

extrusion.  

As our previously reported in vivo studies have modeled endogenous ketone 

augmentation through dietary interventions, we sought to replicate this exposure in an ex 

vivo system. To model endogenous ketone elevation over a protracted period, PCLS were 

pre-exposed to biologically relevant concentrations of 10mM beta-hydroxybutyric acid 

(BHBA) or sodium beta-hydroxybutyrate (NaBHB) for 24 hours, followed by subsequent 

stimulation with histamine in the imaging medium containing no BHB. Pre-exposure to 

BHBA significantly attenuated histamine-induced cellular extrusion (Figure 4.9), 

consistent with the inhibitory effects observed during simultaneous exposure of BHBA and 

histamine. Notably, all pre-exposure conditions demonstrated reductions in cellular 

extrusion, although the effect of NaBHB only trended towards inhibition and was not 

statistically significant compared to the histamine control that received an appropriate 

vehicle pre-exposure. Interestingly, when comparing the two methods of exposure, the 

simultaneous exposure of BHBA with histamine proved more effective at reducing cellular 

extrusion than pre-exposure. 

4.5. Discussion 

The increasingly prevalent asthma epidemic requires novel alternative or additional 

therapies to treat severe or ‘difficult-to-treat’ endotypes and improve quality of life for 
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those with this chronic and heterogeneous syndrome. Therapeutic ketosis is one such 

approach that has been gaining attention as a potential therapy due to its many beneficial 

effects in a myriad of pathological conditions and diseases55-59. Pertaining to asthma, 

therapeutic ketosis achieved through dietary interventions—such as a ketogenic diet, 

ketogenic precursor supplementation, or ketone ester intake—reduces methacholine 

hyperresponsiveness, a key pathophysiological feature of preclinical obese associated and 

allergic-associated asthma models13,14 and inhibits pathological activities of several 

associated cells13-15. In models of asthma, distal airway and peripheral lung dysfunction 

occur60, and our previous work has shown that augmented BHB concentrations provide 

beneficial effects on both13,14. Ketone body augmentation decreased markers of 

methacholine hyperresponsiveness, airway resistance, tissue damping, and tissue elastance, 

physiological variables which are markedly increased by heterogeneous ventilation to the 

distal airways commonly due to variations in airway narrowing60,61, and sensitive to 

contraction of the peripheral airways. Therefore, we speculated that the mechanism through 

which ketones attenuate airway hyperresponsiveness may directly involve the bronchial 

smooth muscle. As reported herein, our studies demonstrate that BHB inhibits bronchial 

smooth muscle contraction.  

The mechanisms by which BHB can elicit these effects remain uncertain but may 

include activation of various cell surface receptors such as free fatty acid receptor 3 

(FFAR3)17,22,23, or through modulation of intracellular signaling regulating cellular 

contraction and extrusion. Given that BHB has been proposed to demonstrate efficacy 

across a wide range of applications and activation of many G-protein coupled receptors 

(GCPRs)15,16,20-23, perhaps including the induction of tachyphylaxis, it likely operates 
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through a fundamental mechanism that is universally relevant to these processes such as 

ion exchange22,29,62 through calcium signaling22,23 or adjusting membrane potential62. 

Our in vitro studies using human bronchial smooth muscle cells (HBSMCs) 

demonstrate that histamine-induced contraction is attenuated by BHB, including its 

racemic mixture and the individual enantiomers (R)-BHB and (S)-BHB. Since only (R)-

BHB can be efficiently metabolized by β-hydroxybutyrate dehydrogenase to form acetyl-

CoA that is subsequently converted into ATP and used as an energy substrate 63, we 

confirmed that the attenuation of contraction occurs independently of BHB’s metabolic 

role. Additionally, the MCT1 inhibitor AZD3965 failed to block BHB’s effects, indicating 

that MCT1-mediated uptake is not involved. 

We further explored the influence of pH by comparing sodium BHB (NaBHB, pH 

9.73) and beta-hydroxybutyric acid (BHBA, pH 2.09). When diluted to biologically 

relevant concentrations in buffered media, both BHBA and NaBHB attenuated histamine-

induced contraction in vitro, although BHBA was more effective suggesting that while 

BHB itself is sufficient, acidity enhances its effect. This mechanism may also explain 

differences in histamine-induced cellular extrusion ex vivo. Additionally, the FFAR3 

agonist AR420626 produced similar inhibitory effects, implying that FFAR3 activation 

may mediate the inhibitory effects of BHB. Confirmation would require an FFAR3 

antagonist, although a compound with this activity is not yet commercially available. 

Nevertheless, these findings provide the rationale for future studies, such as examining the 

effects of BHB in FFAR3 knockdown cells and FFAR3 knockout mice. 
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The simultaneous exposure to BHBA with histamine was more effective at reducing 

histamine-induced HBSMC contraction and PCLS cell extrusion than the BHBA pre-

exposure approach. However, it is likely that the application of ‘therapeutic ketosis’ in a 

clinical setting would provide consistently elevated BHB concentrations that could be 

modeled in vitro and ex vivo using the pre-exposure approach without removing the BHB 

before assessment of histamine-induced contraction and cell extrusion.  

Cellular extrusion occurs when the epithelial cell lining the airway becomes too 

crowded and start to extrude into the airway lumen49,64. In previous work in this field, it 

was determined that pathological crowding due to bronchoconstriction causes epithelial 

cells to extrude into the airway lumen resulting in inflammation and mucus secretion in 

models of both human and mouse PCLS49. Unlike our mouse PCLS model, the previously 

mentioned studies used an HDM-primed allergic asthma model in which 

bronchoconstriction was induced with methacholine. In contrast, our model did not involve 

an in vivo allergic asthma setup but instead used histamine as an immune-relevant agonist 

to induce bronchoconstriction ex vivo. Notably, we found that histamine elicited the same 

cellular extrusion effects as those observed in the HDM-primed mouse PCLS stimulated 

with methacholine. Additional future studies include augmenting ketone body 

concentrations in vivo in preclinical asthma models and determining whether the 

attenuation of histamine-induced effects on PCLS are retained ex vivo. 

There are several limitations to our findings. In our previous in vivo murine studies, 

methacholine was used as an agonist to assess the asthma-associated lung function 

phenotype of methacholine hyperresponsiveness, whereas in our in vitro and ex vivo 

studies, we utilized histamine as an airway smooth muscle contraction-inducing agonist. 
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Histamine contributes to asthma by triggering inflammation and airway constriction6,8,9. 

During an asthma attack, histamine is released from mast cells as part of an IgE-mediated 

immune response to allergens65 or via their IgE-independent stimulation by irritants9, 

making it a more relevant agonist for asthma studies. In contrast, methacholine is a 

synthetic compound modeling endogenous acetylcholine that is used in clinical diagnostics 

to induce airway constriction without triggering the inflammatory response characteristic 

of asthma2. Thus, histamine effectively models relevant mechanisms of asthma 

exacerbations and is appropriate for the studies reported herein.  

There are several limitations to our findings. Namely, we conducted in vitro studies 

using primary human bronchial smooth muscle cells and ex vivo studies with mouse 

precision cut lung slices (PCLS) instead of human subjects. While informative, human cell 

studies fail to capture the prolonged and complex nature of human asthma. They offer a 

reductionist approach by focusing on a single cell type and a specific agonist. In our 

previous in vivo murine studies, methacholine was used as an agonist to assess the asthma-

associated lung function phenotype of methacholine hyperresponsiveness, whereas in our 

in vitro and ex vivo studies, we utilized histamine as an airway smooth muscle contraction-

inducing agonist. Histamine contributes to asthma by triggering inflammation and airway 

constriction6,8,9. During an asthma attack, histamine is released from mast cells as part of 

an IgE-mediated immune response to allergens65 or via their IgE-independent stimulation 

by irritants9, making it a more relevant agonist for asthma studies. In contrast, methacholine 

is a synthetic compound modeling endogenous acetylcholine that is used in clinical 

diagnostics to induce airway constriction without triggering the inflammatory response 
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characteristic of asthma2. Thus, histamine effectively models relevant mechanisms of 

asthma exacerbations and is appropriate for the studies reported herein.  

Therapeutic ketosis is being applied to respiratory diseases in the clinical setting, 

including asthma66,67 and Cystic fibrosis68. Whereas the asthma trials are providing 

medium-chain triglyceride supplementation as a substrate for ketone body formation in 

vivo, the Cystic fibrosis trial is providing the ketone ester precursor that more rapidly and 

efficiently boosts circulating ketone body concentrations and is the same compound we 

have employed in mouse models of obese asthma and allergic asthma13,14. The inclusion of 

therapeutic ketosis in clinical trials reflects growing scientific interest and recognition of 

its potential. Providing ketone ester supplementation in asthmatic subjects merits future 

study. Positive outcomes from these studies would provide robust support for incorporating 

therapeutic ketosis into treatment protocols, encouraging further exploration of its use as a 

complementary or alternative asthma therapy. This ongoing research underscores the 

significance of studying ketone-based interventions, emphasizing the need for continued 

investigation into their mechanisms and therapeutic potential. 

4.6. Figure Legends 

Figure 4.1. Histamine dose-dependently provokes HBSMC contraction.  

HBSMCs were sequentially stimulated in vitro with increasing concentrations of histamine 

for 5 minutes each and percent contraction of individual cells was quantitated. n=44-89 per 

group; the values presented represent a normalized dataset created by combining results 

from three individual studies. ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001 

compared to the vehicle, #P ≤ 0.05 ####P ≤ 0.0001 compared to the previous concentration 

of histamine (A). Visualization of contracting cells through sample movie stills of 2.5mM 
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histamine response of HBSMC (minutes: seconds), with red arrows pointing to individual 

contracting cells (scale bars, 200m) (B).  

Figure 4.2. BHB decreases histamine-induced HBSMC contraction.  

HBSMCs were simultaneously stimulated in vitro for 5 minutes with 2.5mM histamine in 

the presence of 2.5mM BHBA, (R)-BHBA, (S)-BHBA, or NaBHB and percent contraction 

of individual cells was quantitated. n=24-100 per group; the values presented represent a 

normalized dataset created by combining results from three individual studies. ∗∗∗∗P ≤ 

0.0001 compared to the vehicle, ####P ≤ 0.0001 compared to histamine. 

Figure 4.3. BHBA dose-dependently inhibits histamine-induced HBSMC contraction. 

HBSMCs were simultaneously stimulated in vitro for 5 minutes with 2.5mM histamine in 

the presence of increasing concentrations of beta-hydroxybutyric acid (BHBA) and percent 

contraction of individual cells was quantitated. n=40-114 per group; the values presented 

represent a normalized dataset created by combining results from three individual studies. 

∗∗∗∗P ≤ 0.0001 compared to the vehicle,  ####P ≤ 0.0001 compared to histamine.  

Figure 4.4. BHBA pretreatment attenuates histamine-induced HBSMC contraction. 

HBSMCs were untreated (Vehicle) or exposed in vitro to increasing concentrations of beta-

hydroxybutyric acid (BHBA) for 24 hours, washed, and then stimulated with 2.5mM 

histamine for 5 minutes and percent contraction of individual cells was quantitated. n=40-

89 per group; the values presented represent a normalized dataset created by combining 

results from three individual studies. ∗∗∗∗P ≤ 0.0001 compared to the vehicle, ####P ≤ 

0.0001 compared to histamine. 
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Figure 4.5. Pretreatment with BHB compounds or FFAR3 agonist attenuates 

histamine-induced HBSMC contraction.  

HBSMCs were untreated (Vehicle) or exposed in vitro with beta-hydroxybutyric acid 

(BHBA), (R)-BHBA, (S)-BHBA, NaBHB, or FFAR3 agonist (AR) for 24 hours, washed, 

and then stimulated with 2.5mM histamine for 5 minutes and percent contraction of 

individual cells was quantitated. n=51-216 per group; the values presented represent a 

normalized dataset created by combining results from three individual studies. ∗P ≤ 0.05, 

∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001 compared to the vehicle, ####P ≤ 0.0001 

compared to histamine.  

Figure 4.6. FFAR3 activation is sufficient to inhibit histamine-induced HBSMC 

contraction.  

HBSMCs were untreated (Vehicle) or exposed in vitro with 2.5mM histamine in the 

presence of 2.5mM beta-hydroxybutyric acid (BHBA), 50µM FFAR3 agonist (AR), or a 

combination of 40nM MCT1 inhibitor (AZD) and 2.5mM BHBA for 5 minutes and percent 

contraction of individual cells was quantitated. DMSO was used as a vehicle control for 

the AR and AZD groups. n= 42-291 per group; values are inclusive of studies performed 

three times. ∗∗∗∗P ≤ 0.0001 compared to the vehicle, ####P ≤ 0.0001 compared to 

histamine. 

Figure 4.7. Histamine induces cellular extrusion in murine PCLS.  
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Murine PCLS were sequentially stimulated ex vivo with increasing concentrations of 

histamine for 10 minutes each and percent airway narrowing of individual airways was 

quantitated. n=6 per group; the values presented represent a normalized dataset created by 

combining results from three individual studies. ***P ≤ 0.001 compared to the vehicle, #P 

≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001 compared to 10mM histamine (A). Visualization of 

cellular extrusion through sample movie stills of 2.5mM histamine response of PCLS 

(minutes: seconds), with red arrows pointing to cellular extrusions (scale bars, 100µm) (B). 

Quantification of percent airway narrowing PCLS stimulated with 10mM histamine. n=27-

30 per group; the values presented represent a normalized dataset created by combining 

results from three individual studies. ****P ≤ 0.0001compared to the vehicle (C). 

Figure 4.8.  BHB attenuates histamine-induced cellular extrusion in PCLS. Murine 

PCLS were simultaneously stimulated ex vivo with 10mM histamine for 10 minutes each 

for 5 minutes in the presence of 10mM BHBA or NaBHB and percent airway narrowing 

of individual airways was quantitated. and percent airway narrowing of individual airways 

was quantitated. n=22-32 per group; the values presented represent a normalized dataset 

created by combining results from three individual studies. ∗P ≤ 0.05, ∗∗∗∗P ≤ 0.0001 

compared to the vehicle,  ####P ≤ 0.0001 compared to 10mM histamine (A). Visualization 

of cellular extrusion through sample movie stills of 10mM histamine response of PCLS in 

the presence of BHB (minutes: seconds), with red arrows pointing to cellular extrusions 

(scale bars, 100µM) (B).  
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Figure 4.9. Pre-exposure of PCLS to BHB attenuates histamine-induced cellular 

extrusion. HBSMCs were untreated (Vehicle) or exposed ex vivo with 10mM BHBA or 

NaBHB for 24 hours, placed in PBS for imaging, and then stimulated with 10mM 

histamine for 10 minutes and percent airway narrowing of individual airways was 

quantitated. n=12-22 per group; the values presented represent a normalized dataset 

created by combining results from three individual studies. ∗∗∗∗P ≤ 0.0001 compared to 

the vehicle, ###P ≤ 0.001 compared to histamine. 
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4.7. Figures 

 

Figure 4.1. Histamine dose-dependently provokes HBSMC contraction.  
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Figure 4.2. BHB decreases histamine-induced HBSMC contraction.
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Figure 4.3. BHBA dose-dependently inhibits histamine-induced HBSMC contraction. 
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Figure 4.4. BHBA pretreatment attenuates histamine-induced HBSMC contraction.
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Figure 4.5. Pretreatment with BHB compounds or FFAR3 agonist attenuates 

histamine-induced HBSMC contraction.  
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Figure 4.6. FFAR3 activation is sufficient to inhibit histamine-induced HBSMC 

contraction.  
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Figure 4.7. Histamine induces cellular extrusion in murine PCLS.
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Figure 4.8. BHB attenuates histamine-induced cellular extrusion in PCLS. 
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Figure 4.9. BHB attenuates histamine-induced cellular extrusion in PCLS. 
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Chapter 5: Discussion 

5.1. Summary 

Bronchial smooth muscle (BSM) plays a well-established role in airway 

hyperresponsiveness in asthma by contributing to remodeling, inflammation, and 

contraction. While therapeutic ketosis has emerged as a potential intervention to alleviate 

asthma symptoms, the mechanisms whereby it affects the activities of BSM remain largely 

undefined. Studies have demonstrated that ketone bodies, particularly β-hydroxybutyrate 

(BHB), exert anti-inflammatory and antioxidant effects, and weight loss-induced ketosis 

has been associated with improved asthma outcomes. However, the direct impact of ketone 

bodies on BSM functions, specifically their capacity to modulate airway remodeling, 

inflammation, and contraction, has not been systematically investigated. This dissertation 

addresses this critical gap by exploring how therapeutic ketosis influences BSM to 

attenuate airway hyperresponsiveness. Using in vitro and ex vivo models, we aim to define 

the cellular and molecular mechanisms by which BHB modulates BSM remodeling, 

inflammatory signaling, and contractile responses. By elucidating these pathways, this 

work seeks to provide a mechanistic foundation for leveraging therapeutic ketosis as a 

novel strategy for asthma treatment. 

We have now demonstrated that BHB suppresses bronchial smooth muscle 

remodeling and airway hyperresponsiveness (AHR) in response to allergen exposure. 

House dust mite (HDM) extract induces morphological changes in human bronchial 

smooth muscle cells (HBSMCs), and we have shown that BHB inhibits these changes in a 

dose-dependent manner. Notably, BHB also suppresses HDM protease activity in a similar 

dose-dependent fashion, suggesting that its ability to attenuate HDM-induced 
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morphological changes may be mediated through protease inhibition. In in vivo preclinical 

models of asthma, it has been shown that dietary interventions that elevate systemic BHB 

levels—such as ketogenic diets, ketone precursor feeding, or ketone ester 

supplementation—reduce methacholine-induced AHR, a key pathophysiological feature of 

asthma1,2. BHB also improves both large airway and peripheral lung function by decreasing 

airway resistance, tissue damping, and tissue elastance, parameters that reflect 

heterogeneous ventilation and airway constriction1,2. These findings, along with the results 

reported in this dissertation, suggest that BHB directly modulates bronchial smooth muscle 

cell function to attenuate airway constriction and hyperresponsiveness, providing further 

support for therapeutic ketosis as a strategy for asthma management (Chapter 2). 

We have also provided evidence that BHB suppresses the pro-inflammatory 

response of human bronchial smooth muscle cells (HBSMC) to IL-1β. IL-1β induces 

robust production of the cytokines IL-6 and IL-8 from HBSMC, and we have shown that 

BHB attenuates this response in a dose-dependent manner. The inhibitory effect of BHB is 

influenced by pH, as beta-hydroxybutyric acid (BHBA) more effectively suppresses 

cytokine production compared to sodium beta-hydroxybutyrate (NaBHB), suggesting that 

acidity enhances BHB’s action. While the precise mechanism for the enhanced inhibition 

by BHB in an acidic form or an acidic environment remains uncertain, our data suggest 

that BHB exerts its effects independently of metabolic conversion, as both the (R)-BHB 

and (S)-BHB enantiomers provide attenuation, and the effects of BHB do not require its 

uptake via the monocarboxylate transporter, MCT1. Instead, the activation of the free fatty 

acid receptor 3 (FFAR3) may contribute to its anti-inflammatory function, as the FFAR3 

agonist AR420626 elicits similar inhibitory effects as BHB. These findings suggest that 
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BHB functions as a modulator of bronchial smooth muscle-initiated inflammation, limiting 

cytokine-mediated airway inflammation and potentially attenuating the progression of 

airway hyperresponsiveness. This suppression of pro-inflammatory signaling may be 

relevant to the broader anti-inflammatory effects of therapeutic ketosis in airway disease 

(Chapter 3). 

We have also demonstrated that BHB suppresses bronchial smooth muscle 

contraction in response to histamine, a key contributor to airway narrowing in asthma. 

Histamine stimulation induces robust contraction of human bronchial smooth muscle cells 

(HBSMCs), and we have shown that BHB attenuates this contraction in a dose-dependent 

manner. Both (R)-BHB and (S)-BHB enantiomers equivalently exert this effect, indicating 

that BHB’s inhibition of contraction is largely independent of its role as a metabolic 

substrate. Additionally, the inhibitory effects of BHB are enhanced under acidic conditions, 

as beta-hydroxybutyric acid (BHBA) is more effective than sodium beta-hydroxybutyrate 

(NaBHB), suggesting that pH modulates BHB’s action to attenuate agonist-induced 

contraction. The involvement of cell surface receptors is also implicated, as the FFAR3 

agonist AR420626 produces similar inhibitory effects on contraction as BHB. Ex vivo 

studies using precision-cut lung slices (PCLS) further support BHB’s ability to reduce 

histamine-induced cellular extrusion, a process initiated by BSM contraction and linked to 

airway inflammation and mucus secretion. These findings suggest that BHB functions as a 

regulator of bronchial smooth muscle tone, limiting airway constriction and potentially 

mitigating asthma symptoms. This suppression of bronchial smooth muscle contraction 

may contribute to the broader protective effects of therapeutic ketosis in airway disease 

(Chapter 4). 



 
 

141 

 

The studies reported in this dissertation, in conjunction with those of others1-3 have 

elucidated an important contribution of therapeutic ketosis in modulating airway 

hyperresponsiveness in asthma. These effects are achieved through multiple mechanisms, 

including inhibition of protease activity, attenuation of inflammatory signaling, and 

activation of cell surface receptors such as FFAR3. The ability of BHB to influence both 

bronchial smooth muscle-mediated airway inflammation and contractile function 

highlights its potential as a therapeutic intervention for asthma, a disease characterized by 

chronic inflammation and airway hyperreactivity. 

5.2. Discussion 

5.2.1. Asthma 

Chapters 2, 3, and 4 of this dissertation collectively explore the role of therapeutic 

ketosis in mitigating key pathophysiological features of asthmatic airway 

hyperresponsiveness (AHR) in bronchial smooth muscle, including remodeling, 

inflammation, and contraction. Asthma is a chronic respiratory disease characterized by 

persistent airway inflammation, bronchial hyperreactivity, and structural remodeling, all of 

which contribute to airflow obstruction and respiratory distress4,5. While current therapies 

primarily focus on bronchodilation and inflammation suppression, they are often 

insufficient for severe or treatment-resistant cases6,7. This research suggests that the ketone 

body beta-hydroxybutyrate (BHB) has direct effects on bronchial smooth muscle and 

inflammation, offering a potential complementary or alternative approach to traditional 

asthma treatments. 

