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ABSTRACT 

 

Acquired brain injury, such as stroke and traumatic brain injury, are devastating injuries that result 

in long-term disability and death. Recently, inter-organ communication has gained attention due 

to its pivotal role in homeostasis and disease pathophysiology. Particularly, the microbiome-gut-

brain axis is the major inter-organ communication for maintaining homeostasis in brain injuries. 

The microbiome is the genetic material of all the microorganisms that live on and inside the body 

and is essential for nutrition, human development, and immunity. In particular, the gut microbiome 

is a key regulator of the gut-brain axis and is closely related to neurological function and mental 

health of the host. The microbiome is also present in other parts of the human body, including oral 

cavity, skin, and hair, etc. This dissertation aims to evaluate the effect of acquired brain injury on 

microbiome and homeostasis in gut and oral cavity. In manuscript #1, gut microbiome changes 

were characterized during the acute stage of stroke in a pig model. Ischemic stroke significantly 

induced shifts in microbial diversity, increased levels of opportunistic pathogens, and reduced 

beneficial microbes, which were associated with the stroke severity. In manuscript #2, changes in 

gut inflammation and gut membrane integrity was investigated following the intracisternal 



administration of Tanshinone IIA-loaded nanoparticles (Tan IIA-NPs) and induced pluripotent 

stem cell-derived neural stem cell (iNSCs) transplantation therapy during the long-term ischemic 

stroke in a pig model. Tan IIA-NP+iNSC treatment increased fecal SCFAs levels, reduced protein 

levels of TNF-α and TNF-α receptor 1 and increased expression of gut tight junction proteins 

occludin, claudin1, and ZO-1. In manuscript #3, we investigated whether the traumatic brain injury 

(TBI) alters oral microbiota composition, which is the second largest microbial community in body. 

TBI reduced Faith’s Phylogenetic Diversity and altered beta-diversity of the oral microbiome 

compared to the sham surgery without altering the taxonomical composition. Findings from these 

studies suggest that acquired brain injury such as stroke and TBI modulate microbial composition 

in gut and oral cavity and the crosstalk between the microbiome and the host may be a potential 

therapeutic target for conditions involving neurological disorders. 
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CHAPTER 1 

INTRODUCTION 

Acquired brain injuries such as stroke and traumatic brain injury (TBI) are fatal diseases, as 

they result in high mortality rates and permanent disability. The number of stroke and TBI patients 

increases every year, and until recently, more than 795,000 people suffer from a stroke or recurrent 

stroke each year [1], and approximately 288,000 people are hospitalized for TBI [2]. Ischemic 

stroke is the most abundant type of stroke, caused by a blockage of a blood vessel [3], while TBI 

is occurred by a sudden shock or pressure on the brain [4], both of which induce serious brain 

damage and death of neuronal cell. Following the primary injury, secondary injury causes 

significant deleterious effects including excitotoxicity, apoptosis, oxidative stress, and 

neuroinflammation, breaking down the blood-brain barrier [5]. Increased brain permeability 

allows inflammatory molecules to move between the brain and the circulatory system [6], implying 

that alterations in brain homeostasis can influence peripheral organs, particularly the gut, and vice 

versa [7]. Previous studies have shown that ischemic stroke commonly induces bowel discomfort 

in patients [8] with intestinal microbial disturbance [9-11], and impairments in microbial 

composition, gut barrier function, structure, and integrity were also observed in rodent model of 

stroke [12, 13] and TBI [14, 15]. Interestingly, systemic administration of prebiotic or beneficial 

microbes improved neurological dysfunctions by lowering gut inflammation and enhancing gut 

microbial homeostasis in brain injury animal models [16, 17], suggesting the close relationship 

between the gut and the brain. Collectively, those findings from the previous studies suggested the 

significant involvement of inter-organ communication in acquired brain injuries.  
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Inter-organ communication has been proposed to have a crucial role in homeostasis and 

disease pathophysiology [18]. In particular, the microbiota-gut-brain axis is important for 

maintaining homeostasis in brain diseases, and the gut microbiome is one of the key regulators of 

gut-brain function. The gut microbiome is the most diverse and largest bacterial community in the 

human body [19], and it plays a role in defense against pathogen, vitamin synthesis, immune 

system development, central nervous system modulation, as well as the short-chain fatty acids 

production, which are important for energy metabolism [20]. Drastic changes in microbiota can 

cause imbalances in the bacterial composition, which is called dysbiosis, and it includes the loss 

of beneficial bacteria, overgrowth of opportunistic pathogens, and loss of overall microbial 

diversity [21]. Microbial dysbiosis has been observed in various disease such as inflammatory 

bowel disease, cancer, cardiovascular disease, and obesity in humans [22-24], and has also been 

found in neurological disease such as stroke. This suggests that the close relationship between the 

gut and the brain may play an important role in neurological diseases through a bidirectional 

communication called the gut-brain axis [7]. The gut-brain axis consists of several connecting 

pathways through the neural system, the immune system, and the endocrine system [7, 25]. Briefly 

described, in brain, hypothalamus-pituitary-adrenal axis (HPA axis) is well known system for 

stress respond and pathway of neuroendocrine transmission [26]. Those stimulation results in 

release of stress hormone, the glucocorticoids from the adrenal glands, and influence 

gastrointestinal organs including bowel motility, permeability, and inflammation [26]. The 

gastrointestinal system also has enteric nervous system, also known as second brain, since it has 

about 200-600 million neurons of network similar to that of the brain. This system is independently 

controlling the gut functions but rely on the autonomic nervous system, especially the vagus nerve 

[27]. Vagus nerve is the major nerve of the parasympathetic system and mostly transmit the signals 
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from the gut to the brain with the vagal afferent nerve terminals located in the gut tissue, sensing 

the hormonal or mechanical signals [27]. Therefore, the neural system mediates the gut-brain axis, 

either directly or indirectly. In the gastrointestinal system, bacteria and their metabolites mediate 

the gut-brain interaction. The microbes in the gut can directly interact with immune cell and 

stimulate the release of cytokines that can affect neurophysiology [28]. Additionally, gut microbes 

produce several neurotransmitters, such as serotonin, tryptophan, GABA (Gamma-Aminobutyric 

Acid), and gut metabolites (bile acids and short-chain fatty acids), which can transmit signals to 

the brain through the nerve and circulatory system [25, 29]. Through this inter-organ 

communication, changes in brain or gastrointestinal homeostasis have been shown to influence 

each other in brain diseases. Therefore, it is critical to understand changes in the gastrointestinal 

system following brain injuries in order to comprehend the communication between the brain and 

the gut. 

Following the gut microbiome, oral microbiome is the second largest microbial community 

after gut microbiome in human body. Unlike the bacteria in the gut that lives in the intestinal cavity 

with mucus, the bacteria in oral cavity make a bacterial biofilm that coats the oral cavity surfaces 

[30]. Each area of the oral cavity, including tongue, teeth, cheeks, throat, saliva, subgingival plaque, 

etc. has a slightly different microbial composition but the most abundantly existing genus is 

Streptococcus [31]. Although most studies to investigate the role of microbiome in host health 

were conducted on the gut microbiome, it has been suggested that oral microbiome may also be 

relevant to host’s health [32]. Interestingly, dysbiosis in oral microbial composition has been 

recently found in neurological disorders such as Alzheimer’s disease and Parkinson’s disease. In 

patients with Alzheimer’s disease, reduced microbial diversity and increased levels of endotoxin-

releasing gram-negative bacteria such as Moraxella, Leptotrichia, and Sphaerochaeta were found 
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[33]. In patients with Parkinson’s disease, potential opportunistic oral pathogens including 

Prevotealla, Veillonella, Lactobacillaceae, and Coriobacteriaceae were increased [34]. This result 

suggests a potential connection between oral microbiome and brain diseases. As studies 

investigating the role of oral microbiome in brain injuries are lacking at present, more research is 

needed on this subject. 

Diet is not only an important energy source of humans, but also a fuel source for the gut 

microbiota; thus, dietary changes may govern alterations in microbiota composition. A healthy 

diet is a major source of various nutritional components that have antioxidant and anti-

inflammatory properties [35, 36]. Poor diet and nutritional status has been linked to several 

comorbidities and undesirable health-related outcomes in brain injury patients. Acquired brain 

injuries such as stroke [37] and TBI [38], have distinct disease processes such as increased 

oxidative stress, inflammation, and poor energy metabolism in brain. Therefore, plant-based, low-

fat, high-fiber diets rich in antioxidants, may minimize the risk of disease [39, 40] and influence 

the harmful pathophysiological processes, improving clinical outcomes [41]. A previous study 

indicated that a intake of western dietary pattern was related to an elevated risk of stroke [39, 40], 

whereas an intake of the Mediterranean diet or Dietary Approaches to Stop Hypertension (DASH) 

diet were associated with decreased risk of stroke [40]. In animal models of brain injury, dietary 

changes affected gut microbiota composition, intestinal inflammation, and membrane integrity, 

modifying the gut-brain axis and impacting neuronal function [42, 43]. Therefore, a variety of diet 

or nutrients consumed by the host will help to reduce risk factors of brain injuries and modulate 

gut microbiota composition and homeostasis, both of which affect the brain via gut-brain 

interaction.  
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Animal models have been used to investigate a wide range of scientific issues, including 

mechanisms and novel therapies, before applying the findings to humans. Particularly, pigs are 

strong translational animal models for biomedical research, such as the brain and gastrointestinal 

(GI) system, due to their structural and physiological similarities to the humans over rodents’ 

model [44-46]. Pigs have anatomical brain size and structure similar to humans, with pigs having 

more than 60% of white matter (i.e., white matter-predominant gyrencephalic brains) [47, 48]  with 

gyrencephalic brain structure [49], whereas rodents only have about 10% of white matter with a 

smooth cerebral cortex [49]. Furthermore, pig brain development is similar to that of  humans, for 

much of their brain growth, composition, and myelination occurs around birth [50]. In addition to 

brain, pigs have similar physiological and anatomical traits of the GI tract to humans. Mice are 

originally granivore animals, whereas pigs are omnivorous mammal [51], thus pigs have 

comparable transit times, digestive and absorption processes, and nutritional requirements 

compare to human [52, 53]. Additionally, pigs use the cecum as the major site for fermentation of 

plant and dietary fiber, unlike mice that use the large colon [52]. Surprisingly, 96% of the 

functional genes in the human gut metagenome were also found in the pig gut metagenome [54], 

while 85% of gut microbiota in mice was absent in the human flora [55], suggesting that the 

complexity of the pig microbiome is comparable to that of the human microbiome. Therefore, the 

use of pig model as a clinically translational model will be an essential research tools for 

investigating the association between the brain and gut in human neurological diseases. 

The literature review (Chapter 2) provides an overview of the preventive and therapeutic 

effects of nutrients on acquired brain injuries, such as stoke and TBI, and how nutrients affect 

disease outcomes by modulating gut-brain axis. Chapter 3 details a study that investigated how the 

gut microbiome including microbial composition and diversity, is altered following an ischemic 
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stroke for up to 5 days post-stroke and the correlation of this alterations with the stroke severity in 

a pig model. Chapter 4 presents the results of an investigation of the changes in gut homeostasis 

following the intracisternal administration of Tanshinone IIA-loaded nanoparticles (Tan IIA-NPs) 

and transplantation of induced pluripotent stem cell-derived neural stem cells (iNSCs) in the brain, 

and how those intestinal changes are correlated with stroke recovery during the long-term ischemic 

stroke. Although fecal samples are widely used to investigate the microbiome in the gut, bowel 

inconsistencies are commonly found in patients with brain injury, making it difficult to collect 

fecal samples. Therefore, examining the oral microbiome, the second most diverse microbial 

community, will be an additional or alternative area for studying microbial-host interaction in brain 

injuries. Chapter 5 examines the changes in the oral microbial composition and diversity during 

the acute stage of traumatic brain injury using a piglet model.  
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CHAPTER 2 

REVIEW OF THE LITERATURE 

Stroke 

Stroke is the fifth major cause of mortality and a leading cause of disability in the United States, 

contributing to about 795,000 new cases or recurrences each year [1]. Stroke occurs when blood 

flow to the brain area is blocked or leaked from vessels, classifying two types of strokes: 1) 

ischemic stroke and 2) hemorrhagic stroke [2, 3]. Ischemic stroke accounts for 87% of all strokes 

and is caused by a lack of blood flow and is further classified into cerebral infarction and transient 

ischemic attack (TIA) [3]. Cerebral infarction is necrotic tissue damage in the brain due to the lack 

of oxygen, while TIAs are defined as neurological dysfunction caused by cerebral ischemia and 

recovers within 24 hours of stroke. Hemorrhagic stroke is induced by bleeding and is divided into 

subarachnoid hemorrhage and intracerebral hemorrhage. Subarachnoid hemorrhage is caused by 

compromised blood vessels on the brain surface while intracerebral hemorrhage is induced by 

bleeding into the brain commonly due to high blood pressure [3]. As a result, stroke causes a 

limited blood supply to brain cells regardless of the type of stroke. The cerebral blood flow (CBF) 

in a normal brain is about 50 ±10 ml/100 g/min [4, 5], and CBF in acute stage of stroke patients 

was decreased to 14.1 to 35ml/100 g/min in the penumbra and 4.8 to 8.4ml/100 g/min in infarct 

core, which are beyond the critical range for brain cell blood supply [6], considering that neuronal 

cells start to be damaged at 8 - 10ml/100 g/min or lower of CBF [5, 7]. The neuronal cell death 

causes short- or long-term physical and cognitive impairment resulting in permanent disability. 

There is only one Food and Drug Administration (FDA)-approved drug for ischemic stroke called 
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tissue plasminogen activator (tPA), which dissolves the blood clot. However, this treatment has a 

narrow therapeutic window (needs to be treated within 4.5hr after stroke incidence) and has 

associated adverse effects such as increased risk of intracranial hemorrhage [8]. To treat 

hemorrhagic stroke, generic medications are used to control the bleeding and reduce brain pressure. 

Therefore, it is important to understand the physiological aspects of stroke to develop an alternative 

treatment. The injuries following stroke are progressively spread and exacerbated by secondary 

injuries including excitotoxicity, inflammation, oxidative stress, and apoptosis that destroying 

cells survive from the primary injury or are undamaged cells [9]. Targeting those secondary 

injuries is suggested as a therapeutic strategy to improve stroke severity and outcomes.  

 

Traumatic brain injury 

Traumatic brain injury (TBI) is another major cause of death and disability in the United 

States [10]. Pathophysiology of the TBI begins with the initial injury, which is caused by 

mechanical damage to the blood-brain barrier (BBB), brain tissue, and vasculature [11]. There are 

the following two types of primary injuries in TBI: 1) focal brain injury which is usually seen in 

patients who had a closed head TBI or penetrating TBI that have localized contusion at the core of 

the injury site [11], and 2) diffuse brain injuries caused by rapid deceleration and acceleration 

involving high-speed motor vehicle accidents [12]. As a result, TBI induces bleeding and white 

matter shearing, leading to neuronal cell damage [11, 12]. Both kinds of damage often coexist in 

individuals who have had a moderate to severe TBI although diffuse axonal injury (DAI) accounts 

for about 70% of TBI cases [13]. The cellular and physiological events that arise during primary 

injury often progress to delayed and long-term secondary injuries that can last from hours to years 

[14]. These secondary injuries trigger significant deleterious effects on the brain through some 
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molecular and cellular responses including excitotoxicity, mitochondrial dysfunction, oxidative 

stress, and inflammation [9, 15]. Therefore, targeting those secondary injuries can be a major target 

for treating TBI by limiting neuronal cell death and facilitating recovery and outcomes. 

 

Secondary injuries (Appendix Figure 1) 

Secondary injuries occur through the biochemical, molecular and physiological processes 

during the primary brain injury developed from hours to days and contribute to further destruction 

of neuronal cells [16]. Stroke and TBI experimental models have been shown to induce an 

increased expression of proinflammatory cytokines [17-20], apoptotic molecules [20, 21], and 

oxidative stress [17-20, 22], while disrupting the antioxidant defense system [17-20] in the brain 

lesion site. Following primary injury, ion homeostasis in the brain is disrupted due to the lack of 

oxygen and glucose with a restricted blood supply [23]. Then, the ion pumps lose their normal 

function, resulting in a potassium (K+) efflux and a sodium (Na+) influx with an adenosine 

triphosphate (ATP) depletion. It causes neuronal membrane depolarization of the nerve membrane 

and excessive release of glutamate [23]. The extracellular accumulation of glutamate activates 

glutamate receptors of neurons (NMDA or AMPA receptors) and allow an intake of high levels of 

calcium [24]. The glutamate-activated NMDA receptor increases the generation of reactive oxygen 

species (ROS) and nitric oxide (NO), which exacerbate the cell injuries [25, 26]. The excessive 

influx of calcium in neurons also activates enzymes such as phospholipases, endonucleases, and 

proteases [27], as well as caspase-processed apoptosis [28], mitochondria impairment [29], and 

deregulation of ROS homeostasis [30], leading to neuronal cell death. The increased oxidative 

stress damages the BBB that generates a bidirectional flow of the inflammatory molecules between 

the systemic circulation and the brain [31]. Concurrently, in the injured brain tissue, the resting 
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microglia (ramified phenotype) turned into the activated form [32] and was recruited to the 

ischemic area [33]. The released proinflammatory cytokines such as tumor necrosis factor-alpha 

(TNF-α), interleukin-6 (IL-6), and interleukin 1β (IL-1β) from the resident cells stimulate and 

aggravate an inflammatory response and also damage the BBB, resulting in infiltration of 

circulatory inflammatory cells that causes neuronal cell death or axonal damage [34], leading to 

loss of function of the brain in stroke and TBI cases.  

 

Preventive effects of nutrients on stroke 

Carbohydrate 

Carbohydrates are the main source of body energy and provide different health 

consequences depending on their types of carbohydrates. Dietary glycemic index and dietary 

glycemic load both reflect the ability to raise blood sugar in the body. Glycemic index measures 

the quality of carbohydrates [35], while the dietary glycemic load evaluates both the quality and 

quantity of carbohydrates [36]. Excessive carbohydrate intake with a high glycemic index or 

glycemic load has been shown to negatively affect lipid and glucose metabolism, increasing the 

risk of cardiovascular disease [37-39]. Interestingly, Hajushafiee et al found that stroke patients 

consumed more energy and refined carbohydrates (such as sugar, jelly, sweet beverage, candy, 

etc…) in the preceding year before stroke than healthy people [40]. That carbohydrate intake with 

a high glycemic index and the glycemic load were associated with an increased risk of stroke [41, 

42]. Contrary, a high intake of low glycemic index food was correlated with reduced risk of stroke 

[42-44]. For example, adding 10 grams of total dietary fiber per day lowered the incidence of 

stroke by 12% [45], and increased fiber consumption was linked with reduced stroke risk in a dose-

dependent manner [46]. Various types of fiber, including that of fruit [44, 47], vegetable [44, 47], 
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cereal [42], and whole-grain [48], were also significantly correlated with decreased risk of stroke, 

indicating the beneficial role of fibers against stroke risk. Dietary fiber consumption may reduce 

stroke risk by lowering the incidence of hypertension [49] and improving blood lipid profiles [50, 

51] and insulin resistance [52], which are risk factors for stroke. It also helps to reduce bowel 

dysfunction, including constipation and impaired bowel movement which are commonly found in 

stroke patients [53]. Overall, consumption of carbohydrates with a high glycemic index and load 

was associated with an increased risk of stroke, and it is important to consider both the quantity 

and quality of carbohydrate intake to prevent incidence of stroke.  

 

Protein 

Proteins are essential nutrients for body development and repair. Dietary protein intake was 

associated with stroke risk depending on the source of protein. High intake of red meat was related 

to an increased risk of stroke [54-56], whereas poultry intake [54] was linked with reduced risk of 

stroke. Red meat is processed with high sodium concentration and has a high amount of heme iron 

which may contribute to the development of hypertension [57] or atherosclerosis [58]. In contrast, 

poultry has a lower amount of heme iron and a higher level of polyunsaturated fat that benefits 

lipid profiles or blood pressure [59]. Similarly, the population that consumed fish as a major source 

of animal protein had a reduced risk of stroke [60-62], possibly due to a high percentage of the n-

3 polyunsaturated fatty acids found in fish. Compared to animal proteins, vegetable proteins have 

more nonessential amino acids, including arginine, glycine, alanine, and serine, which can promote 

gluconeogenesis and lower insulin levels [63], both of which were linked to reduced risk of stroke 

[64]. In addition, high intake of arginine may reduce blood pressure by increasing nitric oxide, a 
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vasodilator [65]. Collectively, dietary protein intake from poultry, fish, or vegetables is 

recommended rather than processed red meat to prevent risk of stroke.  

