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Abstract 
Organisms possess sophisticated defense mechanisms to maintain homeostasis and combat 

threats. The immune system plays a pivotal role in this defense, recognizing and responding 

to threats from both the internal and external environments. While the influence of various 

factors on the immune system is well recognized, the effect of temperature remains an area 

of significant interest. The complex interplay between thermogenic stimuli and immune 

responses is explored in this dissertation. 

Initially, we investigated the effects of high temperature-dependent TRPV1 channel activation 

in macrophages. The results obtained demonstrate that TRPV1 activation by capsaicin in an 

inflammatory environment induces a phenotypic shift in macrophages from pro-inflammatory 

M1 to anti-inflammatory M2b-like. This transition is accompanied by alterations in cytokine 

production, up-regulation of co-stimulatory molecules, and enhanced T cell proliferation. 

Secondly, we investigated the effects of chronic cold exposure on the immune system in a rat 

model. Our observations revealed substantial changes in the immune system during the 

process of cold acclimatization, ƛƴŎƭǳŘƛƴƎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ǾŀǊƛƻǳǎ 

ǘƛǎǎǳŜǎΦ ¢ƘŜǎŜ ŦƛƴŘƛƴƎǎ ǎǳƎƎŜǎǘ ŀ ŎǊƛǘƛŎŀƭ ǊƻƭŜ ŦƻǊ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ǘƘŜǊƳƻƎŜƴŜǎƛǎΦ 

Furthermore, we observed that cold exposure altered the immune response to TLR2 and TLR4 

stimulation, highlighting the profound impact of temperature on immune function. Finally, we 

translated some of these findings to human subjects. Specifically, we observed an increase in 

ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ǘƘŜ ōƭƻƻŘ ƻŦ volunteers who regularly swim in cold water, in 

comparison to a control group. 

This dissertation offers novel insights into the intricate relationship between thermogenic 

stimuli and the immune system. The findings underscore the potential for targeting TRPV1 

ŀƴŘ ʴʵ ¢ ŎŜƭƭǎ ǘƻ ƳƻŘǳƭŀǘŜ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜǎΦ ¢ƘŜ ƛƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ǘƘŜǎŜ ŦƛƴŘings are 

significant, as they offer novel perspectives on comprehending and potentially manipulating 

the immune system under various physiological and pathological conditions.  
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Abstrakt (CZ) 
hǊƎŀƴƛǎƳȅ ƳŀƧƝ ŘǻƳȅǎƭƴŞ ƻōǊŀƴƴŞ ƳŜŎƘŀƴƛǎƳȅΣ ƪǘŜǊŞ ƧƛƳ ǳƳƻȌƶǳƧƝ ǳŘǊȌƻǾŀǘ ƘƻƳŜƻǎǘłȊǳ ŀ 

ōƻƧƻǾŀǘ ǇǊƻǘƛ ƘǊƻȊōłƳΦ YƭƝőƻǾƻǳ Ǌƻƭƛ Ǿ ǘŞǘƻ ƻōǊŀƴŠ ƘǊŀƧŜ ƛƳǳƴƛǘƴƝ ǎȅǎǘŞƳΣ ƪǘŜǊȇ ǊƻȊǇƻȊƴłǾł 

ƘǊƻȊōȅ Ȋ ǾƴƛǘǌƴƝƘƻ ƛ ǾƴŠƧǑƝƘƻ ǇǊƻǎǘǌŜŘƝ ŀ ǊŜŀƎǳƧŜ ƴŀ ƴŠΦ ½ŀǘƝƳŎƻ ǾƭƛǾ ǊǻȊƴȇŎƘ ŦŀƪǘƻǊǻ ƴŀ ƛƳǳƴƛǘƴƝ 

ǎȅǎǘŞƳ ƧŜ ŘƻōǌŜ ȊƴłƳΣ ǾƭƛǾ ǘŜǇƭƻǘȅ ȊǻǎǘłǾł ƻōƭŀǎǘƝ ȊƴŀőƴŞƘƻ ȊłƧƳǳΦ ¢ŀǘƻ ŘƛǎŜǊǘŀőƴƝ ǇǊłŎŜ 

ȊƪƻǳƳł ǎƭƻȌƛǘƻǳ ǎƻǳƘǊƻǳ ƳŜȊƛ ǘŜǊƳƻƎŜƴƴƝƳƛ ǇƻŘƴŠǘȅ ŀ ƛƳǳƴƛǘƴƝƳƛ ǊŜŀƪŎŜƳƛΦ 

bŜƧǇǊǾŜ ƧǎƳŜ ȊƪƻǳƳŀƭƛ ǵőƛƴƪȅ ŀƪǘƛǾŀŎŜ ƪŀƴłƭǳ ¢wt±м Ǿ ƳŀƪǊƻŦłȊƝŎƘ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ǾȅǎƻƪŞ 

ǘŜǇƭƻǘŠΦ ½ƝǎƪŀƴŞ ǾȇǎƭŜŘƪȅ ǳƪŀȊǳƧƝΣ ȌŜ ŀƪǘƛǾŀŎŜ ¢wt±м ƪŀǇǎŀƛŎƛƴŜƳ Ǿ ȊłƴŠǘƭƛǾŞƳ ǇǊƻǎǘǌŜŘƝ 

ǾȅǾƻƭłǾł ŦŜƴƻǘȅǇƻǾȇ Ǉƻǎǳƴ ƳŀƪǊƻŦłƎǻ Ȋ ǇǊƻȊłƴŠǘƭƛǾŞƘƻ aм ƴŀ ǇǊƻǘƛȊłƴŠǘƭƛǾȇ aнō-like. Tento 

ǇǌŜŎƘƻŘ ƧŜ ŘƻǇǊƻǾłȊŜƴ ȊƳŠƴŀƳƛ Ǿ ǇǊƻŘǳƪŎƛ ŎȅǘƻƪƛƴǻΣ ǳǇǊŜƎǳƭŀŎƝ ƪƻ-ǎǘƛƳǳƭŀőƴƝŎƘ ƳƻƭŜƪǳƭ ŀ 

ȊǾȇǑŜƴƻǳ ǇǊƻƭƛŦŜǊŀŎƝ ¢-ōǳƴŠƪΦ 

½ŀ ŘǊǳƘŞ ƧǎƳŜ ȊƪƻǳƳŀƭƛ ǵőƛƴƪȅ ŎƘǊƻƴƛŎƪŞ ŜȄǇƻȊƛŎŜ ŎƘƭŀŘǳ ƴŀ ƛƳǳƴƛǘƴƝ ǎȅǎǘŞƳ ƴŀ ƳƻŘŜƭǳ 

ǇƻǘƪŀƴŀΦ bŀǑŜ ǇƻȊƻǊƻǾłƴƝ ƻŘƘŀƭƛƭŀ ǇƻŘǎǘŀǘƴŞ ȊƳŠƴȅ Ǿ ƛƳǳƴƛǘƴƝƳ ǎȅǎǘŞƳǳ ōŠƘŜƳ ǇǊƻŎŜǎǳ 