Allergic asthma is driven by an exaggerated immune response to inhaled allergens, 

such as house dust mite (HDM), a common, recurrent, environmental trigger that contains 
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potent proteases capable of disrupting airway epithelial integrity and activating innate 

immune pathways5,8-11. HDM exposure leads to airway inflammation, increased mucus 

production, and bronchial smooth muscle (BSM) morphological change8,12-20. This 

remodeling thickens airway walls, reduces elasticity, and contributes to obstruction by 

increasing contractile capacity21-27. BSM also acts as both a target and mediator of 

inflammation, responding to cytokines and chemokines from immune cells such as 

eosinophils, mast cells, and type 2 lymphocytes8,9,12-14,16. Mast cell infiltration exacerbates 

airway hyperresponsiveness by releasing histamine and other mediators, creating a 

feedback loop of inflammation and muscle activation13,14,16,17,28-32. Contraction of BSM, 

normally a protective mechanism, becomes dysregulated in asthma due to inflammatory 

mediators like histamine, leukotrienes, and prostaglandins, which enhance calcium 

signaling pathways and muscle contraction21,32-38. Vagal nerve activity further contributes 

by stimulating muscarinic receptors, increasing intracellular calcium, and activating 

myosin light chain kinase, leading to sustained contraction39-47. Given its role in 

inflammation, remodeling, and hyperresponsiveness, BSM is a key effector cell type for 

asthma therapeutics48-50. 

Asthma management routinely targets bronchial smooth muscle (BSM) to alleviate 

airway obstruction, primarily through β2-adrenergic agonists, which activate intracellular 

signaling to promote relaxation51. Short-acting β-agonists (SABAs) like albuterol provide 

rapid bronchodilation, while long-acting β-agonists (LABAs) are combined with inhaled 

corticosteroids (ICS) for sustained control4,6,51-54. Biologic therapies, including monoclonal 

antibodies targeting IgE, IL-4, IL-5, IL-13 (or their receptors), and TSLP, indirectly 

modulate BSM function by reducing inflammation-driven hyperresponsiveness55-64. 
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Despite their efficacy, biologics are limited by high costs, side effects, and phenotype-

specific indications, necessitating alternative approaches for severe or uncontrolled 

asthma7,65-69. This background underscores the need for alternative therapeutic strategies, 

such as those explored in Chapters 2, 3, and 4, by highlighting the central role of bronchial 

smooth muscle in asthma pathophysiology. 

5.2.2. Therapeutic Ketosis 

The studies presented in this dissertation, as well as other published literature, 

suggest the therapeutic potential of ketone bodies in various physiological contexts. 

Traditionally, ketone bodies have been recognized as an alternative energy source during 

glucose scarcity, such as fasting or carbohydrate restriction, with BHB serving as a primary 

fuel for the brain and peripheral tissues70-73. However, recent research highlights BHB’s 

contributions beyond metabolism, showing that it functions as a signaling molecule that 

can modulate cellular responses through receptor activation, epigenetic regulation, and ion 

channel modulation74-85. One emerging area of interest is the potential for BHB to activate 

free fatty acid receptor 3 (FFAR3), a G-protein-coupled receptor traditionally associated 

with short-chain fatty acids like acetate, propionate, and butyrate86. FFAR3 is expressed in 

various tissues, including the gut87, nervous system88,89, pancreas90, and airway smooth 

muscle91, where it regulates metabolic and inflammatory responses. Evidence 

demonstrated in Chapters 3 and 4, suggest that BHB may interact with FFAR3, modulating 

airway smooth muscle contraction and pro-inflammatory signaling. In asthma, where 

bronchial smooth muscle (BSM) plays a key role in airway hyperresponsiveness, FFAR3 

activation by BHB could provide a novel mechanism for reducing excessive airway 

constriction and inflammation. 
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Given that FFAR3 has been implicated in modulating sympathetic and 

parasympathetic pathways, its activation by BHB could inhibit excessive 

bronchoconstriction by regulating calcium signaling and smooth muscle excitability84,85,91. 

Furthermore, the potential immune-modulatory effects of FFAR3 activation could help 

suppress cytokine production and immune cell recruitment, reducing airway inflammation 

and fibrosis75,91. Future studies should focus on determining whether BHB’s effects on 

airway smooth muscle and inflammation are directly mediated through FFAR3. This could 

be achieved using FFAR3-specific agonists and antagonists, gene knockdown models, or 

knockout mice to assess whether the absence of FFAR3 alters BHB’s ability to regulate 

smooth muscle contraction and cytokine production. 

5.2.3. Research Limitations 

The research described in this dissertation presents several limitations across the in 

vitro, and ex vivo preclinical studies conducted to evaluate the effects of therapeutic ketosis 

in asthma. One major limitation is the reliance on in vitro studies using primary human 

bronchial smooth muscle cells (HBSMCs). While these studies provide valuable 

mechanistic insights, they fail to capture the complexity of human asthma, which involves 

multiple interacting cell types, immune responses, and long-term disease progression. The 

experiments conducted focus exclusively on the initial inhibitory effects of BHB on pro-

inflammatory signaling and bronchial smooth muscle contraction, without assessing its 

long-term impact on inflammation resolution, airway remodeling, or disease progression. 

Another limitation is the lack of ex vivo or in vivo confirmation for key mechanisms. 

While ex vivo studies using precision-cut lung slices (PCLS) from mice provided some 

evidence of BHB’s effects on airway contraction and cell extrusion, the research did not 
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fully replicate allergic asthma conditions, such as those induced by house dust mite (HDM) 

exposure in vivo. The studies also relied on histamine as an airway smooth muscle agonist, 

rather than methacholine, which is more commonly used in asthma diagnostics and clinical 

studies. Since histamine triggers both airway constriction and immune activation, while 

methacholine primarily stimulates airway smooth muscle contraction, future studies should 

compare both agonists to better model different aspects of asthma pathology. 

A further limitation is the uncertainty surrounding the mechanisms of BHB action. 

The studies performed suggest that BHB may act through multiple pathways, including 

protease inhibition, receptor activation (FFAR3, HCAR2), and modulation of intracellular 

signaling. However, definitive evidence for receptor involvement is lacking, as FFAR3 

antagonists and knockout models are not available for validation. Without these tools, it 

remains unclear whether BHB’s effects are directly mediated through FFAR3 activation or 

if alternative pathways contribute. Additionally, BHB’s effects on histone modifications 

and post-translational protein modifications, such as β-hydroxybutyrylation, remain 

speculative, as inconsistent reagents prevented conclusive testing of these mechanisms. 

Lastly, the clinical relevance and translational potential of BHB remain untested. 

While preclinical models of obese asthma and allergic asthma suggest beneficial effects of 

augmenting systemic BHB concentrations, no human clinical trials have been conducted 

to assess directly whether therapeutic ketosis or exogenous ketone supplementation could 

improve lung function in asthma patients. Additionally, pharmacological strategies to 

elevate BHB levels, such as ketone esters or precursors, may differ in efficacy and 

tolerability compared to dietary approaches like ketogenic diets. Future studies should 

focus on validating these findings in human subjects, evaluating long-term effects, and 
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optimizing dosing strategies for potential therapeutic applications. Overall, while the 

studies described in this dissertation provide strong support for the potential beneficial 

effects of BHB in asthma, further in vivo studies, receptor-targeting experiments, and 

clinical trials are necessary to confirm its mechanisms and therapeutic potential. 

5.2.4. Food for Thought 

Therapeutic ketosis, particularly the ketone body β-hydroxybutyrate (BHB), has 

demonstrated significant potential in modulating airway hyperresponsiveness, 

inflammation, and bronchial smooth muscle contraction in asthma. Interventions that may 

or deliberately increase circulating ketone body concentrations are being applied to 

respiratory diseases in the clinical setting, including asthma92,93 and cystic fibrosis94, 

respectively. Whereas the asthma trials are providing medium-chain triglyceride 

supplementation as a substrate for ketone body formation in vivo, the cystic fibrosis trial is 

providing the ketone ester precursor that more rapidly and efficiently boosts circulating 

ketone body concentrations and is the same compound we have employed in mouse models 

of obese asthma and allergic asthma1,2. The study of therapeutic ketosis in clinical trials 

reflects growing scientific interest and recognition of its potential. Providing ketone ester 

supplementation in asthmatic subjects merit future study. Positive outcomes from these 

studies would provide robust support for incorporating therapeutic ketosis into treatment 

protocols, encouraging further exploration of its use as a complementary or alternative 

asthma therapy. Independent of asthma, therapeutic ketosis is being assessed as a treatment 

in numerous other various pathological diseases and conditions involving several organ 

systems, cellular targets, and molecular mechanisms74,95-119. 



 
 

147 

 

The studies on bronchial smooth muscle described in this dissertation are clearly 

related to the pathophysiology of allergic asthma but are also relevant to obesity-associated 

asthma. Given its role in modulating energy metabolism, appetite regulation, and 

inflammation, ketosis may offer a complementary or alternative strategy for obesity 

management. Ketone bodies like β-hydroxybutyrate (BHB) have been shown to enhance 

mitochondrial efficiency, preserve lean muscle mass, and improve metabolic flexibility, 

which are critical factors in long-term weight management70,72. Additionally, ketosis may 

influence appetite control by interacting with gut hormones such as ghrelin and GLP-1, 

potentially enhancing satiety and reducing overeating74,86. Since chronic low-grade 

inflammation is a hallmark of obesity, the anti-inflammatory properties of BHB could also 

mitigate obesity-related complications, including insulin resistance and cardiovascular 

dysfunction75,76. These findings suggest that therapeutic ketosis, whether achieved through 

dietary interventions or ketone ester supplementation, warrants further investigation as a 

metabolic tool for obesity treatment. Whereas it would be a challenge for the general 

population to accept a treatment other than a once-a-week injection of semaglutide, the 

ever-popular Ozempic, perhaps a once-a-day bolus of ketone ester would have less side 

effects and still be an attractive therapeutic.  

Dietary composition plays a significant role in regulating endogenous ketone 

production, even in the absence of fasting, when consuming a ketogenic diet, or during 

ketone ester supplementation. High-fiber foods that promote gut microbial fermentation, 

such as resistant starches and prebiotic fibers, can enhance the production of short-chain 

fatty acids (SCFAs) like butyrate, which serves as a precursor for ketogenesis86. The ability 

of diet to shape both microbial composition and ketone availability highlights the potential 
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of dietary interventions to harness the benefits of ketosis without strict carbohydrate 

restriction or exogenous supplementation. Future research should investigate the long-term 

effects of dietary-driven ketosis on metabolic health and whether specific dietary patterns 

can optimize endogenous ketone production to support therapeutic applications. 

This research on β-hydroxybutyrate (BHB) and its effects on bronchial smooth 

muscle contraction has significant implications for the broader field of histamine research, 

particularly in relation to vascular smooth muscle function. Histamine plays a critical role 

in allergic responses, inflammation, and vascular tone, acting through multiple histamine 

receptors (H1-H4) to regulate smooth muscle contraction, endothelial permeability, and 

immune cell activation17. The findings of this dissertation, demonstrating that BHB 

attenuates histamine-induced bronchial smooth muscle contraction, suggest a potential role 

for therapeutic ketosis in mitigating histamine-mediated vascular dysfunction. If similar 

mechanisms apply to vascular smooth muscle, BHB may help regulate blood vessel 

constriction and dilation, offering a novel approach to managing conditions characterized 

by excessive histamine activity, such as mast cell activation syndrome (MCAS), 

anaphylaxis, and chronic urticaria32. In patients with pulmonary arterial hypertension or 

chronic thromboembolic pulmonary hypertension, conditions in which vascular resistance 

in the lungs is increased, BHB infusion decreases pulmonary vascular resistance and 

improves cardiac output120. Similar beneficial effects of BHB were observed ex vivo in the 

isolated pulmonary arteries and right ventricle of healthy rats120. Beyond its effects on 

smooth muscle tone, BHB’s potential interaction with free fatty acid receptor 3 (FFAR3) 

and other signaling pathways could have broader implications for vascular health. 

Histamine is known to increase endothelial permeability, leading to fluid leakage and tissue 
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edema, a key feature of allergic and inflammatory conditions33. If BHB stabilizes 

endothelial function by modulating histamine signaling or enhancing nitric oxide (NO) 

bioavailability, it could serve as a therapeutic target for vascular inflammatory diseases, 

including histamine-related migraines, postural orthostatic tachycardia syndrome (POTS), 

and chronic inflammatory disorders. Additionally, since histamine release is often 

accompanied by oxidative stress and inflammatory cytokine production, the antioxidant 

and anti-inflammatory properties of BHB may further contribute to vascular protection76. 

Future research should explore whether ketone supplementation can mitigate histamine-

mediated vascular dysfunction in both acute allergic responses and chronic inflammatory 

diseases, providing a novel link between metabolic interventions and histamine-related 

vascular pathology. 

Independent of pathological conditions or disease phenotypes, β-hydroxybutyrate 

(BHB) and its effects on smooth muscle contraction, inflammation, and metabolic 

regulation has significant implications for athletics and human performance. Exercise 

places substantial demands on the respiratory system, cardiovascular function, and skeletal 

muscle metabolism, all of which may benefit from the metabolic and anti-inflammatory 

properties of ketone bodies75,121. One of the primary challenges in endurance and high-

intensity sports is maintaining metabolic flexibility—efficiently switching between 

carbohydrate and fat oxidation to sustain energy output. BHB has been shown to enhance 

mitochondrial efficiency, reduce oxidative stress, and improve fuel utilization, which may 

help athletes delay fatigue and optimize performance during prolonged exertion121. 

Additionally, given that BHB attenuates histamine-induced bronchial smooth muscle 

contraction, therapeutic ketosis may offer benefits for athletes prone to exercise-induced 
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bronchoconstriction (EIB), also known as exercise-induced asthma, potentially reducing 

their reliance on bronchodilators and improving respiratory efficiency in endurance sports. 

Beyond respiratory function, the role of BHB in muscle recovery and inflammation 

modulation could be particularly relevant for athletes engaging in high-impact or 

resistance-based training122. Intense exercise leads to transient increases in systemic 

inflammation and oxidative damage, which contribute to delayed-onset muscle soreness 

(DOMS) and prolonged recovery times123. Ketone bodies have been shown to exert anti-

inflammatory effects by inhibiting the NLRP3 inflammasome and reducing pro-

inflammatory cytokine production75. This suggests that therapeutic ketosis could serve as 

a recovery-enhancing strategy, minimizing muscle damage and accelerating repair 

processes following intense training sessions. Furthermore, since muscle cramping and 

fatigue can be exacerbated by metabolic acidosis, the pH-buffering properties of ketones 

may help regulate acid-base balance, improving muscular endurance and reducing cramp 

susceptibility in endurance athletes121. Future research should explore whether exogenous 

ketone supplementation can enhance athletic performance, optimize recovery, and improve 

respiratory function in individuals with exercise-induced airway sensitivity, offering a 

novel metabolic approach to sports performance and recovery. 

It is recommended that a dissertation should go above and beyond the scope of its 

research, but it turns out, therapeutic ketosis may have benefits that are truly out of this 

world. While this dissertation focuses on the effects of therapeutic ketosis on airway 

inflammation and smooth muscle function, its findings have significant relevance for 

human health research in extreme environments, including space exploration. The notion 

of therapeutic ketosis, and its effects on airway inflammation and smooth muscle function, 
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has significant implications for NASA’s human health research, particularly in addressing 

the physiological challenges of long-duration space travel. One of the major concerns for 

astronauts is exposure to space radiation, which induces oxidative stress and DNA damage, 

leading to increased inflammation and cellular dysfunction. Ketone bodies, particularly β-

hydroxybutyrate (BHB), have been shown to upregulate antioxidant pathways and reduce 

inflammatory responses121. By leveraging the protective effects of therapeutic ketosis, 

astronauts may be able to mitigate some of the detrimental effects of radiation exposure, 

preserving cellular integrity and reducing long-term health risks associated with extended 

missions. Additionally, since astronauts must adhere to strict nutritional protocols with 

limited food availability, ketone metabolism—whether induced through intermittent 

fasting or ketone supplementation—could serve as a metabolic countermeasure to maintain 

energy balance and metabolic during spaceflight70,72,121,124. Another critical application of 

the findings demonstrated herein is in respiratory health, particularly in the context of 

airway irritation and inflammation due to space dust exposure. Lunar and Martian dust 

particles pose significant risks to astronauts’ pulmonary systems, with the potential to 

induce airway hyperresponsiveness and inflammatory reactions similar to those seen in 

asthma125-127. Our findings indicating that BHB reduces bronchial smooth muscle 

contraction and histamine-induced airway constriction, suggests that therapeutic ketosis 

could serve as a protective strategy against dust-induced pulmonary inflammation, 

potentially reducing reliance on traditional bronchodilators or anti-inflammatory 

medications, which may be beneficial when the nearest pharmacy is 225 million kilometers 

away128. Moreover, stress-induced immune dysfunction is another major challenge in space 

travel, as prolonged isolation and environmental stressors can impair immune resilience. 
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Given that ketone bodies have demonstrated neuroprotective and anti-inflammatory effects 

in other contexts, therapeutic ketosis could be explored as a means to bolster immune 

function and mental resilience during extended missions. Future research should aim to 

translate these findings into spaceflight models, investigating the feasibility of ketone 

supplementation as a multi-faceted countermeasure for radiation damage, metabolic 

adaptation, and respiratory protection in space environments. 

5.2.5. Final Remarks 

This dissertation has demonstrated that β-hydroxybutyrate (BHB), a key metabolite 

of therapeutic ketosis, exerts multifaceted effects on bronchial smooth muscle function, 

airway remodeling, and inflammatory signaling in asthma. By inhibiting protease activity, 

modulating cytokine production, and attenuating bronchoconstriction, BHB presents a 

promising avenue for asthma management. While this work provides strong mechanistic 

evidence for the therapeutic potential of ketosis, future research must validate these 

findings in in vivo models and human clinical trials. A deeper exploration of receptor-

mediated pathways, such as FFAR3 activation, and the potential for BHB to complement 

existing asthma therapies, will be critical for translating these findings into clinical 

applications. Ultimately, this research advances our understanding of metabolic 

interventions in airway disease and lays the foundation for novel therapeutic strategies 

targeting bronchial smooth muscle dysfunction in asthma. 

Beyond its implications for asthma, the therapeutic potential of ketosis extends to 

a diverse range of physiological and pathological conditions, from metabolic disorders to 

neurodegenerative diseases. The ability of BHB to regulate inflammation, oxidative stress, 

and cellular remodeling highlights its versatility as a metabolic intervention. As research 
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continues to uncover novel roles for ketone bodies in human health, it is clear that their 

impact reaches far beyond energy metabolism. Whether in the clinic, the athletic field, or 

even in the extreme environments of space, therapeutic ketosis may provide a powerful 

tool for optimizing resilience and adaptation in the face of physiological stressors. The 

findings presented in this dissertation underscore the importance of exploring metabolic 

therapies as an innovative and interdisciplinary approach to disease management and 

human performance. 

5.3. References 

1.  Mank, M.M., et al., Therapeutic ketosis decreases methacholine hyperresponsiveness 

in mouse models of inherent obese asthma. Am J Physiol Lung Cell Mol Physiol, 

2022. 322(2): p. L243-L257. 

2. Mank, M.M., et al., Ketone body augmentation decreases methacholine 

hyperresponsiveness in mouse models of allergic asthma. J Allergy Clin Immunol 

Glob, 2022. 1(4): p. 282-298. 

3. Thio, C.L., et al., The ketone body beta-hydroxybutyrate mitigates ILC2-driven 

airway inflammation by regulating mast cell function. Cell Rep, 2022. 40(13): p. 

111437. 

4. Levy, M.L., et al., Key recommendations for primary care from the 2022 Global 

Initiative for Asthma (GINA) update. NPJ Prim Care Respir Med, 2023. 33(1): p. 7. 

5. National Heart, L., and Blood Institute (NIH), 2020 Focused Updates to the Asthma 

Management Guidelines: A Report from the National Asthma Education and 

Prevention Program Coordinating Committee Expert Panel Working Group. JACI. 

Volume 146(Issue 6): p. P1217-1270. 

6. Tashkin, D.P., et al., The Role of ICS/LABA Fixed-Dose Combinations in the 

Treatment of Asthma and COPD: Bioequivalence of a Generic Fluticasone 

Propionate-Salmeterol Device. Pulm Med, 2021. 2021: p. 8881895. 

7. Chung, K.F., et al., International ERS/ATS guidelines on definition, evaluation and 

treatment of severe asthma. Eur Respir J, 2014. 43(2): p. 343-73. 

8. Fahy, J.V., Type 2 inflammation in asthma--present in most, absent in many. Nat Rev 

Immunol, 2015. 15(1): p. 57-65. 



 
 

154 

 

9. Peebles, R.S., Jr., Is IL-1beta inhibition the next therapeutic target in asthma? J 

Allergy Clin Immunol, 2017. 139(6): p. 1788-1789. 

10. Akar-Ghibril, N., et al., Allergic Endotypes and Phenotypes of Asthma. J Allergy Clin 

Immunol Pract, 2020. 8(2): p. 429-440. 

11. Schatz, M. and L. Rosenwasser, The allergic asthma phenotype. J Allergy Clin 

Immunol Pract, 2014. 2(6): p. 645-8; quiz 649. 

12. McKay, S. and H.S. Sharma, Autocrine regulation of asthmatic airway inflammation: 

role of airway smooth muscle. Respir Res, 2002. 3(1): p. 11. 

13. Berger, P., et al., Tryptase-stimulated human airway smooth muscle cells induce 

cytokine synthesis and mast cell chemotaxis. FASEB J, 2003. 17(14): p. 2139-41. 

14. Shea-Donohue, T., et al., Mechanisms of smooth muscle responses to inflammation. 

Neurogastroenterol Motil, 2012. 24(9): p. 802-11. 

15. Kang, J.W., et al., Synergistic mucus secretion by histamine and IL-4 through 

TMEM16A in airway epithelium. Am J Physiol Lung Cell Mol Physiol, 2017. 313(3): 

p. L466-L476. 