 

Fat 

Reducing excessive high fat diets is generally recommended to prevent cardiovascular 

disease due to the high saturated fatty acids (SFAs) levels [66]. Stroke patients had consumed more 

hydrogenated fats, butter, cream, and mayonnaise than the healthy controls in the year before their 

stroke [67], suggesting a potential correlation between fat intake and stroke incidence. However, 

whether SFAs consumption is positively correlated with risk of stroke is controversial. Meta-

analysis studies reported that increased SFAs consumption is not linked with an elevated risk of 

stroke [68-70], and the association with stroke risk differs by ethnicity [71-73], sex [71-73], BMI 

[73], or SFAs dose [73]. Interestingly, some studies have reported that low SFAs intake was 

associated with high risk of hemorrhagic stroke [74-76], and ischemic stroke patients with a history 

of hyperlipidemia had reduced white matter hyperintensity, which is a predictor of infarct 

progression [77]. A possible explanation for the association between low fat intake and high risk 

of stroke is that low cholesterol levels caused by reduced SFAs intake may cause cell membrane 

abnormalities and arterial necrosis in the brain [78]. Collectively, the impact of SFAs consumption 

on stroke risk remains debatable. The discrepancy between studies may depend on genetic and 

environmental differences among populations, food source, or specific subtypes of SFAs, 

suggesting the necessity for further research. 

Polyunsaturated fatty acids (PUFAs), which comprise docosahexaenoic acid (DHA) or 

eicosapentaenoic acid (EPA), are one of the major components of fat. PUFAs consumption 

demonstrated beneficial effects on human health by reducing platelet aggregation, and 
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inflammation, and improving lipid metabolism [79]. Stroke patients presented a low level of 

PUFAs in the blood compared to healthy individuals [80], indicating that PUFAs potentially 

contribute to stroke risk. Studies showed that women who consumed fish more than 5 times per 

week had lower risk of ischemic stroke than women who consumed it 1-3 times per month [81], 

suggesting PUFA intake may be beneficial for preventing incidence of ischemic stroke. 

Interestingly, the effect of fish or fish oil intake on stroke risk disappeared in hemorrhagic stroke 

[81, 82]. Park et al stated that w-3 PUFA may raise the risk of hemorrhagic stroke by increasing 

the tendency to bleed with high pharmacological doses, such as the amount consumed by 

Greenland Eskimos (≥ 10 g/d) [83]. In conclusion, it is still controversial whether SFAs intake is 

associated with risk of stroke; meanwhile, PUFAs intake may be beneficial for reducing risk of 

ischemic stroke, but not hemorrhagic stroke, due to their different pathophysiological traits.  

 

Vitamins 

As a secondary injury, oxidative stress damages cellular compounds, and that stress is 

considered the major target in stroke. Therefore, antioxidant vitamins are suggested as beneficial 

supplements for stroke prevention. Vitamin C (ascorbic acid) is a well-known water-soluble 

antioxidant, and the plasma level of vitamin C was inversely associated with stroke mortality [84, 

85] and risk of stroke [86-88]. A meta-analysis study reported that stroke risk was inversely related 

to dietary vitamin C intake and circulating vitamin C level, but not related to supplemental vitamin 

C intake [89]. Interestingly, circulating vitamin C level was saturated after taking 100mg of 

vitamin C per day, suggesting that people with high levels of vitamin C in their circulation may 

not benefit from vitamin C supplementation [89]. In a dose-dependent manner, the stroke risk 

remained low up to an intake of 550mg/day, but relative risk increased after an intake of 
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200mg/day, indicating that higher amount of vitamin C intake should be treated with caution [89]. 

Interestingly, a recent study showed that dietary vitamin C intake was inversely linked with a risk 

of total and ischemic stroke in non-smokers but not in smokers, assuming that smokers would 

consume more vitamin C to counteract the oxidative stress induced by smoking and may need a 

high dose of vitamin C [90]. Therefore, establishing a proper dosage of vitamin C is critical for its 

effectiveness in stroke prevention. Vitamin E (alpha-tocopherol), also known to have anti-

oxidative and neuroprotective properties [91], showed inconsistent results for stroke risk. Vitamin 

E supplementation had no effect on incidence [92-94] and mortality of stroke [85, 95], nor was it 

related to decreased risk of ischemic stroke [96, 97]. It was, however, linked to an increased risk 

of hemorrhagic stroke [92, 96, 98], indicating that the effect of vitamin E on stroke risk is still 

controversial and may vary depending on the type of stroke. Another antioxidant vitamin, beta-

carotene is a precursor for vitamin A and can reduce oxidative stress and neuronal damage [99]. 

In healthy male humans, the baseline level of plasma beta-carotene tended to be inversely related 

to ischemic stroke risk [100]. However, beta-carotene supplementation was linked to an increased 

risk of hemorrhagic stroke in male smokers [96], but it was not related to stroke incidence in 

women [93]. Moreover, supplementation with the three antioxidant vitamins (250mg vitamin C, 

600mg vitamin E, and 20mg β-carotene daily) did not have a significant protective effect on stroke 

risk compared to the placebo group [101]. Therefore, it is premature to conclude that antioxidant 

vitamins are protective against risk of stroke, and further studies are needed to define a proper dose 

of vitamins (especially vitamin C) and their effects depending on the type of stroke. 

Other vitamins have also been studied for their association with stroke risk, but data 

remains insufficient. Hyperhomocysteine is suggested to be linked to arterial dissection, 

thrombosis, or early atherosclerosis [102], as well as high risk of stroke [7, 103]. B vitamins or 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ascorbic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/alpha-tocopherol
https://www.sciencedirect.com/topics/medicine-and-dentistry/beta-carotene
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folic acid intake can lower the blood level of total homocysteine [104, 105]. Previous studies 

showed that B vitamin supplementation reduced homocysteine levels and risk of stroke [106, 107]. 

Interestingly, the protective effect of B vitamin on stroke risk was absent in patients with kidney 

disorders, who have reduced renal excretion of homocysteine [106], supporting the fact that 

homocysteine blood level may be a critical risk factor for stroke incidence. Therefore, intake of B 

vitamins may be beneficial against risk of stroke, and dosage should be adjusted depending on the 

patient’s condition. 

Poor vitamin D blood level has been linked with hypertension [108] and an increased risk 

of stroke [109-114], showing that severe vitamin D deficiency causes the highest risk of stroke 

[112, 114]. However, conflicting findings reported that low levels of vitamin D in blood were not 

associated with stroke risk [115], or were only associated with an increased risk of ischemic stroke 

but not hemorrhagic stroke [116], which may be due to lower statistical power with a smaller 

number of hemorrhagic stroke patients than for ischemic stroke in the study [116].  

In conclusion, vitamins C and B may protect against stroke risk, but other vitamins showed 

some conflicting findings, and there is insufficient evidence that they reduce stroke risk. More 

studies are warranted to determine the role of vitamins depending on the different time points of 

vitamin administration, different routes, improper dosage, and different types of strokes.  

 

Minerals 

Minerals such as magnesium, potassium, sodium, and zinc are essential micronutrients for 

body metabolism and composition. Magnesium intake protects against cardiovascular disease, 

with an inverse association with the risk of hypertension [117, 118] or type 2 diabetes [119, 120]. 

Magnesium can compete with sodium as a binding site in vascular smooth muscle cells, induces 
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endothelial vasodilation, and improves endothelial function [121], which appears to be effective 

in preventing stroke. Previous studies showed that a high intake of magnesium was negatively 

correlated with the risk of stroke [118, 122-125] in a dose dependent manner (150 – 550mg/day) 

[126]. Interestingly, after adjusting for hypertension and diabetes, the degree of inverse correlation 

between magnesium consumption and stroke risk was reduced, indicating that hypertension and 

diabetes due to low magnesium intake may impact risk of stroke [127]. Similarly, intake of 

potassium was negatively correlated with the risk of stroke [125, 128-131], possibly due to the 

improvement of vascular endothelial function and vascular flow by the release of nitric oxide [132].  

The American Heart Association (AHA) has reduced the recommended daily sodium 

intake for all Americans to ≤1500mg due to the well-established link between excessive sodium 

consumption and hypertension [133]. Stroke patients had higher sodium intake than healthy people 

in the year before their stroke [134], and people who consumed more than 4000mg/day of sodium 

had a 2.6-fold increase in stroke risk than those who consumed less than 1500mg/day [135]. 

Similarly, people who had a high-salt diet had twice as high a risk of having an ischemic stroke as 

those on a low-salt diet [123], and positively correlated with stroke mortality [136, 137]. A meta-

analysis study also described that a high intake of sodium and the sodium to potassium ratio were 

correlated with the increased risk of stroke [138], suggesting that high sodium intake is not 

recommended due to high risk of stroke.  

Zinc is the second most abundant trace mineral in the body and has anti-inflammatory and 

antioxidant effects, protecting vascular cells from oxidative and inflammatory damage [139]. A 

meta-analysis study reported that plasma or serum zinc levels were higher in ischemic stroke 

patients compared to the control group, suggesting that zinc levels may be positively correlated 

with risk of ischemic stroke [140]. In contrast, plasma zinc levels were inversely correlated with 
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the risk of first hemorrhagic stroke [141]. Zinc deficiency or overload can induce blood-brain 

barrier disruption under oxygen and glucose deprivation conditions, which is the main cause of 

complications following stroke, such as inflammation and edema [142]. Therefore, it may be 

critical to maintain zinc homeostasis in ischemic and hemorrhagic stroke patients. The association 

and underlying mechanisms between zinc and each type of stroke needs further investigation. 

Other minerals, such as iron, phosphorus, and calcium have conflicting associations with 

stroke risk. A low serum level of iron in the elderly (age > 65) was linked to an increased risk of 

stroke [110], while the plasma level of iron or iron intake in people aged 50-69 years [122] or 25-

64 years [143] was not associated with risk of stroke, indicating that age may be an important 

variable for risk of stroke due to iron deficiency. The association between stroke risk and 

phosphorus intake was different depending on the type of stroke. Higher serum phosphate levels 

were linked with an increased risk of hemorrhagic stroke and a reduced risk of brain infarction in 

hemodialysis patients [144]. Conversely, the phosphorus blood level did not correlate with either 

ischemic [145] or total stroke risk [146]. Lastly, calcium intake was inversely related to a low risk 

of stroke [122, 123, 146, 147] or there was no correlation [128, 134, 148].  

In conclusion, the effect of mineral intake on stroke risk is still inconclusive. The mineral 

intake will be related to increased consumption of other potentially beneficial nutrients such as 

vitamins, dietary fiber, or bioactive compounds. Additionally, it may be related to other possible 

lifestyle variables such as smoking and alcohol consumption and other stroke risk factors.  

 

Therapeutic effects of nutrients on acquired brain injuries  

When glucose is depleted, lactate is a well-known alternative energy source for the brain. 

During the brain injury, lack of oxygen and increased glucose consumption result in glucose 
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depletion and cerebral energy dysfunction [149, 150]. Interestingly, lactate demands have been 

found to increase in brain-injured patients [151-153] and preclinical studies suggest that lactate 

administration has neuroprotective effects on acute brain injuries. Intravenous or 

intracerebroventricular injection of sodium L-lactate reduces lesion size and improves 

neurological outcomes in TBI and stroke rodent models [154-157]. It also promotes brain 

restoration processes such as angiogenesis and neurogenesis in intracerebral hemorrhage rat model 

[158]. Clinical studies have also shown that exogenous lactate supplementation improves 

neurological outcomes [159], reduces intracranial pressure [160], and enhances cerebral energy 

metabolism by increasing lactate concentration and glucose availability in TBI patients [160-162], 

suggesting that lactate supplementation may be potentially therapeutic for brain injuries, as it 

restores impaired energy metabolism. 

Protein-energy malnutrition is common in brain injury patients, contributing to poor 

clinical outcomes with increased oxidative stress and inflammation [163]. Therefore, adequate 

protein intake is an important component of nutritional management for these patients [164]. Whey 

protein supplementation in stroke patients decreased the NIH stroke scale/score (NIHSS) [165, 

166] modified Rankin scale (mRS) scores [166], improved mini-mental state exam (MMSE) [167], 

and reduced TNF-α [166], IL-6 [166, 168], and high-sensitive C-reactive protein (hs-CRP) [166] 

blood level compared to non-treated patients, showing beneficial effects on cognitive function and 

inflammation. Further, stroke survivors often experience muscle atrophy as a result of physical 

impairment and ongoing muscle loss due to aging [169]. Loss of muscle can reduce muscle 

strength and exercise capacity which affects daily activity and post-stroke recovery [169]. 

Providing patients with energy and protein-rich supplementation helps maintain body mass and 

body composition in the early stage of a stroke [170, 171] and prevents fat loss in female patients 
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[171]. The combination of protein supplementation with neuromuscular electrical stimulation or 

exercise reduced muscle atrophy [172] and improved aerobic capacity and functional activity 

performances in daily living [173] compared to the non-treated group. Collectively, protein-rich 

supplementation will improve body performance and functional recovery by reducing levels of 

proinflammatory substances in brain-injured patients.  

Omega-3 polyunsaturated fatty acids (PUFAs) offer benefits against cardiovascular disease 

by improving blood profiles and endothelial function [174]. Docosahexaenoic acid (DHA) is an 

essential omega-3 PUFAs mostly found in fish and is necessary for the development of the nervous 

system and brain functioning [175]. Preclinical studies reported that administration of DHA in the 

MCAO rodent model reduced the production of proinflammatory cytokines [176-179], microglial 

activation [176, 177, 179], and total infarct volume [177-179] and improved behavior recovery 

[178, 179]. In the TBI rodents model, DHA supplementation also improved neurological function 

[180, 181] and attenuated neuronal apoptosis and oxidative stress [180, 181], whereas the depletion 

of DHA in the brain was associated with impaired functional recovery [182, 183]. In clinical 

studies, lower levels of eicosapentaenoic acid (EPA), DHA, and w-3 PUFAs were associated with 

a high NIHSS score on admission and poor functional outcomes in stroke patients [184]. The ratio 

of w-3/w-6 fatty acids including EPA/arachidonic acid (AA), DHA/AA, and EPA+DHA/AA was 

also negatively correlated with early neurological deterioration in the acute stage of stroke patients 

[185], indicating the important neuroprotective role of w-3 PUFAs in brain injury patients. The 

possible mechanism of fish oil intake against brain injuries may include an increase of cerebral 

blood flow [186], inhibition of platelet aggregation [187-189], reduced blood viscosity [189], and 

suppression of blood pressure [190]. 
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Vitamins are important micronutrients that can limit secondary injuries such as oxidative 

stress and inflammation. Vitamin C and E are well-known free radical scavengers showing 

beneficial effects on experimental brain injury models by reducing oxidative stress [191-193], 

improving cognitive function [192, 194], and preventing severe infarct size in the striatum [195]. 

In clinical studies, low activity of blood antioxidants or low levels of plasma vitamin C were 

correlated with the severity of neurological impairments in stroke or head trauma patients [196, 

197], suggesting the potential importance of vitamin C supplementation. However, studies have 

failed to show an improvement in the clinical or functional status of stroke patients who received 

500mg/d [198] or 1000mg/d of vitamin C intake [199]. Similarly, low dose administration 

(500mg/day, intravenous) of vitamin C did not have any recognizable impact on perilesional 

edema progression in TBI patients, while high dose (10g, intravenous) of vitamin C limited its 

development compared to the placebo group [200]. At the same time, vitamin E supplementation 

(400IU/d, intramuscular) reduced TBI mortality rate and improved functional outcomes at 

discharge [200]. When stroke patients were orally given vitamin C (500mg/day) combined with 

vitamin E (800IU/d), they had reduced blood levels of malondialdehyde (MDA) and CRP, showing 

the synergistic effects of this vitamin combination [201]. Collectively, although the study results 

vary depending on different experimental conditions such as dosage, route, duration and timing of 

administration, synergistic effects of antioxidant vitamins may be beneficial in treating brain 

injuries. 

Other vitamins such as B vitamins and vitamin D are also studied for their role in 

attenuating or treating brain injuries. Post-stroke patients had insufficient intake of dietary folate 

than in their healthy counterparts [202] with high plasma levels of homocysteine [203]. An 

increased level of homocysteine was associated with the risk of stroke such as vascular damage 
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[204, 205] and production of free radicals [206]. In stroke patients, B vitamins supplementation 

reduced plasma levels of MDA and CRP [201, 207] and was associated with a decreased risk of 

post-stroke depression [208], demonstrating the beneficial effects of B vitamins against 

inflammation and oxidative stress in stroke patients. 

Vitamin D deficiency was linked to high levels of CPR [209], large infarct lesion volume 

[210, 211], poor outcomes [209], and an increased post-stroke hip fractures [212] in ischemic 

stroke patients. Moreover, it was associated with impaired cognitive function in TBI patients [213], 

indicating that vitamin D deficiency may serve as a potential marker of high risk of poor outcome 

and disease severity. Supplementing vitamin D improved functional outcomes in stroke patients 

[214], and a single oral dose of 120,000IU of vitamin D reduced proinflammatory cytokines and 

improved the level of consciousness in TBI patients [215]. A combination of vitamin D (50,000IU) 

with vitamin A (50,000IU) supplementation reduced the serum IL-1β level and improved clinical 

outcomes in stroke patients, indicating the synergistic effects of vitamins combination. In 

conclusion, given the beneficial properties shown from the results, B vitamins and vitamin D may 

be considered as potential therapeutic options for brain injury patients. 

Minerals are essential micronutrients that help our bodies develop and function properly. 

Magnesium is one of the macrominerals that showed neuroprotective effects in experimental brain 

injury models. Treatment of magnesium resulted in reduced neuronal loss [216, 217], cognitive 

dysfunction [216-218], and motor deficit [219] in a TBI rodent model as well as reduced lesion 

volume [220] in an ischemic stroke rat model. This reduction may be due to its beneficial role in 

vessel vasodilation [221] or preventing cell death [222]. However, clinical studies reported that 

magnesium therapy did not improve disability in stroke patients [223], or have any neuroprotective 

effect in TBI patients [224]. Moreover, mortality rate was increased in those TBI patients who had 
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a high magnesium dose compared to the placebo group [224], revealing data conflicting with 

previous preclinical studies. Interestingly, when magnesium was combined with potassium-

enriched salt, it increased the neurological performances (NIHSS, mRS, and Barthel index) in 

stroke patients compared to potassium or magnesium-only enriched salt patients groups [225]. 

Collectively, more clinical studies are warranted to understand the role of magnesium in brain 

injuries, and the synergistic effects of magnesium with other minerals may be considered a 

potential therapeutic option. 

Zinc is an important cofactor regulating a variety of enzymes involved in cellular processes 

or signaling pathways, and it has antioxidant and anti-inflammatory effects [226]. Interestingly, in 

preclinical studies, zinc has been suggested to have both neuroprotective and neurotoxic properties 

in brain injury models. It was reported that zinc administration inhibited the glutamate-induced 

calcium influx and neuronal death in cultured neurons [227] as well as improved spatial learning 

and memory function in a TBI rat model [228]. On the other hand, it had been suggested that 

excessive neuronal zinc accumulation after brain injury may be toxic [227] and contribute to 

calcium influx, excitotoxicity, and cell death [229, 230]. However, removing zinc via chelation or 

chemicals did not improved neurobehavioral outcome [231], or it had detrimental effects on 

neuronal damage in a TBI mice model [232]. Since the serum level of zinc was significantly 

depleted in stroke patients [233] and the low level of zin (≤ 65mcg/dL) was associated with higher 

stroke severity and poor functional outcomes at discharge [234], the focus of studies shifted 

towards investigating the protective role of zinc supplementation in patients with brain injury [235]. 

Zinc supplementation improved neurological recovery in a zinc deficient group compared to a 

placebo group in stroke patients [236], and reduced mortality and neurological dysfunction in TBI 

patients [237], suggesting the potential neuroprotective role of zinc intake in brain-injured patients. 
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Electrolyte disturbance was found in acute stroke or TBI patients with a decreased level of 

serum potassium [238] and sodium [239, 240], possibly due to the disrupted antidiuretic hormone 

secretion, medications, or excessive use of intravenous fluids [241]. However, there are not many 

studies investigating whether the restoration of such deficiencies is beneficial for better outcomes 

in brain-injured patients. A study showed that an increase in daily potassium consumption was 

linked to a 40% reduction in the incidence of stroke-related death [129], indicating the potential 

beneficial role of potassium against stroke.  

Lower serum calcium level at hospital admission was also associated with the larger lesion 

volumes [242] and the presence of cerebral microbleeds in stroke patients [243]. Supplementing 

calcium with vitamin D improved stroke outcomes and reduced mortality [244], suggesting their 

beneficial effects against brain injuries. 

Collectively, preclinical studies have shown promising effects of minerals on the severity 

or outcome of stroke and TBI, however clinical trials on the therapeutic effects of mineral 

supplementation are limited. Further studies are required to determine effective doses or routes of 

application in patients.  

Therapeutic effects of diet on acquired brain injuries via the gut-brain axis 

The gut–brain axis, a bidirectional communication link between the gastrointestinal and 

the central nervous system, has gained attention in neurological injuries due to its important role 

in disease pathophysiology [245, 246]. Interestingly, stroke or TBI animal models had cognitive 

impairment [247, 248], increased neuroinflammation [247], and poor outcomes [249, 250], as well 

as gut dysfunction [247, 251] and gut dysbiosis [248-250], indicating that the gut and brain are 

somehow connected through this axis. Potential mechanisms of the gut-brain axis include immune 

pathways, neural pathways, and endocrine pathways involving microbial metabolites such as 
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neurotransmitters or short-chain fatty acids (SCFAs) [252]. Preclinical studies have suggested that 

dietary factors such as SCFAs, probiotics, prebiotics, Chinese medicine, or natural herbs that 

modulate the gut-brain axis may be effective therapeutic options for brain injuries, such as stroke 

and TBI. 