ŀƪƭƛƳŀǘƛȊŀŎŜ ƴŀ ŎƘƭŀŘΣ ǾőŜǘƴŠ ȊǾȇǑŜƴƝ ƳƴƻȌǎǘǾƝ ʴʵ ¢ ōǳƴŠƪ Ǿ ǊǻȊƴȇŎƘ ǘƪłƴƝŎƘΦ ¢ŀǘƻ ȊƧƛǑǘŠƴƝ 

ƴŀȊƴŀőǳƧƝΣ ȌŜ ʴʵ ¢ ōǳƶƪȅ ƘǊŀƧƝ ȊłǎŀŘƴƝ Ǌƻƭƛ Ǿ ǊŜƎǳƭŀŎƛ ǘŜǊƳƻƎŜƴŜȊŜΦ 5łƭŜ ƧǎƳŜ ǇƻȊƻǊƻǾŀƭƛΣ ȌŜ 

ǾȅǎǘŀǾŜƴƝ ŎƘƭŀŘǳ ȊƳŠƴƛƭƻ ƛƳǳƴƛǘƴƝ ƻŘǇƻǾŠř ƴŀ ǎǘƛƳǳƭŀŎƛ ¢[wн ŀ ¢[wпΣ ŎƻȌ ȊŘǻǊŀȊƶǳƧŜ Ƙƭǳōƻƪȇ 

ǾƭƛǾ ǘŜǇƭƻǘȅ ƴŀ ƛƳǳƴƛǘƴƝ ŦǳƴƪŎŜΦ bŀƪƻƴŜŎ ƧǎƳŜ ƴŠƪǘŜǊł Ȋ ǘŠŎƘǘƻ ȊƧƛǑǘŠƴƝ ǇǌŜǾŜŘƭƛ ƴŀ ƭƛŘǎƪŞ 

ǎǳōƧŜƪǘȅΦ YƻƴƪǊŞǘƴŠ ƧǎƳŜ ǇƻȊƻǊƻǾŀƭƛ ȊǾȇǑŜƴƝ ǇƻǇǳƭŀŎŜ ʴʵ ¢ ōǳƴŠƪ Ǿ ƪǊǾƛ ƧŜŘƛƴŎǻΣ ƪǘŜǌƝ 

ǇǊŀǾƛŘŜƭƴŠ ǇƭŀǾƻǳ ǾŜ ǎǘǳŘŜƴŞ ǾƻŘŠΣ ǾŜ ǎǊƻǾƴłƴƝ ǎ ƪƻƴǘǊƻƭƴƝ ǎƪǳǇƛƴƻǳΦ 

¢ŀǘƻ ŘƛǎŜǊǘŀőƴƝ ǇǊłŎŜ ƴŀōƝȊƝ ƴƻǾȇ ǇƻƘƭŜŘ ƴŀ ǎƭƻȌƛǘȇ ǾȊǘŀƘ ƳŜȊƛ ǘŜǊƳƻƎŜƴƴƝƳƛ ǇƻŘƴŠǘȅ ŀ 

ƛƳǳƴƛǘƴƝƳ ǎȅǎǘŞƳŜƳΦ ½ƧƛǑǘŠƴƝ ǇƻŘǘǊƘǳƧƝ ǇƻǘŜƴŎƛłƭ ŎƝƭŜƴƝ ƴŀ ¢wt±м ŀ ʴʵ ¢ ōǳƶƪȅ Ȋŀ ǵőŜƭŜƳ 

ƳƻŘǳƭŀŎŜ ƛƳǳƴƛǘƴƝŎƘ ǊŜŀƪŎƝΦ 5ǻǎƭŜŘƪȅ ǘŠŎƘǘƻ ȊƧƛǑǘŠƴƝ Ƨǎƻǳ ǾȇȊƴŀƳƴŞΣ ǇǊƻǘƻȌŜ ƴŀōƝȊŜƧƝ ƴƻǾŞ 

ǇŜǊǎǇŜƪǘƛǾȅ ǇǊƻ ǇƻŎƘƻǇŜƴƝ ŀ ǇƻǘŜƴŎƛłƭƴƝ ƳŀƴƛǇǳƭŀŎƛ ǎ ƛƳǳƴƛǘƴƝƳ ǎȅǎǘŞƳŜƳ Ǿ ǊǻȊƴȇŎƘ 

ŦȅȊƛƻƭƻƎƛŎƪȇŎƘ ŀ ǇŀǘƻƭƻƎƛŎƪȇŎƘ ǎǘŀǾŜŎƘΦ  
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Introduction 
Throughout its lifetime, an organism is required to manage a series of events that may pose a 

threat to its integrity. Consequently, it has evolved multiple defense mechanisms to protect 

the body. The objective is to preserve homeostasis, which is crucial to maintaining vital 

metabolic functions and processes that occur within every living cell. The primary system that 

organisms have evolved to maintain integrity and homeostasis is the immune system. The 

immune system's role is to detect potential threats originating from either external or internal 

sources and to initiate an immune response that will ensure the survival of the organism. 

Nonetheless, the immune system is susceptible to various factors that can alter its 

functionality and efficiency. Such influences can manifest as either beneficial or detrimental. 

Influencing factors include stress, dietary habits, physical activity, lifestyle choices, adequate 

sleep, and age, in addition to various diseases, injuries, infections, or subsequent treatments. 

Among environmental factors, temperature is a well-established modulator of immune 

function and overall health. 

It is imperative to preserve all physiological functions of the organism, regardless of elevated 

or reduced ambient or internal temperatures. The persistence of fundamental metabolic 

reactions is crucial for maintaining a stable body temperature, with the involvement of almost 

all physiological systems in this process. Under circumstances characterized by extreme 

changes, some physiological processes may be overlooked. However, it is necessary for the 

immune system to maintain its functionality, as failure of this system could have serious 

consequences. It is widely acknowledged that variations in temperature have a significant 

impact on the immune system. Immune responses and processes function differently 

compared to optimal conditions, resulting in altered immune reactions. Consequently, the 

recognition of threats and the combat against infections may vary based on ambient 

temperature, affecting their efficacy accordingly. 

Nevertheless, the immune system actively participates in regulatory processes that respond 

to temperature variations and serves as a crucial component in adaptation mechanisms. In 

the absence of a fully functioning immune system, the maintenance of fundamental metabolic 

processes in extremes of cold or heat becomes extremely challenging, thus significantly 

increasing vulnerability to infections and disrupting homeostasis. While the immune system 

continues to operate effectively under altered temperature conditions, it must also actively 

engage in the physiological adaptation to novel temperature settings and guarantee the 

optimal performance of other bodily systems. 