16. Brightling, C.E., et al., Mast-cell infiltration of airway smooth muscle in asthma. N 

Engl J Med, 2002. 346(22): p. 1699-705. 

17. Yamauchi, K. and M. Ogasawara, The Role of Histamine in the Pathophysiology of 

Asthma and the Clinical Efficacy of Antihistamines in Asthma Therapy. Int J Mol 

Sci, 2019. 20(7). 

18. Martin, J.G., [Animal models of bronchial hyperreactivity]. Rev Mal Respir, 1994. 

11(2): p. 93-9. 

19. Bara, I., et al., Pathophysiology of bronchial smooth muscle remodelling in asthma. 

Eur Respir J, 2010. 36(5): p. 1174-84. 

20. Elias, J.A., et al., Airway remodeling in asthma. J Clin Invest, 1999. 104(8): p. 1001-

6. 

21. Ebina, M., et al., Cellular hypertrophy and hyperplasia of airway smooth muscles 

underlying bronchial asthma. A 3-D morphometric study. Am Rev Respir Dis, 1993. 

148(3): p. 720-6. 

22. Espinosa, K., et al., CysLT1 receptor upregulation by TGF-beta and IL-13 is 

associated with bronchial smooth muscle cell proliferation in response to LTD4. J 

Allergy Clin Immunol, 2003. 111(5): p. 1032-40. 

23. Humphrey, J.D., E.R. Dufresne, and M.A. Schwartz, Mechanotransduction and 

extracellular matrix homeostasis. Nat Rev Mol Cell Biol, 2014. 15(12): p. 802-12. 



 
 

155 

 

24. Moir, L.M., J.K. Burgess, and J.L. Black, Transforming growth factor beta 1 increases 

fibronectin deposition through integrin receptor alpha 5 beta 1 on human airway 

smooth muscle. J Allergy Clin Immunol, 2008. 121(4): p. 1034-9 e4. 

25. Roche, W.R., et al., Subepithelial fibrosis in the bronchi of asthmatics. Lancet, 1989. 

1(8637): p. 520-4. 

26. Tliba, O. and R.A. Panettieri, Jr., Noncontractile functions of airway smooth muscle 

cells in asthma. Annu Rev Physiol, 2009. 71: p. 509-35. 

27. Dileepan, K.N., et al., Mast cell-mediated immune regulation in health and disease. 

Front Med (Lausanne), 2023. 10: p. 1213320. 

28. Abdulkhaleq, L.A., et al., The crucial roles of inflammatory mediators in 

inflammation: A review. Vet World, 2018. 11(5): p. 627-635. 

29. Hassoun, D., et al., Bronchial smooth muscle cell in asthma: where does it fit? BMJ 

Open Respir Res, 2022. 9(1). 

30. An, S.S., et al., Airway smooth muscle dynamics: a common pathway of airway 

obstruction in asthma. Eur Respir J, 2007. 29(5): p. 834-60. 

31. Pelaia, G., et al., Molecular mechanisms underlying airway smooth muscle 

contraction and proliferation: implications for asthma. Respir Med, 2008. 102(8): p. 

1173-81. 

32. Banafea, G.H., et al., The role of human mast cells in allergy and asthma. 

Bioengineered, 2022. 13(3): p. 7049-7064. 

33. Poto, R., et al., Human Lung Mast Cells: Therapeutic Implications in Asthma. Int J 

Mol Sci, 2022. 23(22). 

34. Doeing, D.C. and J. Solway, Airway smooth muscle in the pathophysiology and 

treatment of asthma. J Appl Physiol (1985), 2013. 114(7): p. 834-43. 

35. Penn, R.B. and J.L. Benovic, Regulation of heterotrimeric G protein signaling in 

airway smooth muscle. Proc Am Thorac Soc, 2008. 5(1): p. 47-57. 

36. Hakonarson, H. and M.M. Grunstein, Regulation of second messengers associated 

with airway smooth muscle contraction and relaxation. Am J Respir Crit Care Med, 

1998. 158(5 Pt 3): p. S115-22. 

37. Chiba, Y., K. Matsusue, and M. Misawa, RhoA, a possible target for treatment of 

airway hyperresponsiveness in bronchial asthma. J Pharmacol Sci, 2010. 114(3): p. 

239-47. 

38. Schaafsma, D., et al., Rho kinase inhibitors: a novel therapeutical intervention in 

asthma? Eur J Pharmacol, 2008. 585(2-3): p. 398-406. 



 
 

156 

 

39. Sakai, H., et al., Mechanisms underlying the pathogenesis of hyper-contractility of 

bronchial smooth muscle in allergic asthma. J Smooth Muscle Res, 2017. 53(0): p. 

37-47. 

40. Buels, K.S. and A.D. Fryer, Muscarinic receptor antagonists: effects on pulmonary 

function. Handb Exp Pharmacol, 2012(208): p. 317-41. 

41. Smith, J.S., et al., The M3 Muscarinic Acetylcholine Receptor Can Signal through 

Multiple G Protein Families. Mol Pharmacol, 2024. 105(6): p. 386-394. 

42. Carroll, R.C. and E.G. Peralta, The m3 muscarinic acetylcholine receptor 

differentially regulates calcium influx and release through modulation of monovalent 

cation channels. EMBO J, 1998. 17(11): p. 3036-44. 

43. Horman, S., et al., AMP-activated protein kinase phosphorylates and desensitizes 

smooth muscle myosin light chain kinase. J Biol Chem, 2008. 283(27): p. 18505-12. 

44. Hafen, B.B. and B. Burns, Physiology, Smooth Muscle, in StatPearls. 2025: Treasure 

Island (FL). 

45. Hong, F., et al., Biochemistry of smooth muscle myosin light chain kinase. Arch 

Biochem Biophys, 2011. 510(2): p. 135-46. 

46. Alvarez-Santos, M.D., et al., Regulation of Myosin Light-Chain Phosphatase 

Activity to Generate Airway Smooth Muscle Hypercontractility. Front Physiol, 2020. 

11: p. 701. 

47. Shibata, K., et al., Rac1 regulates myosin II phosphorylation through regulation of 

myosin light chain phosphatase. J Cell Physiol, 2015. 230(6): p. 1352-64. 

48. Wohlsen, A., et al., The early allergic response in small airways of human precision-

cut lung slices. Eur Respir J, 2003. 21(6): p. 1024-32. 

49. Abosamak, N.R. and M.H. Shahin, Beta2 Receptor Agonists and Antagonists, in 

StatPearls. 2025: Treasure Island (FL). 

50. Johnson, M., Effects of beta2-agonists on resident and infiltrating inflammatory cells. 

J Allergy Clin Immunol, 2002. 110(6 Suppl): p. S282-90. 

51. Johnson, M., Molecular mechanisms of beta(2)-adrenergic receptor function, 

response, and regulation. J Allergy Clin Immunol, 2006. 117(1): p. 18-24; quiz 25. 

52. Reddel, H.K., et al., The GINA asthma strategy report: what's new for primary care? 

NPJ Prim Care Respir Med, 2015. 25: p. 15050. 

53. Reddel, H.K., et al., A summary of the new GINA strategy: a roadmap to asthma 

control. Eur Respir J, 2015. 46(3): p. 622-39. 



 
 

157 

 

54. Peters, S.P., et al., Serious Asthma Events with Budesonide plus Formoterol vs. 

Budesonide Alone. N Engl J Med, 2016. 375(9): p. 850-60. 

55. Pepper, A.N., et al., Biologic Therapy and Novel Molecular Targets of Severe 

Asthma. J Allergy Clin Immunol Pract, 2017. 5(4): p. 909-916. 

56. Papadopoulos, N.G., M. Miligkos, and P. Xepapadaki, A Current Perspective of 

Allergic Asthma: From Mechanisms to Management. Handb Exp Pharmacol, 2022. 

268: p. 69-93. 

57. Scioscia, G., et al., Switching Biological Therapies in Severe Asthma. Int J Mol Sci, 

2023. 24(11). 

58. Thomas, D., et al., Biologics (mepolizumab and omalizumab) induced remission in 

severe asthma patients. Allergy, 2024. 79(2): p. 384-392. 

59. Blaiss, M., et al., Real-world effectiveness of dupilumab in patients with asthma: 

Findings from the US ADVANTAGE study. Ann Allergy Asthma Immunol, 2024. 

132(4): p. 463-468 e1. 

60. Djukanovic, R., et al., Biomarker Predictors of Clinical Efficacy of the Anti-IgE 

Biologic Omalizumab in Severe Asthma in Adults: Results of the SoMOSA Study. 

Am J Respir Crit Care Med, 2024. 210(3): p. 288-297. 

61. Agache, I., et al., Efficacy and safety of treatment with biologicals (benralizumab, 

dupilumab, mepolizumab, omalizumab and reslizumab) for severe eosinophilic 

asthma. A systematic review for the EAACI Guidelines - recommendations on the 

use of biologicals in severe asthma. Allergy, 2020. 75(5): p. 1023-1042. 

62. Akenroye, A.T., et al., Comparative effectiveness of omalizumab, mepolizumab, and 

dupilumab in asthma: A target trial emulation. J Allergy Clin Immunol, 2023. 151(5): 

p. 1269-1276. 

63. Menzies-Gow, A., et al., Tezepelumab in Adults and Adolescents with Severe, 

Uncontrolled Asthma. N Engl J Med, 2021. 384(19): p. 1800-1809. 

64. Calderon, A.A., et al., Targeting interleukin-33 and thymic stromal lymphopoietin 

pathways for novel pulmonary therapeutics in asthma and COPD. Eur Respir Rev, 

2023. 32(167). 

65. Zaeh, S.E., et al., "It is kind of like a responsibility thing": transitional challenges in 

asthma medication adherence among adolescents and young adults. J Asthma, 2022. 

59(5): p. 956-966. 

66. Le, T.T., et al., Disease Burden and Access to Biologic Therapy in Patients with 

Severe Asthma, 2017-2022: An Analysis of the International Severe Asthma Registry. 

J Asthma Allergy, 2024. 17: p. 1055-1069. 



 
 

158 

 

67. Conway, A.E., et al., Pharmacoequity and Biologics in the Allergy Clinic: Providing 

the Right Care, at the Right Time, Every Time, to Everyone. J Allergy Clin Immunol 

Pract, 2024. 12(5): p. 1170-1180. 

68. Pitlick, M.M., J.T. Li, and T. Pongdee, Current and emerging biologic therapies 

targeting eosinophilic disorders. World Allergy Organ J, 2022. 15(8): p. 100676. 

69. Mims, J.W., Asthma: definitions and pathophysiology. Int Forum Allergy Rhinol, 

2015. 5 Suppl 1: p. S2-6. 

70. Jensen, N.J., et al., Effects of Ketone Bodies on Brain Metabolism and Function in 

Neurodegenerative Diseases. Int J Mol Sci, 2020. 21(22). 

71. Hawkins, R.A., et al., Glucose availability to individual cerebral structures is 

correlated to glucose metabolism. J Neurochem, 1983. 40(4): p. 1013-8. 

72. Cahill, G.F., Jr., Fuel metabolism in starvation. Annu Rev Nutr, 2006. 26: p. 1-22. 

73. Owen, O.E., et al., Brain metabolism during fasting. J Clin Invest, 1967. 46(10): p. 

1589-95. 

74. Newman, J.C. and E. Verdin, beta-Hydroxybutyrate: A Signaling Metabolite. Annu 

Rev Nutr, 2017. 37: p. 51-76. 

75. Youm, Y.H., et al., The ketone metabolite beta-hydroxybutyrate blocks NLRP3 

inflammasome-mediated inflammatory disease. Nat Med, 2015. 21(3): p. 263-9. 

76. Shimazu, T., et al., Suppression of oxidative stress by beta-hydroxybutyrate, an 

endogenous histone deacetylase inhibitor. Science, 2013. 339(6116): p. 211-4. 

77. Han, Y.M., T. Ramprasath, and M.H. Zou, beta-hydroxybutyrate and its metabolic 

effects on age-associated pathology. Exp Mol Med, 2020. 52(4): p. 548-555. 

78. Xie, Z., et al., Metabolic Regulation of Gene Expression by Histone Lysine beta-

Hydroxybutyrylation. Mol Cell, 2016. 62(2): p. 194-206. 

79. Zhou, T., et al., Function and mechanism of histone beta-hydroxybutyrylation in 

health and disease. Front Immunol, 2022. 13: p. 981285. 

80. Huang, H., et al., The regulatory enzymes and protein substrates for the lysine beta-

hydroxybutyrylation pathway. Sci Adv, 2021. 7(9). 

81. Manville, R.W., M. Papanikolaou, and G.W. Abbott, M-Channel Activation 

Contributes to the Anticonvulsant Action of the Ketone Body beta-Hydroxybutyrate. 

J Pharmacol Exp Ther, 2020. 372(2): p. 148-156. 



 
 

159 

 

82. Lund, T.M., et al., The metabolic impact of beta-hydroxybutyrate on 

neurotransmission: Reduced glycolysis mediates changes in calcium responses and 

KATP channel receptor sensitivity. J Neurochem, 2015. 132(5): p. 520-31. 

83. Ma, W., J. Berg, and G. Yellen, Ketogenic diet metabolites reduce firing in central 

neurons by opening K(ATP) channels. J Neurosci, 2007. 27(14): p. 3618-25. 

84. Won, Y.J., et al., beta-Hydroxybutyrate modulates N-type calcium channels in rat 

sympathetic neurons by acting as an agonist for the G-protein-coupled receptor FFA3. 

J Neurosci, 2013. 33(49): p. 19314-25. 

85. Kurihara, M., Y. Akama, and J. Kimura, Inhibitory effect of beta-hydroxybutyric acid 

on L-type Ca(2+) current under beta-adrenergic stimulation in guinea pig cardiac 

ventricular myocytes. Fukushima J Med Sci, 2012. 58(2): p. 144-50. 

86. Kimura, I., et al., Short-chain fatty acids and ketones directly regulate sympathetic 

nervous system via G protein-coupled receptor 41 (GPR41). Proc Natl Acad Sci U S 

A, 2011. 108(19): p. 8030-5. 

87. Mishra, S.P., et al., Free Fatty Acid Receptors 2 and 3 as Microbial Metabolite 

Sensors to Shape Host Health: Pharmacophysiological View. Biomedicines, 2020. 

8(6). 

88. Cook, T.M., et al., Vagal neuron expression of the microbiota-derived metabolite 

receptor, free fatty acid receptor (FFAR3), is necessary for normal feeding behavior. 

Mol Metab, 2021. 54: p. 101350. 

89. Nohr, M.K., et al., Expression of the short chain fatty acid receptor GPR41/FFAR3 

in autonomic and somatic sensory ganglia. Neuroscience, 2015. 290: p. 126-37. 

90. Priyadarshini, M. and B.T. Layden, FFAR3 modulates insulin secretion and global 

gene expression in mouse islets. Islets, 2015. 7(2): p. e1045182. 

91. Mizuta, K., et al., The short-chain free fatty acid receptor FFAR3 is expressed and 

potentiates contraction in human airway smooth muscle. Am J Physiol Lung Cell Mol 

Physiol, 2020. 318(6): p. L1248-L1260. 

92. Georas, S.N., et al., The Precision Interventions for Severe and/or Exacerbation-

Prone (PrecISE) Asthma Network: An overview of Network organization, 

procedures, and interventions. J Allergy Clin Immunol, 2022. 149(2): p. 488-516 e9. 

93. ClincialTrials.gov, Identifier: NCT06151405, Nutrition for Asthmatics (INHALE). 

National Library of Medicine (US), 2024. 

94. Plaisance, E.P., et al., Low-Dose Ketone Monoester Administration in Adults with 

Cystic Fibrosis: A Pilot and Feasibility Study. Nutrients, 2024. 16(22). 



 
 

160 

 

95. Wilder, R.J., The effects of ketonemia on the course of epilepsy. Mayo Clinic 

Proceedings. 2: p. 307-308. 

96. Hohn, S., B. Dozieres-Puyravel, and S. Auvin, History of dietary treatment from 

Wilder's hypothesis to the first open studies in the 1920s. Epilepsy Behav, 2019. 

101(Pt A): p. 106588. 

97. Zupec-Kania, B., et al., 541. Advancing the Awareness and Application of Ketogenic 

Therapies Globally: The Charlie Foundation for Ketogenic Therapies and Matthew’s 

Friends, in Ketogenic Diet and Metabolic Therapies: Expanded Roles in Health and 

Disease, S.A. Masino, et al., Editors. 2022, Oxford University Press. p. 0. 

98. Cunnane, S.C., et al., Brain energy rescue: an emerging therapeutic concept for 

neurodegenerative disorders of ageing. Nat Rev Drug Discov, 2020. 19(9): p. 609-

633. 

99. VanItallie, T.B. and T.H. Nufert, Ketones: metabolism's ugly duckling. Nutr Rev, 

2003. 61(10): p. 327-41. 

100. Zhao, Z., et al., A ketogenic diet as a potential novel therapeutic intervention in 

amyotrophic lateral sclerosis. BMC Neurosci, 2006. 7: p. 29. 

101. Yarar-Fisher, C., et al., Ketogenic regimens for acute neurotraumatic events. Curr 

Opin Biotechnol, 2021. 70: p. 68-74. 

102. Daines, S.A., The Therapeutic Potential and Limitations of Ketones in Traumatic 

Brain Injury. Front Neurol, 2021. 12: p. 723148. 

103. Kashiwaya, Y., et al., D-beta-hydroxybutyrate protects neurons in models of 

Alzheimer's and Parkinson's disease. Proc Natl Acad Sci U S A, 2000. 97(10): p. 

5440-4. 

104. Krishnan, M., et al., beta-hydroxybutyrate Impedes the Progression of Alzheimer's 

Disease and Atherosclerosis in ApoE-Deficient Mice. Nutrients, 2020. 12(2). 

105. Jin, L.W., et al., The ketone body beta-hydroxybutyrate shifts microglial metabolism 

and suppresses amyloid-beta oligomer-induced inflammation in human microglia. 

FASEB J, 2023. 37(11): p. e23261. 

106. Zhou, W., et al., The calorically restricted ketogenic diet, an effective alternative 

therapy for malignant brain cancer. Nutr Metab (Lond), 2007. 4: p. 5. 

107. Martuscello, R.T., et al., A Supplemented High-Fat Low-Carbohydrate Diet for the 

Treatment of Glioblastoma. Clin Cancer Res, 2016. 22(10): p. 2482-95. 

108. Poff, A.M., et al., Ketone supplementation decreases tumor cell viability and prolongs 

survival of mice with metastatic cancer. Int J Cancer, 2014. 135(7): p. 1711-20. 



 
 

161 

 

109. Hallberg, S.J., et al., Reversing Type 2 Diabetes: A Narrative Review of the Evidence. 

Nutrients, 2019. 11(4). 

110. Gan, S.S., M.L. Talbot, and J.O. Jorgensen, Efficacy of surgery in the management 

of obesity-related type 2 diabetes mellitus. ANZ J Surg, 2007. 77(11): p. 958-62. 

111. Laffel, L., Ketone bodies: a review of physiology, pathophysiology and application 

of monitoring to diabetes. Diabetes Metab Res Rev, 1999. 15(6): p. 412-26. 

112. Kumar, S., et al., Implicating the effect of ketogenic diet as a preventive measure to 

obesity and diabetes mellitus. Life Sci, 2021. 264: p. 118661. 

113. Buse, J.B., et al., 2019 Update to: Management of Hyperglycemia in Type 2 Diabetes, 

2018. A Consensus Report by the American Diabetes Association (ADA) and the 

European Association for the Study of Diabetes (EASD). Diabetes Care, 2020. 43(2): 

p. 487-493. 

114. Browning, J.D., et al., Short-term weight loss and hepatic triglyceride reduction: 

evidence of a metabolic advantage with dietary carbohydrate restriction. Am J Clin 

Nutr, 2011. 93(5): p. 1048-52. 

115. Kani, A.H., et al., Effects of a novel therapeutic diet on liver enzymes and coagulating 

factors in patients with non-alcoholic fatty liver disease: A parallel randomized trial. 

Nutrition, 2014. 30(7-8): p. 814-21. 

116. Schugar, R.C. and P.A. Crawford, Low-carbohydrate ketogenic diets, glucose 

homeostasis, and nonalcoholic fatty liver disease. Curr Opin Clin Nutr Metab Care, 

2012. 15(4): p. 374-80. 

117. Kong, C., et al., Ketogenic diet alleviates colitis by reduction of colonic group 3 

innate lymphoid cells through altering gut microbiome. Signal Transduct Target Ther, 

2021. 6(1): p. 154. 

118. Gubatan, J., et al., Dietary Exposures and Interventions in Inflammatory Bowel 

Disease: Current Evidence and Emerging Concepts. Nutrients, 2023. 15(3). 

119. Norwitz, N.G. and A. Soto-Mota, Case report: Carnivore-ketogenic diet for the 

treatment of inflammatory bowel disease: a case series of 10 patients. Front Nutr, 

2024. 11: p. 1467475. 

120. Nielsen, R., et al., Hemodynamic Effects of Ketone Bodies in Patients With 

Pulmonary Hypertension. J Am Heart Assoc, 2023. 12(10): p. e028232. 

121. Kolb, H., et al., Ketone bodies: from enemy to friend and guardian angel. BMC Med, 

2021. 19(1): p. 313. 



 
 

162 

 

122. Silva, V.R., et al., beta-hydroxy-beta-methylbutyrate free acid supplementation may 

improve recovery and muscle adaptations after resistance training: a systematic 

review. Nutr Res, 2017. 45: p. 1-9. 

123. Dupuy, O., et al., An Evidence-Based Approach for Choosing Post-exercise Recovery 

Techniques to Reduce Markers of Muscle Damage, Soreness, Fatigue, and 

Inflammation: A Systematic Review With Meta-Analysis. Front Physiol, 2018. 9: p. 

403. 

124. Moreno-Villanueva, M., et al., Interplay of space radiation and microgravity in DNA 

damage and DNA damage response. NPJ Microgravity, 2017. 3: p. 14. 

125. Gaier, J.R., The Effects of Lunar Dust on EVA Systems During the Apollo Missions. 

NASA/TM 2005. 

126. Cain, J.R., Lunar Dust: The Harzard and Astronuat Exposure Risks. Earth Moon and 

Planets, 2010. 107: p. 107-125. 