SCFAs are byproducts produced by gut microbes and play an important role in regulating 

immune response, gut barrier function, and overall gut health [253]. In a stroke mice model, 

SCFAs supplementation reduced infarct volume and neurological impairment, both of which had 

a negative correlation with the levels of SCFAs including acetate, valerate, and, in 

particular, butyrate [254]. Butyrate is a primary energy source in the gut, and it helps to maintain 

the health of the intestinal mucosa [255]. Like SCFAs, butyrate supplementation reduced the 

neurological impairment, cerebral infarction, and cerebral edema and even improved blood lipid 

levels and risk of thrombosis in both an ischemic stroke and an ischemic stroke with type 2 diabetes 

rodent model [254, 256], by reducing opportunistic pathogens such as Bacteroides, Klebsiella, and 

Haemophilus [254] and increasing beneficial bacteria such as Lactobacillus, Butyricicoccus, 

Megamonas [254], and Christensenellacea (butyrate-producing bacteria) [256]. Butyrate 

supplementation also improved gut impairment following stroke by increasing the expression of 

gut tight junction proteins [254, 256], supporting the finding that SCFAs supplementation may 

modulate the gut microbial composition and restore gut integrity, thus affecting the severity and 

progression of brain injury. 

Probiotics or SCFAs-producing bacteria are commensal or beneficial bacteria that have 

protective effects on human health. Clostridium butrycum (C. butyricum) is one of the butyrate-

producing bacteria and its treatment has neuroprotective effects on stroke [257], TBI [258], and 

neurocognitive impairment rodent model [259]. In a stroke and TBI rodent model, C. butyricum 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/lactobacillus
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supplementation not only elevated beneficial microbiomes such as Clostridium cluster XIVab, F. 

prausnitzii, Bifidobacterium, and Lactobacillus [257], but also increased the intestinal secretion of 

glucagon-like peptide-1 (GLP-1) and expression of cerebral GLP-1 receptor (GLP-1R) [258]. The 

release of gut hormone GLP can be induced by butyrate through G-protein coupled receptor 41 

(GPR41) or GPR43 [260]. Translocation of intestinal GLP into the bloodstream can bind to GLP-

R in the brain, which is engaged in the PI3K/AKT pathway by improving neuronal growth, 

survival, and metabolism in the brain [257, 258]. C. butyricum supplementation also increased the 

levels of neuroprotective molecules, and brain-derived neurotrophic factor (BDNF) in the brain 

and reduced the neuroinflammation in the neurocognitive impairment mice model [259]. Therefore, 

SCFAs-producing bacteria may have beneficial effects on neurological disease by stimulating the 

release of gut metabolites, such as GLP and regulating its related signaling pathway in the brain. 

As another probiotic, the Lactobacillus species supplementation also restored gut dysbiosis 

[261] by increasing the level of Lactobacillus (Bacilli, Lactobacillales, Lactobacillaceae) [262] 

and attenuating the impaired gut permeability in brain injury rodent models [261, 262]. In detail, 

Lactobacillus species supplementation increased the hippocampal neuroprotective protein level of 

BDNF and cAMP response element-binding response (CREB), a transcriptional regulator of 

BDNF, as well as reduced myelin damage and neural apoptosis [262]. Moreover, an increased 

level of Lactobacillus following supplementation had a significant positive correlation with 

behavioral test and protein expression of intestinal tight junction protein ZO-1, while it had a 

negative correlation with hippocampal levels of TNF-a, suggesting the regulatory effects of 

Lactobacillus on both cognitive and gut barrier functions [262]. Therefore, increased SCFAs levels 

or beneficial bacteria following probiotic or SCFA-producing bacteria supplementation may 
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attenuate the brain injury via the gut-brain axis by promoting the production of neuroprotective 

molecules or restoring gut function.  

Prebiotics are food components that support gut microbiota and provide various health 

benefits [263]. Lactulose is one of the prebiotics and promotes the growth of beneficial microbes 

[264]. Lactulose supplementation in a stroke mice model restored functional outcomes and 

downregulated immune reaction by decreasing inflammatory cytokine expression (TNF-a and IL-

1b) and increasing anti-inflammatory factors (TGF-b and Nrf2) in both the brain and gut [265]. In 

addition, it improved gut barrier function, and permeability, decreased levels of the harmful 

bacteria, Desulfovibrionaceae, and increased levels of beneficial metabolites such as 

eicosapentaenoic acid (EPA), allantoin, taurine, and D-mannose in blood [265], all of which have 

anti-inflammatory properties. Therefore, lactulose treatment may have neuroprotective effects by 

inhibiting harmful bacteria and regulating the immune response in the gut. When prebiotic (inulin) 

supplementation was combined with SCFAs-producing bacteria, the neuroprotective effects were 

better than the group with only SCFAs-producing bacteria, in terms of improving neurological 

deficits and reducing neuroinflammation in a stroke mice model [266]. Moreover, stroke-aged 

mice fed feces from the SCFA producers combined with inulin supplemented mice had increased 

protein expression of mucus producer, mucin 2 (MUC2) in goblet cells, and levels of SCFAs in 

the gut, blood, and brain compared to non-treated stroke-aged mice [266], suggesting the 

synergistic beneficial effects of gut microbiota and prebiotics against brain injury. Collectively, 

prebiotics may improve the severity or outcomes of brain injury by increasing gut-derived anti-

inflammatory molecules and improving gut dysfunction. 

Dietary components, such as Chinese traditional medicine or natural sources, have been 

studied to explore their beneficial effects on brain injuries via the gut-brain axis. Researchers 
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studied crocin [267], Radix Pueraiae with chuanxiong rhizome [268], Tong-Qiao-Huo-Xue 

decoction [269], rhubarb anthraquinone glycosides [270], Dioscorea polystachya from yam gruel 

[271], baicalin  [272], β-asaron and paeonol [273], Panax notoginsenosides [274], and resveratrol 

[275] as therapeutic treatments in brain injury models. The treatments had neuroprotective effects 

showing reduced infarct volume [267-269, 274, 275], oxidative stress [267, 271], 

neuroinflammation [269, 272, 274, 275], and improved neurological function [267-269, 271, 272, 

274, 275] by modulating gut microbiota, gut metabolites production, and systemic inflammation. 

The role of the gut microbiota in brain injury was confirmed in a stroke mice model, as 

mice receiving fecal transplants from the treatment-supplemented mice group had better biological 

outcomes than those receiving fecal matter from the non-treated group [269, 275]. In addition, the 

therapeutic effect of the treatment disappeared when the gut microbiota was depleted [267], and 

poor health and functional outcomes following brain injury have been related to gut dysbiosis 

[276-278], indicating the importance of maintaining a normal gut microbiota in bettering brain 

injury status. Interestingly, Chinese medicine treatments restored the disrupted species richness 

and diversity (alpha-diversity) following ischemic stroke [268, 279] and had a similar microbial 

pattern (beta-diversity) with the sham surgery stroke group as compared to the non-treated stroke 

group [268, 269]. Treatment also restored the disrupted microbial composition following brain 

injuries [269, 272, 279] and modulated it by increasing the levels of beneficial or endogenous 

bacteria such as Lactobacillus, Ruminococcus [268, 271], Clostridium (SCFAs-producing bacteria) 

[271], Bifidobacterium [269], and Bifidobacterium longum (putative psychobiotics) [274], while 

reducing pathogenic bacteria including Bacteroides, Escherichia_Shigella, Haemophilus, 

Eubacterium_nodatum_group, Collinsella, Enterococcus, Proteus, Alistipes, Klebsiella, 

Shuttleworthia and Faecalibacterium [268]. This effect supports the claim that the Chinese 
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medicine treatments help to restore gut dysbiosis and ensure an abundance of beneficial bacteria 

following brain injuries.  

Trimethylamine (TMA) is generated by the gut microbes that metabolize choline or L-

carnitine, which is oxidized to trimethylamine N-oxide (TMAO) in the liver [280]. TMAO has 

been linked to adverse outcomes of cardiovascular diseases and is considered one of the risk factors 

of stroke [280]. A study found that baicalin treatment, an active flavonoid found in Chinese 

traditional medicine, reduced the plasma level of TMA, TMAO, and clusterin (a biomarker of 

neuroinflammation), improved cognitive function, increased functional connectivity between 

brain regions, elevated hippocampal plasticity and dendritic spine density, decreased 

neuroinflammation, and improved gut dysbiosis following stroke injury [272]. All these results 

suggest that baicalin may help to ameliorate brain injury by modulating gut microbes and reducing 

metabolites synthesis such as TMA and TMAO, which further influence neuroinflammation [272]. 

Cholecystokinin (CCK), a gut hormonal peptide, also acts as a neurotransmitter and binds 

to G protein-coupled receptors by stimulating vagal afferent fibers and transferring signals to the 

brain [281]. It has been shown that CCK may be involved in cognitive and memory function [282], 

showing that CCK knocked out mice had poor performance and spatial memory compared to the 

control [283]. He et al reported that β-asaron and paeonol treatments in an ischemic stroke rat 

model had increased protein expression of CCK, protein kinase A (PKA), and NF-kb inhibitor 

(Ikb) in both gut and brain tissue, as well as elevated protein expression of CCK type B receptor 

(CCKBR) in the brain [273]. The treatments also improved the behavioral performance and 

reduced brain tissue damage and systemic inflammation. Interestingly, the CCK level in the gut 

was positively correlated with the level of CCK in the brain, indicating that intestinal CCK levels 

may affect the levels in the brain via the gut-brain axis [273]. Although the exact mechanism of β-
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asaron and paeonol has not been fully examined, a potential pathway is that released CCK from 

the intestine would bind to CCKBR in the brain through the vagus nerve and modulate 

neuroinflammation [284].  

Gut microbiota produces neurotransmitters such as serotonin (5-HT) and γ-aminobutyric 

acid (GABA), which affect the central nervous system via the vagus nerve. 5-HT is an important 

signaling molecule involved in mood, appetite, sleep, and memory and learning function, and it is 

released from gut enterochromaffin cells to regulate visceral sensitivity and vasodilatory functions 

[285]. Disrupted levels of 5-HT in the brain have been linked to depression and the 

pathophysiology of a variety of neurological diseases [286], suggesting the importance of 

maintaining 5-HT levels for a healthy brain. A stroke rat model showed reduced levels of 5-HT 

and its metabolite 5-HIAA in both brain and gut as well as dysbiosis in the gut [270, 279]. However, 

those changes were restored by the treatment of Chinese medicine involving rhubarb 

anthraquinone glycoside (RGA) [270, 279], indicating that treatment may restore the 5-HT levels 

by modulating gut microbes. Similarly, Dioscorea polystachya treatment from a medicated diet of 

“yam gruel” also increased the protein level of cerebral 5-HT, GABA, and hippocampal BDNF in 

a stroke rat model, along with the increased amounts of beneficial bacteria such as SCFAs-

producing bacteria (Lactobacillus, Ruminococcus, and Clostridium) and levels of intestinal SCFAs 

[271]. Intestinal 5-HT can stimulate BDNF production in the brain through vagus nerve 

stimulation [287], which is a neuroprotective molecule. Therefore, these treatments may restore 

the disrupted production of gut-derived neurotransmitters such as 5-HT or GABA following stroke 

and stimulate neuroprotective signaling by modulating gut microbiome composition. 

Excitatory amino acids induce excitotoxicity, oxidative stress, and neuronal damage; 

therefore, the balance of excitatory and inhibitory response is important [288, 289]. GABA is an 
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inhibitory amino acid that suppresses the severity of brain injury and mitigates the toxicity of 

excitatory amino acids such as glutamate and aspartic acid [288, 289]. A recent study reported that 

gut microbiota, especially the Bifidobacterium species, are able to produce GABA [290]. 

Interestingly, Panax notoginsenosides (PNE) treatment increased the amount of beneficial bacteria 

Bifidobacterium longum (B.L) and upregulated the GABA receptor in the hippocampus, while 

administration of GABA antagonist significantly attenuated the neuroprotective effects of PNE 

and B.L [274]. In addition, rhubarb anthraquinone glycosides (RAG) treatment reduced the level 

of glutamate and aspartic acid and restored GABA in both brain and gut of the stroke rat model 

[270]. These results suggest that PNE and RAG treatments may help to increase the intestinal level 

of GABA and reduce the toxicity of excitatory amino acids via the gut-brain axis following brain 

injuries. 

A stroke or TBI triggers local neuroinflammation while also disrupting the peripheral 

immune system [291, 292]. Studies have suggested the critical role of the gut microbiome in 

regulating immune response following brain injuries [293]. For instance, blood invasion of 

bacteria or proinflammatory substances from the gut can cross the BBB and alter its integrity by 

inducing neuroinflammation and affecting brain function [294]. Chinese medicine or natural 

source treatments inhibit the gut inflammation by decreasing the levels of IL-17α , IL-23, IFN-γ, 

TNF-α [275], and Th 17 cell [275], and inhibiting NF-kB activity [273], whereas increasing the 

amount of anti-inflammatory substances such as IL-10, IL-4 [275, 295], and T-reg cell [269, 275] 

in brain-injured models. Moreover, the treatments restored permeability in both the gut and brain 

by reducing the levels of blood gut leakage biomarker DAO, LPS, L-lactate [268, 269, 271] and 

fecal/plasma ratio of albumin [275], and restored the impaired tight junction protein in both brain 

[268] and gut [268, 269]. As a result, reduced blood levels of proinflammatory cytokines [271, 
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273, 275] were found with reduced infarct volume [267-269, 274, 275], improved neurological 

function [267-269, 271, 272, 274, 275], and reduced neuroinflammation [269, 272, 274, 275] or 

oxidative stress [267, 271] in the brain, indicating that treatments may reduce gut and systemic 

inflammation, which are further correlated to the severity and outcomes of brain injury.  

Lastly, other studies investigated the role of drug or calorie restriction in brain injury 

models which also can modulate gut microbiota. Atorvastatin is an antithrombotic medicine that 

has been used to lower cholesterol and has been shown to decrease the risk of stroke and major 

coronary events [296]. Atorvastatin supplementation in the stroke mice model reduced the infarct 

volume, neurological deficits, and inhibited the microglia-mediated neuroinflammation by 

improving the impaired gut permeability and decreasing intestinal and systemic inflammation 

[295]. It also modulated the gut microbes by increasing beneficial bacteria Lactobacillus and 

decreasing Bacteroideaceae with a reduced level of circulating endotoxin [295]. Interestingly, 

Firmicutes was negatively correlated with brain proinflammatory cytokines (MCP1, IL-6, TNF-a) 

and positively related to intestinal anti-inflammatory cytokine IL-10, while Parabacteroides 

goldsteinii,  and Candidatus Alistipes marseilloanorexicus AP11 showed an opposite trend [295], 

suggesting that atorvastatin may improve the stroke outcome by modulating gut microbiome 

composition and reduce microglia-mediated neuroinflammation via the gut-brain axis.  

Calorie restriction (CR) has been known to extend lifespan and inhibit age-related diseases 

[297]. Studies found that CR increased neurotrophic factors (BDNF and bFGF), anti-oxidant 

proteins (HO-1), and anti-inflammatory cytokine (IL-10), while decreasing proinflammatory 

cytokine (TNF-a and IL-6) [298] in a stroke animal model. CR also suppressed neuroapoptosis 

and microglia or astrocyte activation in TBI animal models [299, 300]. Another study also reported 

that pretreatment of CR (30% reduction of caloric intake) in a stroke mice model had improved 
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long-term outcomes including motor function, exploratory behavior, and reduced anxiety as well 

as reduced level of inflammatory cytokines (IL-1β and TNF-α) in the brain [301]. When these 

stroke mice received feces from CR-treated mice, long-term stroke outcomes also improved 

compared to stroke mice transplanted with feces from normal diet mice, indicating that changes in 

gut microbiota following CR are beneficial against stroke [301]. CR-treated mice were enriched 

with the probiotic, Bifidobacterium, and had increased levels of prostaglandin B1 in their feces, 

which is believed to be helpful for stroke recovery [301]. Prostaglandin B1 is an oligomer that has 

a potent inhibitor of phospholipases A2 activity, which is neurotoxic [302, 303]. As a follow-up 

experiment, when a cocktail of Bifidobacterium was administered to stroke mice, it also facilitated 

the long-term rehabilitation, suggesting that CR may improve the post-stroke recovery by 

improving beneficial bacteria and elevating beneficial metabolites in the gut. However, more 

studies are needed to investigate the role and mechanism of CR in stroke recovery. 

 

Summary 

Ischemic stroke and traumatic brain injury (TBI) are both major causes of death and 

disability in the United States. Both brain injuries result in significant neuronal cell death and 

secondary cascade injury including oxidative stress, inflammation, apoptosis, and blood-brain 

barrier disruption. A healthy diet contains a variety of beneficial nutrients with antioxidant and 

anti-inflammation properties. Therefore, many clinical studies have investigated the relationship 

between dietary nutrients on disease risk or outcomes. Fibers, protein (from poultry, fish, or 

vegetables), PUFAs, magnesium, potassium, and low sodium intake have been linked to reduced 

risk of stroke. Supplementation with lactate, high energy-dense protein, PUFAs, antioxidant 

vitamins, vitamin D, zinc, and calcium after brain injury has potentially beneficial effects on 
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recovery and outcomes of stroke and TBI patients. However, in many clinical and preclinical 

results, the effects of dietary nutrients on brain injury prevention and recovery varied between 

studies. The diet not only influences the body’s metabolism, but it also modulates the gut 

microbiome, a key component that mediates gut-brain interaction. Bioactive compounds from the 

diet or traditional Chinese medicine have been shown to improve gut and brain homeostasis by 

regulating the gut-brain axis, suggesting dynamic inter-organ communication in brain injuries. 

Besides the gut microbiome, our body also contains microbiomes in various parts of the body, 

suggesting the feasibility of using other microbiomes in investigating their role in brain injuries. 

Therefore, this dissertation seeks to address three specific aims to investigate: 1) Gut microbiome 

changes in the acute stage of ischemic stroke and their correlation with stroke severity, 2) Changes 

in gut homeostasis following brain-targeted stroke therapy during long-term ischemic stroke, 3) 

Changes in the oral microbiome during the acute stage of traumatic brain injury. 
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Abstract 

Stroke is a major cause of death and long-term disability affecting 7 million adults in the US each 

year. Recently, it has been demonstrated that neurological diseases, associated pathology and 

susceptibility changes correlated with changes in the gut microbiota. However, changes in the 

microbial community in stroke has not been well characterized. The acute stage of stroke is a 

critical period for assessing injury severity, therapeutic intervention, and clinical prognosis. We 

investigated the changes in the gut microbiota composition and diversity using a middle cerebral 

artery (MCA) occlusion ischemic stroke pig model. Ischemic stroke was induced by cauterization 

of the MCA in pigs. Blood samples were collected pre-stroke, 4 hours (hr), 12 hr, 1 and 5 days 

post-stroke to evaluate circulating pro-inflammatory cytokines. Fecal samples were collected pre-

stroke, 1, 3, and 5 days post-stroke to assess gut microbiome changes. Results showed elevated 

systemic inflammation with increased plasma levels of tumor necrosis factor alpha at 4 hr, and 

interleukin 6 at 12 hr post-stroke, relative to pre-stroke. Microbial diversity and evenness were 

reduced at 1 day post-stroke compared to pre-stroke. Microbial diversity at 3 day post-stroke was 

negatively correlated with lesion volume. Moreover, beta-diversity analysis revealed a trending 

overall differences over time, with the most significant changes in microbial patterns observed 

between pre-stroke and 3 days post-stroke. Abundance of the Proteobacteria was significantly 

increased, while Firmicutes decreased at 3 days post-stroke, compared to pre-stroke populations. 

Abundance of the lactic acid bacteria Lactobacillus was reduced at 3 days post-stroke. By day 5, 

the microbial pattern returned to similar values as pre-stroke, suggesting the plasticity of gut 

microbiome in an acute period of stroke in a pig model. These findings provide a basis for 

characterizing gut microbial changes during the acute stage of stroke, which can be used to assess 

stroke pathology and the potential development of therapeutic targets. 
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Introduction 

An estimated 7 million adults in the United States suffer from stroke each year, making it 

the 5th leading cause of death and the 1st leading cause of long-term disability (1). The immune 

response and inflammation are major stroke components effecting severity as they can 

significantly exacerbate the primary stroke injury and cause further cell death in the brain (2, 3). 

High levels of systemic inflammation are closely associated with poor stroke outcomes in stroke 

animal models and patients (4-8). Interestingly, it has recently been demonstrated that the gut 

microbiome changes in response to stroke (9-11) and that modulating the gut microbiome can alter 

the post-stroke inflammatory response, leading to improved recovery in rodent models (12-15). 