Consequently, the role of the immune system under varying temperature conditions is of 

critical importance. Notably, numerous studies have focused on the effects on the organism 

when exposed to thermal stimuli, yet relatively few have specifically addressed the immune 

system's responses. In this dissertation, I intend to consolidate the knowledge acquired 

throughout my doctoral research on the impact of thermogenic stimuli on the immune 
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system. Comprehending the intricate interconnections between ambient temperature, its 

discernment, and subsequent initiation of appropriate thermoregulatory mechanisms by the 

immune system, in addition to maintaining its fundamental operations, presents a highly 

promising therapeutic objective. By employing ambient temperature or targeting specific 

temperature receptors, it is possible to modulate immune system functions and efficacy, as 

well as activate metabolic pathways involved in the thermoregulation process. Consequently, 

these applications hold substantial potential for clinical practice and medical advancement. 
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Thermoregulation 
Thermoregulation is defined as a process of regulating the physiological body temperature 

through the equilibrium between heat generation and dissipation. In the context of humans, 

the term "normothermic" is used to denote an individual whose body temperature is 

ƳŀƛƴǘŀƛƴŜŘ ǿƛǘƘƛƴ ŀ ǊŀƴƎŜ ƻŦ отϲ/ Ҍκ- лΦрϲ/Φ Lƴ ŎƻƴǘǊŀǎǘΣ Ǌŀǘǎ ŜȄƘƛōƛǘ ŀ ǎƭƛƎƘǘƭȅ ŜƭŜǾŀǘŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ отΦо ϲ/ Ҍκ- лΦр ϲ/Σ ǿƘƛƭŜ ƳƛŎŜ ǇǊŜǎŜƴǘ ŀ ƭƻǿŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ осΦр ϲ/ Ҍκ- 0.5 

ϲ/ [1]. Maintaining an appropriate temperature range is essential to maintain homeostasis 

and ensure optimal metabolic function [2]. The peripheral thermoreceptors, located in the 

skin, are responsible for detecting surface temperatures, while the central thermoreceptors, 

located in the viscera, spinal cord, and hypothalamus, sense the core temperature. The 

thermoregulatory center is located in the hypothalamus, more specifically in the preoptic area 

(POA). POA integrates peripheral and central thermosensory neural inputs and transmits 

signals to effector organs to initiate involuntary thermoregulatory responses [3],[4]. Neurons 

that are sensitive to elevated temperatures are found in the dorsal segment of the lateral 

parabrachial nucleus (LPBd), and their activation leads to vasodilation and suppression of 

thermogenesis. Conversely, neurons that are sensitive to cold are located in the external 

segment of the lateral parabrachial nucleus (LPBel), and upon activation, they induce 

vasoconstriction and promote thermogenesis (Fig. 1) [4],[5]. 

The culmination of the physiological response to elevated body temperature is the dissipation 

of heat through several mechanisms. Among these mechanisms, there is an increase in 

sweating, facilitated by the activation of sympathetic cholinergic fibers that innervate the 

sweat glands. Concurrently, there is suppression of sympathetic activity in cutaneous blood 

vessels, enhancing blood flow to the skin and thereby increasing heat loss. Furthermore, a 

decrease in the release of catecholamines from the adrenal glands and thyroid hormones from 

the hypothalamus results in a reduced metabolic rate. Behavioral adaptations, such as 

decreased physical activity, the adoption of an "open" body posture, and a reduction in 

appetite, also occur [5],[6]. 

Responses to decreased body temperature are correlated with mechanisms that generate 

heat. The sympathetic nervous system induces vasoconstriction of skin arterioles, thereby 

reducing cutaneous blood flow and subsequently reducing heat dissipation. The secretion of 

thyroid hormones, along with the enhanced synthesis of catecholamines by the adrenal 

glands, helps to elevate the metabolic rate. Moreover, behavioral adaptations, including 

increased propensity for movement, the adoption of a "closed" body posture, and heightened 

appetitive drive, further contribute to the regulation of body temperature. Furthermore, the 

process of thermogenesis is initiated [5],[6]. 
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Thermogenesis 

Thermogenesis is defined as the process by which an organism produces heat actively. Two 

distinct categories of thermogenesis have been identified: shivering and non-shivering 

thermogenesis. These categories diverge based on the underlying mechanisms and the 

Figure 1 (A) Simplified diagram of the thermoregulatory system. The preoptic area (POA) 

receives neural (brown) and humoral (green) afferents to provide thermoregulatory efferent 

signals. (B) Schematic model of central thermoregulatory pathways in warm and cold 

environments. See text for details. BAT, brown adipose tissue; GABA, gamma-aminobutyric 

acid; Glu, glutamate; LPBd, dorsal part of the lateral parabrachial nucleus; LPBel, external part 

of the lateral parabrachial nucleus; MnPO, median preoptic nucleus; MPA, medial preoptic 

area. Taken from Nakamura K., 2018 [4] 
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specific tissue responsible for heat production. In the subsequent paragraph, a comprehensive 

overview of both types will be provided, with a more in-depth examination of non-shivering 

thermogenesis, the model of which was used in the experimental part of this dissertation. 

Shivering thermogenesis 

Shivering thermogenesis is a process that utilizes striated muscle to generate heat. It is 

triggered by the stimulation of cold receptors located on the skin, which in turn activates the 

alpha and gamma moto neurons. This activation leads to the spontaneous, rapid, and 

repeated contraction of muscles comprising fibers I and II. This process is driven by the 

conversion of adenosine triphosphate (ATP) into kinetic energy without the expenditure of 

work, which is subsequently released as heat. In large mammals, including humans, shivering 

thermogenesis is the predominant mechanism of heat generation in response to cold 

exposure [5],[7]. 

Non-shivering thermogenesis and brown adipose tissue 

Non-shivering thermogenesis is a process that occurs in brown adipose tissue (BAT), a 

specialized fat depot distinct from white adipose tissue (WAT), which is primarily responsible 

for energy storage. Typically, adipocytes of WAT contain a single large fat droplet, a 

compressed nucleus close to the cell membrane, and a smaller number of thin and elongated 

mitochondria [8]ς[10]. In contrast, BAT adipocytes are characterized by multilocular fat 

droplets and a nucleus that is located more centrally within the cell. A pronounced distinction 

emerges in the quantity of mitochondria in BAT adipocytes, which are often more substantial 

in size and possess a greater number of cristae. The brown color of BAT is associated with a 

higher concentration of mitochondrial cytochrome and stronger vascularization compared to 

WAT [11]. The thermogenic function of BAT is driven by the expression of uncoupling protein 

1 (UCP1), also known as thermogenin in some studies, on the inner mitochondrial membrane 

(Fig. 2) [9]. 