127. Cernan, E., R. Evans, and H. Schmitt, Apollo 17Technical Debrief. 1973, NASA 

Johnson Soace Center. 

128. NASA, America to the Moon 2024 - NASA Strategic Plan for Human Exploration. 

2019. 

 

  



 
 

163 

 

Comprehensive Bibliography 

Abdulkhaleq, L. A., Assi, M. A., Abdullah, R., Zamri-Saad, M., Taufiq-Yap, Y. H., & 

Hezmee, M. N. M. (2018). The crucial roles of inflammatory mediators in inflammation: 

A review. Vet World, 11(5), 627-635. https://doi.org/10.14202/vetworld.2018.627-635  

Aberle, J., Reining, F., Dannheim, V., Flitsch, J., Klinge, A., & Mann, O. (2012). Metformin 

after bariatric surgery--an acid problem. Exp Clin Endocrinol Diabetes, 120(3), 152-153. 

https://doi.org/10.1055/s-0031-1285911  

Abosamak, N. R., & Shahin, M. H. (2025). Beta2 Receptor Agonists and Antagonists. In 

StatPearls. https://www.ncbi.nlm.nih.gov/pubmed/32644495  

Agache, I., Beltran, J., Akdis, C., Akdis, M., Canelo-Aybar, C., Canonica, G. W., Casale, 

T., Chivato, T., Corren, J., Del Giacco, S., Eiwegger, T., Firinu, D., Gern, J. E., Hamelmann, 

E., Hanania, N., Makela, M., Hernandez-Martin, I., Nair, P., O'Mahony, L.,…Jutel, M. 

(2020). Efficacy and safety of treatment with biologicals (benralizumab, dupilumab, 

mepolizumab, omalizumab and reslizumab) for severe eosinophilic asthma. A systematic 

review for the EAACI Guidelines - recommendations on the use of biologicals in severe 

asthma. Allergy, 75(5), 1023-1042. https://doi.org/10.1111/all.14221  

Ahmad, Y., Seo, D. S., & Jang, Y. (2024). Metabolic Effects of Ketogenic Diets: Exploring 

Whole-Body Metabolism in Connection with Adipose Tissue and Other Metabolic Organs. 

Int J Mol Sci, 25(13). https://doi.org/10.3390/ijms25137076  

Akar-Ghibril, N., Casale, T., Custovic, A., & Phipatanakul, W. (2020). Allergic Endotypes 

and Phenotypes of Asthma. J Allergy Clin Immunol Pract, 8(2), 429-440. 

https://doi.org/10.1016/j.jaip.2019.11.008  

Akenroye, A. T., Segal, J. B., Zhou, G., Foer, D., Li, L., Alexander, G. C., Keet, C. A., & 

Jackson, J. W. (2023). Comparative effectiveness of omalizumab, mepolizumab, and 

dupilumab in asthma: A target trial emulation. J Allergy Clin Immunol, 151(5), 1269-1276. 

https://doi.org/10.1016/j.jaci.2023.01.020  

Al-Muhsen, S., Johnson, J. R., & Hamid, Q. (2011). Remodeling in asthma. J Allergy Clin 

Immunol, 128(3), 451-462; quiz 463-454. https://doi.org/10.1016/j.jaci.2011.04.047  

Alvarez-Santos, M. D., Alvarez-Gonzalez, M., Estrada-Soto, S., & Bazan-Perkins, B. 

(2020). Regulation of Myosin Light-Chain Phosphatase Activity to Generate Airway 

Smooth Muscle Hypercontractility. Front Physiol, 11, 701. 

https://doi.org/10.3389/fphys.2020.00701  

An, S. S., Bai, T. R., Bates, J. H., Black, J. L., Brown, R. H., Brusasco, V., Chitano, P., 

Deng, L., Dowell, M., Eidelman, D. H., Fabry, B., Fairbank, N. J., Ford, L. E., Fredberg, 

J. J., Gerthoffer, W. T., Gilbert, S. H., Gosens, R., Gunst, S. J., Halayko, A. J.,…Wang, L. 

(2007). Airway smooth muscle dynamics: a common pathway of airway obstruction in 

asthma. Eur Respir J, 29(5), 834-860. https://doi.org/10.1183/09031936.00112606  



 
 

164 

 

Anandan, C., Nurmatov, U., van Schayck, O. C., & Sheikh, A. (2010). Is the prevalence of 

asthma declining? Systematic review of epidemiological studies. Allergy, 65(2), 152-167. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=19912154  

Angelidi, A. M., Kokkinos, A., Sanoudou, D., Connelly, M. A., Alexandrou, A., Mingrone, 

G., & Mantzoros, C. S. (2023). Early metabolomic, lipid and lipoprotein changes in 

response to medical and surgical therapeutic approaches to obesity. Metabolism, 138, 

155346. https://doi.org/10.1016/j.metabol.2022.155346  

Arner, P. (2005). Human fat cell lipolysis: biochemistry, regulation and clinical role. Best 

Pract Res Clin Endocrinol Metab, 19(4), 471-482. 

https://doi.org/10.1016/j.beem.2005.07.004  

Ashton, J. S., Roberts, J. W., Wakefield, C. J., Page, R. M., MacLaren, D. P. M., Marwood, 

S., & Malone, J. J. (2021). The effects of medium chain triglyceride (MCT) 

supplementation using a C(8):C(10) ratio of 30:70 on cognitive performance in healthy 

young adults. Physiol Behav, 229, 113252. https://doi.org/10.1016/j.physbeh.2020.113252  

Ather, J. L., Chung, M., Hoyt, L. R., Randall, M. J., Georgsdottir, A., Daphtary, N. A., 

Aliyeva, M. I., Suratt, B. T., Bates, J. H., Irvin, C. G., Russell, S. R., Forgione, P. M., Dixon, 

A. E., & Poynter, M. E. (2016). Weight loss decreases inherent and allergic methacholine 

hyperresponsiveness in mouse models of diet-induced obese asthma. Am J Respir Cell Mol 

Biol, 55(2), 176-187. https://doi.org/10.1165/rcmb.2016-0070OC  

Ather, J. L., Van Der Vliet, K. E., Mank, M. M., Reed, L. F., Dixon, A. E., & Poynter, M. 

E. (2021). Obese adipose tissue modulates proinflammatory responses of mouse airway 

epithelial cells. Am J Physiol Regul Integr Comp Physiol, 321(1), R79-R90. 

https://doi.org/10.1152/ajpregu.00316.2020  

Bach, A. C., & Babayan, V. K. (1982). Medium-chain triglycerides: an update. Am J Clin 

Nutr, 36(5), 950-962. https://doi.org/10.1093/ajcn/36.5.950  

Bagley, D. C., Russell, T., Ortiz-Zapater, E., Stinson, S., Fox, K., Redd, P. F., Joseph, M., 

Deering-Rice, C., Reilly, C., Parsons, M., Brightling, C., & Rosenblatt, J. (2024). 

Bronchoconstriction damages airway epithelia by crowding-induced excess cell extrusion. 

Science, 384(6691), 66-73. https://doi.org/10.1126/science.adk2758  

Balasse, E. O., & Fery, F. (1989). Ketone body production and disposal: effects of fasting, 

diabetes, and exercise. Diabetes Metab Rev, 5(3), 247-270. 

http://www.ncbi.nlm.nih.gov/pubmed/2656155  

Banafea, G. H., Bakhashab, S., Alshaibi, H. F., Natesan Pushparaj, P., & Rasool, M. (2022). 

The role of human mast cells in allergy and asthma. Bioengineered, 13(3), 7049-7064. 

https://doi.org/10.1080/21655979.2022.2044278  



 
 

165 

 

Bara, I., Ozier, A., Tunon de Lara, J. M., Marthan, R., & Berger, P. (2010). Pathophysiology 

of bronchial smooth muscle remodelling in asthma. Eur Respir J, 36(5), 1174-1184. 

https://doi.org/10.1183/09031936.00019810  

Barba, I., Carrillo-Bosch, L., & Seoane, J. (2024). Targeting the Warburg Effect in Cancer: 

Where Do We Stand? Int J Mol Sci, 25(6). https://doi.org/10.3390/ijms25063142  

Batch, J. T., Lamsal, S. P., Adkins, M., Sultan, S., & Ramirez, M. N. (2020). Advantages 

and Disadvantages of the Ketogenic Diet: A Review Article. Cureus, 12(8), e9639. 

https://doi.org/10.7759/cureus.9639  

Bates, J. (2009). Lung Mechanics: An Inverse Modeling Approach. .  

Berger, P., Girodet, P. O., Begueret, H., Ousova, O., Perng, D. W., Marthan, R., Walls, A. 

F., & Tunon de Lara, J. M. (2003). Tryptase-stimulated human airway smooth muscle cells 

induce cytokine synthesis and mast cell chemotaxis. FASEB J, 17(14), 2139-2141. 

https://doi.org/10.1096/fj.03-0041fje  

Beuther, D. A., & Sutherland, E. R. (2007). Overweight, obesity, and incident asthma: a 

meta-analysis of prospective epidemiologic studies. Am J Respir Crit Care Med, 175(7), 

661-666. https://doi.org/10.1164/rccm.200611-1717OC  

The Bible. (1982). In (Vol. Mark 9:14-29). 

Blaiss, M., Bleecker, E. R., Jacob-Nara, J., Nair, R., Duh, M. S., Wang, Z., Stanford, R. H., 

Soler, X., Hardin, M., Ye, M., Khanal, A., & Borsos, K. (2024). Real-world effectiveness 

of dupilumab in patients with asthma: Findings from the US ADVANTAGE study. Ann 

Allergy Asthma Immunol, 132(4), 463-468 e461. 

https://doi.org/10.1016/j.anai.2023.11.006  

Bonuccelli, G., Tsirigos, A., Whitaker-Menezes, D., Pavlides, S., Pestell, R. G., Chiavarina, 

B., Frank, P. G., Flomenberg, N., Howell, A., Martinez-Outschoorn, U. E., Sotgia, F., & 

Lisanti, M. P. (2010). Ketones and lactate "fuel" tumor growth and metastasis: Evidence 

that epithelial cancer cells use oxidative mitochondrial metabolism. Cell Cycle, 9(17), 

3506-3514. https://doi.org/10.4161/cc.9.17.12731  

Boulet, L. P. (2013). Asthma and obesity. Clin Exp Allergy, 43(1), 8-21. 

https://doi.org/10.1111/j.1365-2222.2012.04040.x  

Boulet, L. P., Turcotte, H., Martin, J., & Poirier, P. (2012). Effect of bariatric surgery on 

airway response and lung function in obese subjects with asthma. Respir Med, 106(5), 651-

660. https://doi.org/10.1016/j.rmed.2011.12.012  

Breslin, S., & O'Driscoll, L. (2013). Three-dimensional cell culture: the missing link in 

drug discovery. Drug Discov Today, 18(5-6), 240-249. 

https://doi.org/10.1016/j.drudis.2012.10.003  



 
 

166 

 

Brightling, C. E., Bradding, P., Symon, F. A., Holgate, S. T., Wardlaw, A. J., & Pavord, I. 

D. (2002). Mast-cell infiltration of airway smooth muscle in asthma. N Engl J Med, 

346(22), 1699-1705. https://doi.org/10.1056/NEJMoa012705  

Browning, J. D., Baker, J. A., Rogers, T., Davis, J., Satapati, S., & Burgess, S. C. (2011). 

Short-term weight loss and hepatic triglyceride reduction: evidence of a metabolic 

advantage with dietary carbohydrate restriction. Am J Clin Nutr, 93(5), 1048-1052. 

https://doi.org/10.3945/ajcn.110.007674  

Buels, K. S., & Fryer, A. D. (2012). Muscarinic receptor antagonists: effects on pulmonary 

function. Handb Exp Pharmacol(208), 317-341. https://doi.org/10.1007/978-3-642-23274-

9_14  

Burns, J. S., & Manda, G. (2017). Metabolic Pathways of the Warburg Effect in Health and 

Disease: Perspectives of Choice, Chain or Chance. Int J Mol Sci, 18(12). 

https://doi.org/10.3390/ijms18122755  

Buse, J. B., Wexler, D. J., Tsapas, A., Rossing, P., Mingrone, G., Mathieu, C., D'Alessio, 

D. A., & Davies, M. J. (2020). 2019 Update to: Management of Hyperglycemia in Type 2 

Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and the 

European Association for the Study of Diabetes (EASD). Diabetes Care, 43(2), 487-493. 

https://doi.org/10.2337/dci19-0066  

Cahill, G. F., Jr. (2006). Fuel metabolism in starvation. Annu Rev Nutr, 26, 1-22. 

https://doi.org/10.1146/annurev.nutr.26.061505.111258  

Cain, J. R. (2010). Lunar Dust: The Harzard and Astronuat Exposure Risks. . Earth Moon 

and Planets, 107, 107-125.  

Calderon, A. A., Dimond, C., Choy, D. F., Pappu, R., Grimbaldeston, M. A., Mohan, D., & 

Chung, K. F. (2023). Targeting interleukin-33 and thymic stromal lymphopoietin pathways 

for novel pulmonary therapeutics in asthma and COPD. Eur Respir Rev, 32(167). 

https://doi.org/10.1183/16000617.0144-2022  

Calderon, M. A., Linneberg, A., Kleine-Tebbe, J., De Blay, F., Hernandez Fernandez de 

Rojas, D., Virchow, J. C., & Demoly, P. (2015). Respiratory allergy caused by house dust 

mites: What do we really know? J Allergy Clin Immunol, 136(1), 38-48. 

https://doi.org/10.1016/j.jaci.2014.10.012  

Carroll, R. C., & Peralta, E. G. (1998). The m3 muscarinic acetylcholine receptor 

differentially regulates calcium influx and release through modulation of monovalent 

cation channels. EMBO J, 17(11), 3036-3044. https://doi.org/10.1093/emboj/17.11.3036  

Cernan, E., R. Evans, and H. Schmitt. (1973). Apollo 17Technical Debrief.  

Chen, Y., Ouyang, X., Hoque, R., Garcia-Martinez, I., Yousaf, M. N., Tonack, S., 

Offermanns, S., Dubuquoy, L., Louvet, A., Mathurin, P., Massey, V., Schnabl, B., Bataller, 



 
 

167 

 

R. A., & Mehal, W. Z. (2018). beta-Hydroxybutyrate protects from alcohol-induced liver 

injury via a Hcar2-cAMP dependent pathway. J Hepatol, 69(3), 687-696. 

https://doi.org/10.1016/j.jhep.2018.04.004  

Cheng, B., Lu, H., Bai, B., & Chen, J. (2013). d-beta-Hydroxybutyrate inhibited the 

apoptosis of PC12 cells induced by H2O2 via inhibiting oxidative stress. Neurochem Int, 

62(5), 620-625. https://doi.org/10.1016/j.neuint.2012.09.011  

Chetty, A., & Nielsen, H. C. (2021). Targeting Airway Smooth Muscle Hypertrophy in 

Asthma: An Approach Whose Time Has Come. J Asthma Allergy, 14, 539-556. 

https://doi.org/10.2147/JAA.S280247  

Chiba, Y., Matsusue, K., & Misawa, M. (2010). RhoA, a possible target for treatment of 

airway hyperresponsiveness in bronchial asthma. J Pharmacol Sci, 114(3), 239-247. 

https://doi.org/10.1254/jphs.10r03cr  

Chung, K. F., Wenzel, S. E., Brozek, J. L., Bush, A., Castro, M., Sterk, P. J., Adcock, I. M., 

Bateman, E. D., Bel, E. H., Bleecker, E. R., Boulet, L. P., Brightling, C., Chanez, P., Dahlen, 

S. E., Djukanovic, R., Frey, U., Gaga, M., Gibson, P., Hamid, Q.,…Teague, W. G. (2014). 

International ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. 

Eur Respir J, 43(2), 343-373. https://doi.org/10.1183/09031936.00202013  

Ciaffi, J., Mitselman, D., Mancarella, L., Brusi, V., Lisi, L., Ruscitti, P., Cipriani, P., 

Meliconi, R., Giacomelli, R., Borghi, C., & Ursini, F. (2021). The Effect of Ketogenic Diet 

on Inflammatory Arthritis and Cardiovascular Health in Rheumatic Conditions: A Mini 

Review. Front Med (Lausanne), 8, 792846. https://doi.org/10.3389/fmed.2021.792846  

ClincialTrials.gov. (2024). Identifier: NCT06151405, Nutrition for Asthmatics (INHALE). 

National Library of Medicine (US). https://clinicaltrials.gov/study/NCT06151405  

Cockcroft, D. W. (2020). Methacholine Challenge Testing in the Diagnosis of Asthma. 

Chest, 158(2), 433-434. https://doi.org/10.1016/j.chest.2020.04.034  

Conway, A. E., Lieberman, J., Codispoti, C. D., Mahdavinia, M., Anagnostou, A., Hsu 

Blatman, K. S., Lang, D. M., Oppenheimer, J., Mosnaim, G. S., Bukstein, D., & Shaker, 

M. (2024). Pharmacoequity and Biologics in the Allergy Clinic: Providing the Right Care, 

at the Right Time, Every Time, to Everyone. J Allergy Clin Immunol Pract, 12(5), 1170-

1180. https://doi.org/10.1016/j.jaip.2024.02.039  

Cook, T. M., Gavini, C. K., Jesse, J., Aubert, G., Gornick, E., Bonomo, R., Gautron, L., 

Layden, B. T., & Mansuy-Aubert, V. (2021). Vagal neuron expression of the microbiota-

derived metabolite receptor, free fatty acid receptor (FFAR3), is necessary for normal 

feeding behavior. Mol Metab, 54, 101350. https://doi.org/10.1016/j.molmet.2021.101350  

Cotter, D. G., Schugar, R. C., & Crawford, P. A. (2013). Ketone body metabolism and 

cardiovascular disease. Am J Physiol Heart Circ Physiol, 304(8), H1060-1076. 

https://doi.org/10.1152/ajpheart.00646.2012  



 
 

168 

 

Cox, P. J., Kirk, T., Ashmore, T., Willerton, K., Evans, R., Smith, A., Murray, A. J., Stubbs, 

B., West, J., McLure, S. W., King, M. T., Dodd, M. S., Holloway, C., Neubauer, S., Drawer, 

S., Veech, R. L., Griffin, J. L., & Clarke, K. (2016). Nutritional ketosis alters fuel 

preference and thereby endurance performance in athletes. Cell Metab, 24(2), 256-268. 

https://doi.org/10.1016/j.cmet.2016.07.010  

Croteau, E., Castellano, C. A., Richard, M. A., Fortier, M., Nugent, S., Lepage, M., 

Duchesne, S., Whittingstall, K., Turcotte, E. E., Bocti, C., Fulop, T., & Cunnane, S. C. 

(2018). Ketogenic Medium Chain Triglycerides Increase Brain Energy Metabolism in 

Alzheimer's Disease. J Alzheimers Dis, 64(2), 551-561. https://doi.org/10.3233/JAD-

180202  

Cuevas-Martinez, R., Gonzalez-Chavez, S. A., Bermudez, M., Salas-Leiva, J. S., Vazquez-

Olvera, G., Hinojos-Gallardo, L. C., Chaparro-Barrera, E., Pacheco-Silva, C., Romero-

Sanchez, C., Villegas-Mercado, C. E., & Pacheco-Tena, C. (2024). Intermittent fasting 

reduces inflammation and joint damage in a murine model of rheumatoid arthritis: insights 

from transcriptomic and metagenomic analyses. BMC Rheumatol, 8(1), 64. 

https://doi.org/10.1186/s41927-024-00436-0  

Cunnane, S. C., Trushina, E., Morland, C., Prigione, A., Casadesus, G., Andrews, Z. B., 

Beal, M. F., Bergersen, L. H., Brinton, R. D., de la Monte, S., Eckert, A., Harvey, J., Jeggo, 

R., Jhamandas, J. H., Kann, O., la Cour, C. M., Martin, W. F., Mithieux, G., Moreira, P. 

I.,…Millan, M. J. (2020). Brain energy rescue: an emerging therapeutic concept for 

neurodegenerative disorders of ageing. Nat Rev Drug Discov, 19(9), 609-633. 

https://doi.org/10.1038/s41573-020-0072-x  

Curry, J. J. (1946). The Effect of Antihistamine Substances and Other Drugs on Histamine 

Bronchoconstriction in Asthmatic Subjects. J Clin Invest, 25(6), 792-799. 

https://doi.org/10.1172/JCI101765  

Daines, S. A. (2021). The Therapeutic Potential and Limitations of Ketones in Traumatic 

Brain Injury. Front Neurol, 12, 723148. https://doi.org/10.3389/fneur.2021.723148  

Desrochers, S., David, F., Garneau, M., Jette, M., & Brunengraber, H. (1992). Metabolism 

of R- and S-1,3-butanediol in perfused livers from meal-fed and starved rats. Biochem J, 

285 ( Pt 2)(Pt 2), 647-653. https://doi.org/10.1042/bj2850647  

Dhillon, K. K., & Gupta, S. (2025). Biochemistry, Ketogenesis. In StatPearls. 

https://www.ncbi.nlm.nih.gov/pubmed/29630231  

Diaconu, I. D., Gheorman, V., Grigorie, G. A., Gheonea, C., Tenea-Cojan, T. S., Mahler, 

B., Voropanov, I. A., Firoiu, M. C., Pirvu, A. S., Popescu, A. B., & Varut, R. (2024). A 

Comprehensive Look at the Development of Asthma in Children. Children (Basel), 11(5). 

https://doi.org/10.3390/children11050581  



 
 

169 

 

Dileepan, K. N., Raveendran, V. V., Sharma, R., Abraham, H., Barua, R., Singh, V., 

Sharma, R., & Sharma, M. (2023). Mast cell-mediated immune regulation in health and 

disease. Front Med (Lausanne), 10, 1213320. https://doi.org/10.3389/fmed.2023.1213320  

Dixon, A. E., & Holguin, F. (2019). Diet and Metabolism in the Evolution of Asthma and 

Obesity. Clin Chest Med, 40(1), 97-106. https://doi.org/10.1016/j.ccm.2018.10.007  

Dixon, A. E., & Peters, U. (2018). The effect of obesity on lung function. Expert Rev Respir 

Med, 12(9), 755-767. https://doi.org/10.1080/17476348.2018.1506331  

Djukanovic, R., Brinkman, P., Kolmert, J., Gomez, C., Schofield, J., Brandsma, J., 

Shapanis, A., Skipp, P. J. S., Postle, A., Wheelock, C., Dahlen, S. E., Sterk, P. J., Brown, 

T., Jackson, D. J., Mansur, A., Pavord, I., Patel, M., Brightling, C., Siddiqui, S.,…the, U. 