Few studies have assessed the changes in the microbial populations during the acute stage of stroke, 

making it critically important to better characterize these microbial alterations to identify potential 

biomarkers for injury severity, recovery, and therapeutic targets. 

It has been demonstrated that adjustments in the gut microbiome influence ischemic brain 

injury by altering immune homeostasis (12, 13) and neuroprotective cytokine production (13). This 

suggests that the gut microbiome is another potential therapeutic target for stroke (12, 13, 16, 17). 

Studies of gut microbiome changes in stroke have demonstrated decreases in both commensal and 

beneficial genera, increases in pathogenic genera in human patients (9, 10) and substantial changes 

in the phylum Firmicutes, Bacteroidetes, and Actinobacteria in stroke mice (12). Imbalances of 

the intestinal microbiota can lead to gut barrier dysfunction and impairment of stroke outcomes. 

In a mouse middle cerebral artery occlusion (MCAO) ischemic stroke model, the stroke mouse 

exhibited an imbalance in microbial communities, resulting in a reduction of intestinal motility 

and increased protein leakage in the gut (12). These changes correlated with increased brain 
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invasion of pro-inflammatory T cells from the gut and significantly increased brain infarction (13). 

These findings in a rodent stroke model indicate that the gut microbiome is drastically affected by 

stroke and plays a pivotal role in stroke severity. However, recent failures to translate findings in 

rodent stroke models have led to the desire to study stroke pathophysiology and therapeutic targets 

in more translational large animal models such as the pig (18-20).   

Pigs are a robust translational animal model for biomedical research, especially gut and 

brain research due to the myriad of similarities to humans in physiology, anatomy, pathology, and 

eating behavior (21-24). They are omnivorous and have similar intestinal size and length in 

proportion to humans, contributing comparable transit time to humans (25, 26). The gut bacterial 

diversity of pigs are similar to that of humans showing higher richness and lower evenness than 

other animals (27) and 96 % of the functional genes found in the human gut metagenome was 

present in the pig gut metagenome (28), suggesting the complexity of the pig microbiota is 

comparable to that of humans. Moreover, pigs have similar brain size, gray and white matter 

composition and cytoarchitecture having a gyrencephalic brain like humans and unlike rodents 

(29). These similarities in the brain are predicted to lead to more human like stroke pathology in 

the brain and brain-gut interactions. Due to gut homology between humans and pigs, a number of 

experiments have been conducted in pigs to study the interplay between the gut microbiome and 

the immune system (30-33), yet never in a stroke pig.  

In the current study, we investigated the changes in gut microbial diversity and composition 

in a MCAO stroke pig model developed by our research team (29, 34, 35). The results of this study 

conducted in a translational large animal model will help characterize patterns of bacterial changes 

during the acute stage of stroke, potentially providing future insight into stroke severity, recovery, 

and therapeutic targets.  
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Materials and Methods 

 

Stroke Induction and Confirmation utilizing Magnetic Resonance Imaging 

All experimental procedures were approved by the University of Georgia Institutional Animal 

Care and Use Committee and the study was conducted in accordance with the recommendations 

of the NIH’s guide for the use and care of Laboratory Animals (AUP approval number: A2017 07-

019-Y2-A16). Seven castrated male Landrace pigs (5-6 months old, 48-56 kg) were individually 

housed in a room in which the temperature was kept at 27ºC, with a 12-hour light/dark cycle. 

 

Ischemic stroke was induced in pigs by middle cerebral artery occlusion (MCAO) as previously 

described (29, 34, 35). Briefly, pigs were administered Excede (5 mg/kg intramuscularly and 

fentanyl patch (100 mcg/hour transdermally) one day prior to the stroke surgery to prevent 

infections and to manage pain. Midazolam (0.2 mg/kg) and xylazine (2 mg/kg) were administered 

intramuscularly for pre-surgery analgesia and sedation. For anesthesia, propofol was injected 

intravenously and prophylactic lidocaine (1.0 mL of 2% lidocaine) was administered locally to the 

laryngeal folds to facilitate intubation. Anesthesia was maintained with 1.5% isoflurane in oxygen. 

A curvilinear incision began from the superior right orbit and extended to the rostral aspect of the 

auricle. The temporalis muscle was retracted and a craniectomy was performed at the exposed 

local dura mater. The middle cerebral artery located at the distal part of the Circle of Willis was 

permanently occluded using a bipolar electrocautery forceps. After post-operative recovery, pigs 

were returned to their respective pens and monitored every 4 hours. To reduce post-operative pain 

and fever, Banamine (2.2 mg/kg intramuscularly) was administered every 12 hours for the first 24 

hours, and every 24 hours for the following 3 days post-stroke.  
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Magnetic resonance imaging (MRI) was conducted one day post-stroke using a General Electric 

3.0 Tesla MRI system to confirm ischemic stroke. Pigs were anesthetized using the aforementioned 

anesthesia protocol and placed in a supine position using an 8-channel torso coil. T2 Fluid 

Attenuated Inversion Recovery (T2FLAIR) and Diffusion Weighted Imaging (DWI) sequences 

were used in conjunction with Apparent Diffusion Coefficient (ADC) maps to confirm the 

presence of ischemic lesions.  

 

Blood Collection and Pro-inflammatory Cytokine Analysis 

Peripheral blood was collected pre-stroke, 4 hr, 12 hr, 1 day, and 5 days post-stroke and plasma 

was separated and stored at -80°C. Circulating tumor necrosis factor alpha (TNF-α) and 

interleukin-6 (IL-6) were quantified by ELISAs (R&D systems, Minneapolis, MN, USA) to 

determine changes in inflammatory response.  

 

Fecal Collection and Microbial DNA Extraction 

Fecal samples were collected pre-stroke, 1, 3, and 5 days post-stroke. Samples were obtained 

directly from the rectum using sterilized plastic fecal loops (5 cm within the rectum). To prevent 

any contamination during fecal collection, all materials were sterilized prior to sample collection. 

Again, to prevent contamination, fecal matter was collected directly from the anus. Pig anus was 

stimulated with a sterilized loop and the stool was collected into a sterile sample tube without any 

contact with the floor or body. Fecal samples were immediately frozen on dry ice and stored at -

80°C until further analysis.  
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Bacterial DNA was extracted from fecal samples using a previously validated approach described 

by Rothrock et al. (36). In this method, 330 mg of fecal material is subjected to a combination of 

mechanical and enzymatic processes using a modified version of the FastDNA Spin Kit for Feces 

(MP Biomedicals, Solon, OH, USA), and the QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, 

CA, USA). DNA purification was carried out using the DNA Stool-Human Stool-Pathogen 

Detection Protocol of the QIAcube Robotic Workstation. Following purification, DNA 

concentrations were determined spectrophotometrically (Synergy H4 Hybrid Multi-Mode 

Microplate Reader; BioTek, Winooski, VT). 

 

16S rRNA Gene Sequencing and Analysis 

The extracted DNA samples were sent to the Georgia Genomics and Bioinformatics Core 

(https://dna.uga.edu/) to sequence the 16s rRNA gene. The V3-V4 region was amplified using the 

S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and S-D-Bact-0785-a-A-21 (5′-

GACTACHVGGGTATCTAATCC-3′) primer pair (37). Samples were sequenced using an 

Illumina MiSeq platform (Illumina, San Diego, CA). Sequencing data were provided as FASTQ 

files, which were merged and converted into FASTA files, and further analyzed using the QIIME 

pipeline v1.9.1 (38). Sequences were clustered as operational taxonomic units (OTUs) at 97% 

similarity, and representative sequences were aligned to the Greengenes database (gg_13_8_otus). 

Singleton OTUs, and OTUs whose representative sequences could not be aligned were excluded 

from the analysis. The computed alpha-diversity indexes are as follows: number of observed OTUs, 

Shannon index, and evenness. Beta-diversity was computed using the weighted UniFrac distance 

matrix. This metric was chosen because it accounts for the phylogenetic relationship when 

calculating beta-diversity. 
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Statistical Analysis 

Data were analyzed using Graph Pad Prism (Version 8.1.1; GraphPad Software, Inc.;San Diego, 

CA, USA) and are shown as mean ± S.E.M. Paired t-tests were used to measure the contrasts 

between pre-stroke and post-stroke time points. Differences in beta-diversity were accessed by 

two-sample t-tests between each individual time point, and the nonparametric P-values generated 

by the Bonferroni’s multiple comparisons test were used for inferences. Regression analysis was 

performed to evaluate associations between microbiome changes and stroke severity. For all 

statistical tests, P-values  0.05 were considered significant, and trends were declared when 0.05 

< P < 0.10. 

 

Results 

 

Magnetic Resonance Imaging confirmed Ischemic Lesions 1 day Post-stroke.  

Non-invasive MRI allows for real-time, longitudinal assessment of stroke pathophysiology and is 

a critical clinical tool commonly used to differentiate between stroke type and severity (29, 39). 

We confirmed ischemic stroke 1 day post-stroke in all animals in the study. Both T2FLAIR and 

DWI sequences showed edematous lesions with bright hyperintense signal (Figure 1A&B), 

whereas ADC maps exhibited cytotoxic edema with dark hypointense regions due to restricted 

water diffusion (Figure 1C). These results are consistent with ischemic stroke. Lesion volume, 

midline shift and hemorrhage volume of the same cohort of pigs have been recently published (40).  

 

Circulating TNF-α and IL-6 levels were increased during the Acute stage of Stroke in a 

MCAO Pig Model. 
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Elevated systemic inflammation has been associated with gut microbiome dysbiosis and correlated 

with increased brain infarction (4, 5). Elevated systemic inflammation results in poor clinical 

outcomes and increased mortality in stroke patients (7, 8), making it a key biomarker in stroke 

(41). In MCAO pigs, plasma TNF-α was increased ~ 28% at 4 hr post-stroke relative to pre-stroke 

levels (79.75 ± 6.00 pg/ml vs 61.62 ± 6.38 pg/ml, respectively, P = 0.003, Figure 2A). 

Comparatively, TNF-α levels rapidly dropped following this peak and reached the lowest level at 

1 day post-stroke (43.75 ± 4.38 pg/ml, P = 0.003). TNF-α levels returned to pre-stroke levels by 5 

days post-stroke (53.36 ± 5.57 pg/ml). Similar to TNF-α, plasma IL-6 levels were significantly 

increased ~20% at 12 hr post-stroke compared to pre-stroke (52.46 ± 2.44 pg/ml vs. 44.01± 0.85 

pg/ml, respectively P = 0.01) and returned to pre-stroke levels by 5 days post-stroke (44.94 ± 1.07 

pg/ml, Figure 2B), confirming an elevated inflammatory response during the acute stage of stroke 

in the pig model. 

 

Diversity of Fecal Microbiota was altered during the Acute Stage of Ischemic Stroke. 

Changes in diversity of gut microbiome are often an indicator of dysbiosis associated with disease 

pathology (42). In MCAO pigs, microbial diversity and evenness were altered during the acute 

stage of stroke as shown in Table 1. The Shannon and evenness indices were reduced (P  0.05) 

at 1 day post-stroke compared to pre-stroke, but returned to pre-stroke levels at 3 days post-stroke. 

However, the number of observed OTUs, which is an estimator of microbial richness, was not 

significantly affected (P  0.21) during the course of the study. Consequently, post-stroke values 

were not significantly different from pre-stroke values (Table 1). 

To further investigate the association between gut dysbiosis and stroke severity, the correlations 

between microbial diversity and MRI results were assessed. Correlative analysis indicated that 
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Shannon, (r = -0.9715, P = 0.0012), Evenness (r = -0.9395, P = 0.0054), and Chao 1 (r = -0.8902, 

P = 0.0174) at day 3 post-stroke were negatively associated with lesion volume as determined by 

MRI (Figure 3), suggesting the lower microbial diversity post-stroke was related to increased 

stroke severity at the acute stage of stroke.   

Beta-diversity was assessed using the weighted UniFrac distance matrix to investigate the 

similarity of microbial patterns among groups. There was a trend (P = 0.07) for overall differences 

across all time points (Figure 4). The most distinct separation in the UniFrac distance was observed 

between 3 days post-stroke and pre-stroke (Figure 4C). Taken together, the alpha-diversity was 

decreased at 1 day post-stroke and beta-diversity was most distinctly different 3 days post-stroke 

compared to pre-stroke.  

 

Stroke altered Fecal Microbiome Composition. 

The composition changes in gut microbiota were evaluated at different taxonomic levels (phylum, 

family, and genus) during the acute stage of ischemic stroke (Figures 5-7). The most prevalent 

phyla pre-stroke were Firmicutes (89.94 ± 1.65 %), followed by Bacteroidetes (3.45 ± 1.02 %), 

Actinobacteria (1.83 ± 0.70 %), and Proteobacteria (1.13 ± 0.65 %, Figure 5). The composition of 

these four major phyla changed during the acute stage of stroke. At 3 days post-stroke, the 

abundance of Firmicutes was decreased by 27% (66.08 ± 7.35 % vs 89.94 ± 1.65 %, P = 0.01) 

while Proteobacteria significantly increased 19-fold relative to pre-stroke levels (20.96 ± 5.50 % 

vs 1.13 ± 0.65 %, P = 0.01). At 5 days post-stroke, both phyla returned to pre-stroke levels 

(Firmicutes: 86.86 ± 3.70 % and Proteobacteria: 0.68 ± 0.19 %). Similar to Proteobacteria, 

Actinobacteria reached their highest abundance 3 days post-stroke (3.78 ± 0.85 % vs 1.83 ± 0.70 %, 

P = 0.02 compared to pre-stroke) and showed comparable levels to pre-stroke at 5 days post-stroke 
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(2.20 ± 0.93 %). The second most abundant phylum at pre-stroke, Bacteroidetes, tended to increase 

3 days post-stroke (7.63 ± 1.53 % vs 3.45 ± 1.02 %, P = 0.06) compared to pre-stroke and remained 

consistent at 5 days post-stroke (7.13 ± 2.58 %, Figure 5B). The ratio of Firmicutes to 

Bacteroidetes was decreased ~60% at 1 day post-stroke compared to that of pre-stroke (17.33 ± 

4.69 % vs 43.18 ± 12.59 %, P = 0.04, Figure 5C), and returned to the levels observed pre-stroke 

at 3 days post-stroke and remained stable, suggesting a significant microbial shift occurred at the 

acute stage of stroke. Other significant changes in bacterial phyla were observed in bacteria with 

relatively low abundance, including TM7, Cyanobacteria, and Fusobacteria, yet their abundance 

remained below 0.15% during the entire study (Figure 5B).  

Consistent with phyla changes, a significant change in abundance was observed at the family level 

3 days post-stroke (Figure 6). The most abundant family pre-stroke was Lactobacillaceae, making 

up 33.13 ± 5.66 % of the population. However, the population rapidly dropped to 10.63 ± 2.67 % 

3 days post-stroke (P < 0.001) and increased to 20.19 ± 10.98 % 5 days post-stroke. The abundance 

of Enterobacteriaceae, Erysipelotrichaceae, Prevotellaceae, Coriobacteriaceae, 

Desulfovibrionaceae, Peptostreptococcacea, and Enterococcaceae were increased up to 3 days 

post-stroke, and returned to pre-stroke levels at 5 days post-stroke (Figure 6). Supplementary 

Figure 1 and Supplementary Figure 2 show changes in the gut microbiome detected at the class 

and order levels, respectively. 

Four bacterial genera were identified with relatively high abundance (> 1%); Lactobacillus, 

Prevotella, Parabacteroides and Collinsella (Figure 7). Lactobacillus had the greatest average 

abundance pre-stroke (33.13 ± 5.66 %), and its presence reached the lowest point (10.63 ± 2.67 %, 

P < 0.001) 3 days post-stroke; however, it tended to return to pre-stroke levels at 5 days post-stroke 

(20.19 ± 10.98 %). Contrary to what was observed for Lactobacillus, the abundance of Collinsella 
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(2.11 ± 0.59 % vs 0.79 ± 0.38 %) and Prevotella (3.17 ± 0.81 % vs 0.84 ± 0.31 %) were increased 

3-4 times 3 days post-stroke compared to pre-stroke levels (P  0.03). Parabacteroides was 

significantly increased at 1 day post-stroke (0.48 ± 0.18 %) compared to pre-stroke (0.08 ± 0.05 %). 

Supplementary Figure 3 shows the 18 bacterial genera which were significantly altered during the 

acute stage of stroke in MCAO pigs. Stroke altered microbiota composition in MCAO pigs, with 

the majority of changes occurring 3 days post-stroke as observed at the phylum, family and genus 

levels.  

Regression analysis conducted to better understand the changes in microbial composition between 

pre-stroke and 3 days post-stroke and stroke severity at the acute stage of stroke indicates that 

changes in abundance of phylum Bacteriodetes, Proteobacteria, Fusobacteria were positively 

correlated with lesion volume, MLS and hemorrhage volume, while Firmicutes was negatively 

correlated with the stroke severity (Table 2). Moreover, changes in abundance of Lactobacillaceae 

and Lactobacillus were negatively related to the stroke severity (Table 2), supporting that the 

changes in microbial composition at the acute stage of stroke is closely related to stroke severity.       

 

Discussion 

In this study, we investigated alterations in microbial composition during the acute stroke 

phase in a MCAO pig ischemic stroke model. The fecal microbiome was dynamically changed 

during this stage, as follows: 1) stroke reduced species diversity and evenness 1 day post-stroke 

and changed bacterial community patterns (beta-diversity) among groups 3 days post-stroke; 2) 

the ratio of Firmicutes to Bacteroidetes was decreased 1 day post-stroke; 3) high abundance of 

Proteobacteria and low abundance of the genus Lactobacillus were observed 3 days post-stroke. 

These results showed a dynamic compositional change of bacteria following a stroke event, 
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particularly 3 days post-stroke, and that this was transient with most microbiome metrics returning 

to pre-stroke levels by 5 days post-stroke. Interestingly, increases in the systemic inflammatory 

response measured by circulating TNF-α and IL-6 were observed along with changes in fecal 

microbiome at the acute stage of stroke. This initial study demonstrates the plasticity of the gut 

microbiome during the acute stage of stroke, which occurred concurrently with systemic 

inflammation. 

Microbial dysbiosis of the gastrointestinal tract has been reported in a number of 

neurological injuries and diseases including stroke (9, 10, 12, 13, 43, 44). These compositional 

changes of gut microflora can be assessed by using alpha-diversity and beta-diversity indices (45). 

Alpha-diversity, representing the richness and diversity of a community, has been shown to 

decrease in attention-deficit/hyperactivity disorder (43), autism spectrum (46) as well as brain 

injury (12, 44). In accordance with the previous studies, our results showed the rapid reduction of 

alpha-diversity (Shannon index and evenness) responding to MCAO-induced stroke. Likewise, the 

differences in beta-diversity, representing overall similarity of bacterial communities, have been 

reported in stroke (10, 12) and brain injury models (43, 44). Consistent with the shifts shown in 

brain injury rodent models (44), our beta-diversity analysis revealed the greatest difference at 3 

days post-stroke compared to pre-stroke. By 5 days post-stroke, the distinctive microbiome pattern 

overlapped with the pre-stroke pattern, suggesting that beta-diversity recovered during the acute 

stage of stroke although the microflora profile is not identical to pre-stroke. Overall, our findings 

demonstrate a reduced species diversity and evenness, and trending changes in beta-diversity 

between pre- and post-stroke, indicating that stroke alters the gut microbiome during the acute 

stage. 
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Firmicutes and Bacteroidetes are the two predominant phyla in human gut bacteria and the 

ratios between these phyla are often used as a marker of dysbiosis or is seen as indicative of energy 

availability in the lower gastrointestinal tract (47). A decreases in the ratio of Firmicutes to 

Bacteroidetes (F/B ratio) has been reported in neurological disease (44, 48, 49) and inflammatory 

bowel disease (50). Stroked pigs in this study also showed significantly reduced F/B ratio 1 day 

post-stroke. Previous obesity studies showed increases in F/B ratio (51, 52), which suggested that 

obese individuals that had a high abundance of Firmicutes may be more efficient at extracting 

energy from the diet in the form of volatile fatty acids produced in the lower gastrointestinal tract 

microbial fermentation (53, 54). The reduction in the F/B ratio observed in the current study 

suggests that stroke pigs may not be able to produce as many volatile fatty acids following stroke. 

Consequently, the role of the F/B ratio in a disease pathology needs to be further investigated (55).  

Proteobacteria is a well-known phyla containing opportunistic pathogenic bacteria such as 

Escherichia, Salmonella, Helicobacter and others (56) and increased abundances have been 

observed in type 2 diabetes (57), obesity (58), inflammatory bowel disease (59), and neurological 

conditions including stroke (10, 44). A rapid increase of Proteobacteria was observed 3 days post-

stroke in the current study, indicating an increase in the phyla following stroke onset. Stroked pigs 

had a greater abundance of Enterobacteriaceae and Desulfovibrionaceae 3 days post-stroke. 