Cold exposure and subsequent activation of cold receptors trigger activation of BAT through 

the release of norepinephrine (NE) from the sympathetic nervous system of the adrenal 

glands. This sympathetic activation stimulates the metabolic pathway, leading to the 

breakdown of triacylglycerols and the subsequent formation of free fatty acids. The 

ǎǳōǎŜǉǳŜƴǘ ʲ-oxidation of these fatty acids produces acetyl coenzyme A, which enters the 

citrate cycle, where a sequence of biochemical reactions leads to the formation of a proton 

gradient in the inner membrane of mitochondria in the final respiratory chain. However, in 

adipocytes of BAT, b9 ōƛƴŘǎ ǘƻ ǘƘŜ ʲоŀŘǊŜƴŜǊƎƛŎ ǊŜŎŜǇǘƻǊ ό!wύΣ ƛƴŘǳŎƛƴƎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ 

UCP1. This protein has the ability to uncouple the proton gradient, a process in which ATP 

synthesis and the return of protons via ATP-synthase do not occur. Instead, protons pass 

directly back into the mitochondrial matrix. This results in the dissipation of the proton motive 

force, which is converted into heat [12]. BAT is primarily responsible for thermogenesis in 

small mammals, young animals, and hibernating animals [13]. In humans, BAT is active in 

newborns and is found in the interscapular region; however, it regresses with age [8]. For a 
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considerable period, it was believed that BAT disappeared entirely in adults. It was not until 

the development of positron emission tomography/computed tomography, which is used in 

the diagnosis of malignancies, that the presence of BAT in adult patients was unexpectedly 

revealed [14]. The currently accepted localization of BAT in adults is in the cervical, 

supraclavicular, paravertebral, periaortic, and perirenal depots [8]. 

C         White adipocytes            Beige adipocytes          Brown adipocytes 
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In addition to classic BAT adipocytes, the presence of beige adipocytes has been documented. 

These cells are derived from WAT precursors or through direct redifferentiation of white 

adipocytes. Morphologically, these cells exhibit intermediate characteristics between BAT and 

WAT. However, they are characterized by induced expression of UCP1. This process is referred 

to as "beiging" of adipose tissue. These beige adipocytes are utilized in adults, who, in contrast 

to small mammals, are unable to form new brown adipocytes. The beiging process is 

reversible; however, if the organism remains in chronic cold exposure for an extended period, 

beige adipocytes can adopt their new phenotype, thus fulfilling the function of BAT [8],[15]. 

It has been shown that the amount and activity of BAT are also influenced by various factors 

other than the reduced temperature. One such factor may be the composition of food, such 

as the presence of fatty acids or thermosensor ligands, which contribute to or inhibit the 

adipose tissue beiging and activation. For instance, omega-3 fatty acids have been observed 

ǘƻ ŜƴƘŀƴŎŜ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ¦/tм ŀƴŘ ʲо-AR [16]ς[18]. The catechins and caffeine present 

in tea have been observed to activate BAT in research models[19],[20]. The activation of BAT 

can also be stimulated by curcumin, a component of the spice turmeric [21], as well as by 

components found in garlic [22] or ginger extracts [23]. Additional components affecting BAT 

include thermosensor activators from the transient receptor potential (TRP) family, such as 

menthol or capsaicin. These channels will be discussed in subsequent chapters. 

Another factor to consider is physical activity. Physical exercise has been shown to increase 

body temperature, activate the sympathetic nervous system, and enhance blood flow through 

skeletal muscles. Subsequent increase in NE concentration leads to an increase in the number 

of thermogenic adipocytes and UCP1 activation [24]. However, contradictory studies have also 

been published, reporting a decrease in UCP1 activity after exercise [25],[26]. Nevertheless, 

there is an agreement on the influence of myokines and factors produced by muscle tissue 

during exercise, which can increase thermogenesis. These factors include IL-6, IL-39, or irisin, 

which activate the transcription factor peroxisome proliferator-ŀŎǘƛǾŀǘŜŘ ǊŜŎŜǇǘƻǊ ʰ όtt!w-ʰύ 

and its co-activator-м ʰ όtD/м-ʰύΦ ¢ƘŜǎŜ ŦŀŎǘƻǊǎ ŀǊŜ ǘƘŜƴ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƳƛǘƻŎƘƻƴŘǊƛŀƭ 

biogenesis and thermogenesis [27]ς[30]. The final noteworthy regulator is the microbiome, 

which undergoes substantial alterations when the organism is exposed to cold. This change is 

Fig. 2 (A) Adipocytes characteristic of individual types of adipose tissue. Adipocyte originating 

from white adipose tissue (left), beige adipose tissue (middle), and brown adipose tissue 

(right). Fat droplets (yellow), nucleus (blue) and mitochondria (red) are depicted. (B) Brown 

adipocytes contain many UCP1 positive mitochondria, numerous small lipid droplets and are 

involved in thermogenesis. In contrast, white adipocytes contain few mitochondria that do not 

express UCP1 and a single, large lipid droplet for triglyceride storage. Beige adipocytes have 

an intermediate phenotype between classic brown and white adipocytes. Taken and adapted 

from Jung et al., 2018; Suchacki and Stimson, 2021 [8]. (C) Morphology of three different types 

of adipocytes. Hematoxylin and eosin staining of white (left), beige (middle) and brown (right) 

adipocytes. Scale bars 50 ҡm. Taken and adapted from Keipert and Jastroch, 2014 [10] 
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associated with an increase in metabolic activity and a beiging of WAT. In germ-free mice, 

thermogenic capacity is reduced and UCP1 expression is decreased [31]. 

Fever and pathophysiological conditions 

Fever is characterized by an elevation in body temperature above the normal range, regulated 

by the POA within the thermoregulatory center. Its etiology is multifactorial, with different 

origins, including infection, inflammation, autoimmune disorders, or medication effects. It is 

not merely transient overheating but is induced by the activity of pyrogens. Exogenous 

pyrogens originate externally and trigger the production of endogenous pyrogens, specifically 

pro-inflammatory cytokines including interleukin 1 (IL-1), IL-6, tumor necrosis factor alpha 

ό¢bCʰύΣ ŀƴŘ ƛƴǘŜǊŦŜǊƻƴ ƎŀƳƳŀ όLCbʴύΦ ¢ƘŜǎŜ ŎȅǘƻƪƛƴŜǎ ƛƴŘǳŎŜ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǇǊƻǎǘŀƎƭŀƴŘƛƴ 

E2 through cyclooxygenase 2 (COX-2), thereby stimulating the production of thermogenic 

neurotransmitters, which culminates in an increase in body temperature. Fever plays a crucial 

role in host defense; it enhances leukocyte mobility and proliferation, increases phagocytic 

capabilities, and mitigates the effects of endotoxins. Consequently, pharmacological 

intervention to suppress fever is usually avoided unless the fever is excessively high, persists 

for an extended period, or poses a threat to the patient's life [32]. 