B. s. t. (2024). Biomarker Predictors of Clinical Efficacy of the Anti-IgE Biologic 

Omalizumab in Severe Asthma in Adults: Results of the SoMOSA Study. Am J Respir Crit 

Care Med, 210(3), 288-297. https://doi.org/10.1164/rccm.202310-1730OC  

Doeing, D. C., & Solway, J. (2013). Airway smooth muscle in the pathophysiology and 

treatment of asthma. J Appl Physiol (1985), 114(7), 834-843. 

https://doi.org/10.1152/japplphysiol.00950.2012  

Dowis, K., & Banga, S. (2021). The Potential Health Benefits of the Ketogenic Diet: A 

Narrative Review. Nutrients, 13(5). https://doi.org/10.3390/nu13051654  

Drazen, J. M., & Fredberg, J. J. (2024). Epithelial cells crowded out in asthma. Science, 

384(6691), 30-31. https://doi.org/10.1126/science.ado4514  

Drazen, J. M., & Schneider, M. W. (1978). Comparative responses of tracheal spirals and 

parenchymal strips to histamine and carbachol in vitro. J Clin Invest, 61(6), 1441-1447. 

https://doi.org/10.1172/JCI109063  

Du, Y., He, C., An, Y., Huang, Y., Zhang, H., Fu, W., Wang, M., Shan, Z., Xie, J., Yang, Y., 

& Zhao, B. (2024). The Role of Short Chain Fatty Acids in Inflammation and Body Health. 

Int J Mol Sci, 25(13). https://doi.org/10.3390/ijms25137379  

Dupuy, O., Douzi, W., Theurot, D., Bosquet, L., & Dugue, B. (2018). An Evidence-Based 

Approach for Choosing Post-exercise Recovery Techniques to Reduce Markers of Muscle 

Damage, Soreness, Fatigue, and Inflammation: A Systematic Review With Meta-Analysis. 

Front Physiol, 9, 403. https://doi.org/10.3389/fphys.2018.00403  

Dymsza, H. A. (1975). Nutritional application and implication of 1,3-butanediol. Fed Proc, 

34(12), 2167-2170. https://www.ncbi.nlm.nih.gov/pubmed/1102338  

Ebina, M., Takahashi, T., Chiba, T., & Motomiya, M. (1993). Cellular hypertrophy and 

hyperplasia of airway smooth muscles underlying bronchial asthma. A 3-D morphometric 

study. Am Rev Respir Dis, 148(3), 720-726. https://doi.org/10.1164/ajrccm/148.3.720  



 
 

170 

 

Eglen, R. M., Hegde, S. S., & Watson, N. (1996). Muscarinic receptor subtypes and smooth 

muscle function. Pharmacol Rev, 48(4), 531-565. 

https://www.ncbi.nlm.nih.gov/pubmed/8981565  

Elias, J. A., Lee, C. G., Zheng, T., Ma, B., Homer, R. J., & Zhu, Z. (2003). New insights 

into the pathogenesis of asthma. J Clin Invest, 111(3), 291-297. 

https://doi.org/10.1172/JCI17748  

Elias, J. A., Zhu, Z., Chupp, G., & Homer, R. J. (1999). Airway remodeling in asthma. J 

Clin Invest, 104(8), 1001-1006. https://doi.org/10.1172/JCI8124  

Elieh Ali Komi, D., & Bjermer, L. (2019). Mast Cell-Mediated Orchestration of the 

Immune Responses in Human Allergic Asthma: Current Insights. Clin Rev Allergy 

Immunol, 56(2), 234-247. https://doi.org/10.1007/s12016-018-8720-1  

Eneli, I. U., Skybo, T., & Camargo, C. A., Jr. (2008). Weight loss and asthma: a systematic 

review. Thorax, 63(8), 671-676. https://doi.org/10.1136/thx.2007.086470  

Espinosa, K., Bosse, Y., Stankova, J., & Rola-Pleszczynski, M. (2003). CysLT1 receptor 

upregulation by TGF-beta and IL-13 is associated with bronchial smooth muscle cell 

proliferation in response to LTD4. J Allergy Clin Immunol, 111(5), 1032-1040. 

https://doi.org/10.1067/mai.2003.1451  

Evans, M., Cogan, K. E., & Egan, B. (2017). Metabolism of ketone bodies during exercise 

and training: physiological basis for exogenous supplementation. J Physiol, 595(9), 2857-

2871. https://doi.org/10.1113/JP273185 

Evans, M., McClure, T. S., Koutnik, A. P., & Egan, B. (2022). Exogenous Ketone 

Supplements in Athletic Contexts: Past, Present, and Future. Sports Med, 52(Suppl 1), 25-

67. https://doi.org/10.1007/s40279-022-01756-2  

Everts, B., Amiel, E., Huang, S. C., Smith, A. M., Chang, C. H., Lam, W. Y., Redmann, V., 

Freitas, T. C., Blagih, J., van der Windt, G. J., Artyomov, M. N., Jones, R. G., Pearce, E. 

L., & Pearce, E. J. (2014). TLR-driven early glycolytic reprogramming via the kinases 

TBK1-IKKvarepsilon supports the anabolic demands of dendritic cell activation. Nat 

Immunol, 15(4), 323-332. https://doi.org/10.1038/ni.2833  

Fahy, J. V. (2015). Type 2 inflammation in asthma--present in most, absent in many. Nat 

Rev Immunol, 15(1), 57-65. https://doi.org/10.1038/nri3786  

Ferrannini, E., Mark, M., & Mayoux, E. (2016). CV Protection in the EMPA-REG 

OUTCOME Trial: A "Thrifty Substrate" Hypothesis. Diabetes Care, 39(7), 1108-1114. 

https://doi.org/10.2337/dc16-0330  

Freeman, J. M., Kossoff, E. H., & Hartman, A. L. (2007). The ketogenic diet: one decade 

later. Pediatrics, 119(3), 535-543. https://doi.org/10.1542/peds.2006-2447  



 
 

171 

 

Fryer, A. D., & Jacoby, D. B. (1998). Muscarinic receptors and control of airway smooth 

muscle. Am J Respir Crit Care Med, 158(5 Pt 3), S154-160. 

https://doi.org/10.1164/ajrccm.158.supplement_2.13tac120  

Fu, J. J., McDonald, V. M., Baines, K. J., & Gibson, P. G. (2015). Airway IL-1beta and 

Systemic Inflammation as Predictors of Future Exacerbation Risk in Asthma and COPD. 

Chest, 148(3), 618-629. https://doi.org/10.1378/chest.14-2337  

Fu, S. P., Li, S. N., Wang, J. F., Li, Y., Xie, S. S., Xue, W. J., Liu, H. M., Huang, B. X., Lv, 

Q. K., Lei, L. C., Liu, G. W., Wang, W., & Liu, J. X. (2014). BHBA suppresses LPS-induced 

inflammation in BV-2 cells by inhibiting NF-kappaB activation. Mediators Inflamm, 2014, 

983401. https://doi.org/10.1155/2014/983401  

Fukao, T., Mitchell, G., Sass, J. O., Hori, T., Orii, K., & Aoyama, Y. (2014). Ketone body 

metabolism and its defects. J Inherit Metab Dis, 37(4), 541-551. 

https://doi.org/10.1007/s10545-014-9704-9  

Gaier, J. R. (2005). The Effects of Lunar Dust on EVA Systems During the Apollo 

Missions. NASA/TM  

Gan, S. S., Talbot, M. L., & Jorgensen, J. O. (2007). Efficacy of surgery in the management 

of obesity-related type 2 diabetes mellitus. ANZ J Surg, 77(11), 958-962. 

https://doi.org/10.1111/j.1445-2197.2007.04290.x  

Gans, M. D., & Gavrilova, T. (2020). Understanding the immunology of asthma: 

Pathophysiology, biomarkers, and treatments for asthma endotypes. Paediatr Respir Rev, 

36, 118-127. https://doi.org/10.1016/j.prrv.2019.08.002  

Georas, S. N., Wright, R. J., Ivanova, A., Israel, E., LaVange, L. M., Akuthota, P., Carr, T. 

F., Denlinger, L. C., Fajt, M. L., Kumar, R., O'Neal, W. K., Phipatanakul, W., Szefler, S. J., 

Aronica, M. A., Bacharier, L. B., Burbank, A. J., Castro, M., Crotty Alexander, L., Bamdad, 

J.,…Prec, I. S. E. S. T. (2022). The Precision Interventions for Severe and/or Exacerbation-

Prone (PrecISE) Asthma Network: An overview of Network organization, procedures, and 

interventions. J Allergy Clin Immunol, 149(2), 488-516 e489. 

https://doi.org/10.1016/j.jaci.2021.10.035  

Goldberg, E. L., Asher, J. L., Molony, R. D., Shaw, A. C., Zeiss, C. J., Wang, C., Morozova-

Roche, L. A., Herzog, R. I., Iwasaki, A., & Dixit, V. D. (2017). beta-Hydroxybutyrate 

deactivates neutrophil NLRP3 inflammasome to relieve gout flares. Cell Rep, 18(9), 2077-

2087. https://doi.org/10.1016/j.celrep.2017.02.004  

Goldberg, E. L., Molony, R. D., Kudo, E., Sidorov, S., Kong, Y., Dixit, V. D., & Iwasaki, 

A. (2019). Ketogenic diet activates protective gammadelta T cell responses against 

influenza virus infection. Sci Immunol, 4(41). 

https://doi.org/10.1126/sciimmunol.aav2026  



 
 

172 

 

Gosens, R., Zaagsma, J., Meurs, H., & Halayko, A. J. (2006). Muscarinic receptor signaling 

in the pathophysiology of asthma and COPD. Respir Res, 7(1), 73. 

https://doi.org/10.1186/1465-9921-7-73  

Gubatan, J., Kulkarni, C. V., Talamantes, S. M., Temby, M., Fardeen, T., & Sinha, S. R. 

(2023). Dietary Exposures and Interventions in Inflammatory Bowel Disease: Current 

Evidence and Emerging Concepts. Nutrients, 15(3). https://doi.org/10.3390/nu15030579  

Haces, M. L., Hernandez-Fonseca, K., Medina-Campos, O. N., Montiel, T., Pedraza-

Chaverri, J., & Massieu, L. (2008). Antioxidant capacity contributes to protection of ketone 

bodies against oxidative damage induced during hypoglycemic conditions. Exp Neurol, 

211(1), 85-96. https://doi.org/10.1016/j.expneurol.2007.12.029  

Hafen, B. B., & Burns, B. (2025). Physiology, Smooth Muscle. In StatPearls. 

https://www.ncbi.nlm.nih.gov/pubmed/30252381  

Hakonarson, H., & Grunstein, M. M. (1998). Regulation of second messengers associated 

with airway smooth muscle contraction and relaxation. Am J Respir Crit Care Med, 158(5 

Pt 3), S115-122. https://doi.org/10.1164/ajrccm.158.supplement_2.13tac700  

Hales, C. M., Fryar, C. D., Carroll, M. D., Freedman, D. S., & Ogden, C. L. (2018). Trends 

in Obesity and Severe Obesity Prevalence in US Youth and Adults by Sex and Age, 2007-

2008 to 2015-2016. JAMA, 319(16), 1723-1725. https://doi.org/10.1001/jama.2018.3060  

Hallberg, S. J., Gershuni, V. M., Hazbun, T. L., & Athinarayanan, S. J. (2019). Reversing 

Type 2 Diabetes: A Narrative Review of the Evidence. Nutrients, 11(4). 

https://doi.org/10.3390/nu11040766  

Han, Y. M., Ramprasath, T., & Zou, M. H. (2020). beta-hydroxybutyrate and its metabolic 

effects on age-associated pathology. Exp Mol Med, 52(4), 548-555. 

https://doi.org/10.1038/s12276-020-0415-z  

Hartung, T., & Daston, G. (2009). Are in vitro tests suitable for regulatory use? Toxicol 

Sci, 111(2), 233-237. https://doi.org/10.1093/toxsci/kfp149  

Hashim, S. A., & VanItallie, T. B. (2014). Ketone body therapy: from the ketogenic diet to 

the oral administration of ketone ester. J Lipid Res, 55(9), 1818-1826. 

https://doi.org/10.1194/jlr.R046599  

Hassoun, D., Rose, L., Blanc, F. X., Magnan, A., Loirand, G., & Sauzeau, V. (2022). 

Bronchial smooth muscle cell in asthma: where does it fit? BMJ Open Respir Res, 9(1). 

https://doi.org/10.1136/bmjresp-2022-001351  

Hawkins, R. A., Mans, A. M., Davis, D. W., Hibbard, L. S., & Lu, D. M. (1983). Glucose 

availability to individual cerebral structures is correlated to glucose metabolism. J 

Neurochem, 40(4), 1013-1018. https://doi.org/10.1111/j.1471-4159.1983.tb08086.x  



 
 

173 

 

Hawley, J. A., & Leckey, J. J. (2015). Carbohydrate Dependence During Prolonged, Intense 

Endurance Exercise. Sports Med, 45 Suppl 1(Suppl 1), S5-12. 

https://doi.org/10.1007/s40279-015-0400-1  

Hempel, P., Klein, V., Michely, A., Boll, S., Rieg, A. D., Spillner, J., Braunschweig, T., von 

Stillfried, S., Wagner, N., Martin, C., Tenbrock, K., & Verjans, E. (2023). Amitriptyline 

inhibits bronchoconstriction and directly promotes dilatation of the airways. Respir Res, 

24(1), 262. https://doi.org/10.1186/s12931-023-02580-6  

Hippocrates. (400BC). On the Sacred Disease In. 

Hohn, S., Dozieres-Puyravel, B., & Auvin, S. (2019). History of dietary treatment from 

Wilder's hypothesis to the first open studies in the 1920s. Epilepsy Behav, 101(Pt A), 

106588. https://doi.org/10.1016/j.yebeh.2019.106588  

Hong, F., Haldeman, B. D., Jackson, D., Carter, M., Baker, J. E., & Cremo, C. R. (2011). 

Biochemistry of smooth muscle myosin light chain kinase. Arch Biochem Biophys, 510(2), 

135-146. https://doi.org/10.1016/j.abb.2011.04.018  

Horman, S., Morel, N., Vertommen, D., Hussain, N., Neumann, D., Beauloye, C., El Najjar, 

N., Forcet, C., Viollet, B., Walsh, M. P., Hue, L., & Rider, M. H. (2008). AMP-activated 

protein kinase phosphorylates and desensitizes smooth muscle myosin light chain kinase. 

J Biol Chem, 283(27), 18505-18512. https://doi.org/10.1074/jbc.M802053200  

Hoyt, L. R., Ather, J. L., Randall, M. J., DePuccio, D. P., Landry, C. C., Wewers, M. D., 

Gavrilin, M. A., & Poynter, M. E. (2016). Ethanol and Other Short-Chain Alcohols Inhibit 

NLRP3 Inflammasome Activation through Protein Tyrosine Phosphatase Stimulation. J 

Immunol, 197(4), 1322-1334. https://doi.org/10.4049/jimmunol.1600406  

Huang, H., Zhang, D., Weng, Y., Delaney, K., Tang, Z., Yan, C., Qi, S., Peng, C., Cole, P. 

A., Roeder, R. G., & Zhao, Y. (2021). The regulatory enzymes and protein substrates for 

the lysine beta-hydroxybutyrylation pathway. Sci Adv, 7(9). 

https://doi.org/10.1126/sciadv.abe2771  

Humphrey, J. D., Dufresne, E. R., & Schwartz, M. A. (2014). Mechanotransduction and 

extracellular matrix homeostasis. Nat Rev Mol Cell Biol, 15(12), 802-812. 

https://doi.org/10.1038/nrm3896  

Jadhav, H. B., & Annapure, U. S. (2023). Triglycerides of medium-chain fatty acids: a 

concise review. J Food Sci Technol, 60(8), 2143-2152. https://doi.org/10.1007/s13197-

022-05499-w  

James, A. L., Elliot, J. G., Jones, R. L., Carroll, M. L., Mauad, T., Bai, T. R., Abramson, 

M. J., McKay, K. O., & Green, F. H. (2012). Airway smooth muscle hypertrophy and 

hyperplasia in asthma. Am J Respir Crit Care Med, 185(10), 1058-1064. 

https://doi.org/10.1164/rccm.201110-1849OC  



 
 

174 

 

James, A. L., & Wenzel, S. (2007). Clinical relevance of airway remodelling in airway 

diseases. Eur Respir J, 30(1), 134-155. https://doi.org/10.1183/09031936.00146905  

Jemal, M., Molla, T. S., & Asmamaw Dejenie, T. (2021). Ketogenic Diets and their 

Therapeutic Potential on Breast Cancer: A Systemic Review. Cancer Manag Res, 13, 9147-

9155. https://doi.org/10.2147/CMAR.S339970  

Jensen, M. E., Gibson, P. G., Collins, C. E., Hilton, J. M., & Wood, L. G. (2013). Diet-

induced weight loss in obese children with asthma: a randomized controlled trial. Clin Exp 

Allergy, 43(7), 775-784. https://doi.org/10.1111/cea.12115  

Jensen, N. J., Wodschow, H. Z., Nilsson, M., & Rungby, J. (2020). Effects of Ketone Bodies 

on Brain Metabolism and Function in Neurodegenerative Diseases. Int J Mol Sci, 21(22). 

https://doi.org/10.3390/ijms21228767  

Jin, L. W., Di Lucente, J., Ruiz Mendiola, U., Suthprasertporn, N., Tomilov, A., Cortopassi, 

G., Kim, K., Ramsey, J. J., & Maezawa, I. (2023). The ketone body beta-hydroxybutyrate 

shifts microglial metabolism and suppresses amyloid-beta oligomer-induced inflammation 

in human microglia. FASEB J, 37(11), e23261. https://doi.org/10.1096/fj.202301254R  

Johnson, J. B., Summer, W., Cutler, R. G., Martin, B., Hyun, D. H., Dixit, V. D., Pearson, 

M., Nassar, M., Telljohann, R., Maudsley, S., Carlson, O., John, S., Laub, D. R., & Mattson, 

M. P. (2007). Alternate day calorie restriction improves clinical findings and reduces 

markers of oxidative stress and inflammation in overweight adults with moderate asthma. 

Free Radic Biol Med, 42(5), 665-674. 

https://doi.org/10.1016/j.freeradbiomed.2006.12.005  

Johnson, M. (2002). Effects of beta2-agonists on resident and infiltrating inflammatory 

cells. J Allergy Clin Immunol, 110(6 Suppl), S282-290. 

https://doi.org/10.1067/mai.2002.129430  

Johnson, M. (2006). Molecular mechanisms of beta(2)-adrenergic receptor function, 

response, and regulation. J Allergy Clin Immunol, 117(1), 18-24; quiz 25. 

https://doi.org/10.1016/j.jaci.2005.11.012  

Joseph, C., & Tatler, A. L. (2022). Pathobiology of Airway Remodeling in Asthma: The 

Emerging Role of Integrins. J Asthma Allergy, 15, 595-610. 

https://doi.org/10.2147/JAA.S267222  

Julio-Amilpas, A., Montiel, T., Soto-Tinoco, E., Geronimo-Olvera, C., & Massieu, L. 

(2015). Protection of hypoglycemia-induced neuronal death by beta-hydroxybutyrate 

involves the preservation of energy levels and decreased production of reactive oxygen 

species. J Cereb Blood Flow Metab, 35(5), 851-860. https://doi.org/10.1038/jcbfm.2015.1  

Kang, J. W., Lee, Y. H., Kang, M. J., Lee, H. J., Oh, R., Min, H. J., Namkung, W., Choi, J. 

Y., Lee, S. N., Kim, C. H., Yoon, J. H., & Cho, H. J. (2017). Synergistic mucus secretion 



 
 

175 

 

by histamine and IL-4 through TMEM16A in airway epithelium. Am J Physiol Lung Cell 

Mol Physiol, 313(3), L466-L476. https://doi.org/10.1152/ajplung.00103.2017  

Kani, A. H., Alavian, S. M., Esmaillzadeh, A., Adibi, P., & Azadbakht, L. (2014). Effects 

of a novel therapeutic diet on liver enzymes and coagulating factors in patients with non-

alcoholic fatty liver disease: A parallel randomized trial. Nutrition, 30(7-8), 814-821. 

https://doi.org/10.1016/j.nut.2013.11.008  

Kashiwaya, Y., Takeshima, T., Mori, N., Nakashima, K., Clarke, K., & Veech, R. L. (2000). 

D-beta-hydroxybutyrate protects neurons in models of Alzheimer's and Parkinson's 

disease. Proc Natl Acad Sci U S A, 97(10), 5440-5444. 

https://doi.org/10.1073/pnas.97.10.5440  

Kesl, S. L., Poff, A. M., Ward, N. P., Fiorelli, T. N., Ari, C., Van Putten, A. J., Sherwood, J. 

W., Arnold, P., & D'Agostino, D. P. (2016). Effects of exogenous ketone supplementation 

on blood ketone, glucose, triglyceride, and lipoprotein levels in Sprague-Dawley rats. Nutr 

Metab (Lond), 13, 9. https://doi.org/10.1186/s12986-016-0069-y  

Khan, M. A. (2013). Inflammation signals airway smooth muscle cell proliferation in 

asthma pathogenesis. Multidiscip Respir Med, 8(1), 11. https://doi.org/10.1186/2049-

6958-8-11  

Kim, S. R., Lee, S. G., Kim, S. H., Kim, J. H., Choi, E., Cho, W., Rim, J. H., Hwang, I., 

Lee, C. J., Lee, M., Oh, C. M., Jeon, J. Y., Gee, H. Y., Kim, J. H., Lee, B. W., Kang, E. S., 

Cha, B. S., Lee, M. S., Yu, J. W.,…Lee, Y. H. (2020). SGLT2 inhibition modulates NLRP3 

inflammasome activity via ketones and insulin in diabetes with cardiovascular disease. Nat 

Commun, 11(1), 2127. https://doi.org/10.1038/s41467-020-15983-6  

Kimura, I., Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., Kobayashi, M., 

Hirasawa, A., & Tsujimoto, G. (2011). Short-chain fatty acids and ketones directly regulate 

sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc Natl Acad 

Sci U S A, 108(19), 8030-8035. https://doi.org/10.1073/pnas.1016088108  

Kolb, H., Kempf, K., Rohling, M., Lenzen-Schulte, M., Schloot, N. C., & Martin, S. 