Enriched levels of the families Enterobacteriaceae and Desulfovibrionaceae were previously 

found in patients with a high risk of stroke (60) and higher level of Desulfovibrionaceae was 

detected in patients following stroke (10). The increased abundance of Proteobacteria at the acute 

stage of stroke may play an important role in the development of systemic inflammation in stroke, 

potentially leading to more deleterious outcomes. 
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Lactic acid bacteria (LAB) may help reducing inflammation and controlling pathogen 

populations through the production of lactic acids. In addition, LAB produce important gut-derived 

metabolites such as short chain fatty acids (61), which act as signaling molecules in immune 

responses (62). Talani et al. demonstrated that treatment of the gut with Bifidobacteria improved 

cognitive behavior and hippocampal plasticity with increases in hippocampal BDNF in rats, 

suggesting probiotics as a potential therapeutic treatment in brain diseases associated with 

cognitive functions (63). Lactobacillus is a common component of commercial human and animal 

probiotics (64). Low populations of Lactobacillus were found in patients with irritable bowel 

syndrome, HIV, type 1 diabetes, and multiple sclerosis (65). A decrease in relative abundance of 

Lactobacillus was also observed in the present study 3 days post-stroke. Contrary to our findings, 

Zeng et al. found enrichment of LAB in high risk stroke patients and suggested that the presence 

of LAB in the gastrointestinal tract compensates for the loss of butyrate-producing bacteria in these 

individuals (60). Further research is needed to reconcile the discrepancies in the field. The results 

from this study suggest that the use of probiotics such as Lactobacillus at the acute stage may 

benefit stroke patients. 

Increased populations of specific microflora may result in an increase of end products that 

are risk factors for stroke such as trimethylamine-N-oxide (TMAO). Trimethylamine, a precursor 

of TMAO, is produced by gut microbiota from dietary choline and is further metabolized to TMAO 

in the liver. Circulating TMAO has been reported to increase the buildup of atherosclerotic plaques 

in coronary vasculature, increasing the risks of stroke (66, 67). Specifically, the abundance of 

Peptostreptococcaceae and Prevotella are positively associated with circulating TMAO (68). In 

the present study, pigs with stroke had increased abundances of both Peptostreptococcaceae and 

Prevotella, suggesting that the dysbiosis during the acute stage of stroke is potentially related to 
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increased TMAO production. Additionally, a dysregulation of lipid profiles is considered as 

another risk factor for stroke. In stroke pigs, an increased abundance of Coriobacteriaceae was 

found, which was negatively correlated with blood triglycerides and low-density lipoprotein 

cholesterol in hyperlipidemia patients (69). The increase of Coriobacteriaceae observed in this 

study may be the result of compensatory mechanisms in response to stroke induced changes in 

gastrointestinal conditions that alter the microbial ecology throughout the gut. Understanding the 

role of microflora on the regulation of metabolites associated with stroke may provide insight into 

the development of novel therapeutic targets, as reviewed by Tonomura et al, including the role of 

bacterial metabolites such as TAMO and short chain fatty acids in stroke (70).  

There is mounting evidence highlighting the interactions between the gut microbiota and 

stroke outcome in humans and animal models. In humans, stroke dysbiosis was closely linked to 

severe stroke and unfavorable outcome (10, 71). In stroke mouse models, perturbation of the gut 

microbiota lead to increased intestinal pro-inflammatory T cells and larger ischemic brain lesions 

(13). In the current study, changes in microbial diversity and microbiota composition were 

associated with stroke severity measured by high resolution structural MRI at the acute stage of 

stroke. The lesion volume was negatively related with alpha diversity indexes suggesting that 

reduced microbial richness and evenness in stroke pigs are related to increased stroke severity. 

Moreover, we found potential pathogenic bacteria Proteobacteria, Enterobacteriaceae, and 

Desulfovibrionaceae were increased and beneficial bacteria Lactobacillaceae and Lactobacillus 

were decreased 3 days post-stroke. Interestingly, the abundance of the pathogenic bacteria was 

positively related to the lesion volume, MLS and hemorrhage volume, while that of beneficial 

bacteria were negatively related to the stroke severity, suggesting that gut dysbiosis may be a 
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potential biomarker for injury severity and that the gut microbiota may be a stroke therapeutic 

target.   

The role of inflammation in neurological diseases has been widely recognized (4-8) and 

alterations in the bacterial community due to disease have been correlated with changes in 

inflammatory responses (13-16, 72). Consistent with previous findings, increased plasma levels of 

pro-inflammatory cytokines were observed in the current study, concurrent with the changes in 

gut microbiome composition. Increased gut permeability and translocation of bacteria to host 

tissues have been previously reported in stroke conditions (73, 74), supporting the involvement of 

the gut microbial population in stroke pathophysiology. It is well known that lipopolysaccharides 

(LPS) from the cell wall of gram-negative bacteria (75) trigger an immune response by binding to 

Toll-like receptor 4 in endothelial cells, activating monocytes/macrophages, and nuclear factor 

kappa B signaling cascades, resulting in the production of pro-inflammatory cytokines such as 

TNF-α (76, 77). Pro-inflammatory cytokines contribute to the disruption of tight junction proteins 

between the epithelial cells, leading to an increase in gut permeability (78) as well as translocation 

of bacteria and microbial-derived end products into the blood stream in what is known as “leaky 

gut syndrome”. Leaky gut syndrome results in a cycle of increasing inflammation that is 

detrimental to stroke patients which could potentially be mitigated by therapeutic treatments that 

alter the composition of the gut microbial composition. 
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Conclusion 

The present study demonstrated, for the first time using a large translational animal model such as 

swine, the plasticity of the gut microbiome during the acute stage of stroke. These changes 

included significant shifts in microbial diversity, the ratio of Firmicutes to Bacteroidetes, and the 

abundance of Proteobacteria and Lactobacillus. Importantly, the microbial changes in richness and 

evenness were inversely correlated with brain lesion size as measured by MRI. Given the 

significant degree of physiologic similarities between swine and humans, findings from the current 

study contribute to increasing our understanding of the pathophysiology of stroke in human 

patients. Future studies investigating the role of the microbiome and its effect on the stroke immune 

response are warranted to understand the effect of therapeutic treatments on the gut microbiota in 

stroke patients. 
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Table 3.1. Alpha-diversity was changed during the acute stage of ischemic stroke in a pig 

model. 

Alpha-diversity 

Indexes 
 Pre-stroke 

(n=7) 

Post-stroke 

1 day 

(n=7) 

3 days 

(n=6) 

5 days 

(n=4) 

Number of 

observed 

OTUs 

Mean 7110 5824 6140 5744 

S.E.M 1130 407 222 344 

P-value - NS NS NS 

Shannon 

Mean 8.14 7.46 7.92 7.93 

S.E.M 0.40 0.27 0.18 0.31 

P-value - 0.05 NS NS 

Evenness 

Mean 0.638 0.596 0.630 0.635 

S.E.M 0.022 0.017 0.013 0.022 

P-value - 0.02 NS NS 

P-value: Paired t-test comparing the mean pre-stroke values vs. each time point post-stroke. 

S.E.M = Standard error of mean; NS. Not significant, P>0.05 
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Table 3.2. Changes in gut microbiota composition at 3 days post-stroke were correlated 

with lesion volume, midline shift, and hemorrhage volume in the ischemic stroke pig model 

(n=6).  

  
 

Lesion volume  MLS 
Hemorrhage 

Volume 

Phylum 

 

 

 

 

 

 

 

 

  

Bacteroidetes 
r = 0.6318 r = 0.5920 r = 0.6310 

P = 0.0205 P = 0.0330 P = 0.0207 

Firmicutes 
r = -0.7999 r = -0.7415 r = -0.8202 

P = 0.0010 P = 0.0037 P = 0.0006 

Proteobacteria 
r = 0.8500 r = 0.7837 r = 0.8856 

P = 0.0002 P = 0.0015 P < 0.0001 

Fusobacteria 
r = 0.6817 r = 0.5170 r = 0.4576 

P =  0.0103 NS NS 

Family 

 

 

 

 

 

 

 

 

 

 

 

  

Lactobacillaceae 
r = -0.7057 r = -0.7150 r = -0.6911 

P =  0.0070 P =  0.0060 P =  0.0089 

Enterobacteriaceae 
r = 0.8440 r = 0.7715 r = 0.8802 

P =  0.0003 P =  0.0020 P < 0.0001 

Prevotellaceae 
r = 0.7355 r = 0.7120 r = 0.7905 

P =  0.0042 P =  0.0063 P =  0.0013 

Desulfovibrionaceae 
r = 0.7141 r = 0.7966 r = 0.7107 

P =  0.0061 P =  0.0011 P =  0.0065 

Enterococcaceae 
r = 0.8270 r = 0.7174 r = 0.8710 

P =  0.0005 P =  0.0058 P =  0.0001 

Genus 

 

 

 

 

 

  

Lactobacillus 
r = -0.7056 r = -0.7150 r = -0.6910 

P =  0.0071 P =  0.0060 P =  0.0089 

Prevotella 
r = 0.7355 r = 0.7120 r = 0.7904 

P =  0.0042 P =  0.0063 P =  0.0013 

Parabacteroides 
r = 0.6110 r = 0.5803 r = 0.5573 

P =  0.0265 P = 0.0376 P = 0.0479 

r = Pearson correlation coefficient; NS. Not significant, P>0.05 
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Figure 3.1. MRI confirmed ischemic stroke in pigs. The hyperintense regions seen in (A) T2 

FLAIR and (B) DWI sequences corresponded to (C) ADC map hypointense regions thus 

confirming the presence of ischemic infarction 1 day post-MCAO surgery (n=7). A scale bar is 

provided in each picture (6 mm) and the lesion area was outlined by a yellow line. These are 

representative images from an individual animal. 
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Figure 3.2. Plasma concentrations of pro-inflammatory cytokines were increased during the 

acute stage of ischemic stroke in pigs. Plasma concentration (pg/ml) of (A) TNF-α and (B) IL-6 

were measured pre-stroke (PRE, n=7), 4 hours post-stroke (4hrPS, n=7 and 6 respectively), 12 

hours post-stroke (12hrPS, n=7), 1 day post-stroke (1DPS, n=7), and 5 days post-stroke (5DPS, 

n=5). P-value: Paired t-test comparing the mean pre-stroke values vs. each time point post-stroke.  
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Figure 3.3. Microbial diversity was negatively correlated with brain lesion volume. Brain 

lesion volume measured 1 day post-stroke was negatively correlated with alpha-diversity indexes 

including (A) Shannon, (B) Evenness, and (C) Chao1 at 3 days post-stroke (n=6). Regression 

analysis was performed to evaluate associations between microbial composition and stroke lesion 

size. Pearson correlation coefficient and P-values shown.   
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Figure 3.4. Beta-diversity (Weighted UniFrac PCoA plots) showed trending differences 

between pre- and post-stroke in MCAO pig model. (A) Beta-diversity changes during the acute 

stage of stroke were shown by PCoA plots. Different bacterial communities were compared 

between (B) pre-stroke (n=7) vs 1 day post-stroke (n=7), (C) pre-stroke vs 3 days post-stroke (n=6), 

and (D) pre-stroke vs 5 days post-stroke (n=4). Trending differences were observed between pre-

stroke and 3 days post-stroke (Nonparametric P-values generated by the Bonferroni’s multiple 

comparisons test were used for inferences). 
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Figure 3.5. Stroke resulted in phylum level perturbations in gut microbiota between pre- and 

post-stroke in MCAO pig model. (A) Mean relative abundances of bacterial phylum pre-stroke 

(PRE, n=7), 1 day post-stroke (1DPS, n=7), 3 days post-stroke (3DPS, n=6), and 5 days post-

stroke (5DPS, n=4) are shown. (B) Bacterial phyla showed changes in the abundance (P < 0.10) 

during acute stage of stroke. (C) The ratio of Firmicutes to Bacteroidetes (F/B) at 1 day post-stroke 

(1DPS) was lower than pre-stroke (PRE), 3 days post-stroke (3DPS) and 5 days post-stroke (5DPS). 

P-value: Paired t-test comparing the mean pre-stroke values vs. each time point post-stroke.  
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Figure 3.6. Stroke resulted in family level perturbations in gut microbiota between pre- and 

post-stroke in MCAO pig model. Bacterial families showed changes in abundance (P ≤ 0.05) 

during the acute stage of stroke. P-value: Paired t-test comparing the mean pre-stroke values vs. 

each time point post-stroke. Pre-stroke (PRE, n=7), 1 day post-stroke (1DPS, n=7), 3DPS (n=6), 

5DPS (n=4). 
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Figure 3.7. Stroke resulted in genus level perturbations in gut microbiota between pre- and 

post-stroke in MCAO pig model. The abundance of Lactobacillius, Prevotella, Parabacteroides, 

Collinsella showed >1% relative abundance and demonstrated a significant change in abundance 

during acute stroke. P-value: Paired t-test comparing the mean pre-stroke values vs. each time 

point post-stroke. Pre-stroke (PRE, n=7), 1 day post-stroke (1DPS, n=7), 3DPS (n=6), 5DPS (n=4). 
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Supplementary Figure 3.S1. Changes in gut microbiome were detected at the class level 

pre- and post-stroke. (A) Circle plots showed changes in mean relative abundance of all 

bacterial classes pre-stroke (PRE, n=7), 1 day post-stroke (1DPS, n=7), 3 days post-stroke 

(3DPS, n=6), and 5 days post-stroke (5DPS, n=4). (B) Bacterial classes showed changes in 

abundance (P < 0.10) during the acute stage of stroke. P-value: Paired t-test comparing the mean 

pre-stroke values vs. each time point post-stroke. 
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Supplementary Figure 3.S2. Changes in gut microbiome were detected at the order level 

pre- and post-stroke. Bacterial orders showed changes in abundance (P < 0.10) during the acute 

stroke stage. P-value: Paired t-test comparing the mean pre-stroke values vs. each time point 

post-stroke. PRE (n=7), 1DPS (n=7), 3DPS (n=6), 5DPS (n=4). 
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Supplementary Figure 3.S3. Changes in gut microbiome were detected at the genus level 

pre- and post-stroke. Bacterial genus showed changes in abundance (P ≤ 0.05) during the acute 

stroke stage. P-value: Paired t-test comparing the mean pre-stroke values vs. each time point 

post-stroke. PRE (n=7), 1DPS (n=7), 3DPS (n=6), 5DPS (n=4). 
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CHAPTER 41 

TANSHINONE IIA-LOADED NANOPARTICLES AND NEURAL STEM CELL 

COMBINATION THERAPY IMPROVES GUT HOMEOSTASIS AND RECOVERY IN A 

PIG ISCHEMIC STROKE MODEL. 
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Abstract 

Impaired gut homeostasis is often associated with stroke with leaky gut syndrome and increased 

gut, brain, and systemic inflammation further exacerbating brain damage. We previously reported 

that intracisternal administration of Tanshinone IIA-loaded nanoparticles (Tan IIA-NPs) and 

transplantation of induced pluripotent stem cell-derived neural stem cells (iNSCs) lead to enhanced 

neuroprotective and regenerative activity and results in improved recovery in a pig stroke model. 

We hypothesized that the Tan IIA-NP+iNSC combination therapy mediated stroke recovery may 

also have an impact on gut inflammation and integrity in stroke pigs. Yucatan pigs were induced 

ischemic stroke and either received PBS (Control, n=6) or Tan IIA-NP+iNSC (Treatment, n=6) 

treatment. The Tan IIA-NP+iNSC treatment reduced protein expression of jejunal TNF-α, TNF-α 

receptor1, and phosphorylated IkBα and increased expression of jejunal occludin, claudin1, and 

ZO-1 at 12 weeks post-treatment (PT). Treated pigs had higher fecal SCFAs levels than their 

counterparts throughout the study period and fecal SCFAs levels were negatively correlated with 

jejunal inflammation. Interestingly, fecal SCFAs levels were negatively correlated with brain 

lesion volume and midline shift at 12 weeks PT. Collectively, the anti-inflammatory and 

neuroregenerative treatment at the brain level resulted in increased SCFAs levels and decreased 

inflammation and membrane permeability in the gut. 
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Introduction 

Ischemic stroke is a major causes of morbidity and mortality in the United States, 

accounting for 150,005 deaths in 2019 [1]. Ischemic stroke not only directly effects the brain but 

has broad reaching effects including on the gastrointestinal (GI) system. In human stroke patients, 

up to 50% experience GI complications, including dysphagia, constipation, and GI dysmotility, 

which correlate with poor stroke outcomes such as increased hospital length of stay, mortality, and 

poor neurological outcomes [2, 3]. In preclinical animal model studies, ischemic stroke impairs 

gut motility [4] and increases gut inflammation [5] and mucosal damage, leading to elevated gut 

permeability and translocation of bacteria to the circulatory system [6, 7], as well as increased 

systemic inflammation [8]. These results highlight the strong relationship between the gut and the 

stroked brain.  

The communication system between the gut and brain, the gut-brain axis, has proven to 

play a critical role in regulating brain function and gut homeostasis in neurological diseases such 

as stroke [9]. This bidirectional axis functions through neural pathways, the immune system, and 

the endocrine system [10, 11]. The stimulated vagus nerve and activated hypothalamus-pituitary-

adrenal axis interact with enteric macrophage and dendritic cells, alter the gut function and 

integrity, leading to disruption of microbial composition [10, 11]. Microbes in the gut produce 

neurotransmitters, including serotonin, tryptophan, γ-aminobutyric acid (GABA), and microbial 

metabolites such as short-chain fatty acids (SCFAs), which enter the bloodstream and interact with 

the host's immune system, enteric nervous system and vagus nerve, transmitting the information 

to the brain [10, 11]. Previous studies have shown systemic administration of anti-inflammatory 

agents in stroke rodent models not only reduced brain lesion volume and neurological deficit, but 

also attenuated gut-, systemic- and neuro-inflammation [12, 13]. Moreover, administration of 
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healthy fecal microbiota to stroke mice significantly reduces infarct volume, brain edema and 

neurological impairment [14]. These findings highlight the dynamic interplay between the brain 

and gut through the gut-brain axis and the potential of this axis to be a novel therapeutic target to 

improve stroke outcomes. 

The primary stroke injury leads to significant cell death and a secondary injury cascade of 

free radical formation and activation of a robust immune response that causes a cycle of increasing 

tissue damage in the brain [15, 16]. Targeting this secondary injury cascade has been a major focus 

of stroke therapeutic development. Recently, our research team [17] demonstrated that Tanshinone 

IIA (Tan IIA), an antioxidant and anti-inflammatory agent [18, 19], administration in a poly lactic-

co-glycolic acid nanoparticle (Tan IIA-NPs) to neural cells suppressed oxidative stress and 

inflammation [17]. In an ischemic stroke pig model, the intracisternal administration of Tan IIA-

NPs reduced hemispheric swelling, midline shift, and ischemic lesion volumes and improved 

functional deficits including changes in key spatiotemporal and kinetic gait parameters during the 

acute stroke stage [17]. Our research team also recently demonstrated that induced pluripotent 

stem cell derived neural stem cells (iNSCs) transplanted into the stroke brain can replace damaged 

and dead neurons and glia, improving white matter integrity, cerebral blood perfusion and brain 

metabolism in ischemic stroke pig model [20]. Interestingly, combination of intracisternal 

administration of Tan IIA-NPs and iNSCs therapy improved efficacy and engraftment of iNSCs, 

and enhanced brain tissue recovery and neurological function during the chronic stages of ischemic 

stroke in the porcine model (Kaiser et al., under review, 2022). However, questions remain as to 

how brain-targeted stroke therapies alter the GI system and potentially inhibit GI induced systemic 

and secondary inflammation in the stroke brain.   
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In the present study, we aim to investigate how ischemic stroke and local treatment of Tan 

IIA-NP+iNSC combination therapy in the brain alters gut homeostasis and gut integrity in a 

porcine ischemic stroke model. The pig is a robust translational animal model with similar brain 

and GI anatomy and physiology to humans, making pigs an ideal model for future clinical studies 

[21-24]. The findings from the translational pig model will provide a better understanding of the 

bidirectional communication between the brain and gut and inform future efforts to develop stroke 

therapeutics.  

 

Materials and Methods 

Animal information 

All experiments were performed in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals guidelines and were approved by the University of Georgia 

(UGA) Institutional Animal Care and Use Committee (IACUC; Protocol Number: 2017–07–

019Y1A0). Castrated male Yucatan pigs (9-month-old, 31-41 kg body weight) were enrolled in 

this study. Pigs were individually housed in a 12 hour light-dark cycle with a room temperature of 

approximately 27 ºC. All pigs had free access to water and were fed standard grower diets. 

 

Treatment and group information 

The experimental study design is summarized in Figure 1. Pigs underwent middle cerebral artery 

occlusion surgery (MCAO) and received either PBS (Control group n=6) or Tan IIA loaded PLGA 

nanoparticle (Tan IIA-NPs) and iNSCs treatment (Treatment group, n=6). PBS or Tan IIA-NPs 

were administered intracisternal at 1 hour post-stroke and PBS or iNSCs were transplanted into 

the perilesional region at 5 days post-stroke. Tan IIA-NPs were treated before the administration 
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of iNSCs treatment to reduce the cytotoxic environment following stroke, thus increasing the 

survivability and effectiveness of iNSCs in the brain.  