Pathological conditions affecting thermoregulation pose significant health risks by increasing 

susceptibility to temperature extremes. These are often different types of neuropathies, 

endocrinological disorders, or problems with insufficient sweating. This can be observed, for 

ŜȄŀƳǇƭŜΣ ƛƴ ǇŀǘƛŜƴǘǎ ǿƛǘƘ {ƧǀƎǊŜƴϥǎ ǎȅƴŘǊƻƳŜΣ ƳǳƭǘƛǇƭŜ ǎŎƭŜǊƻǎƛǎΣ ƻǊ tŀǊƪƛƴǎƻƴϥǎ ŘƛǎŜŀǎŜ [33]ς

[35]. Thermoregulatory disorders are also a complication in people with spinal cord or brain 

injuries, as the connection to the hypothalamus is often damaged. Another complication is 

the loss of physical sensation of the skin, making it impossible to detect hot or cold stimuli 

[36]. 

TRP channels 
Thermoreceptors play a critical role in sensing external temperatures. Notable 

thermoreceptors include the family of TRP channels, a subject of particular interest in this 

research and this doctoral thesis. These channels are characterized by their high degree of 

conservation across species, with expression observed in both invertebrates and vertebrates. 

Notably, a homologous channel, designated as Yvc1, has been observed to be expressed in 

yeast [37]. However, the expression of these channels in plant cells remains to be confirmed. 

The TRP family was first identified in 1969 in the organism Drosophila melanogaster, which 

initiated extensive research in this area. Within a relatively brief period, six subfamilies were 

defined: canonical TRP (TRPC), melastatin-related TRP (TRPM), ankyrin TRP (TRPA), mucolipin 

TRP (TRPML), polycystic TRP (TRPP), and vanilloid TRP (TRPV) [38]ς[41]. The seventh subfamily 

named no mechanoreceptor potential C (TRPN) was only identified in 2000 [42] and its 

complete structure remained unresolved until 2017 [43]. 
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Each TRP cation channel is comprised of six transmembrane helices, and the passage pore is 

typically situated between the fifth and sixth domains. The protein termini are oriented 

towards the cytosolic side of the membrane, while the N terminus is specifically adapted for 

binding modulators [44],[45]. However, individual subfamilies display a wide variety of gating 

mechanisms and consequently functions, resulting in a diverse array of final structures [40]. 

The TRPN family has been described as mechanoreceptors [46],[47]. The TRPP subfamily, 

which is found mainly in renal cilia, is also included in the category of mechanoreceptors. 

Autosomal dominant polycystic kidney disease has been linked to a mutation in genes that 

encode these proteins [48]. The precise function of the TRPML family remains to be 

elucidated. However, one of its members, the TRPML1 protein, is localized in endosomes, 

where it participates in proton transport [49]. Furthermore, its activity is also associated with 

autophagosome biogenesis [50]. The TRPA subfamily is represented solely by TRPA1. It is a 

significant protein due to its role in the transmission of painful stimuli and neurogenic 

inflammation. Activators of this protein include pungent oils such as those found in mustard 

or garlic [51]. The TPRC group was discovered as the very first subfamily. Because it was 

discovered mainly due to its molecular identity, its properties remained in the background for 

a long time. TRPCs are expressed in many tissues, including the brain, testis, or heart. We now 

know that its function is primarily related to calcium cation transport and regulation by the 

phospholipase C pathway [52]. The thermoreceptors that have been identified to date are 

classified within the TRPM and TRPV families. 

TRPM 

The TRPM subfamily comprises eight distinct channels, designated as TRPM1-8, which exhibit 

various functional characteristics. It is hypothesized that functional channels form tetramers 

and that individual proteins differ significantly structurally from other TRP channels [53]. 

While TRPM4 has been implicated in cardiac conduction [54], TRPM5 has been associated with 

taste recognition [55], and TRPM6 plays a role in kidney and intestinal magnesium absorption 

[56], TRPM2, TRPM3, and TRPM8 channels are involved in response to temperature. TRPM3 

is a Ca2+ permeable non-selective channel that is predominantly expressed in peripheral 

sensory neurons of the dorsal root ganglia. It is activated by high temperatures, as well as by 

inflammatory pain [57],[58]. TRPM2, on the other hand, functions as a hypothalamic heat 

sensor, where it can influence fever and hypothermia [59]. TRPM8, another non-selective 

cation channel, is expressed on sensory nerves and is known to be activated by cold 

temperatures. In addition, TRPM8 has been observed to be activated by plant-derived ligands, 

such as menthol or eucalyptol [60],[61]. This property contributes to the perception of cold 

sensations triggered by products or foods derived from mint or eucalyptus. TRPM8 is also 

involved in the perception of cold pain [60] and appears to be crucial for the detection of 

reduced temperature [62]. The role of TRPM8 is also described in the switch between fever 

and hypothermia [63]. Moreover, TRPM8 expression has been observed in mouse BAT 

adipocytes, and its activation by menthol has been shown to increase UCP1 expression [64]. 
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Furthermore, menthol activation has been shown to increase UCP1 expression in human WAT, 

thereby aiding thermogenesis [65]. 

The immune response is also associated with signaling associated with TRPM8 activation. 

Activation of TRPM8 initiates a signaling pathway that results in increased blood pressure and 

increased plasma proteins concentration. This results in an increase in the concentration of 

immunoglobulins, which is associated with immunosuppression [66]. Furthermore, TRPM8 

activation has been shown to negatively regulate the production of the pro-inflammatory 

ŎȅǘƻƪƛƴŜ ¢bCʰ [67]. In addition, TRPM8 stimulation in macrophages modulates the colitis 

model by altering ǘƘŜ ōŀƭŀƴŎŜ ƻŦ ¢bCʰ ŀƴŘ L[-10 production [68]. However, in T lymphocytes, 

activation of the TRPM8 channel has been shown to increase proliferation and promote the 

production of inflammatory cytokines [69]. Consequently, the precise mechanisms through 

which TRPM8 influences the immune system have not yet been elucidated. 

TRPV 

The TRPV channel subfamily has received the most research attention of all the TRP 

subfamilies. It is named after the well-known member, TRPV1, which is sensitive to vanilloids 

[70]. This subfamily comprises six distinct TRPV1-6 channels, which exhibit divergent Ca2+/Na+ 

selectivity. These channels possess both homo and hetero-tetrameric structure [41],[71]. 

Notably, TRPV5 and TRPV6 exhibit no sensitivity to temperature changes, in contrast to the 

other TRPV1-4 channels, which are thermosensitive and thus termed "thermoTRPVs." These 

channels exhibit distinct differences in selectivity, associated subunits, and temperature 

sensitivity. All four are expressed in the central nervous system (CNS), but their expression 

differs in other tissues [41]. TRPV3 is expressed in keratinocytes [72], while TRPV4 is expressed 

in sperm [73]. However, the TRPV1 channel is the most well-known and studied, and since it 

is important for this thesis, the following section will focus on it in depth. 