(2021). Ketone bodies: from enemy to friend and guardian angel. BMC Med, 19(1), 313. 

https://doi.org/10.1186/s12916-021-02185-0  

Kong, C., Yan, X., Liu, Y., Huang, L., Zhu, Y., He, J., Gao, R., Kalady, M. F., Goel, A., 

Qin, H., & Ma, Y. (2021). Ketogenic diet alleviates colitis by reduction of colonic group 3 

innate lymphoid cells through altering gut microbiome. Signal Transduct Target Ther, 6(1), 

154. https://doi.org/10.1038/s41392-021-00549-9  

Koronowski, K. B., Greco, C. M., Huang, H., Kim, J. K., Fribourgh, J. L., Crosby, P., 

Mathur, L., Ren, X., Partch, C. L., Jang, C., Qiao, F., Zhao, Y., & Sassone-Corsi, P. (2021). 

Ketogenesis impact on liver metabolism revealed by proteomics of lysine beta-



 
 

176 

 

hydroxybutyrylation. Cell Rep, 36(5), 109487. 

https://doi.org/10.1016/j.celrep.2021.109487  

Kosinski, C., & Jornayvaz, F. R. (2017). Effects of Ketogenic Diets on Cardiovascular Risk 

Factors: Evidence from Animal and Human Studies. Nutrients, 9(5). 

https://doi.org/10.3390/nu9050517  

Kossoff, E. H., Zupec-Kania, B. A., Amark, P. E., Ballaban-Gil, K. R., Christina Bergqvist, 

A. G., Blackford, R., Buchhalter, J. R., Caraballo, R. H., Helen Cross, J., Dahlin, M. G., 

Donner, E. J., Klepper, J., Jehle, R. S., Kim, H. D., Christiana Liu, Y. M., Nation, J., Nordli, 

D. R., Jr., Pfeifer, H. H., Rho, J. M.,…International Ketogenic Diet Study, G. (2009). 

Optimal clinical management of children receiving the ketogenic diet: recommendations 

of the International Ketogenic Diet Study Group. Epilepsia, 50(2), 304-317. 

https://doi.org/10.1111/j.1528-1167.2008.01765.x  

Krawczyk, C. M., Holowka, T., Sun, J., Blagih, J., Amiel, E., DeBerardinis, R. J., Cross, J. 

R., Jung, E., Thompson, C. B., Jones, R. G., & Pearce, E. J. (2010). Toll-like receptor-

induced changes in glycolytic metabolism regulate dendritic cell activation. Blood, 

115(23), 4742-4749. https://doi.org/10.1182/blood-2009-10-249540  

Krishnan, M., Hwang, J. S., Kim, M., Kim, Y. J., Seo, J. H., Jung, J., & Ha, E. (2020). beta-

hydroxybutyrate Impedes the Progression of Alzheimer's Disease and Atherosclerosis in 

ApoE-Deficient Mice. Nutrients, 12(2). https://doi.org/10.3390/nu12020471  

Kumar, S., Behl, T., Sachdeva, M., Sehgal, A., Kumari, S., Kumar, A., Kaur, G., Yadav, H. 

N., & Bungau, S. (2021). Implicating the effect of ketogenic diet as a preventive measure 

to obesity and diabetes mellitus. Life Sci, 264, 118661. 

https://doi.org/10.1016/j.lfs.2020.118661  

Kurihara, M., Akama, Y., & Kimura, J. (2012). Inhibitory effect of beta-hydroxybutyric 

acid on L-type Ca(2+) current under beta-adrenergic stimulation in guinea pig cardiac 

ventricular myocytes. Fukushima J Med Sci, 58(2), 144-150. 

https://www.ncbi.nlm.nih.gov/pubmed/23237870  

Laffel, L. (1999). Ketone bodies: a review of physiology, pathophysiology and application 

of monitoring to diabetes. Diabetes Metab Res Rev, 15(6), 412-426. 

http://www.ncbi.nlm.nih.gov/pubmed/10634967  

Lam, M., Lamanna, E., Organ, L., Donovan, C., & Bourke, J. E. (2023). Perspectives on 

precision cut lung slices-powerful tools for investigation of mechanisms and therapeutic 

targets in lung diseases. Front Pharmacol, 14, 1162889. 

https://doi.org/10.3389/fphar.2023.1162889  

Lambrecht, B. N., & Hammad, H. (2015). The immunology of asthma. Nat Immunol, 

16(1), 45-56. https://doi.org/10.1038/ni.3049  



 
 

177 

 

Le, T. T., Price, D. B., Erhard, C., Cook, B., Quinton, A., Katial, R., Christoff, G. C., Perez-

de-Llano, L., Altraja, A., Bergeron, C., Bourdin, A., Koh, M. S., Lehtimaki, L., Mahboub, 

B., Papadopoulos, N. G., Pfeffer, P., Rhee, C. K., Carter, V., Martin, N.,…Group, E. S. W. 

(2024). Disease Burden and Access to Biologic Therapy in Patients with Severe Asthma, 

2017-2022: An Analysis of the International Severe Asthma Registry. J Asthma Allergy, 

17, 1055-1069. https://doi.org/10.2147/JAA.S468068  

Levy, M. L., Bacharier, L. B., Bateman, E., Boulet, L. P., Brightling, C., Buhl, R., Brusselle, 

G., Cruz, A. A., Drazen, J. M., Duijts, L., Fleming, L., Inoue, H., Ko, F. W. S., Krishnan, J. 

A., Mortimer, K., Pitrez, P. M., Sheikh, A., Yorgancioglu, A., & Reddel, H. K. (2023). Key 

recommendations for primary care from the 2022 Global Initiative for Asthma (GINA) 

update. NPJ Prim Care Respir Med, 33(1), 7. https://doi.org/10.1038/s41533-023-00330-1  

Lewis, C. J., & Cobb, B. A. (2010). Carbohydrate oxidation acidifies endosomes, 

regulating antigen processing and TLR9 signaling. J Immunol, 184(7), 3789-3800. 

https://doi.org/10.4049/jimmunol.0903168  

Li, G., Cohen, J. A., Martines, C., Ram-Mohan, S., Brain, J. D., Krishnan, R., Ai, X., & 

Bai, Y. (2020). Preserving Airway Smooth Muscle Contraction in Precision-Cut Lung 

Slices. Sci Rep, 10(1), 6480. https://doi.org/10.1038/s41598-020-63225-y  

Li, R., Liu, Y., Wu, J., Chen, X., Lu, Q., Xia, K., Liu, C., Sui, X., Liu, Y., Wang, Y., Qiu, 

Y., Chen, J., Wang, Y., Li, R., Ba, Y., Fang, J., Huang, W., Lu, Z., Li, Y.,…Huang, Y. (2024). 

Adaptive Metabolic Responses Facilitate Blood-Brain Barrier Repair in Ischemic Stroke 

via BHB-Mediated Epigenetic Modification of ZO-1 Expression. Adv Sci (Weinh), 11(25), 

e2400426. https://doi.org/10.1002/advs.202400426  

Liao, M., Yao, D., Wu, L., Luo, C., Wang, Z., Zhang, J., & Liu, B. (2024). Targeting the 

Warburg effect: A revisited perspective from molecular mechanisms to traditional and 

innovative therapeutic strategies in cancer. Acta Pharm Sin B, 14(3), 953-1008. 

https://doi.org/10.1016/j.apsb.2023.12.003  

Liao, Z., Xiao, H. T., Zhang, Y., Tong, R. S., Zhang, L. J., Bian, Y., & He, X. (2015). IL-

1beta: a key modulator in asthmatic airway smooth muscle hyper-reactivity. Expert Rev 

Respir Med, 9(4), 429-436. https://doi.org/10.1586/17476348.2015.1063422  

Lin, J., Ren, Q., Zhang, F., Gui, J., Xiang, X., & Wan, Q. (2023). D-beta-Hydroxybutyrate 

Dehydrogenase Mitigates Diabetes-Induced Atherosclerosis through the Activation of 

Nrf2. Thromb Haemost, 123(10), 1003-1015. https://doi.org/10.1055/s-0043-1770985  

Liu, G., Betts, C., Cunoosamy, D. M., Aberg, P. M., Hornberg, J. J., Sivars, K. B., & Cohen, 

T. S. (2019). Use of precision cut lung slices as a translational model for the study of lung 

biology. Respir Res, 20(1), 162. https://doi.org/10.1186/s12931-019-1131-x  

Longo, V. D., & Mattson, M. P. (2014). Fasting: molecular mechanisms and clinical 

applications. Cell Metab, 19(2), 181-192. https://doi.org/10.1016/j.cmet.2013.12.008  



 
 

178 

 

Lu, Y., Yang, Y. Y., Zhou, M. W., Liu, N., Xing, H. Y., Liu, X. X., & Li, F. (2018). Ketogenic 

diet attenuates oxidative stress and inflammation after spinal cord injury by activating Nrf2 

and suppressing the NF-kappaB signaling pathways. Neurosci Lett, 683, 13-18. 

https://doi.org/10.1016/j.neulet.2018.06.016  

Lund, T. M., Ploug, K. B., Iversen, A., Jensen, A. A., & Jansen-Olesen, I. (2015). The 

metabolic impact of beta-hydroxybutyrate on neurotransmission: Reduced glycolysis 

mediates changes in calcium responses and KATP channel receptor sensitivity. J 

Neurochem, 132(5), 520-531. https://doi.org/10.1111/jnc.12975  

Luong, T. V., Abild, C. B., Bangshaab, M., Gormsen, L. C., & Sondergaard, E. (2022). 

Ketogenic Diet and Cardiac Substrate Metabolism. Nutrients, 14(7). 

https://doi.org/10.3390/nu14071322  

Lutas, A., & Yellen, G. (2013). The ketogenic diet: metabolic influences on brain 

excitability and epilepsy. Trends Neurosci, 36(1), 32-40. 

https://doi.org/10.1016/j.tins.2012.11.005  

Lutolf, M. P., Radisic, M., Beekman, J., Huh, D. D., Huch, M., Turco, M. Y., Birgani, Z. 

N. T., Gao, D., Yao, R., Lin, H., & Takebe, T. (2024). In vitro human cell-based models: 

What can they do and what are their limitations? Trends Biotechnol, 42(12), 1577-1582. 

https://doi.org/10.1016/j.tibtech.2024.08.015  

Ma, M., Li, G., Qi, M., Jiang, W., & Zhou, R. (2021). Inhibition of the Inflammasome 

Activity of NLRP3 Attenuates HDM-Induced Allergic Asthma. Front Immunol, 12, 

718779. https://doi.org/10.3389/fimmu.2021.718779  

Ma, W., Berg, J., & Yellen, G. (2007). Ketogenic diet metabolites reduce firing in central 

neurons by opening K(ATP) channels. J Neurosci, 27(14), 3618-3625. 

https://doi.org/10.1523/JNEUROSCI.0132-07.2007  

Mak, J. C., & Barnes, P. J. (1990). Autoradiographic visualization of muscarinic receptor 

subtypes in human and guinea pig lung. Am Rev Respir Dis, 141(6), 1559-1568. 

https://doi.org/10.1164/ajrccm/141.6.1559  

Mank, M. M., Reed, L. F., Fastiggi, V. A., Pena-Garcia, P. E., Hoyt, L. R., Van Der Vliet, 

K. E., Ather, J. L., & Poynter, M. E. (2022). Ketone body augmentation decreases 

methacholine hyperresponsiveness in mouse models of allergic asthma. J Allergy Clin 

Immunol Glob, 1(4), 282-298. https://doi.org/10.1016/j.jacig.2022.08.001  

Mank, M. M., Reed, L. F., Walton, C. J., Barup, M. L. T., Ather, J. L., & Poynter, M. E. 

(2022). Therapeutic ketosis decreases methacholine hyperresponsiveness in mouse models 

of inherent obese asthma. Am J Physiol Lung Cell Mol Physiol, 322(2), L243-L257. 

https://doi.org/10.1152/ajplung.00309.2021  



 
 

179 

 

Manville, R. W., Papanikolaou, M., & Abbott, G. W. (2020). M-Channel Activation 

Contributes to the Anticonvulsant Action of the Ketone Body beta-Hydroxybutyrate. J 

Pharmacol Exp Ther, 372(2), 148-156. https://doi.org/10.1124/jpet.119.263350  

Margolis, L. M., Pasiakos, S. M., & Howard, E. E. (2023). High-fat ketogenic diets and 

ketone monoester supplements differentially affect substrate metabolism during aerobic 

exercise. Am J Physiol Cell Physiol, 325(4), C1144-C1153. 

https://doi.org/10.1152/ajpcell.00359.2023  

Martin, C., Uhlig, S., & Ullrich, V. (1996). Videomicroscopy of methacholine-induced 

contraction of individual airways in precision-cut lung slices. Eur Respir J, 9(12), 2479-

2487. https://doi.org/10.1183/09031936.96.09122479  

Martin, J. G. (1994). [Animal models of bronchial hyperreactivity]. Rev Mal Respir, 11(2), 

93-99. https://www.ncbi.nlm.nih.gov/pubmed/7515508 (Modeles animaux 

d'hyperreactivite bronchique.)  

Martinez-Outschoorn, U. E., Lin, Z., Whitaker-Menezes, D., Howell, A., Sotgia, F., & 

Lisanti, M. P. (2012). Ketone body utilization drives tumor growth and metastasis. Cell 

Cycle, 11(21), 3964-3971. https://doi.org/10.4161/cc.22137  

Martuscello, R. T., Vedam-Mai, V., McCarthy, D. J., Schmoll, M. E., Jundi, M. A., 

Louviere, C. D., Griffith, B. G., Skinner, C. L., Suslov, O., Deleyrolle, L. P., & Reynolds, 

B. A. (2016). A Supplemented High-Fat Low-Carbohydrate Diet for the Treatment of 

Glioblastoma. Clin Cancer Res, 22(10), 2482-2495. https://doi.org/10.1158/1078-

0432.CCR-15-0916  

Masood, W., Annamaraju, P., Khan Suheb, M. Z., & Uppaluri, K. R. (2025). Ketogenic 

Diet. In StatPearls. https://www.ncbi.nlm.nih.gov/pubmed/29763005  

Matsuura, T. R., Puchalska, P., Crawford, P. A., & Kelly, D. P. (2023). Ketones and the 

Heart: Metabolic Principles and Therapeutic Implications. Circ Res, 132(7), 882-898. 

https://doi.org/10.1161/CIRCRESAHA.123.321872  

Mattson, M. P., Longo, V. D., & Harvie, M. (2017). Impact of intermittent fasting on health 

and disease processes. Ageing Res Rev, 39, 46-58. 

https://doi.org/10.1016/j.arr.2016.10.005  

McKay, S., & Sharma, H. S. (2002). Autocrine regulation of asthmatic airway 

inflammation: role of airway smooth muscle. Respir Res, 3(1), 11. 

https://doi.org/10.1186/rr160  

McNally, M. A., & Hartman, A. L. (2012). Ketone bodies in epilepsy. J Neurochem, 121(1), 

28-35. https://doi.org/10.1111/j.1471-4159.2012.07670.x  

Meier, J. J. (2012). GLP-1 receptor agonists for individualized treatment of type 2 diabetes 

mellitus. Nat Rev Endocrinol, 8(12), 728-742. https://doi.org/10.1038/nrendo.2012.140  



 
 

180 

 

Melkonian, E. A., Asuka, E., & Schury, M. P. (2025). Physiology, Gluconeogenesis. In 

StatPearls. https://www.ncbi.nlm.nih.gov/pubmed/31082163  

Menzies-Gow, A., Corren, J., Bourdin, A., Chupp, G., Israel, E., Wechsler, M. E., 

Brightling, C. E., Griffiths, J. M., Hellqvist, A., Bowen, K., Kaur, P., Almqvist, G., 

Ponnarambil, S., & Colice, G. (2021). Tezepelumab in Adults and Adolescents with Severe, 

Uncontrolled Asthma. N Engl J Med, 384(19), 1800-1809. 

https://doi.org/10.1056/NEJMoa2034975  

Miglino, N., Roth, M., Tamm, M., & Borger, P. (2011). House dust mite extract 

downregulates C/EBPalpha in asthmatic bronchial smooth muscle cells. Eur Respir J, 

38(1), 50-58. https://doi.org/10.1183/09031936.00068010  

Mims, J. W. (2015). Asthma: definitions and pathophysiology. Int Forum Allergy Rhinol, 

5 Suppl 1, S2-6. https://doi.org/10.1002/alr.21609  

Mishra, S. P., Karunakar, P., Taraphder, S., & Yadav, H. (2020). Free Fatty Acid Receptors 

2 and 3 as Microbial Metabolite Sensors to Shape Host Health: Pharmacophysiological 

View. Biomedicines, 8(6). https://doi.org/10.3390/biomedicines8060154  

Mizuta, K., Sasaki, H., Zhang, Y., Matoba, A., & Emala, C. W., Sr. (2020). The short-chain 

free fatty acid receptor FFAR3 is expressed and potentiates contraction in human airway 

smooth muscle. Am J Physiol Lung Cell Mol Physiol, 318(6), L1248-L1260. 

https://doi.org/10.1152/ajplung.00357.2019  

Mohanan, S., Tapp, H., McWilliams, A., & Dulin, M. (2014). Obesity and asthma: 

pathophysiology and implications for diagnosis and management in primary care. Exp Biol 

Med (Maywood), 239(11), 1531-1540. https://doi.org/10.1177/1535370214525302  

Moir, L. M., Burgess, J. K., & Black, J. L. (2008). Transforming growth factor beta 1 

increases fibronectin deposition through integrin receptor alpha 5 beta 1 on human airway 

smooth muscle. J Allergy Clin Immunol, 121(4), 1034-1039 e1034. 

https://doi.org/10.1016/j.jaci.2007.12.1159  

Morak, M., Schmidinger, H., Riesenhuber, G., Rechberger, G. N., Kollroser, M., 

Haemmerle, G., Zechner, R., Kronenberg, F., & Hermetter, A. (2012). Adipose triglyceride 

lipase (ATGL) and hormone-sensitive lipase (HSL) deficiencies affect expression of 

lipolytic activities in mouse adipose tissues. Mol Cell Proteomics, 11(12), 1777-1789. 

https://doi.org/10.1074/mcp.M111.015743  

Moreno-Villanueva, M., Wong, M., Lu, T., Zhang, Y., & Wu, H. (2017). Interplay of space 

radiation and microgravity in DNA damage and DNA damage response. NPJ Microgravity, 

3, 14. https://doi.org/10.1038/s41526-017-0019-7  

Morikawa, M., Derynck, R., & Miyazono, K. (2016). TGF-beta and the TGF-beta Family: 

Context-Dependent Roles in Cell and Tissue Physiology. Cold Spring Harb Perspect Biol, 

8(5). https://doi.org/10.1101/cshperspect.a021873  



 
 

181 

 

Murakami, M., & Tognini, P. (2022). Molecular Mechanisms Underlying the Bioactive 

Properties of a Ketogenic Diet. Nutrients, 14(4). https://doi.org/10.3390/nu14040782  

Nadel, J. A., Davis, B., & Phipps, R. J. (1979). Control of mucus secretion and ion transport 

in airways. Annu Rev Physiol, 41, 369-381. 

https://doi.org/10.1146/annurev.ph.41.030179.002101  

NASA. (2019). America to the Moon 2024 - NASA Strategic Plan for Human Exploration. 

https://doi.org/https://www.nasa.gov/sites/default/files/atoms/files/2022_nasa_strategic_p

lan.pdf  

National Heart, L., and Blood Institute (NIH). 2020 Focused Updates to the Asthma 

Management Guidelines: A Report from the National Asthma Education and Prevention 

Program Coordinating Committee Expert Panel Working Group. JACI, Volume 146(Issue 

6), P1217-1270. https://doi.org/ 10.1016/j.jaci.2020.10.003  

Nauck, M. A., & Meier, J. J. (2019). MANAGEMENT OF ENDOCRINE DISEASE: Are 

all GLP-1 agonists equal in the treatment of type 2 diabetes? Eur J Endocrinol, 181(6), 

R211-R234. https://doi.org/10.1530/EJE-19-0566  

Nazarewicz, R. R., Ziolkowski, W., Vaccaro, P. S., & Ghafourifar, P. (2007). Effect of short-

term ketogenic diet on redox status of human blood. Rejuvenation Res, 10(4), 435-440. 

https://doi.org/10.1089/rej.2007.0540  

Nesterova, V. V., Babenkova, P. I., Brezgunova, A. A., Samoylova, N. A., Sadovnikova, I. 

S., Semenovich, D. S., Andrianova, N. V., Gureev, A. P., & Plotnikov, E. Y. (2024). 

Differences in the Effect of Beta-Hydroxybutyrate on the Mitochondrial Biogenesis, 

Oxidative Stress and Inflammation Markers in Tissues from Young and Old Rats. 

Biochemistry (Mosc), 89(7), 1336-1348. https://doi.org/10.1134/S0006297924070149  

Neudorf, H., Islam, H., Falkenhain, K., Oliveira, B., Jackson, G. S., Moreno-Cabanas, A., 

Madden, K., Singer, J., Walsh, J. J., & Little, J. P. (2024). Effect of the ketone beta-

hydroxybutyrate on markers of inflammation and immune function in adults with type 2 

diabetes. Clin Exp Immunol, 216(1), 89-103. https://doi.org/10.1093/cei/uxad138  

Newman, J. C., & Verdin, E. (2014a). beta-hydroxybutyrate: much more than a metabolite. 