 

Preoperative, perioperative, and post-operative procedures  

1 day prior to surgery, Excede (5mg/kg, intramuscular (IM)) and fentanyl patches (100mg/kg/hr, 

transdermal (TD)) were provided to pigs to prevent infection and treat pain. On the day of surgery, 

analgesia and sedation were obtained using xylazine (2mg/kg, IM) and midazolam (0.2mg/kg, IM). 

Propofol (10mg/ml, intravenous (IV)) and prophylactic lidocaine (2%, topically to the laryngeal 

folds) were applied to allow endotracheal intubation. Lactated Ringer's solution (5mL/kg/hour, IV) 

was given to maintain hydration. Isoflurane (Abbott Laboratories) in oxygen was used to maintain 

anesthesia. MCAO surgery was performed as described previously [27]. A curvilinear incision 

was made from the superior right orbit to the rostral side of the auricle. The temporalis muscle was 

retracted, and the exposed local dura mater was excised. Using bipolar electrocautery forceps, the 

middle cerebral artery at the distal part of the Circle of Willis was permanently occluded. After 

the stroke operation, pigs were returned to their pen, and tube intubation was removed. Pigs were 

closely watched every 15 mins until heart rate, respiration, and the temperature returned to normal. 

Pigs were then monitored every 4 hours for 24 hours and twice a day during the experiment 

thereafter. Flunixin meglumine (2.2mg/kg, IM) was given every 12 hours for the first 24 hours and 

every 24 hours for the next three days for post-stroke pain and fever control. 

  

Brain volumetric changes 

MRI was conducted (General Electric 3.0 Tesla MRI system) 1 day post-stroke to confirm the 

ischemic stroke (Data not shown) and brain volumetric changes including lesion volume and 
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midline shift were measured at 12 weeks post-treatment as indicator of stroke recovery. The MRI 

results of the same cohort of pigs have been recently published by Kaiser et al (Kaiser et al., under 

review, 2022). 

 

Fecal collection 

Fecal samples were collected at pre-stroke (Pre-stroke), 1, 3, 5 days post-stroke (Acute1), 1, 3 days 

post-treatment (Acute2), 1, 2, 4 weeks post-treatment (Subacute), and 6, 9, 12 weeks post-

treatment (Chronic). Each stroke stage was designated based on previously identified and 

classified human stroke stages [25, 26]. To avoid any contamination during fecal collection, all 

materials were sterilized before sample collection with 70% alcohol. The pig anus was softly 

stimulated by a sterilized fecal loop and the feces were collected into a 50ml tube without touching 

the floor or body. After aliquoting the feces into three 2ml tubes, they were immediately frozen on 

dry ice and stored at -80°C before further analysis. 

 

Short-chain fatty acids (SCFAs) analysis 

Fecal sample SCFAs were analyzed as before [28]. Fecal samples were suspended in water (1:3 = 

fecal mg : water ml) and mixed using a vortex. The fecal suspension was centrifuged at 10,000g 

for 10 minutes and 1mL of supernatant was pipetted into a new centrifuge tube containing 200ul 

of a metaphosphoric acid solution (25% wt/vol) before overnight freezing. Samples were then 

thawed and centrifuged at 10,000g for 10 minutes. The supernatant was transferred to a 

polypropylene tube and mixed with ethyl acetate (2:1 = ethyl acetate : supernatant). The tubes 

were vortexed for 15 seconds before settling for 5 minutes. Following that, 500ul of the upper 

suspension was transferred to screw-thread vials for SCFAs analysis with a Shimadzu GC-2010 
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Plus gas chromatograph (Shimadzu Corporation, Kyoto, Japan) with a flame ionization detector 

and a capillary column (Zebron ZB-FFAP; 30m x 0.32mm x 0.25μm; Phenomenex Inc., Torrance, 

CA, USA). The injection volume of the sample was 1.0ug and helium was used as the carrier gas. 

The column temperature was initially set at 110°C and raised to 200°C. The injector and detector 

temperatures were set at 250°C and 350°C, respectively.  

 

Tissue collection  

At 12 weeks post-treatment, distal jejunum (about 200cm before the end of the ileum) tissues were 

collected and scraped using glass slides. The samples were immediately frozen in liquid nitrogen 

and then stored at -80°C until further analysis.  

 

ELISA assay 

The proinflammatory cytokine tumor necrosis factor-alpha (TNF-α) was quantified by Porcine 

Quantikine ELISA (R&D company, Minneapolis, MN, USA, Cat. PTA00) in jejunal homogenate 

samples according to the manufacturer’s instructions.  

 

Western blot analysis 

The distal jejunum tissue was collected and scraped with a glass slide. 50 ~ 100mg of scraped 

jejunal mucosa was added in 500ul of Radioimmunoprecipitation Assay (RIPA) lysis buffer (Santa 

Cruz Biotechnology, CA, USA) and homogenized. Samples were then centrifuged at 10,000g for 

20 minutes at 4°C twice to collect the clear supernatant. The protein concentration was determined 

using the bicinchoninic acid (BCA) protein assay (Thermo Fisher, Rockford, IL, USA) following 

the manufacturer’s protocol. 25ug protein was loaded on either 10% or 16% Tris-glycine gel 
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(Invitrogen, Carlsbad, CA, USA) and transferred to nitrocellulose membrane (Invitrogen, Carlsbad, 

CA, USA). Membranes were blocked in either LICOR blocking buffer (LI-COR, Lincoln, NE, 

USA) or 5% non-fat skim milk for 1 hour at room temperature prior to the addition of primary 

antibodies: Occludin (1:1000, Abcam, ab31721), Claudin1 (1:1000, Abcam, ab15098 ), Zonula 

occludens-1 (ZO-1) (1:1000, Abcam, ab214228), TNF-α receptor 1 (TNFR1) (1:1000, Abcam, 

ab19139), IkBα (1:1000, Cell signaling, #4814), p-IkBα (1:200, Cell signaling, #9246), and beta-

actin (1:10,000, Sigma Aldrich, #A5441-100UL) overnight at 4°C. After washing the membrane 

with tris-buffered saline (TBS) with tween T20 (TBS-T) buffer 4 times for 5 minutes, the 

secondary antibody, IRDye 800CW goat anti-rabbit IgG (1:10,000, LI-COR, #926-32211) and 

IRDye 680RD goat anti-mouse IgG (1:10,000, LI-COR, #926-68070) were incubated at room 

temperature for 1 hour. Then, the membrane was washed with TBS-T 4 times for 5 minutes and 

stored in PBS until the image detection. The membrane was imaged using the Odyssey imaging 

system (LI-COR, Lincoln, NE, USA) and the images were analyzed by ImageJ software (v8.4.3, 

San Diego, CA, USA). Beta-actin was used as a housekeeping gene and the relative abundance of 

target proteins to beta-actin was shown. 

  

NF-kB P65 binding activity assay 

Nuclear protein extraction was performed in jejunum tissue using a Nuclear Extract Kit (Active 

Motif, Carlsbad, CA) and NF-kB P65 binding activity was measured using TransAMTM NF-kB 

P65 transcription factor assay kit (Active Motif, Carlsbad, CA) according to the manufacturer’s 

instructions.  
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Statistical analysis 

Longitudinal changes in fecal SCFAs levels were evaluated with a multivariable quadratic 

regression model to investigate the differences between the groups (MATLAB). Western blot, 

ELISA, and NF-kB P65 binding activity data were analyzed by GraphPad Prism software (v8.4.3, 

San Diego, CA, USA) using unpaired t-test between the control and the treatment group. Data are 

presented as mean ± standard error of the mean (S.E.M). Pearson correlations was performed to 

evaluate associations between fecal SCFAs level, gut inflammation, expressions of gut tight 

junction protein, and brain volumetric changes.  

 

Results 

 

Tan IIA-NP+iNSC treatment reduced inflammation and improved expression of tight 

junction proteins in jejunal mucosa 12 weeks post-treatment. 

To evaluate the effect of the Tan IIA-NP+iNSC combination therapy on gut inflammation, 

protein expression of TNF-α, TNF-α receptor1 (TNFR1), and binding activity of NF-kB P65 were 

examined in jejunal scrapings at 12 weeks post-treatment (PT) (Figure 2). The Tan IIA-NP+iNSC 

group showed reduced protein levels of proinflammatory cytokine TNF-α by 54.91% (Control 

4.68 ± 0.99 vs Treatment 2.11 ± 0.48, P = 0.042, Figure 2A) and its receptor TNFR1 by 28.57% 

(Control 0.70 ± 0.08 vs Treatment 0.50 ± 0.04, P = 0.045, Figure 2B) compared to the control 

group. NF-kB plays an important role in regulating the inflammatory response and it induces 

inflammation through IkBα phosphorylation, an NF-kB inhibitor, and activation of transcriptional 

factors such as P65 [29]. Interestingly, Tan IIA-NP+iNSC treatment also reduced protein levels of 

phosphorylated IkBα (Control 0.33 ± 0.01 vs Treatment 0.25 ± 0.02, P = 0.002, Figure 2C) 
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compared to the control group. Binding activity of NF-kB P65 showed a decreasing trend in the 

treated group relative to the control group (Control 0.80 ± 0.12 vs Treatment 0.56 ± 0.04, 0.1 > P 

> 0.05, Figure 2D). These results suggest that Tan IIA-NP+iNSC therapy reduces the levels of 

proinflammatory cytokine and activation of NF-kB signaling in the pig ischemic stroke model. 

 To investigate the effect of the Tan IIA-NP+iNSC combination therapy on gut integrity, 

protein expressions of gut tight junction proteins occludin, claudin1, and ZO-1 were measured in 

jejunal mucosa at 12 weeks PT (Figure 2E). The results showed that Tan IIA-NP+iNSC treated 

animals had 1.5-fold higher protein expression of occludin (Control 0.28 ± 0.06 vs Treatment 0.43 

± 0.03, P = 0.043), a 1.6-fold higher expression level of claudin 1 (0.56 ± 0.07 vs 0.92 ± 0.08, P = 

0.008), and a 2.4-fold higher expression level of ZO-1 (0.11 ± 0.03 vs 0.26 ± 0.05, P = 0.016) 

compared to that of the control group. These results indicate that the Tan IIA-NP+iNSC treatment 

preserves gut tight junction protein expression following stroke.  

 

Gut inflammation negatively correlated with gut tight junction protein expression at 12 

weeks post-treatment. 

To further evaluate the association between the gut inflammatory response and gut integrity, 

correlations were assessed between proinflammatory cytokines TNF-α and TNFR1 and gut tight 

junction proteins occludin, claudin1, and ZO-1 12 weeks PT in jejunal mucosa samples (Figure 

2F). Increased protein levels of TNF-α (claudin1: r = - 0.5886, P = 0.044, ZO-1: r = - 0.7495, P = 

0.005) and TNFR1 (occludin: r = - 0.7878, P = 0.002, claudin1: r = - 0.7237, P = 0.008 , ZO-1: r 

= - 0.5201, P = 0.083) were negatively correlated with gut tight junction protein expression, 

suggesting the detrimental effects of TNF-α on gut integrity. Increased protein levels of 

phosphorylated IkBα (p-IkBα/total IkBα) (claudin1: r = -0.5081, P = 0.092, ZO-1: r = -0.5645, P 
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= 0.056) and NF-kB P65 binding activity (ZO-1: r = - 0.5332, P = 0.074) showed a trending 

negative correlation with tight junction protein expression although not statistically significant.  

Interestingly, protein levels of TNF-α were positively correlated with TNFR1 (r = 0.5751, P = 

0.050), and high TNFR1 levels were associated with elevated NF-kB P65 binding activity (r = 

0.5692, P = 0.053). NF-kB P65 binding activity had a trending positive correlation with 

phosphorylation of IkBα (r = 0.4993, P = 0.098), indicating an association between the TNF-α, 

TNFR1, and NF-kB signaling. Collectively, these results suggest that the decrease in tight junction 

protein expressions in gut epithelial cells following stroke may be mediated by the 

proinflammatory cytokine TNF-α and NF-kb pathway in ischemic stroke. 

 

Tan IIA-NP+iNSC therapy altered fecal SCFAs levels in an ischemic stroke pig model.  

Longitudinal changes in fecal SCFAs level were analyzed pre-stroke and up to 12 weeks 

PT. Changes in fecal SCFAs levels from baseline (pre-stroke values) at each time point of stroke 

including Acute1 (1-5 days post-stroke), Acute2 (1-3 days PT), Subacute (1-4 weeks PT), and 

Chronic (6-12 weeks PT) were calculated and shown in Figure 3). There were significant 

differences in SCFAs between the Tan IIA-NP+iNSC treated animals and control animals with the  

Tan IIA-NP+iNSC treated animals consistently demonstrating higher levels of SCFAs relative to 

non-treated control animals (Figure 3). Particularly, the levels of fecal total SCFAs (P = 0.003) 

and acetate (P = 0.002) were significantly higher in the treatment group compared to the control 

group up to 12 weeks PT. The changes in fecal propionate levels (P = 0.059) showed trending 

higher levels in the treatment group than in the control group, whereas the changes in fecal butyrate, 

isobutyrate, isovalerate, and valerate levels had no significant differences between groups post-
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stroke (P > 0.05). These results show that Tan IIA-NP+iNSC combination therapy leads to 

increased intestinal levels of SCFAs during post-stroke recovery.  

 

Changes in fecal SCFAs levels during stroke recovery correlated with jejunal inflammation 

and ZO-1 expression 12 weeks post-treatment. 

To assess the association between the gut inflammatory response and gut integrity with 

SCFAs levels, protein levels of TNF-α, TNFR1, phosphorylation of IkBα, gut tight junction 

proteins, and binding activity of NF-kB P65 at 12 weeks PT were correlated with changes in fecal 

SCFAs levels post-stroke. Changes in fecal total SCFAs and acetate levels at Subacute (1-4 weeks 

PT) were negatively correlated with the protein levels of TNF-α and phosphorylated IkBα (Table 

1), and positively correlated with the expression of gut tight junction protein ZO-1 at 12 weeks PT 

(Figure 4). Changes in fecal isobutyrate and isovalerate levels at Acute 2 (1-3 days PT) and 

Subacute (1-4 weeks PT) stages were also negatively correlated with the protein levels of 

phosphorylated IkBα at 12 weeks PT (Table 1). These results indicate that increased SCFA levels 

in the gut at early stages PT (1 day to 4 weeks PT) are related to reduced gut inflammation and 

improved gut integrity in later stroke stages. Interestingly, changes in fecal butyrate levels at the 

Chronic stage (6-12 weeks PT) had a significant positive correlation with protein levels of TNF-

α, TNFR1, and NF-kB P65 binding activity at 12 weeks PT. Collectively, changes in SCFAs levels 

in the gut following stroke may be related to levels of gut inflammation and membrane 

permeability over an extended period. 
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The jejunal protein levels of phosphorylated IkBα correlate with lesion volume and midline 

shift changes 12 weeks post-treatment. 

To investigate the association between the gut inflammatory response and stroke brain 

volumetric changes, protein levels of TNF-α, TNFR1, phosphorylated IkBα, gut tight junction 

proteins, and binding activity of NF-kB P65 at 12 weeks PT were correlated with MRI lesion 

volume and midline shift results at 12 weeks PT (Figure 5). Lesion volume (r = 0.7944, P = 0.0020) 

and midline shift (r = 0.5353, P = 0.0729) were positively correlated with the protein levels of 

phosphorylated IkBα in gut at 12 weeks PT (Figure 5). This result suggests that elevated gut 

inflammation may be associated with cerebral tissue damage.  

 

Changes in fecal SCFAs levels post-stroke correlated with lesion volume and midline shift 

changes 12 weeks post-treatment.  

Previously, our research team reported that intracisternal administration of Tan IIA-NPs 

and iNSCs transplantation therapy reduced brain tissue damage 12 weeks PT compared to the non-

treated control group (Kaiser et al, under review, 2022). In this study, we investigated how changes 

in SCFAs levels in the gut following treatment are linked to intracerebral stroke damage. To 

examine the relationship between SCFA levels in the gut and stroke brain volumetric changes, 

changes in fecal SCFAs levels post-stroke were correlated with stroke lesion volume and midline 

shift MRI results at 12 weeks PT (Table 2). The changes in fecal total SCFAs, acetate, isobutyrate, 

isovalerate, and valerate levels at Acute 2 (1-3 days PT) had a negative correlation with lesion 

volume at 12 weeks PT (Table 2). The changes in fecal total SCFAs, acetate, isobutyrate, and 

isovalerate levels at Acute 2 (1-3 days PT) also had an inverse correlation with midline shift at 12 
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weeks PT. Collectively, these results show that changes in fecal SCFAs levels post-stroke may 

affect stroke recovery. 

 

Discussion 

This current study demonstrated that the Tan IIA-NP+iNSC combination therapy in the 

stroke brain modulated gut homeostasis in a MCAO ischemic stroke pig model, indicated by 

reduced pro-inflammatory cytokine level, improved tight junction protein expression in the 

jejunum, and increased fecal SCFAs levels. Moreover, higher fecal SCFAs levels post-stroke were 

associated with decreased brain lesion volume and midline shift. The findings from this study 

suggest that the modulation of stroke brain with the anti-inflammatory and neuroregenerative Tan 

IIA-NP+iNSC treatment resulted in an improved gut inflammatory status and integrity via the 

brain-gut axis interactions in a pig model of ischemic stroke.  

 

The pro-inflammatory immune response is a key contributor to stroke sequelae and 

resulting pathology [30]. During stroke, damaged and dying neural cells release damaged-

associated molecular patterns (DAMPs) that activate microglia and a astrocytes in the brain lesion 

site and enhance recruitment and parenchymal invasion of leukocytes from peripheral circulation 

[31]. Recently, our research team demonstrated that local treatment with Tan IIA-NP+iNSC in the 

stroke brain reduced the number of microglial and infiltrating immune cells in the brain, 

maintained endogenous neurons, and enhanced populations of endogenous neural stem cells in the 

brain in the pig model (Kasier et al., under review, 2022). Activated microglia and macrophages 

release proinflammatory cytokines such as TNF-α and IL-1β in the brain [32]. The released 

DAMPs and these cytokines can enter systemic circulation through the impaired blood-brain 
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barrier and the cerebrospinal fluid (CSF) drainage system [33]. Therefore, the anti-inflammatory 

effect of Tan IIA-NP+iNSC on the intracerebral immune response may prevent increased systemic 

and gut inflammation. This is supported by the present study as the Tan IIA-NP+iNSC treatment 

led to reduced protein levels of proinflammatory cytokines (e.g. TNF-α) and improved tight 

junction protein expression levels in the gut.  

Inflammatory processes are closely related to the gastrointestinal dysfunction, such as 

compromised gut permeability [34]. Increased gut permeability can allow harmful antigens and 

microorganisms to enter systemic circulation from the intestinal lumen, resulting in abnormal 

immune reactions, therefore changes in intestinal permeability is an important indicator of gut 

health [35]. Previous studies showed that administration of proinflammatory cytokines IL-1β and 

TNF-α to Caco-2 cells in vitro increased epithelial permeability in does- and time- dependent 

manner [36, 37]. Therefore, these results suggest a crucial role for proinflammatory cytokine in 

regulating intestinal barrier function. Interestingly, the present study reported that treatment with 

Tan IIA-NP+iNSC reduced the protein levels of TNF-α and TNFR1 and increased the protein 

expression of occludin, claudin1, and ZO-1 in the gut. It has been suggested that TNF-α mediates 

the expression of tight junction proteins through a specific molecular mechanism [39]. Briefly, 

TNF-α binds to the TNF- α receptor in the epithelial cells and stimulates the NF-kB signaling 

pathway by increasing myosin light chain kinase (MLCK) gene expression [39, 40]. MLCK then 

phosphorylates MLC and phosphorylated MLC induces contraction of the cytoskeletal structure 

attached to the tight junction proteins, increasing the gut permeability [39-41]. Similar with this 

finding, our study reported that protein levels of jejunal TNF-α were positively correlated with the 

protein TNFR1, both of which were negatively correlated with gut tight junction protein 
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expression. Therefore, the findings from this study indicate that intestinal TNF-α levels will be an 

important factor in regulating tight junction-mediated gut permeability in this MCAO pig model. 

The transcriptional factor NF-kB is a critical mediator of inflammatory stimuli [29]. NF-

kB is a family of inducible transcription factors such as NF-B1 (p50), NF-B2 (p52), and RelA 

(p65), and they bind to specific region of DNA known as enhancer and influence the gene 

expression [42]. In general, NF-kB proteins are sequestered in the cytoplasm by IkB family, an 

inhibitory proteins; however, when the NF-kB pathway is activated and IkB is phosphorylated, the 

NF-KB transcriptional factors are released and enter the cytoplasm to promote gene expression 

[43]. The present study showed that the intestinal binding activity of NF-kB P65 was lower in Tan 

IIA-NP+iNSC treated animals than in non-treated animals, although it was not statistically 

significant. The NF-kB P65 binding activity had a trending positive correlation with the protein 

levels of phosphorylated IkB-α, suggesting the involvement of NF-kb pathway in this study. As 

mentioned in the paragraph above, the activated NF-kb pathway can be induced by 

proinflammatory cytokines such as TNF-α and elevate MLCK gene expression, thereby reducing 

the expression of gut tight junction proteins in epithelial cells [44, 45]. Similarly, the present study 

found that the binding activity of NF-kB P65 also tended to correlate positively with the protein 

levels of TNFR1, and negatively with ZO-1 in the gut. These results propose that TNF-α induced 

NF-kB signaling may be a main pathway for modulating gut integrity in this ischemic stroke pig 

model.  