TRPV1 

The TRPV1 receptor was first identified in 1997 by a research team led by David Julius and was 

initially referred to as vanilloid receptor 1 (VR1) [70]. For this groundbreaking discovery, David 

Julius was honored with the prestigious Nobel Prize in Physiology and Medicine in 2021. He 

shared this honor with Ardem Patapoutian, who identified other ion channels involved in 

sensory perception. TRPV1 is typically assembled as a homotetramer (Fig. 3A) [74], and the 

structure of individual monomers is indicated in Figure 3B [44]. The pore is formed by six 

transmembrane helices in conjunction with a loop. The extracellular portion of the channel is 

relatively wide, facilitating access [44],[75]. 

Initial research on TRPV1 focused on its expression in neurons [70], subsequently followed by 

an intensive investigation of its properties [76],[77]. In particular, the properties of TRPV1 

associated with pain perception and nociception have been studied. These investigations have 

led to the identification of TRPV1 as an important therapeutic target in the field of analgesia 

[78]. It is expressed in the CNS in spinal and supraspinal structures, as well as in peripheral 
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primary afferent neurons and dorsal root ganglia in the peripheral nervous system (PNS) [79]. 

Recent findings have revealed that TRPV1 expression is not limited to the nervous system; 

rather, this protein is present in numerous types of tissues, including the lungs, skin, and 

gastrointestinal tract [80],[81]. Notably, its expression in the corneal endothelium [82], 

capillaries [83], and cerebromicrovascular endothelium [84] is of particular interest. Its 

presence in sperm [85] and epithelial cells [81],[86] has also been described. Furthermore, its 

expression has been documented in the immune system [87]. 

The presence of TRPV1 expression has been confirmed in a variety of immune cells, including 

T cells [88],[89], NK cells [90], neutrophils [90],[91], mast cells [92],[93], dendritic cells (DC) 

[94],[95], and macrophages [96],[97]. 

 

 

 

Fig. 3 The structure of TPRV1. (A) TRPV1 chains (colored), Connolly surface of the molecular 

cavities (grey). The vanilloid pocket is highlighted by the black box. Taken and adapted from 

Elokely et al., 2015 [335]. (B) Linear diagram depicting major structural domains in a TRPV1 

subunit. Taken from Liao et al., 2013 [44]. Cap, capsaicin; PI, phosphatidylinositol; RTX, 

resiniferatoxin 
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TRPV1 Activation 

As stated above, the activators of the TRPV group are vanilloids. The vanilloid binding site is 

located between the transmembrane helices. Upon binding, vanilloid initiates a sequence of 

allosteric modifications, ultimately resulting in the dilation of the selectivity filter and; 

consequently, the opening of the channel [75]. The most well-known vanilloid activator is 

capsaicin, which is isolated from chili peppers (Capsicum sp.) or cayenne pepper and is 

responsible for the pungent taste of hot foods [98]. Capsaicin was proposed as an activator in 

1997 [70] and remains the most prevalent TRPV1 agonist in use today. Another vanilloid 

TRPV1 agonist is resiniferatoxin, which occurs naturally in the plant Euphorbia resinifera and 

is also commonly used in laboratory experiments [74],[75]. In addition to these naturally 

occurring substances, there is a synthetically produced vanilloid antagonist capsazepine that 

has been developed to inhibit the effects of TRPV1 [99]. 

TRPV1 is also activated by low pH with a threshold of approximately 6 [77] and by endogenous 

compounds associated with pain, including lysophosphatidic acid [100] and endocannabinoid 

anandamide [101],[102]. TRPV1 activation is also influenced by magnesium and barium 

cations, which have been shown to reduce the action potential in the extracellular region of 

the channel, thus potentiating its activation [103]. Furthermore, the channel is affected by 

certain toxins, such as those found in the venom of Chinese bird spiders, which have been 

shown to induce permanent activation of TRPV1 [104]. TRPV1 is also responsive to high 

temperatures, with activation occurring above 43 ϲ/ [77]. This heat-induced influx of calcium 

ions into the cell has been shown to elicit a response analogous to that triggered by capsaicin. 

The precise mechanism underlying this phenomenon has not yet been elucidated; however, a 

general assumption is made regarding a conformational change within the intracellular region 

and the outer pore, which is assumed to be independent of vanilloid activation [105]. 

The influence of TRPV1 on BAT and its activation remains a topic of ongoing debate due to 

inconsistencies in the literature. There is evidence that TRPV1 activation activates BAT 

thermogenesis [106] and induces beiging of WAT [107]. On the contrary, some authors have 

reported that nonthermal activation of TRPV1 leads to a decrease in thermogenesis and BAT 

activity [108],[109]. 

The decision to study TRPV1 in the context of thermogenesis and immune response was 

motivated by the thermosensitive properties of this channel, its association with pain, and the 

ambiguity of its role in the inflammatory process. Given that the experimental component of 

this doctoral thesis primarily focused on macrophage populations, the following section will 

focus on their characteristics and functions. 

Macrophages 
Macrophages are cells classified among the components of innate immunity. These cells 

exhibit significant heterogeneity depending on the tissue in which they are located. 
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Consequently, they acquire specific designations, including Kupffer cells in the liver, 

osteoclasts associated with bone tissue, and microglia in the nervous system. These 

professional phagocytes fulfil an important role in pathogen engulfment, antigen 

presentation, wound healing, tissue homeostasis and individual development [110]. 

In conventional classifications, macrophages are categorized into two primary phenotypes: 

classically activated M1 macrophages and alternatively activated M2 macrophages. However, 

this classification is not universally applicable, as it is a highly dynamic array of different 

subtypes that can exhibit a wide range of properties, from highly similar to distinctly different. 

The repolarizations and substitutions that occur between these subtypes are influenced by 

factors such as the tissue environment, the presence of cytokines, and metabolic activity. 

M1 macrophages 

Classically activated macrophages, also known as pro-inflammatory M1 macrophages, fulfill a 

pivotal function in host defense. These cells possess the ability to phagocytose pathogens, 

participate in the inflammatory reaction, and contribute in the antitumor response. The 

induction of these cells is primarily driven by an inflammatory cytokine environment, with 

LCbʴ ōŜƛƴƎ ǘƘŜ key inducer. Activation via pattern recognition receptors (PRR) is also very 

important [111], which is discussed later. These activated macrophages target pathogens by 

producing bactericidal reactive oxygen species (ROS) and nitric oxide (NO), which is produced 

by inducible nitric oxide synthase (iNOS) [111],[112]. They amplify the inflammatory response 

by producing inflammatory cytokines, including IL-мʲΣ L[-6, IL-12, IL-ноΣ ŀƴŘ ¢bCʰΦ 

Furthermore, M1 macrophages are known to exhibit a high level of presentation of antigen 

and costimulatory molecules CD80 and CD86 [113],[114]. 