Diabetes Res Clin Pract, 106(2), 173-181. https://doi.org/10.1016/j.diabres.2014.08.009  

Newman, J. C., & Verdin, E. (2014b). Ketone bodies as signaling metabolites. Trends 

Endocrinol Metab, 25(1), 42-52. https://doi.org/10.1016/j.tem.2013.09.002  

Newman, J. C., & Verdin, E. (2017). beta-Hydroxybutyrate: A Signaling Metabolite. Annu 

Rev Nutr, 37, 51-76. https://doi.org/10.1146/annurev-nutr-071816-064916  

Nielsen, L. L., Okerson, T., Holcombe, J., & Hoogwerf, B. (2008). Effects of exenatide on 

diabetes, obesity, cardiovascular risk factors, and hepatic biomarkers in patients with type 



 
 

182 

 

2 diabetes. J Diabetes Sci Technol, 2(2), 255-260. 

https://doi.org/10.1177/193229680800200214  

Nielsen, R., Christensen, K. H., Gopalasingam, N., Berg-Hansen, K., Seefeldt, J., 

Homilius, C., Boedtkjer, E., Andersen, M. J., Wiggers, H., Moller, N., Botker, H. E., & 

Mellemkjaer, S. (2023). Hemodynamic Effects of Ketone Bodies in Patients With 

Pulmonary Hypertension. J Am Heart Assoc, 12(10), e028232. 

https://doi.org/10.1161/JAHA.122.028232  

Nohr, M. K., Egerod, K. L., Christiansen, S. H., Gille, A., Offermanns, S., Schwartz, T. W., 

& Moller, M. (2015). Expression of the short chain fatty acid receptor GPR41/FFAR3 in 

autonomic and somatic sensory ganglia. Neuroscience, 290, 126-137. 

https://doi.org/10.1016/j.neuroscience.2015.01.040  

Norwitz, N. G., & Soto-Mota, A. (2024). Case report: Carnivore-ketogenic diet for the 

treatment of inflammatory bowel disease: a case series of 10 patients. Front Nutr, 11, 

1467475. https://doi.org/10.3389/fnut.2024.1467475  

Olanrewaju, O. A., Sheeba, F., Kumar, A., Ahmad, S., Blank, N., Kumari, R., Kumari, K., 

Salame, T., Khalid, A., Yousef, N., Varrassi, G., Khatri, M., Kumar, S., & Mohamad, T. 

(2023). Novel Therapies in Diabetes: A Comprehensive Narrative Review of GLP-1 

Receptor Agonists, SGLT2 Inhibitors, and Beyond. Cureus, 15(12), e51151. 

https://doi.org/10.7759/cureus.51151  

Organization, W. H. (2024). Asthma Fact Sheet. https://www.who.int/news-room/fact-

sheets/detail/asthma 

Owen, O. E., Morgan, A. P., Kemp, H. G., Sullivan, J. M., Herrera, M. G., & Cahill, G. F., 

Jr. (1967). Brain metabolism during fasting. J Clin Invest, 46(10), 1589-1595. 

https://doi.org/10.1172/JCI105650  

Ozier, A., Allard, B., Bara, I., Girodet, P. O., Trian, T., Marthan, R., & Berger, P. (2011). 

The pivotal role of airway smooth muscle in asthma pathophysiology. J Allergy (Cairo), 

2011, 742710. https://doi.org/10.1155/2011/742710  

Pan, R., Kuai, S., Li, Q., Zhu, X., Wang, T., & Cui, Y. (2023). Diagnostic value of IL-6 for 

patients with asthma: a meta-analysis. Allergy Asthma Clin Immunol, 19(1), 39. 

https://doi.org/10.1186/s13223-023-00794-3  

Papadopoulos, N. G., Miligkos, M., & Xepapadaki, P. (2022). A Current Perspective of 

Allergic Asthma: From Mechanisms to Management. Handb Exp Pharmacol, 268, 69-93. 

https://doi.org/10.1007/164_2021_483  

Park, J., Ntelis, S., Yunasan, E., Downton, K. D., Yip, T. C., Munir, K. M., & Haq, N. 

(2023). Glucagon-Like Peptide 1 Analogues as Adjunctive Therapy for Patients With Type 

1 Diabetes: An Updated Systematic Review and Meta-analysis. J Clin Endocrinol Metab, 

109(1), 279-292. https://doi.org/10.1210/clinem/dgad471  



 
 

183 

 

Patterson, R. E., Laughlin, G. A., LaCroix, A. Z., Hartman, S. J., Natarajan, L., Senger, C. 

M., Martinez, M. E., Villasenor, A., Sears, D. D., Marinac, C. R., & Gallo, L. C. (2015). 

Intermittent Fasting and Human Metabolic Health. J Acad Nutr Diet, 115(8), 1203-1212. 

https://doi.org/10.1016/j.jand.2015.02.018  

Peebles, R. S., Jr. (2017). Is IL-1beta inhibition the next therapeutic target in asthma? J 

Allergy Clin Immunol, 139(6), 1788-1789. https://doi.org/10.1016/j.jaci.2017.03.018  

Pelaia, G., Renda, T., Gallelli, L., Vatrella, A., Busceti, M. T., Agati, S., Caputi, M., 

Cazzola, M., Maselli, R., & Marsico, S. A. (2008). Molecular mechanisms underlying 

airway smooth muscle contraction and proliferation: implications for asthma. Respir Med, 

102(8), 1173-1181. https://doi.org/10.1016/j.rmed.2008.02.020  

Pena-Garcia, P. E., Fastiggi, V. A., Mank, M. M., Ather, J. L., Garrow, O. J., Anathy, V., 

Dixon, A. E., & Poynter, M. E. (2024). Bariatric surgery decreases the capacity of plasma 

from obese asthmatic subjects to augment airway epithelial cell proinflammatory cytokine 

production. Am J Physiol Lung Cell Mol Physiol, 326(1), L71-L82. 

https://doi.org/10.1152/ajplung.00205.2023  

Penn, R. B., & Benovic, J. L. (2008). Regulation of heterotrimeric G protein signaling in 

airway smooth muscle. Proc Am Thorac Soc, 5(1), 47-57. 

https://doi.org/10.1513/pats.200705-054VS  

Pepper, A. N., Renz, H., Casale, T. B., & Garn, H. (2017). Biologic Therapy and Novel 

Molecular Targets of Severe Asthma. J Allergy Clin Immunol Pract, 5(4), 909-916. 

https://doi.org/10.1016/j.jaip.2017.04.038  

Perez, J. F., & Sanderson, M. J. (2005). The frequency of calcium oscillations induced by 

5-HT, ACH, and KCl determine the contraction of smooth muscle cells of intrapulmonary 

bronchioles. J Gen Physiol, 125(6), 535-553. https://doi.org/10.1085/jgp.200409216  

Peters, A. L., Buschur, E. O., Buse, J. B., Cohan, P., Diner, J. C., & Hirsch, I. B. (2015). 

Euglycemic Diabetic Ketoacidosis: A Potential Complication of Treatment With Sodium-

Glucose Cotransporter 2 Inhibition. Diabetes Care, 38(9), 1687-1693. 

https://doi.org/10.2337/dc15-0843  

Peters, S. P., Bleecker, E. R., Canonica, G. W., Park, Y. B., Ramirez, R., Hollis, S., 

Fjallbrant, H., Jorup, C., & Martin, U. J. (2016). Serious Asthma Events with Budesonide 

plus Formoterol vs. Budesonide Alone. N Engl J Med, 375(9), 850-860. 

https://doi.org/10.1056/NEJMoa1511190  

Phinney, S. D., Bistrian, B. R., Evans, W. J., Gervino, E., & Blackburn, G. L. (1983). The 

human metabolic response to chronic ketosis without caloric restriction: preservation of 

submaximal exercise capability with reduced carbohydrate oxidation. Metabolism, 32(8), 

769-776. https://doi.org/10.1016/0026-0495(83)90106-3  



 
 

184 

 

Pietrzak, D., Kasperek, K., Rekawek, P., & Piatkowska-Chmiel, I. (2022). The Therapeutic 

Role of Ketogenic Diet in Neurological Disorders. Nutrients, 14(9). 

https://doi.org/10.3390/nu14091952  

Pitlick, M. M., Li, J. T., & Pongdee, T. (2022). Current and emerging biologic therapies 

targeting eosinophilic disorders. World Allergy Organ J, 15(8), 100676. 

https://doi.org/10.1016/j.waojou.2022.100676  

Plaisance, E. P., Bergeron, J. M., Bolyard, M. L., Hathorne, H. Y., Graziano, C. M., Hartzes, 

A., Genschmer, K. R., Alvarez, J. A., Goss, A. M., Gaggar, A., & Fontaine, K. R. (2024). 

Low-Dose Ketone Monoester Administration in Adults with Cystic Fibrosis: A Pilot and 

Feasibility Study. Nutrients, 16(22). https://doi.org/10.3390/nu16223957  

Poff, A. M., Ari, C., Arnold, P., Seyfried, T. N., & D'Agostino, D. P. (2014). Ketone 

supplementation decreases tumor cell viability and prolongs survival of mice with 

metastatic cancer. Int J Cancer, 135(7), 1711-1720. https://doi.org/10.1002/ijc.28809  

Polini, A., Prodanov, L., Bhise, N. S., Manoharan, V., Dokmeci, M. R., & Khademhosseini, 

A. (2014). Organs-on-a-chip: a new tool for drug discovery. Expert Opin Drug Discov, 

9(4), 335-352. https://doi.org/10.1517/17460441.2014.886562  

Popiolek-Kalisz, J. (2024). Ketogenic diet and cardiovascular risk - state of the art review. 

Curr Probl Cardiol, 49(3), 102402. https://doi.org/10.1016/j.cpcardiol.2024.102402  

Poto, R., Criscuolo, G., Marone, G., Brightling, C. E., & Varricchi, G. (2022). Human Lung 

Mast Cells: Therapeutic Implications in Asthma. Int J Mol Sci, 23(22). 

https://doi.org/10.3390/ijms232214466  

Pradeepan, S., Garrison, G., & Dixon, A. E. (2013). Obesity in asthma: approaches to 

treatment. Curr Allergy Asthma Rep, 13(5), 434-442. https://doi.org/10.1007/s11882-013-

0354-z  

Priyadarshini, M., & Layden, B. T. (2015). FFAR3 modulates insulin secretion and global 

gene expression in mouse islets. Islets, 7(2), e1045182. 

https://doi.org/10.1080/19382014.2015.1045182  

Puchalska, P., & Crawford, P. A. (2017). Multi-dimensional Roles of Ketone Bodies in Fuel 

Metabolism, Signaling, and Therapeutics. Cell Metab, 25(2), 262-284. 

https://doi.org/10.1016/j.cmet.2016.12.022  

Puchalska, P., & Crawford, P. A. (2021). Metabolic and Signaling Roles of Ketone Bodies 

in Health and Disease. Annu Rev Nutr, 41, 49-77. https://doi.org/10.1146/annurev-nutr-

111120-111518  

Qi, J., Gan, L., Fang, J., Zhang, J., Yu, X., Guo, H., Cai, D., Cui, H., Gou, L., Deng, J., 

Wang, Z., & Zuo, Z. (2022). Beta-Hydroxybutyrate: A Dual Function Molecular and 



 
 

185 

 

Immunological Barrier Function Regulator. Front Immunol, 13, 805881. 

https://doi.org/10.3389/fimmu.2022.805881  

Qiu, H., Novikov, A., & Vallon, V. (2017). Ketosis and diabetic ketoacidosis in response to 

SGLT2 inhibitors: Basic mechanisms and therapeutic perspectives. Diabetes Metab Res 

Rev, 33(5). https://doi.org/10.1002/dmrr.2886  

Qiu, Y., Hu, X., Xu, C., Lu, C., Cao, R., Xie, Y., & Yang, J. (2023). Ketogenic diet alleviates 

renal fibrosis in mice by enhancing fatty acid oxidation through the free fatty acid receptor 

3 pathway. Front Nutr, 10, 1127845. https://doi.org/10.3389/fnut.2023.1127845  

Reddel, H. K., Bateman, E. D., Becker, A., Boulet, L. P., Cruz, A. A., Drazen, J. M., 

Haahtela, T., Hurd, S. S., Inoue, H., de Jongste, J. C., Lemanske, R. F., Jr., Levy, M. L., 

O'Byrne, P. M., Paggiaro, P., Pedersen, S. E., Pizzichini, E., Soto-Quiroz, M., Szefler, S. J., 

Wong, G. W., & FitzGerald, J. M. (2015). A summary of the new GINA strategy: a roadmap 

to asthma control. Eur Respir J, 46(3), 622-639. https://doi.org/10.1183/13993003.00853-

2015  

Reddel, H. K., Levy, M. L., Global Initiative for Asthma Scientific, C., Dissemination, & 

Implementation, C. (2015). The GINA asthma strategy report: what's new for primary care? 

NPJ Prim Care Respir Med, 25, 15050. https://doi.org/10.1038/npjpcrm.2015.50  

Ressmeyer, A. R., Larsson, A. K., Vollmer, E., Dahlen, S. E., Uhlig, S., & Martin, C. (2006). 

Characterisation of guinea pig precision-cut lung slices: comparison with human tissues. 

Eur Respir J, 28(3), 603-611. https://doi.org/10.1183/09031936.06.00004206  

Rho, J. M. (2017). How does the ketogenic diet induce anti-seizure effects? Neurosci Lett, 

637, 4-10. https://doi.org/10.1016/j.neulet.2015.07.034  

Roche, W. R., Beasley, R., Williams, J. H., & Holgate, S. T. (1989). Subepithelial fibrosis 

in the bronchi of asthmatics. Lancet, 1(8637), 520-524. https://doi.org/10.1016/s0140-

6736(89)90067-6  

Rojas-Morales, P., Pedraza-Chaverri, J., & Tapia, E. (2020). Ketone bodies, stress response, 

and redox homeostasis. Redox Biol, 29, 101395. 

https://doi.org/10.1016/j.redox.2019.101395  

Rondanelli, M., Patelli, Z., Gasparri, C., Mansueto, F., Ferraris, C., Nichetti, M., Alalwan, 

T. A., Sajoux, I., Maugeri, R., & Perna, S. (2023). Very low calorie ketogenic diet and 

common rheumatic disorders: A case report. World J Clin Cases, 11(9), 1985-1991. 

https://doi.org/10.12998/wjcc.v11.i9.1985  

Roopra, A., Dingledine, R., & Hsieh, J. (2012). Epigenetics and epilepsy. Epilepsia, 53 

Suppl 9(Suppl 9), 2-10. https://doi.org/10.1111/epi.12030  



 
 

186 

 

Rudy, L., Carmen, R., Daniel, R., Artemio, R., & Moises, R. O. (2020). Anticonvulsant 

mechanisms of the ketogenic diet and caloric restriction. Epilepsy Res, 168, 106499. 

https://doi.org/10.1016/j.eplepsyres.2020.106499  

Ryu, S., Shchukina, I., Youm, Y. H., Qing, H., Hilliard, B., Dlugos, T., Zhang, X., 

Yasumoto, Y., Booth, C. J., Fernandez-Hernando, C., Suarez, Y., Khanna, K., Horvath, T. 

L., Dietrich, M. O., Artyomov, M., Wang, A., & Dixit, V. D. (2021). Ketogenic diet restrains 

aging-induced exacerbation of coronavirus infection in mice. Elife, 10. 

https://doi.org/10.7554/eLife.66522  

Sakai, H., Suto, W., Kai, Y., & Chiba, Y. (2017). Mechanisms underlying the pathogenesis 

of hyper-contractility of bronchial smooth muscle in allergic asthma. J Smooth Muscle Res, 

53(0), 37-47. https://doi.org/10.1540/jsmr.53.37  

Saris, C. G. J., & Timmers, S. (2022). Ketogenic diets and Ketone suplementation: A 

strategy for therapeutic intervention. Front Nutr, 9, 947567. 

https://doi.org/10.3389/fnut.2022.947567  

Schaafsma, D., Gosens, R., Zaagsma, J., Halayko, A. J., & Meurs, H. (2008). Rho kinase 

inhibitors: a novel therapeutical intervention in asthma? Eur J Pharmacol, 585(2-3), 398-

406. https://doi.org/10.1016/j.ejphar.2008.01.056  

Schatz, M., & Rosenwasser, L. (2014). The allergic asthma phenotype. J Allergy Clin 

Immunol Pract, 2(6), 645-648; quiz 649. https://doi.org/10.1016/j.jaip.2014.09.004  

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 

Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J. Y., White, D. J., Hartenstein, 

V., Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: an open-source platform for 

biological-image analysis. Nat Methods, 9(7), 676-682. 

https://doi.org/10.1038/nmeth.2019  

Schmidt, D., & Rabe, K. F. (2000). Immune mechanisms of smooth muscle hyperreactivity 

in asthma. J Allergy Clin Immunol, 105(4), 673-682. 

https://doi.org/10.1067/mai.2000.105705  

Schugar, R. C., & Crawford, P. A. (2012). Low-carbohydrate ketogenic diets, glucose 

homeostasis, and nonalcoholic fatty liver disease. Curr Opin Clin Nutr Metab Care, 15(4), 

374-380. https://doi.org/10.1097/MCO.0b013e3283547157  

Scioscia, G., Nolasco, S., Campisi, R., Quarato, C. M. I., Caruso, C., Pelaia, C., Portacci, 

A., & Crimi, C. (2023). Switching Biological Therapies in Severe Asthma. Int J Mol Sci, 

24(11). https://doi.org/10.3390/ijms24119563  

Sharma, V., & Cowan, D. C. (2021). Obesity, Inflammation, and Severe Asthma: an 

Update. Curr Allergy Asthma Rep, 21(12), 46. https://doi.org/10.1007/s11882-021-01024-

9  



 
 

187 

 

Shea-Donohue, T., Notari, L., Sun, R., & Zhao, A. (2012). Mechanisms of smooth muscle 

responses to inflammation. Neurogastroenterol Motil, 24(9), 802-811. 

https://doi.org/10.1111/j.1365-2982.2012.01986.x  

Shibata, K., Sakai, H., Huang, Q., Kamata, H., Chiba, Y., Misawa, M., Ikebe, R., & Ikebe, 

M. (2015). Rac1 regulates myosin II phosphorylation through regulation of myosin light 

chain phosphatase. J Cell Physiol, 230(6), 1352-1364. https://doi.org/10.1002/jcp.24878  

Shimazu, T., Hirschey, M. D., Newman, J., He, W., Shirakawa, K., Le Moan, N., Grueter, 

C. A., Lim, H., Saunders, L. R., Stevens, R. D., Newgard, C. B., Farese, R. V., Jr., de Cabo, 

R., Ulrich, S., Akassoglou, K., & Verdin, E. (2013). Suppression of oxidative stress by beta-

hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science, 339(6116), 211-

214. https://doi.org/10.1126/science.1227166  

Shivva, V., Cox, P. J., Clarke, K., Veech, R. L., Tucker, I. G., & Duffull, S. B. (2016). The 

Population Pharmacokinetics of D-beta-hydroxybutyrate Following Administration of (R)-

3-Hydroxybutyl (R)-3-Hydroxybutyrate. AAPS J, 18(3), 678-688. 

https://doi.org/10.1208/s12248-016-9879-0  

Shore, S. A. (2008). Obesity and asthma: possible mechanisms. J Allergy Clin Immunol, 

121(5), 1087-1093; quiz 1094-1085. https://doi.org/10.1016/j.jaci.2008.03.004  

Silva, V. R., Belozo, F. L., Micheletti, T. O., Conrado, M., Stout, J. R., Pimentel, G. D., & 

Gonzalez, A. M. (2017). beta-hydroxy-beta-methylbutyrate free acid supplementation may 

improve recovery and muscle adaptations after resistance training: a systematic review. 

Nutr Res, 45, 1-9. https://doi.org/10.1016/j.nutres.2017.07.008  

Smith, J. S., Hilibrand, A. S., Skiba, M. A., Dates, A. N., Calvillo-Miranda, V. G., & Kruse, 

A. C. (2024). The M3 Muscarinic Acetylcholine Receptor Can Signal through Multiple G 

Protein Families. Mol Pharmacol, 105(6), 386-394. 

https://doi.org/10.1124/molpharm.123.000818  

Smith, N. K., Hackett, T. A., Galli, A., & Flynn, C. R. (2019). GLP-1: Molecular 

mechanisms and outcomes of a complex signaling system. Neurochem Int, 128, 94-105. 

https://doi.org/10.1016/j.neuint.2019.04.010  

Soeters, M. R., Sauerwein, H. P., Faas, L., Smeenge, M., Duran, M., Wanders, R. J., Ruiter, 

A. F., Ackermans, M. T., Fliers, E., Houten, S. M., & Serlie, M. J. (2009). Effects of insulin 

on ketogenesis following fasting in lean and obese men. Obesity (Silver Spring), 17(7), 

1326-1331. https://doi.org/10.1038/oby.2008.678  

Sohal, R. S., & Weindruch, R. (1996). Oxidative stress, caloric restriction, and aging. 