SCFAs are a major metabolite produced by the gut microbe when undigested carbohydrate 

are fermented and mainly consists of acetate, propionate, and butyrate. In the intestinal tract, 

SCFAs regulate gut epithelial barrier function, integrity, and immune response [46], and also play 

a crucial role as a mediator in gut-brain interaction [10, 11]. The present study showed that pigs 
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who received Tan IIA-NP+iNSC therapy had increased changes in fecal SCFAs levels throughout 

the study period, and these changes were not only correlated with reduced gut inflammation and 

improved gut integrity, but also associated with reduced lesion volumes and midline shift 12 weeks 

post-treatment. SCFAs can be absorbed by colonocytes and interact with intestinal immune cells, 

as well as cross the blood brain barrier through the circulatory system and modulate astrocyte 

activation and microglia maturation in the brain [47-49]. Previous studies reported that increased 

SCFAs levels in the gut, brain, and plasma through fecal transplantation reduced post-stroke 

neurological deficit and neuroinflammation, suggesting that intestinal SCFAs may affect the brain 

through blood circulation [50]. Moreover, SCFAs supplementation in drinking water improved 

post-stroke recovery by increasing synaptic plasticity and cortical reorganization and reducing 

microglial activation and frequency of T cells in the brain ischemic stroke mice [51], indicating a 

significant effect of SCFAs on recovery mechanisms in the brain. These previous studies support 

the findings of the current study that changes in SCFAs levels following Tan IIA-NP+iNSC 

treatment are likely associated with improved stroke pathological recovery.   

The most abundant SCFAs in all groups are acetate, propionate, and butyrate, and have 

been widely investigated on their effects on host health [46]. Branched short-chain fatty acids 

(BCFAs), such as isobutyrate and isovalerate are produced in lower amounts by gut microbes that 

ferment branched chain amino acids [52]. The impact of BCFAs on host health is largely unknown. 

Interestingly, the present study found that changes in fecal levels of isobutyrate and isovalerate 

levels during the acute stage of stroke were negatively correlated with lesion volume and midline 

shift changes in the chronic stroke stage. Similarly, Zhang and Chen reported that stroke rodent 

models showed increased fecal isobutyrate and isovalerate levels in the early stage of stroke [12, 

14], while decreased fecal levels of butyrate [12] or acetate and propionate [14] post-stroke. 
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Increased BCFAs levels in the early stage of stroke may be due to a compensation mechanism 

after the depletion of the major SCFAs caused by gut dysbiosis. Therefore, these findings suggest 

that BCFAs may play an important role in regulating stroke recovery, however, given the lack of 

studies evaluating BCFAs changes and their effect on stroke, further studies are needed to 

investigate a potential beneficial role of BCFAs in human health. 

 

Conclusion 

The findings of this study demonstrate that Tan IIA-NP+iNSC therapy decreased jejunal 

inflammation and membrane permeability and increased fecal SCFAs levels in the gut. This 

foundational study indicates that brain-targeted neuroprotective and regenerative stroke therapies 

enhance gut homeostasis through gut-brain interaction and results in decreased stroke pathology 

that is associated with improved stroke recovery in human patients.  
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Figure 4.1. Experimental study design. 

Castrated male Yucatan pigs (9-month-old, 31–41 kg body weight) underwent middle cerebral 

artery occlusion (MCAO) and received either PBS (Control group, n=6) or Tan IIA-NPs and 

iNSCs (Treatment group, n=6). Either PBS or Tan IIA-NPs were administered intracisternal at 1 

hour post-stroke (PS) and PBS or iNSCs were transplanted into the perilesional region at 5 days 

PS. Ischemic stroke was confirmed at 1 day PS by MRI and lesion volume and midline shift were 

measured 12 weeks (wk) post-transplant (PT). Post-stroke stages were categorized into Actue (1–

5 days PS), Acute 2 (1–3 days PT), Subacute (1–4 wk PT), and Chronic (6–12 wk PT) [25, 26]. 

Fecal samples were collected pre-stroke and at multiple time point post-stroke to measure fecal 

short-chain fatty acids levels. All pigs were sacrificed at 12 wk PT and distal jejunal samples were 

scraped and collected for further analysis. Abbreviation; MCAO: Middle cerebral artery occlusion; 

Tan IIA-NPs: Tanshinone IIA loaded PLGA nanoparticle; iNSCs: Induced pluripotent stem cell-

derived neural stem cells; MRI: magnetic resonance imaging; DPS: days post-stroke; DPT: days 

post-treatment; wk PT: weeks post-treatment. 
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Figure 4.2. Tan IIA-NP+iNSC treatment reduced inflammation and improved expression of 

tight junction proteins in jejunal mucosa at 12 weeks post-treatment. At 12 weeks post-

F 
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treatment, treated pigs showed decreased protien levels of (A) TNF-α, (B) TNFR1, (C) 

phosphorylation of IkBα relative to the control. (D) Treatment decreased binding activity of NF-

kB P65 compared to control although not statistically significant. (E) Treatment significantly 

increased protein expression of gut tight junction proteins occludin, claudin1, and ZO-1 compared 

to control. Unpaired t-test. N = 6 each group, * P < 0.5, ** P < 0.01. (F) Protein levels of TNF-α, 

TNFR1, phosphorylated IkBα, and binding activity of NF-kB P65 were correlated with the 

expression of gut tight junction proteins occludin, claudin1, and ZO-1. Significant correlations (P-

value < 0.05) are highlighted in red, while trending correlations are represented in orange. The 

number inside each box represents the r-value, r = Pearson correlation coefficient.  
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Figure 4.3. Tan IIA-NPs+iNSCs combination therapy increased fecal SCFAs levels in 

ischemic stroke pigs. Longitudinal changes in fecal SCFAs levels were examined by a 

multivariate quadratic regression model. Colored lines represent the individual changes in fecal 

SCFAs of pigs used in this study. The two black lines represent the changes in fecal SCFAs in the 

control group (n = 6) and the treatment group (n = 6). Changes in fecal total SCFA and acetate 

levels from baseline were significantly higher in the treatment group compared to the control group 

post-stroke. ** P < 0.01 
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Table 4.1. Correlations between changes in fecal SCFAs levels post-stroke and jejunal 

inflammation at 12 weeks post-treatment in an ischemic stroke pig model. 

Time point of fecal SCFAs showing significant correlation: a = Acute1, b = Acute2, c = Subacute, 

d = Chronic. r = Pearson correlation coefficient. PT: post-treatment 

 

 

 

 

 

 

 

 

       12 weeks   

               PT       

Post-stroke 

TNF-α  
TNF-α 

receptor 1 
Ikb-α phosphorylation 

NF-kB P65 binding 

activity 

Total SCFAs 
P = 0.032c 

r = -0.619 
N.S 

P = 0.041c 

r = -0.595 
N.S 

Acetate 
P = 0.031c 

r = -0.622 
N.S 

P = 0.031c 

r = -0.623 

P = 0.029c 

r = -0.628 

Butyrate 
P = 0.030d 

r = 0.624 

P = 0.031d 

r = 0.622 
N.S 

P = 0.014d 

r = 0.075 

Propionate N.S N.S N.S N.S 

Isobutyrate N.S N.S 
P = 0.031b, 0.011c 

r = -0.623, -0.700 
N.S 

Isovalerate N.S N.S 
P = 0.039b, 0.009c 

r = -0.600, -0.716 
N.S 

Valerate N.S N.S 
P = 0.024b 

r = -0.644 
N.S 
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Figure 4.4. Total SCFAs and acetate levels at the subacute stage were positively correlated 

with ZO-1 protein expression in the jejunal mucosa at 12 weeks post-treatment. Fecal total 

SCFAs and acetate levels at the subacute (1-4 weeks PT) was positively correlated with ZO-1 

protein expression at 12 weeks PT (All P < 0.05). r = Pearson correlation coefficient and P-values 

are shown.* P < 0.05, ** P < 0.01, PT: post-treatment 
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Figure 4.5. Protein levels of phosphorylated IkBα correlated with the brain lesion volume 

and midline shift changes 12 weeks post-treatment. Lesion volume and midline shift at 12 

weeks PT were positively correlated with jejunal protein levels of phosphorylated IkBα at 12 

weeks PT. r = Pearson correlation coefficient and P-values are shown. * P < 0.05, ** P < 0.01, PT: 

post-treatment 

 

 

 

 

 

 

 

 

 

 

 

 



 

148 

Table 4.2. Correlations between changes in fecal SCFA levels post-stroke and lesion volume 

and midline shift changes 12 weeks post-treatment. 

                  12 weeks PT 

 Post-stroke 
Lesion volume (cm3) Midline shift (mm) 

Total SCFAs 
P = 0.027b 

r = -0.634 

P = 0.037b 

r = -0.605 

Acetate 
P = 0.038b 

r = -0.602 

P = 0.037b 

r = -0.604 

Butyrate N.S N.S 

Propionate N.S N.S 

Isobutyrate 
P = 0.006b 

r = -0.741 

P = 0.042a,0.012b 

r = -0.593, -0.694 

Isovalerate 
P = 0.004b,0.038c 

r = -0.763, -0.604 

P = 0.007b 

r = -0.730 

Valerate 
P = 0.020b 

r = -0.659 

P = 0.039a 

r = -0.600 

Time point of fecal SCFAs showing significant correlation: a = Acute1, b = Acute2, c = Subacute, 

d = Chronic. r = Pearson correlation coefficient. PT: post-treatment 
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CHAPTER 51 

CHANGES IN ORAL MICROBIAL DIVERSITY IN A PIGLET MODEL OF TRAUMATIC 

BRAIN INJURY 
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Abstract 

Dynamic changes in the oral microbiome have gained attention due to their potential diagnostic 

role in neurological diseases such as Alzheimer’s disease and Parkinson’s disease. Traumatic brain 

injury (TBI) is a leading cause of death and disability in the United States, but no studies have 

examined the changes in oral microbiome during the acute stage of TBI using a clinically 

translational pig model. Crossbred piglets (4-5 weeks old, male) underwent either a controlled 

cortical impact (TBI, n=6) or sham surgery (Sham, n=6). The oral microbiome parameters were 

quantified from the upper and lower gingiva, both buccal mucosa, and floor of the mouth pre-

surgery and 1, 3, and 7 days post-surgery (PS) using the 16S rRNA gene. Faith’s Phylogenetic 

Diversity was significantly lower in the TBI piglets at 7 days PS compared to those of Sham, and 

beta-diversity at 1, 3, and 7 days PS was significantly different between TBI and Sham piglets. 

However, no significant changes in the taxonomic composition of the oral microbiome were 

observed following TBI compared to Sham. Further studies are needed to investigate the potential 

diagnostic role of the oral microbiome during the chronic stage of TBI with a larger number of 

subjects. 
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Oral microbiome, neurological disease, porcine model 
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1. Introduction 

The oral microbiome is the second most diverse in the human body after the gut and is 

usually stable and nonpathogenic in healthy individuals [1]. However, alterations in microbial 

composition or loss of diversity can cause an imbalance in the oral microbiome, which is 

detrimental to oral health and linked to increased risk of systemic diseases [2]. Recently, 

researchers have shown a potential link between oral microbes and neurological diseases with 

studies highlighting dynamic changes in the oral microbiome of Alzheimer’s disease (AD) and 

Parkinson’s disease (PD) patients. Wu et al [3] reported that AD patients had significant increases 

in Firmicutes, Lactobacillales, and Streptococcus levels in dental plaque compared to that in 

healthy controls. Lactobacillus, which is known as a probiotic in the gut microbiome is considered 

pathogenic bacteria in the oral cavity since it causes root caries and tooth loss [4, 5]. Similarly, 

Streptococcus, the most commonly found in the oral microbiome, also contains some pathogenic 

species such as Streptococcus mutans, which is an acid-producing bacteria that causes carious 

lesions [6]. Consistent with these observations, more missing teeth and higher dental plaque weight 

were found in AD patients compared to healthy controls, and poor oral condition was correlated 

with cognitive deficits [3], suggesting a potential link between the existence of periodontal 

pathogens and AD development. Similarly, patients with PD had increased oral microbial levels 

of Streptococcus (Streptococcus mutans [7] and Streptococcus pneumonia [8]), Lactobacillaceae 

[7, 9], and Lactobacillus [8, 10] and showed a positive correlation between Lactobacillus reuteri 

and slower movement in PD patients [10]. These studies suggest that there may be a relationship 

between cognitive and functional decline in neurological conditions and increased pathogenic oral 

bacteria.  
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Traumatic brain injury (TBI) is one of the most common types of brain injuries and often 

leads to major disability and death in global populations [11]. Despite the devastating effects of 

TBI, there are a number of challenges including detection of mild TBI, discerning TBI severity, 

and predicting potential patient outcomes. Understanding the dynamic interplay between TBI and 

the oral microbiome may provide unique insight into using the oral microbiome as a biomarker to 

detect TBI. However, the majority of published studies exploring the relationship between TBI 

and microbiome have almost exclusively focused on the lower intestine or fecal samples [12-14]. 

To the best of our knowledge, there are no studies that have explored the oral microbiome changes 

after TBI. Collecting fecal samples can be challenging, as patients with brain injury commonly 

experience bowel dysfunction, such as constipation [15]. Therefore, the highly accessible mucosal 

surface of the oral cavity is potentially a preferable microbiome for evaluating TBI patient injury.  

In the current study, we used a well-established piglet model [16-19] to assess changes in 

oral microbial diversity and composition during the acute stage of TBI. The pig is a robust 

translational model due to its comparable brain and gastrointestinal (GI) anatomy, physiology, and 

pathophysiological traits relative to humans; thus, making the pig an ideal large animal model for 

clinical research [20, 21]. The findings of this study may support the potential role of the oral 

microbiome as a diagnostic and prognostic biomarker for TBI and provides the basis for future 

oral microbiome studies in TBI patients. 
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2. Materials and Methods 

2.1 Animals TBI induction 

Castrated crossbred male piglets (n = 12; 4-5 weeks old) were acquired from the University of 

Georgia swine unit and randomly selected and assigned into two groups; 1) TBI surgery group 

(TBI, n=6) and 2) Sham surgery group (Sham, n=6). Moderate/severe TBI was induced using a 

controlled cortical impact (CCI) model as previously described by our group [19] with the 

following parameters velocity: 4m/s, depth: 9mm, dwell: 400ms. The sham surgery group was 

sedated using the same protocol as the TBI group and underwent a craniectomy but did not receive 

a CCI. All animals were carefully monitored post-surgery every 30 minutes until vitals (heart rate, 

respiration rate, temperature) returned to normal, then every 4 hours for 8 hours, every 8 hours for 

following 24 hours, and twice daily thereafter. Induced TBI was confirmed by magnetic resonance 

imaging (MRI) 1 day post-surgery (Data not shown). All work in this study was conducted in 

accordance with the guidelines established by the University of Georgia Institutional Animal Care 

and Use Committee. 

 

2.2 Oral mucosa collection 

Oral mucosa was collected with sterile cotton swabs by rubbing the oral cavity. Two swabs were 

applied to the upper and lower gingiva and both buccal mucosa for 3 minutes (mins). Another two 

swabs were applied to the floor of the mouth for 3 mins. Each one of the two swabs were placed 

in the same 15ml tube (two tubes per sample) and immediately frozen in dry ice. The oral mucosa 

collection was performed while animals were under anesthesia pre-surgery and 1, 3, and 7 days 

post-surgery (PS).  
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2.3 Oral microbial DNA extraction 

Oral DNA extraction was processed according to a modified protocol of the QIAamp Fast DNA 

Stool Mini Kit (Qiagen; Germantown, MD, United States). Frozen swabs in a 15ml tube were 

thawed on ice and 1.2mls of sterile PBS was added. Samples were thoroughly vortexed to release 

the oral mucosa from the swab into the PBS for 5 mins and centrifuged at maximum speed (3901g) 

for 1 min at 4℃. Supernatant was aliquoted into a 2ml tubes, and 450ul of warmed inhibit Ex 

buffer was added, and mixed. Tubes were vortexed for 10 mins, then put into a 95℃ water bath 

for 5 mins, and vortexed 15 sec. After centrifuging for 1 min at 20,000g at room temperature (RT), 

670ul of sample were added into a 2ml tube containing 50uls of proteinase K. 670uls of AL buffer 

was then added and vortexed for 20 secs. After a 10 min incubation in a 70℃ water bath, tubes 

were centrifuged for 1 min at RT. Then, 670uls of ethanol was added, samples were vortexed for 

20 secs, and centrifuged for 1 min at 20,000g, RT. Supernatant was added to the spin column, 

centrifuged for 1 min, and then AW1 buffer was added and centrifuged for 1 min. AW2 buffer was 

then added, and samples were centrifuged for 3 mins. Samples were centrifuged again for 1 min 

to ensure that no AW2 buffer remained in the tubes. To elute DNA, 30uls of ATE buffer was added, 

incubated for 3 mins, and centrifuged for 1 min. Then, 50uls of ATE buffer was added, incubated 

for 3 mins, and samples were centrifuged for 1 min. The DNA concentration of each sample was 

quantified spectrophotometrically utilizing the Take3 plate and Synergy H4 multimode plate 

reader (BioTek, Winooski, VT). 

 

2.4 16s rRNA gene sequencing analysis 

DNA samples were sent to LC Sciences (Houston, Texas, USA) for 16s ribosomal RNA (rRNA) 

gene sequencing. The V3-V4 region was amplified with primer pairs S-D-Bact-0341-b-S-17 (5′-
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CCTACGGGNGGCWGCAG-3′) and S-D-Bact-0785-a-A-21 (5′-

GACTACHVGGGTATCTAATCC-3′) and sequenced using the Illumina NovaSeq platform. 

Sequencing data were first demultiplexed before being converted into FASTQ files, and the paired-

end sequences imported into QIIME 2 [22]. The non-biological nucleotides were then removed, 

and sequences were denoised, dereplicated, and chimera-filtered using DADA2 [23]. Taxonomies 

were assigned to the sequences by using a pre-trained Naive Bayes classifier trained on the SILVA 

138 SSU database [24], and reads were classified by taxon using the fitted classifier [25]. For alpha 

and beta-diversity analyses, all samples were rarefied to a common sequencing depth. Alpha-

diversity was determined by the observed number of observed features (number of ASVs), Faith’s 

phylogenetic Diversity (total length of phylogenetic branches), Shannon index (species richness 

and evenness), and Pielou’s Evenness (species evenness). Beta-diversity was assessed using the 

unweighted UniFrac distance matrix, which considers phylogenetic connections and was 

visualized by principal coordinate analysis (PCoA). Oral microbial composition was measured at 

phylum (Relative abundance >1%), family (>1%), genus (>1%), and species (>0.5%) levels. All 

indices of microbial diversities and composition were examined using QIIME2 plugins. 

 

2.5 Statistical analysis 

Mixed effects ANOVA was used to compare differences between groups and time points. The 

statistical results showed the main effect of time (Time effect) and group (Group effect) and the 

interaction effect between time and group (Time-by-Group interaction effect). Data are shown as 

fitted mean ± standard error of the mean (SEM). Differences in beta-diversity were evaluated by 

Bonferroni-corrected multiple comparisons (corrected p-value) between each time point and 

between the groups. P-values under 0.05 were regarded as significant for all statistical tests. 
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3. Results 

The alpha-diversity indexes were analyzed to examine changes in oral microbial diversity in 

TBI and Sham piglets during the acute stage of TBI (Figure 1). Significant time effects were found 

in Number of Observed Features (Time effect P = 0.00), Shannon (Time effect P = 0.008), 

Evenness (Time effect P = 0.043), and Faith’s Phylogenetic Diversity (Time effect P = 0.00) up 

to 7 days post-surgery. However, there were no group or time-by-group interaction effects in 

alpha-diversity indexes except for Faith’s Phylogenetic diversity. Significant group (P = 0.003) 

and time-by-group interaction effects (P = 0.001) were observed in Faith’s Phylogenetic Diversity, 

showing significantly lower levels in the TBI group compared to the Sham group at 7 days PS 

(Figure 1D). These results suggest that species diversity and evenness were not significantly 

altered after TBI, but the phylogenetic diversity differed 7 days post-surgery compared to the Sham 

group.  