M2 macrophages 

Alternatively activated macrophages, also known as anti-inflammatory M2 macrophages, play 

a key role in regulating the inflammatory response, facilitating tissue repair and promoting 

wound healing. In contrast to the simplified classification of M1 macrophages, the spectrum 

of M2 macrophages is considerably more intricate, encompassing four distinct subtypes: M2a, 

M2b, M2c and M2d (Fig. 4). 

M2a macrophages, which are considered the true alternatively activated macrophages, are 

predominantly implicated in wound healing due to their role in the production of profibrotic 

factors [115]. These cells are primarily stimulated by the presence of the cytokines IL-4 and IL-

13. Characteristic markers underlying this phenotype include arginase 1 (Arg-1), macrophage 

mannose receptor (CD206), CD163, transforming growth factor-ʲ ό¢DC-ʲύΣ L[-10, and 

chemokine C-C motif ligand 17 (CCL17) [116],[117]. In particular, the M2a phenotype has been 

observed to exhibit a negative regulatory influence on the M1 phenotype [118]. 

The M2b phenotype is referred to as regulatory macrophages, as it maintains the balance of 

the pro- and anti-inflammatory environment. These cells are induced by a combination of 
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immune complexes and PRR agonists, such as Toll-like receptor 4 (TLR4) and interleukin 1 

receptor (IL-1R). These cells are known to produce pro-inflammatory cytokines, such as IL-мʲΣ 

IL-сΣ ŀƴŘ ¢bCʰΣ ǘƘƻǳƎƘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘ ǘƘŀƴ aм ƳŀŎǊƻǇƘŀƎŜǎΦ Lƴ ŀŘŘƛǘƛƻn, they exhibit high 

levels of anti-inflammatory cytokine IL-10 and low IL-12 production [119]. Furthermore, the 

expression of CD86, CCL1, and TNFSF14 (also known as the LIGHT molecule) has been 

observed [111],[120],[121]. 

Macrophages classified as M2c are also referred to as deactivating macrophages. Induction of 

these cells is facilitated by a high level of IL-10, which they subsequently produce in significant 

quantities in conjunction with TGF-ʲΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŀƴǘƛ-inflammatory and profibrotic effect is 

attributed to the actions of these cytokines [117]. Moreover, these cells have demonstrated 

high efficacy as phagocytes of apoptotic bodies, a feature attributable to the expression of the 

Mer receptor tyrosine kinase (MerTK). They also express Arg-1, CD163, CD206, or CCR2 

[117],[122]. 

M2d are more commonly referred to as "tumor-associated macrophages" (TAMs). This 

particular phenotype is induced by co-stimulation of TLR agonists in conjunction with A2 

adenosine receptor (A2R) agonists or IL-6. These cells have been observed to produce 

significant amounts of the cytokines IL-10, TGF-ʲΣ ŀƴŘ ǾŀǎŎǳƭŀǊ ŜƴŘƻǘƘŜƭƛŀƭ ƎǊƻǿǘƘ ŦŀŎǘƻǊ 

(VEGF), while exhibiting relatively lower levels of the inflammatory cytokines IL-мʲΣ L[-12, and 

¢bCʰΦ ¢Ƙƛǎ ǇǊƻŦƛƭŜ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ǇǊƻƳƻǘŜ ƛƴŎǊŜŀǎŜŘ ŀƴƎƛƻƎŜƴŜǎƛǎ ŀƴŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ 

tumor metastasis [117],[122]. Additionally, these cells express characteristic M2 macrophage 

molecules, such as Arg-1 [123]. 

Beyond this more fundamental classification, a multitude of other more specific types of 

macrophages have been identified, including Mhem, which has been shown to be inducible 

by blood heme and exhibit atheroprotective properties. Mox macrophages, on the other 

hand, are induced by oxidized lipids and act as antioxidants due to IL-10 and COX-2 [124]. 

Finally, sympathetic neuron-associated macrophages (SAMs) are a unique subset of 

macrophages that reside along sympathetic neurons, where they likely play a crucial role in 

regulating neurotransmitter concentration, as evidenced by their ability to actively take up 

norepinephrine [125]. 
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TRPV1 on immune cells 

Although TRPV1 is a non-selective channel, permeability to calcium Ca2+ cations plays the most 

significant role in immune cells. These ions function as second messengers, contributing to the 

activation of Ca2+-dependent kinases and transcription factors [126]. 

The role of TRPV1 as a nociceptor is well established and has therefore been the focus of many 

studies in various pathological conditions associated with pain [127],[128] and chronic 

diseases. In a model of chronic obstructive pulmonary disease, plant flavonoids have been 

shown to reduce TRPV1 expression, leading to a concomitant decrease in pro-inflammatory 

cytokines IL-мʲΣ L[-с ŀƴŘ ¢bCʰΣ ŀǎ ǿŜƭƭ ŀǎ bh ŎƻƴŎŜƴǘǊŀǘƛƻƴ [129]. Additionally, in a mouse 

Fig. 4 Macrophage subtypes (M1 - yellow, M2a - blue, M2b - green, M2c - purple and M2d - 

brown) and their markers. Red arrows red show the need for stimulation to induce the 

appropriate phenotype. See text for details. A2R, A2 adenosine receptor; Arg-1, arginase 1; 

CCL, chemokine C-C motif ligand; CD, cluster of differentiation; IFN- ,ɹ Interferon ;ɹ IL, 

interleukin; iNOS, Inducible nitric oxide synthase; MerTK, Mer tyrosine kinase; MHCII, major 

histocompatibility complex class II; NO, nitric oxide; ROS, reactive oxygen species; TGF-  ̡

transforming growth factor ̡ Τ ¢[wΣ ¢ƻƭƭ-like receptor; TNFSF14, tumor necrosis factor 

ǎǳǇŜǊŦŀƳƛƭȅ ƳŜƳōŜǊ мпΤ ¢bCʰΣ ǘǳƳƻǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΤ ±9DCΣ vascular endothelial growth 

factor. Created in Biorender.com 
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model of asthma, suppression of TRPV1 expression has been shown to lead to reduced lung 

inflammation [130]. 

In immune cells, the role of TRPV1 is best understood in T lymphocytes. TRPV1 activation 

contributes to an increase in Ca2+ concentration after TCR stimulation but also plays a role in 

downstream TCR signaling [89]. Inhibition or knockout (KO) of TRPV1 results in impaired 

nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-ˁ.ύΣ ƳƛǘƻƎŜƴ-activated 

protein (MAP) kinase and nuclear factor of activated T cells (NFAT) signaling following TCR 

activation [88],[131]. ¢Ƙƛǎ ǊŜǎǳƭǘǎ ƛƴ ǊŜŘǳŎŜŘ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŎȅǘƻƪƛƴŜǎ LCbʴΣ L[-мт! ŀƴŘ ¢bCʰ 

[88],[89]. Further evidence suggests that after TCR activation, TRPV1 stimulation is responsible 

for shifting the balance of T helper (Th) 1/Th2 cells towards the anti-inflammatory Th2, 

through activation of the transcription factor NFATc2 [97]. In summary, evidence suggests that 

activation of TRPV1 in T cells attenuates the pro-inflammatory response and supports the Th2 

response, but there are also conflicting results. Bertin et al. show in their study that TRPV1-

expressing CD4+ T cells are active in a model of colonic inflammation and colitis, and that 

suppression of TRPV1 activity with an antagonist alleviated inflammation in their models 

[88],[132]. 