Science, 273(5271), 59-63. https://doi.org/10.1126/science.273.5271.59  

St-Onge, M. P., & Bosarge, A. (2008). Weight-loss diet that includes consumption of 

medium-chain triacylglycerol oil leads to a greater rate of weight and fat mass loss than 

does olive oil. Am J Clin Nutr, 87(3), 621-626. https://doi.org/10.1093/ajcn/87.3.621  



 
 

188 

 

Statistics, N. C. f. H. (2023). Percentage of current asthma for adults aged 18 and over, 

United States, 2019—2023. (National Health Interview Survey, Issue. 

https://wwwn.cdc.gov/NHISDataQueryTool/SHS_adult/index.html 

Steelant, B., Seys, S. F., Van Gerven, L., Van Woensel, M., Farre, R., Wawrzyniak, P., 

Kortekaas Krohn, I., Bullens, D. M., Talavera, K., Raap, U., Boon, L., Akdis, C. A., 

Boeckxstaens, G., Ceuppens, J. L., & Hellings, P. W. (2018). Histamine and T helper 

cytokine-driven epithelial barrier dysfunction in allergic rhinitis. J Allergy Clin Immunol, 

141(3), 951-963 e958. https://doi.org/10.1016/j.jaci.2017.08.039  

Stefan, M., Sharp, M., Gheith, R., Lowery, R., & Wilson, J. (2021). The Effect of 

Exogenous Beta-Hydroxybutyrate Salt Supplementation on Metrics of Safety and Health 

in Adolescents. Nutrients, 13(3). https://doi.org/10.3390/nu13030854  

Stubbs, B. J., Cox, P. J., Evans, R. D., Santer, P., Miller, J. J., Faull, O. K., Magor-Elliott, 

S., Hiyama, S., Stirling, M., & Clarke, K. (2017). On the Metabolism of Exogenous 

Ketones in Humans. Front Physiol, 8, 848. https://doi.org/10.3389/fphys.2017.00848  

Sukkar, S. G., & Bassetti, M. (2020). Induction of ketosis as a potential therapeutic option 

to limit hyperglycemia and prevent cytokine storm in COVID-19. Nutrition, 79-80, 

110967. https://doi.org/10.1016/j.nut.2020.110967  

Tashkin, D. P., Ohar, J. A., Koltun, A., Allan, R., & Ward, J. K. (2021). The Role of 

ICS/LABA Fixed-Dose Combinations in the Treatment of Asthma and COPD: 

Bioequivalence of a Generic Fluticasone Propionate-Salmeterol Device. Pulm Med, 2021, 

8881895. https://doi.org/10.1155/2021/8881895  

Taylor, S. I., Blau, J. E., & Rother, K. I. (2015). SGLT2 Inhibitors May Predispose to 

Ketoacidosis. J Clin Endocrinol Metab, 100(8), 2849-2852. 

https://doi.org/10.1210/jc.2015-1884  

Terranova, C. J., Stemler, K. M., Barrodia, P., Jeter-Jones, S. L., Ge, Z., de la Cruz Bonilla, 

M., Raman, A., Cheng, C. W., Allton, K. L., Arslan, E., Yilmaz, O. H., Barton, M. C., Rai, 

K., & Piwnica-Worms, H. (2021). Reprogramming of H3K9bhb at regulatory elements is 

a key feature of fasting in the small intestine. Cell Rep, 37(8), 110044. 

https://doi.org/10.1016/j.celrep.2021.110044  

Theofani, E., Semitekolou, M., Morianos, I., Samitas, K., & Xanthou, G. (2019). Targeting 

NLRP3 Inflammasome Activation in Severe Asthma. J Clin Med, 8(10). 

https://doi.org/10.3390/jcm8101615  

Thio, C. L., Lai, A. C., Ting, Y. T., Chi, P. Y., & Chang, Y. J. (2022). The ketone body beta-

hydroxybutyrate mitigates ILC2-driven airway inflammation by regulating mast cell 

function. Cell Rep, 40(13), 111437. https://doi.org/10.1016/j.celrep.2022.111437  

Thomas, D., McDonald, V. M., Stevens, S., Harvey, E. S., Baraket, M., Bardin, P., Bowden, 

J. J., Bowler, S., Chien, J., Chung, L. P., Gillman, A., Hew, M., Hodge, S., James, A., 



 
 

189 

 

Jenkins, C., Katelaris, C. H., Katsoulotos, G. P., Langton, D., Lee, J.,…Gibson, P. G. 

(2024). Biologics (mepolizumab and omalizumab) induced remission in severe asthma 

patients. Allergy, 79(2), 384-392. https://doi.org/10.1111/all.15867  

Thomas, S. S., & Chhabra, S. K. (2003). A study on the serum levels of interleukin-1beta 

in bronchial asthma. J Indian Med Assoc, 101(5), 282, 284, 286 passim. 

https://www.ncbi.nlm.nih.gov/pubmed/14575216  

Tliba, O., & Panettieri, R. A., Jr. (2009). Noncontractile functions of airway smooth muscle 

cells in asthma. Annu Rev Physiol, 71, 509-535. 

https://doi.org/10.1146/annurev.physiol.010908.163227  

Usui-Kawanishi, F., Takahashi, M., Sakai, H., Suto, W., Kai, Y., Chiba, Y., Hiraishi, K., 

Kurahara, L. H., Hori, M., & Inoue, R. (2019). Implications of immune-inflammatory 

responses in smooth muscle dysfunction and disease. J Smooth Muscle Res, 55(0), 81-107. 

https://doi.org/10.1540/jsmr.55.81  

van de Wetering, C., Manuel, A. M., Sharafi, M., Aboushousha, R., Qian, X., Erickson, C., 

MacPherson, M., Chan, G., Adcock, I. M., ZounematKermani, N., Schleich, F., Louis, R., 

Bohrnsen, E., D'Alessandro, A., Wouters, E. F., Reynaert, N. L., Li, J., Wolf, C. R., 

Henderson, C. J.,…Janssen-Heininger, Y. M. (2021). Glutathione-S-transferase P promotes 

glycolysis in asthma in association with oxidation of pyruvate kinase M2. Redox Biol, 47, 

102160. https://doi.org/10.1016/j.redox.2021.102160  

Van Den Broucke, S., Vanoirbeek, J., Alfaro-Moreno, E., & Hoet, P. (2020). Contribution 

of mast cells in irritant-induced airway epithelial barrier impairment in vitro. Toxicol Ind 

Health, 36(10), 823-834. https://doi.org/10.1177/0748233720948771  

van der Meer, A. D., & van den Berg, A. (2012). Organs-on-chips: breaking the in vitro 

impasse. Integr Biol (Camb), 4(5), 461-470. https://doi.org/10.1039/c2ib00176d  

VanItallie, T. B., & Nufert, T. H. (2003). Ketones: metabolism's ugly duckling. Nutr Rev, 

61(10), 327-341. https://doi.org/10.1301/nr.2003.oct.327-341  

Veech, R. L. (2004). The therapeutic implications of ketone bodies: the effects of ketone 

bodies in pathological conditions: ketosis, ketogenic diet, redox states, insulin resistance, 

and mitochondrial metabolism. Prostaglandins Leukot Essent Fatty Acids, 70(3), 309-319. 

https://doi.org/10.1016/j.plefa.2003.09.007  

Viana, F., O'Kane, C. M., & Schroeder, G. N. (2022). Precision-cut lung slices: A powerful 

ex vivo model to investigate respiratory infectious diseases. Mol Microbiol, 117(3), 578-

588. https://doi.org/10.1111/mmi.14817  

Vidali, S., Aminzadeh, S., Lambert, B., Rutherford, T., Sperl, W., Kofler, B., & Feichtinger, 

R. G. (2015). Mitochondria: The ketogenic diet--A metabolism-based therapy. Int J 

Biochem Cell Biol, 63, 55-59. https://doi.org/10.1016/j.biocel.2015.01.022  



 
 

190 

 

Vinolo, M. A., Rodrigues, H. G., Nachbar, R. T., & Curi, R. (2011). Regulation of 

inflammation by short chain fatty acids. Nutrients, 3(10), 858-876. 

https://doi.org/10.3390/nu3100858  

Wagers, S., Lundblad, L. K., Ekman, M., Irvin, C. G., & Bates, J. H. (2004). The allergic 

mouse model of asthma: normal smooth muscle in an abnormal lung? J Appl Physiol 

(1985), 96(6), 2019-2027. https://doi.org/10.1152/japplphysiol.00924.2003  

Waldman, H. S., & McAllister, M. J. (2020). Exogenous Ketones as Therapeutic Signaling 

Molecules in High-Stress Occupations: Implications for Mitigating Oxidative Stress and 

Mitochondrial Dysfunction in Future Research. Nutr Metab Insights, 13, 

1178638820979029. https://doi.org/10.1177/1178638820979029  

Wang, L., Chen, P., & Xiao, W. (2021). beta-hydroxybutyrate as an Anti-Aging Metabolite. 

Nutrients, 13(10). https://doi.org/10.3390/nu13103420  

Warburg, O. (1956). On the origin of cancer cells. Science, 123(3191), 309-314. 

https://doi.org/10.1126/science.123.3191.309  

Webber, R. J., & Edmond, J. (1977). Utilization of L(+)-3-hydroxybutyrate, D(-)-3-

hydroxybutyrate, acetoacetate, and glucose for respiration and lipid synthesis in the 18-

day-old rat. J Biol Chem, 252(15), 5222-5226. 

https://www.ncbi.nlm.nih.gov/pubmed/885847  

Wenzel, S. E. (2012). Asthma phenotypes: the evolution from clinical to molecular 

approaches. Nat Med, 18(5), 716-725. https://doi.org/10.1038/nm.2678  

Wheless, J. W. (2008). History of the ketogenic diet. Epilepsia, 49 Suppl 8, 3-5. 

https://doi.org/10.1111/j.1528-1167.2008.01821.x  

Wilder, R. J. The effects of ketonemia on the course of epilepsy. Mayo Clinic Proceedings, 

2, 307-308.  

Williams, E. J., Negewo, N. A., & Baines, K. J. (2021). Role of the NLRP3 inflammasome 

in asthma: Relationship with neutrophilic inflammation, obesity, and therapeutic options. 

J Allergy Clin Immunol, 147(6), 2060-2062. https://doi.org/10.1016/j.jaci.2021.04.022  

Wohlsen, A., Martin, C., Vollmer, E., Branscheid, D., Magnussen, H., Becker, W. M., Lepp, 

U., & Uhlig, S. (2003). The early allergic response in small airways of human precision-

cut lung slices. Eur Respir J, 21(6), 1024-1032. 

https://doi.org/10.1183/09031936.03.00027502  

Won, Y. J., Lu, V. B., Puhl, H. L., 3rd, & Ikeda, S. R. (2013). beta-Hydroxybutyrate 

modulates N-type calcium channels in rat sympathetic neurons by acting as an agonist for 

the G-protein-coupled receptor FFA3. J Neurosci, 33(49), 19314-19325. 

https://doi.org/10.1523/JNEUROSCI.3102-13.2013  



 
 

191 

 

Wu, Y., Di, X., Zhao, M., Li, H., Bai, L., & Wang, K. (2022). The role of the NLRP3 

inflammasome in chronic inflammation in asthma and chronic obstructive pulmonary 

disease. Immun Inflamm Dis, 10(12), e750. https://doi.org/10.1002/iid3.750  

Xie, L., Chandrasekhar, A., DeSantis, S. M., Almandoz, J. P., de la Cruz-Munoz, N., & 

Messiah, S. E. (2023). Discontinuation and reduction of asthma medications after 

metabolic and bariatric surgery: A systematic review and meta-analysis. Obes Rev, 24(2), 

e13527. https://doi.org/10.1111/obr.13527  

Xie, Z., Zhang, D., Chung, D., Tang, Z., Huang, H., Dai, L., Qi, S., Li, J., Colak, G., Chen, 

Y., Xia, C., Peng, C., Ruan, H., Kirkey, M., Wang, D., Jensen, L. M., Kwon, O. K., Lee, S., 

Pletcher, S. D.,…Zhao, Y. (2016). Metabolic regulation of gene expression by histone 

lysine beta-hydroxybutyrylation. Mol Cell, 62(2), 194-206. 

https://doi.org/10.1016/j.molcel.2016.03.036  

Xu, X. D., Shao, S. X., Jiang, H. P., Cao, Y. W., Wang, Y. H., Yang, X. C., Wang, Y. L., 

Wang, X. S., & Niu, H. T. (2015). Warburg effect or reverse Warburg effect? A review of 

cancer metabolism. Oncol Res Treat, 38(3), 117-122. https://doi.org/10.1159/000375435  

Yamanashi, T., Iwata, M., Kamiya, N., Tsunetomi, K., Kajitani, N., Wada, N., Iitsuka, T., 

Yamauchi, T., Miura, A., Pu, S., Shirayama, Y., Watanabe, K., Duman, R. S., & Kaneko, 

K. (2017). Beta-hydroxybutyrate, an endogenic NLRP3 inflammasome inhibitor, 

attenuates stress-induced behavioral and inflammatory responses. Sci Rep, 7(1), 7677. 

https://doi.org/10.1038/s41598-017-08055-1  

Yamauchi, K., & Ogasawara, M. (2019). The Role of Histamine in the Pathophysiology of 

Asthma and the Clinical Efficacy of Antihistamines in Asthma Therapy. Int J Mol Sci, 

20(7). https://doi.org/10.3390/ijms20071733  

Yang, I. V., Lozupone, C. A., & Schwartz, D. A. (2017). The environment, epigenome, and 

asthma. J Allergy Clin Immunol, 140(1), 14-23. https://doi.org/10.1016/j.jaci.2017.05.011  

Yarar-Fisher, C., Li, J., Womack, E. D., Alharbi, A., Seira, O., Kolehmainen, K. L., Plunet, 

W. T., Alaeiilkhchi, N., & Tetzlaff, W. (2021). Ketogenic regimens for acute neurotraumatic 

events. Curr Opin Biotechnol, 70, 68-74. https://doi.org/10.1016/j.copbio.2020.12.009  

Youm, Y. H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim, D., 

D'Agostino, D., Planavsky, N., Lupfer, C., Kanneganti, T. D., Kang, S., Horvath, T. L., 

Fahmy, T. M., Crawford, P. A., Biragyn, A., Alnemri, E., & Dixit, V. D. (2015). The ketone 

metabolite beta-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory 

disease. Nat Med, 21(3), 263-269. https://doi.org/10.1038/nm.3804  

Yurista, S. R., Chong, C. R., Badimon, J. J., Kelly, D. P., de Boer, R. A., & Westenbrink, 

B. D. (2021). Therapeutic Potential of Ketone Bodies for Patients With Cardiovascular 

Disease: JACC State-of-the-Art Review. J Am Coll Cardiol, 77(13), 1660-1669. 

https://doi.org/10.1016/j.jacc.2020.12.065  



 
 

192 

 

Zaeh, S. E., Lu, M. A., Blake, K. V., ElizabethRuvalcaba, Ayensu-Asiedu, C., Robert, A. 

W., Holbrook, J. T., & Eakin, M. N. (2022). "It is kind of like a responsibility thing": 

transitional challenges in asthma medication adherence among adolescents and young 

adults. J Asthma, 59(5), 956-966. https://doi.org/10.1080/02770903.2021.1897836  

Zajac, A., Poprzecki, S., Maszczyk, A., Czuba, M., Michalczyk, M., & Zydek, G. (2014). 

The effects of a ketogenic diet on exercise metabolism and physical performance in off-

road cyclists. Nutrients, 6(7), 2493-2508. https://doi.org/10.3390/nu6072493  

Zarnowska, I. M. (2020). Therapeutic Use of the Ketogenic Diet in Refractory Epilepsy: 

What We Know and What Still Needs to Be Learned. Nutrients, 12(9). 

https://doi.org/10.3390/nu12092616  

Zhang, L., Shi, J., Du, D., Niu, N., Liu, S., Yang, X., Lu, P., Shen, X., Shi, N., Yao, L., 

Zhang, R., Hu, G., Lu, G., Zhu, Q., Zeng, T., Liu, T., Xia, Q., Huang, W., & Xue, J. (2022). 

Ketogenesis acts as an endogenous protective programme to restrain inflammatory 

macrophage activation during acute pancreatitis. EBioMedicine, 78, 103959. 

https://doi.org/10.1016/j.ebiom.2022.103959  

Zhao, Z., Lange, D. J., Voustianiouk, A., MacGrogan, D., Ho, L., Suh, J., Humala, N., 

Thiyagarajan, M., Wang, J., & Pasinetti, G. M. (2006). A ketogenic diet as a potential novel 

therapeutic intervention in amyotrophic lateral sclerosis. BMC Neurosci, 7, 29. 

https://doi.org/10.1186/1471-2202-7-29  

Zhou, T., Cheng, X., He, Y., Xie, Y., Xu, F., Xu, Y., & Huang, W. (2022). Function and 

mechanism of histone beta-hydroxybutyrylation in health and disease. Front Immunol, 13, 

981285. https://doi.org/10.3389/fimmu.2022.981285  

Zhou, W., Mukherjee, P., Kiebish, M. A., Markis, W. T., Mantis, J. G., & Seyfried, T. N. 

(2007). The calorically restricted ketogenic diet, an effective alternative therapy for 

malignant brain cancer. Nutr Metab (Lond), 4, 5. https://doi.org/10.1186/1743-7075-4-5  

Zhou, X., Sampath, V., & Nadeau, K. C. (2024). Effect of air pollution on asthma. Ann 

Allergy Asthma Immunol, 132(4), 426-432. https://doi.org/10.1016/j.anai.2024.01.017  

Zhu, H., Bi, D., Zhang, Y., Kong, C., Du, J., Wu, X., Wei, Q., & Qin, H. (2022). Ketogenic 

diet for human diseases: the underlying mechanisms and potential for clinical 

implementations. Signal Transduct Target Ther, 7(1), 11. https://doi.org/10.1038/s41392-

021-00831-w  

Zupec-Kania, B., Abrahams, J., Williams, E., Masino, S. A., & Rho, J. M. (2022). 

541Advancing the Awareness and Application of Ketogenic Therapies Globally: The 

Charlie Foundation for Ketogenic Therapies and Matthew’s Friends. In S. A. Masino, D. 

Boison, D. P. D’Agostino, E. H. Kossoff, J. M. Rho, & S. A. Masino (Eds.), Ketogenic Diet 

and Metabolic Therapies: Expanded Roles in Health and Disease (pp. 0). Oxford 

University Press. https://doi.org/10.1093/med/9780197501207.003.0041 



 
 

193 

 

Appendix A: Cytokine Production from Bronchial Smooth Muscle Cells Is 

Augmented by Exposure to Adipocyte-Conditioned Media 

Objective: To gain insight into the effects of adipocyte-derived products on bronchial 

smooth muscle function.  

Rationale: Obesity is a risk factor for asthma. Individuals with asthma and obesity often 

have poor asthma control and do not respond as well to therapies such as inhaled 

corticosteroids and long-acting bronchodilators as normal-weight asthmatics. Weight loss 

improves asthma control for obese asthmatics, with a 5%–10% loss in body mass necessary 

and sufficient to lead to clinically relevant improvements. Preclinical studies have 

demonstrated the pathogenic contribution of adipocytes from obese mice to the augmented 

production of pro-inflammatory cytokines from airway epithelial cells and the salutary 

effects of diet-induced weight loss to decrease these consequences. However, the effects of 

adipocyte-derived products on bronchial smooth muscle function in human obesity remain 

incompletely understood. 

Methods: As described previously1, we utilized samples collected from a 12-month 

longitudinal study of subjects with obesity undergoing weight loss (bariatric) surgery, 

including subjects without asthma and subjects with allergic and nonallergic obese asthma. 

Visceral adipose tissue (VAT) samples were collected during bariatric surgery and from 

recruited normal weight control subjects without asthma undergoing elective abdominal 

surgery and cultured as described1. Human bronchial smooth muscle (HBSM) cells, as 

described in Chapters 2, 3, and 4, were exposed to adipocyte-conditioned media in the 

absence or presence of the model inflammatory agonists; 50 µg/mL Dermatophagoides 

pteronyssinus house dust mite extract (HDM; Part No. XPB70D3A25, Lot No. 343205; 
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Stallergenes Greer, Lenoir, NC), 50 ng/mL of ultrapure Escherichia coli O111:B4 

lipopolysaccharide (LPS; Invivogen, San Diego, CA, LPS-EB), or 10 ng/mL interleukin 

(IL)-1β (Stem Cell Technologies, Cat No.78034.1) for 24 hours. A custom 24-plex [CCL2, 

CCL4, CCL11, CCL17, CCL20,CCL24, CCL26, Chitinase 3-like 1, CXCL1, CXCL2, 

CXCL8, GCSF, IFNβ, IL-1α, IL-1β, IL-6, IL-12p70, IL-13, IL-17E, IL-18, IL-33, 

periostin, TNFα, and thymic stromal lymphopoietin (TSLP)] human magnetic Luminex 

assay (R&D Systems, Cat. No. LXSAHM-24) was first used, following manufacturer’s 

instructions, to determine the cytokines produced by HBSM cells under all conditions. 

Results: An initial assessment of the cytokines substantially produced by unstimulated or 

stimulated primary human bronchial smooth muscle (HBSM) cells revealed that CCL2, 

CCL4, CCL20, CXCL1, CXCL2, CXCL8/IL-8, G-CSF, and IL-6 were produced by this 

cell type (Figure A.1). In the absence of stimulation, Ad-CM alone induced only a modest 

increase in cytokine secretion by the HBSM cells, with no significant differences found 

when compared with lean controls. The addition of agonist in combination with Ad-CM 

increased cytokine levels detected in the cell supernatants overall and revealed some 

differences among groups. Notably, cells treated with HDM in the presence of Ad-CM from 

nonallergic obese individuals tended to be significantly lower for all cytokines as compared 

with the obese non-asthma group but not the normal weight controls1. 

Conclusion: In human bronchial smooth muscle cells, exposure to Ad-CM alone was 

insufficient to induce differences in Ad-CM groups, but the addition of agonist revealed 

that cells exposed to Ad-CM from non-allergic obese subjects tended to be lower than obese 

non-asthma but not normal weight controls (Fig. A)1. These data suggest that adipocyte-

derived factors that are present in the Ad-CM may not be the main drivers for the 
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improvements in asthma management observed in subjects with obesity who had 

undergone bariatric surgery and experienced weight loss. 

Figure Legends:  

Figure A. Cytokine secretion from bronchial smooth muscle cells is augmented on 

exposure to Ad-CM.  

Human bronchial smooth muscle cells were exposed to Ad-CM in the presence or absence 

of house dust mite (HDM), lipopolysaccharide (LPS), or IL-1β. Data showing cytokine 

levels in supernatants after 24 h. Normal weight controls (C) n = 5 (all female), obese non-

asthma (OB) n = 9 (2 males, 7 females), nonallergic obese asthma (N) n = 11 (2 males, 9 

females), and allergic obese asthma n = 7 (2 males, 5 females). Male subjects = open 

circles; female subjects = closed circles. Data were analyzed through one-way ANOVA 

with Tukey’s multiple comparisons test. Statistical significance is presented as *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001 as compared with lean control, #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 

0.001 as compared with OB group. Ad-CM, adipocyte-conditioned media. 

References: 

1. Pena-Garcia, P.E., et al., Bariatric surgery decreases the capacity of plasma from 
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Figure A.1. Cytokine secretion from bronchial smooth muscle cells is augmented on 

exposure to Ad-CM. 
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