 

Beta-diversity of the oral microbiome was assessed using an unweighted UniFrac distance 

matrix to examine the similarity or dissimilarity of microbial patterns between the TBI and sham 

groups (Figure 2). Interestingly, both the TBI and Sham groups had significantly different beta-

diversity between time points (Figure 2A), showing altered beta-diversity at 1, 3, and, 7 days post-

surgery compared to pre-surgery. The sham group also showed different beta-diversity at 7 days 

post-surgery compared to 1- and 3 days post-surgery. These results indicate that the oral microbial 

structure was altered post-surgery in both the TBI and Sham groups. Between the TBI and Sham 

group, distinct microbial patterns were observed at 1, 3, and 7 days post-surgery, with the most 

apparent difference at 7 days post-surgery (Figure 2B, All Bonferroni corrected P-value < 0.05). 
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This finding implies that TBI surgery altered oral microbial structure, aside from the effects of 

surgical stress, and that the changes persisted up to 7 days post-surgery.  

 

Oral microbial composition (Figure 3) was measured at the phylum (P, relative abundance 

>1%), family (F, relative abundance >1%), genus (G, relative abundance > 1%), and species level 

(S, relative abundance > 0.5%) in both TBI and Sham groups pre-surgery and 1, 3, and 7 days PS. 

The oral microflora in this study showed a similar predominant bacterial composition compared 

to previous human and porcine oral microbiome studies [26-28]. The top 5 most abundant phyla 

pre-surgery were Firmicutes (Mean relative abundance ± SEM, 50.56 ± 4.08%), Proteobacteria 

(34.10 ± 4.09%), Actinobacteria (8.66 ± 1.72%), Bacteroidetes (4.6 ± 0.78%), and Fusobacteria 

(1.67 ± 0.20%). The top 5 most prevalent bacterial families pre-surgery were Streptococcaceae 

(27.03 ± 3.11%), Pasteurellaceae (16.39 ± 1.98%), Moraxellaceae (10.66 ± 1.96%), 

Lactobacillaceae (6.45 ± 1.91%), and Veillonellaceae (5.58 ± 1.12%). The top 5 most abundant 

bacterial genera pre-surgery were Streptococcus (27.03 ± 3.11%), Actinobacillus (14.68 ± 1.77%), 

Moraxella (6.95 ± 1.39%), Lactobacillus (6.44 ± 1.91%), and Veillonella (4.97 ± 1.04%). Lastly, 

the top 5 most prevalent bacterial species pre-surgery were Streptococcus suis (6.42 ± 0.95%), 

Actinobacillus indolicus (3.59 ± 0.74%), Actinomyces denticolens (3.49 ± 1.60%), Actinobacillus 

porcitonsillarum (3.08 ± 0.70%), and Actinomyces howellii (1.11 ± 0.49%).  

Significant time effects were observed in several microbial taxonomic compositions including 

P_Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, F_Streptococcaceae, Pasteurellaceae, 

Lactobacillaceae, Lachnospiraceae, Micrococcaceae, Ruminococcaceae, Leptotrichiaceae, 

G_Streptococcus, Actinobacillus, Moraxella, Lactobacillus, Rothia, Blautia, Leptotrichia, 

S_Streptococcus suis, Actinobacillus indolicus, and Bergeyella porcorum in both TBI and Sham 
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groups (Data not shown, all P < 0.05). Among oral bacteria, significant Time-by-Group interaction 

effects were found in P_Proteobacteria (P = 0.026), F_Leptotrichiaceae (P = 0.037), 

F_Micrococcaceae (P = 0.019), and G_Rothia (P = 0.023) in both TBI and Sham groups; however, 

the post hoc Tukey HSD (Honestly Significant Difference) comparison did not show any 

differences between TBI and Sham groups at any time point post-surgery. Therefore, the oral 

microbial composition did not differ between TBI and Sham groups at the phylum (1>%), family 

(1>%), genus (1>%), or species (0.5>%) level during the acute stage of TBI, despite showing some 

differences in phylogenetic diversity and microbial patterns by alpha- and beta-diversity, 

respectively.  

 

4. Discussion  

Here, we investigated for the first time changes in the oral microbiome during the acute 

stage of TBI in a piglet model. Moderate/severe TBI induced differences in Faith’s phylogenic 

diversity and beta-diversity between the TBI and sham piglets. The Faith’s phylogenetic diversity 

was lower in the TBI group at 7 days post-surgery compared to the sham group, and different beta-

diversity (microbial patterns) was found between the groups post-surgery, with the most distinct 

alterations at 7 days post-surgery. However, the taxonomic composition of the oral microbiome 

did not significantly change following TBI. This translational study provides novel insight into the 

oral microbiome TBI response and suggests that further studies are warranted to investigate 

changes in the oral microbiome during the chronic stage of TBI. 

 

Dysbiosis, an indicator of an imbalanced microbiome, is characterized by a reduction in 

microbial diversity, compositional changes, and is associated with various disease states [25]. 
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Previous studies showed that AD patients had decreased microbial richness and diversity with 

lower levels of oral microbial number of operational taxonomic units (OTUs) [3], Chao1 (species 

richness), Shannon index, and phylogenetic diversity whole tree as compared to healthy controls 

patients [26]. Similarly, PD patients had lower alpha-diversity with reduced species richness and 

evenness as well as different microbial communities (beta-diversity) compared to the healthy 

controls [7]. In this study, we examined the oral microbiota profile in a translational piglet TBI 

model and only found Faith’s phylogenetic diversity was lower in the TBI group 7 days post-

surgery compared to the sham group, while Number of Observed Features, Shannon, and Evenness 

only had significant time effects. This suggests that TBI may have a limited effect on oral microbial 

diversity during the acute stage of TBI. Faith’s Phylogenetic Diversity represents species richness, 

computing the sum of the branches of phylogenetic trees connecting all species of a given 

taxonomic group [27]. Faith’s Phylogenetic Diversity is known to be more sensitive in 

distinguishing disease factors in humans as this diversity measures phylogenetic differences 

between species, whereas traditional species diversity does not differentiate between species [28, 

29]. Previous studies showed that phylogenetic diversity was reduced in the oral microbiome of 

patients with AD [26] and nasopharyngeal carcinoma [30] compared to the healthy controls, which 

was also shown in the gut microbiome of patients with AD [31], inflammatory bowel disease [32], 

and autism [33]. These results suggest that decreased phylogenetic diversity may be linked to poor 

microbial resilience and health. Therefore, reduced phylogenetic diversity can be a potential 

indicator of TBI, but further studies are needed to clarify its role during the acute stage of TBI. 

Interestingly, the most distinct differences in beta-diversity were also found at 7 days post-surgery 

between the TBI and Sham groups. Both Faith’s Phylogenetic Diversity and UniFrac matrix (beta-

diversity) measure phylogenetic distances within and between the communities, respectively; 
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therefore, the changes in Faith’s phylogenetic diversity between the groups likely has a 

relationship with differential microbial patterns (beta-diversity) at 7 days post-surgery.  

  

Although changes were observed in oral microbial diversity following TBI, the present 

study did not find significant differences in taxonomic composition between TBI and Sham 

animals. There are a number of potential reasons as to why oral microbiota composition changes 

were not observed between TBI and the Sham groups in the current study. First, dysbiosis induced 

by TBI may cause higher inter-individual variation in microbial composition than sham piglets. 

According to the Anna Karenina principle, the microbial community varies more in dysbiotic 

individuals than that of healthy individuals [34]. High variability may reduce the ability of bacteria 

to regulate microbial composition, preventing the establishment of unique microbial 

communities  [34]. This theory was also applied in a study of  relapse/refractory multiple myeloma 

patients, who did not have a distinct oral microbial composition compared to the general 

population [35]. To overcome this challenge, it may be necessary to increase the number of animals 

to enhance the statistical power. Second, surgical stress may have had a major influence on 

microbial changes in both TBI and Sham groups. It is expected that the significant time effects in 

the oral microbial composition may have been induced by surgical or environmental stress, as both 

can alter microbial diversity and microbial composition [36]. Existing studies reported that the 

Fusobacteria level was increased in response to treatment of stress hormone, cortisol in subgingival 

dental plaque samples cultured in vitro [37], and its genus level of oral Fusobacterium and 

Leptotrichia spp. were positively associated with cortisol levels in humans [38]. The present study 

also showed an increased Fusobacteria post-surgery and Leptotrichia at 3 days PS in both TBI and 

Sham groups compared to pre-surgery (data not shown). This suggests a potential impact of 
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surgical stress on microbial changes in both the TBI and Sham groups that may mask the 

compositional differences between groups. The precise mechanisms by which cortisol alters the 

oral microbiome are still unknown but several stress hormones have been related to both 

stimulatory and inhibitory effects on oral microbial growth [39, 40]. Future studies should consider 

this complexity of stress effect on oral microbiome changes. Third, significant changes in the oral 

microbiome may not be apparent at the acute TBI stage. Neurodegenerative diseases such as AD 

and PD are chronic diseases that develop slowly over time and affect primarily elderly people [41, 

42]. Studies of chronic AD and PD patients showed individuals possessed altered oral microbial 

diversity or abundance compared to healthy controls [3, 7-10, 26]. Similarly, diseases that have 

been reported to have altered oral microbiome are chronic inflammatory disorders (ex. Rheumatoid 

arthritis) or chronic diseases such as cancer, diabetes, and cardiovascular disease [43]. Therefore, 

the acute stage of TBI may have been too early to detect robust quantitative changes in alpha-

diversity and differences in phylum, family, genus, and species. It will be intriguing to investigate 

changes in the oral microbiota during the chronic stage of TBI. Finally, the changes in the oral 

microbiome composition may differ based on several factors such as sampling location and the 

age of the pig. For example, in PD patients, changes in oral microbial diversity and composition 

were different between samples of soft (tongue dorsum and buccal mucosa) and hard tissue 

(chewing surfaces of the molars) of the oral cavity [8]. Moreover, the oral microbiota in infant and 

toddlers was less diverse than that of adults and contained some species not commonly identified 

in the adults oral cavity [44], suggesting that the oral microbiome dynamically changes and 

develops as an individual ages. Therefore, future studies should consider these multiple variations 

that may affect oral microbiome outcomes. 

 



 

162 

The bidirectional communication between the oral microbiome and brain have not yet been 

defined. However, it has been proposed that the oral microbiota may affect the brain through direct 

or indirect means. Interestingly, Treponema species, the common oral bacteria, were detected in 

post-mortem AD brains [45], indicating a direct interaction of oral pathogens with the brain. AD 

patients also had increased levels of oral Moraxella, Leptotrichia, and Sphaerochaeta in saliva 

samples compared to healthy controls [26]. These gram-negative bacteria release 

lipopolysaccharides (LPS), a strong stimulator of the immune response and inflammation, which 

are closely associated with worsening AD outcomes [46]. The levels of LPS and K99 pili protein 

released from gram-negative bacteria were greater in the brains of AD patients than in normal 

brains [47], and intraperitoneal injection of LPS induced amyloid-beta plaques formation in rodent 

brain by stimulating neuroinflammation [48]. Gram-negative bacteria such as Escherichia coli, 

Klebsiella spp., Kluyvera spp., Serratia spp., Proteus spp., and Enterobacter spp. were also 

isolated in the oral cavity of PD patients [49]. Moreover, increased regional inflammation in the 

oral cavity was found in PD patients, showing elevated cytokine levels of  IL-1 and IL-1RA 

compared to healthy controls [7]. These results suggest that an increase in oral pathogenic bacteria 

and their proinflammatory molecules may enter the brain tissue through the bloodstream, cause 

systemic and neuro-inflammation, and exacerbate disease severity and progression [50]. Therefore, 

oral dysbiosis may enhance neuropathology via the oral-brain connection. TBI causes significant 

inflammation in the brain including the activation of microglia, the resident immune cell of the 

brain, and astrocytes. These activated cells produce a host of inflammatory cytokines (e.g. IL-1β, 

TNF-α) and chemokines (e.g. CCL2, CXCL10) that attracts peripheral immune cells to the brain 

leading to an increasing cycle of inflammation [51, 52]. The interconnectivity of the oral cavity 

and brain through the circulatory and lymphatics/glymphatics systems may potentially enable oral 
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bacteria and inflammatory molecules to enter the brain particularly since the blood brain barrier is 

breached.  

 

The top 10 most abundant genera in this study were Streptococcus, Actinobacillus, 

Moraxella, Lactobacillus, Veillonella, Actinomyces, Rothia, Neisseria, Blautia, and Prevotella, 

which is similar to a previous pig salivary microbiome study [24]. Oral and gut bacteria have 

different habitats, thus they have distinct microbial diversity and structure in both humans [22, 53, 

54] and pigs [24]. Maki et al [22] summarized that the human oral microflora has a high abundance 

of Streptococcus, Fusobacterium, Neisseria, Prevotella, Actinomyces, Pasteurella and Veillonella, 

whereas the gut has high abundance of Alistipes, Akkermansia, Blautia, Faecalibacterium, 

Roseburia, Sutterella, and etc [22]. The results from this study and others have shown that the pig 

oral microbiome was also enriched with Streptococcus, Neisseria, Moraxella, Rothia, 

Actinobacillus, and Fusobacterium, while earlier studies from our group and others have shown 

that fecal samples were abundant in Clostridium, Lactobacillus, Turicibacteri, and Prevotella [24, 

55]. This supports that oral and gut microbiome have very different microbial composition. One 

similarity between the oral and gut microbiome is that different regions of the oral cavity, such as 

saliva, tonsils, buccal mucosa, gingiva, and plaques have a distinct microbial composition [56], 

just as different gut segments have different microbial composition [57]. The existence of these 

various microbiomes suggests that it is important to understand how these diverse microbiomes of 

the human body interact with its host and affect health. 
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Conclusion 

The findings of this study demonstrated that TBI induced changes in microbial diversity, but did 

not alter the taxonomic composition of the oral microbiota during the acute stage of 

moderate/severe TBI in a swine model. This is an early stage study of the oral microbiota, and 

more research is needed to evaluate the dynamic interplay between TBI and the oral microbiome 

in longitudinal studies including the chronic TBI recovery stage.  
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Figure 5.1. TBI did not significantly alter alpha-diversity indexes of the oral microbiome 

except for Faith’s Phylogenetic Diversity. Alpha-diversity indexes were measured by the 

Number of Observed Features, Shannon, Pielou’s Evenness, and Faith’s Phylogenetic Diversity. 

(A-D) Significant time effects were found in all alpha-diversity indexes, while no group or time-

by-group interaction effects were observed except for Faith’s Phylogenetic Diversity. (D) Faith’s 

Phylogenetic Diversity was significantly lower in the TBI group (n=6) compared to the Sham 

group (n=6) at 7 days PS (Time, Group, and Time-by-Group interaction effects P < 0.05). * : Time-

by-Group interaction effect : Tukey post hoc comparison between the TBI and Sham groups. PS : 

post-surgery 
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Figure 5.2. Beta-diversity of the oral microbiome was different between TBI and Sham 

piglets. Unweighted unifrac matrix distance was used to evaluate the microbial pattern within and 

between groups during the acute stage of TBI. (A) Both TBI (n=6) and Sham (n=6) groups showed 

significant changes in different beta-diversity post-surgery compared to pre-surgery. (B) Distinct 

microbial patterns were observed between the TBI and Sham groups at 1-, 3-, and 7 days PS, with 

the most apparent difference at 7 days PS. Bonferroni corrected p-value : *p <0.05, **p <0.01. 

TBI : traumatic brain injury, PS : post-surgery. 
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Figure 5.3. TBI did not significantly change the taxonomic composition of the oral 

microbiome between TBI and Sham piglets. The oral microbial composition was analyzed at 

the phylum (>1%), family (>1%), genus (>1%), and species (>0.5%) levels pre-surgery and 1, 3, 

and 7 days post-surgery in (A) TBI (n=6) and (B) Sham (n=6) groups. There were no significant 

compositional differences between TBI and Sham groups up to 7 days post-surgery. TBI : 

Traumatic brain injury, PS : post-surgery 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

This study has three objectives. First, this study aims to characterize the changes in the gut 

microbiome during the acute stage of an ischemic stroke and its relationship with stroke severity. 

Second, it seeks to investigate changes in gut inflammation and membrane integrity in response to 

brain treatment with intracisternal administration of Tanshinone IIA-loaded nanoparticles (Tan 

IIA-NPs) and induced pluripotent stem cell-derived neural stem cell (iNSCs) during the long-term 

ischemic stroke. And third, this study aims to explore the changes in the oral microbiome during 

the acute stage of traumatic brain injury (TBI). 

The study presented in Chapter 3 was conducted with the primary objective to examine the 

changes in gut microbial composition and diversity during the acute stage of an ischemic stroke, 

which is up to 5 days post-stroke. In this study, ischemic stroke altered the gut microbial diversity, 

including alpha- and beta-diversity. The alpha-diversity measured by Shannon and Evenness 

indexes were lower 1 day post-stroke compared to pre-stroke and the beta-diversity showed an 

overall tending difference across the time points during acute stage of stroke, with the most distinct 

changes in microbial pattern 3 days post-stroke compared to pre-stroke. The relative abundance of 

Firmicutes declined by 27% in stroke, while Bacteroidetes levels tended to increase at 3 days post-

stroke compared to pre-stroke. Furthermore, there were perturbations of the gut microbiome at the 

family and genus levels 3 days post-stroke compared to pre-stroke, with significant increases in 

opportunistic pathogenic bacteria (Proteobacteria, Enterobacteriaceae, and Desulfovibrionaceae) 

and bacteria related to trimethylamine-N-oxide (TMAO) (Peptostreptococcaceae and Prevotella) 



 

176 

and decreases in beneficial microbes (Lactobacillaceae and Lactobacillus). Importantly, reduced 

species diversity, increased pathogenic microbes, and decreased beneficial microbes were 

correlated with large lesion volume, midline shift, and hemorrhage volume, suggesting that post-

stroke gut dysbiosis may negatively affect stroke severity. The study presented in Chapter 3 

provides a potential role for the gut microbiome as a useful biomarker for stroke severity. 

The study presented in Chapter 4 aimed to examine whether the anti-inflammatory and 

neuroregenerative treatment delivered to the brain changes gut inflammation and membrane 

integrity during the 12 weeks of long-term ischemic stroke. The Tan IIA-NPs and iNSCs therapy 

in the brain improved jejunal inflammation and membrane integrity in the gut of pigs with ischemic 

stroke, showing the reduced protein levels of TNF-α and TNF-α receptor 1 and increased 

expression of gut tight junction proteins (occludin, claudin1, and ZO-1) at 12 weeks post-treatment. 

The treatment also increased the fecal levels of total SCFAs and acetate post-stroke, and those 

increases were negatively correlated with protein expression of TNF-α, phosphorylated IkB-α, and 

ZO-1, and binding activity of NF-kB P65 in the gut. The changes in fecal SCFAs post-stroke were 

also correlated with the brain volumetric changes including lesion volume and midline shift 12 

weeks post-treatment. The results of the study presented in Chapter 4 indicate that brain treatment 

using anti-inflammatory and neuroregenerative agents induced changes in the gastrointestinal 

system. These findings will provide a better understanding of bidirectional communication 

between the gut and the brain and suggest the gut-brain axis as a therapeutic target that may affect 

stroke recovery.  

Despite the potential role of the gut microbiome as a biomarker or indicator of brain injuries, 

sample collection is challenging because about half of the patients admitted to hospital with strokes 

suffer from swallowing disorders, constipation, loss of bowel control, and fecal impaction. After 
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the gut, the oral microbiome is the second largest and most diverse microbial community in the 

human body, and changes in the oral microbiome have recently been observed in patients with 

Alzheimer’s and Parkinson’s disease. Therefore, collecting the oral mucosa may allow for easy 

access to investigating the microbial changes in brain injury patients. The study presented in 

Chapter 5 examined the changes in the oral microbiome during the acute stage of TBI using a pig 

model. As a result, TBI induced changes in oral microbial diversity, but no differences were 

observed in the taxonomical composition of the oral microbiome between TBI and Sham. In alpha-

diversity, Faith’s phylogenetic diversity was significantly lower following the TBI compared to 

sham surgery at 7 days post-surgery. Beta-diversity showed different microbial patterns between 

the TBI and sham surgery, but no significant difference was observed in taxonomic composition 

between the groups in this model. This is the first study investigating the oral microbial changes 

in TBI using a pig model, and the findings will provide preliminary evidence for the feasibility of 

using the oral microbiome in neurological diseases. Future studies are warranted with a larger 

sample size and longer disease duration to elucidate the role of the oral microbiome in TBI.  

In summary, the findings in Chapters 3, 4, and 5 provide insights into how acquired brain 

injuries induce changes in intestinal and oral microbial homeostasis. Our studies provide evidence 

that a significant impact of ischemic stroke on gut microbial composition and diversity, and brain-

targeted stroke therapy alters intestinal inflammation and membrane integrity. Furthermore, the 

study suggests that TBI induces potential changes in oral microbial diversity. These provide an 

important role of inter-organ communications in acquired brain injuries. 
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APPENDIX 

 

SECONDARY INJURIES FOLLOWING THE PRIMARY INJURY OF STROKE AND 

TRAUMATIC BRAIN INJURY 
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Figure 1. Secondary injuries following the primary injury of stroke and traumatic brain injury. 

Figure was adapted from Mechanisms of Neuroinflammation (p. 211), by R. Dugue et al, 2017, 

Intech Press. 

 