In the context of DCs, the negative effect of TRPV1 activation on their differentiation and 

maturation has been described. Furthermore, suppressed production of cytokines IL-6 and IL-

12 has been documented, while anti-inflammatory cytokines IL-10 and TGF-ʲ are increased 

[95],[133]. This suggests that in DCs, TRPV1 activation may favor an anti-inflammatory 

immune response. 

In neutrophils, a functional TRPV1 response has been shown to induce Ca2+ influx upon 

activation [91],[134]. Mast cells show higher levels of TRPV1 in mastocytosis compared to 

controls, suggesting involvement in mast cell-mediated inflammation [93]. However, in the 

case of granulocytes, the field of research is more uncharted. In the case of B cells or NK cells, 

the situation is perhaps even more unexplored, so more scientific publications are needed 

before firm conclusions can be drawn. 

TRPV1 on macrophages 

There is a significant amount of literature investigating the effect of TRPV1 on the functionality 

and the phenotype of macrophages. However, the findings from these studies are even more 

conflicting than those from studies of other immune cell types. Some articles suggest a clear 

pro-inflammatory role for TRPV1, while others label TRPV1 activity as anti-inflammatory. The 

expression of TRPV1 in mouse macrophages was first confirmed in 2017 [96], and its presence 

in human macrophages was acknowledged in 2022 [97]. 

Initial studies indicated that TRPV1 activity was associated with a pro-inflammatory response. 

Capsaicin-activated TRPV1 promoted neuroimmune interactions that led to an increase in M1 

macrophage polarization [135]. Furthermore, in the same year, another study was published 
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showing the anti-inflammatory effect of TRPV1 antagonists on lipopolysaccharide (LPS)-

induced inflammation in macrophages [96]. However, subsequent studies have revealed a 

contradictory relationship, suggesting a potential anti-inflammatory role for TRPV1. In the 

TRPV1 KO model, inflammatory macrophage-mediated kidney injury was exacerbated [136]. 

Additionally, TRPV1 activation was found to reduce production of IL-с ŀƴŘ ¢bCʰ ōȅ ƳƛŎǊƻƎƭƛŀ 

in a model of Alzheimer's disease [137]. Anti-inflammatory properties have also been 

demonstrated in microglia obtained from patients with multiple sclerosis. A mutation in the 

TRPV1 gene that resulted in increased expression and activity of TRPV1 was found to reduce 

the ¢bCʰ production. Moreover, pretreatment of microglia with a TRPV1 agonist led to lower 

levels of IL-с ŀƴŘ ¢bCʰ ƛƴ [t{-induced inflammation [138]. In a rat model of osteoarthritis, 

when capsaicin was injected into the joint connection, a lower expression of M1 macrophage 

markers (CD80, IL-6, iNOS) was observed, as well as in capsaicin-activated TRPV1 macrophages 

stimulated by LPS, but the expression of M2 markers remained unchanged [139]. Similar 

results were previously observed by Bok et al. in a rat model of Parkinson's disease. In this 

study, the authors observed a decrease in pro-inflammatory M1 markers (IL-мʲΣ L[-6, iNOS) in 

LPS-induced inflammation treated with capsaicin, accompanied by an increase in M2 markers 

CD206 and Arg-1. The use of the antagonist capsazepine reversed these effects [140]. 

However, there are more recent articles that support the pro-inflammatory effect of TRPV1. 

Zhang et al. published a paper that demonstrated the regulation of the NLRP3 inflammasome 

by the influx of Ca2+ cations through TRPV1 [126]. In the case of Chikungunya virus (CHIKV) 

infection, M1 macrophages are known to be activated, and an increased expression of TRPV1 

has been confirmed. The application of the agonist resiniferatoxin has been demonstrated to 

enhance the production of IL-с ŀƴŘ ¢bCʰΣ ǘƘŜǊŜōȅ ǳƴŘŜǊǎŎƻǊƛƴƎ ǘƘŜ ǇǊƻ-inflammatory 

function of TRPV1 in macrophages [141]. Moreover, inactivation of TRPV1 has been shown to 

alleviate CHIKV- induced pain in murine models [142]. 

The literature on TRPV1 role in immune responses is filled with conflicting results, which can 

be attributed to the use of whole-body KO animals, leading to a loss of specificity in the results 

on the role of TRPV1 in immune cells, as the loss of TRPV1 primarily affects neurons. 

Additionally, the close cooperation between nociceptive neurons and the immune system 

complicates the interpretation of these results [143],[144]. Another important factor is the 

timing of TRPV1 stimulation relative to the course of the inflammatory response. The existing 

literature suggests that different results can be obtained based on the timing of TRPV1 

activation, depending on whether it occurs before, during, or after the acute inflammatory 

response. Confirmation of this hypothesis would provide a promising therapeutic approach. 

Cold adaptation 
Studying cold as an opposite approach to mimicking warm stimuli may seem contradictory. 

However, both processes share similar underlying mechanisms, although the results are 

markedly different. The second part of my experimental work focuses on the response of the 
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immune system to cold acclimatization, and in this context, it is important to introduce some 

basic knowledge about how the immune system adapts to cold exposure.  

The immune system and the cold temperature 
During exposure of the organism to low temperatures, alterations occur in all tissues and 

systems with the primary objective of maintaining constant homeostasis. This includes the 

immune system, among other body systems, each of which must perform its designated 

function. Consequently, the impact of cold is a subject of extensive research. The effects of 

cold vary depending on the duration and intensity of the stimulus. Brief cold exposure can 

elicit an acute stress reaction, while mild exposure to cold that persists for an extended period 

can induce a state of tolerance, adaptation, and subsequent acclimatization. 

Various models have been employed to investigate the impact of low temperature on the 

immune system. Cold has been demonstrated to influence the development and subsequent 

survival of insects, as well as their reproductive ability [145]. In the fruit fly (Drosophila 

melanogaster), cold alone is sufficient to activate the immune system, but only to the extent 

that it compensates for cold damage and can effectively defend against pathogens [146]. In 

the context of fish, temperature plays a pivotal role. In tilapia (Oreochromis aureus), acute 

cold stress has been shown to suppress leukocyte phagocytic activity and induce an 

immunosuppressive state [147]. In pufferfish (Takifugu obscurus), low-temperature exposure 

has been observed to induce oxidative stress, apoptosis, and DNA damage [148]. A decrease 

in the total number of leukocytes has been observed in common carp (Cyprinus carpio) [149] 

and in orange-spotted grouper (Epinephelus coioides) [150]. Cold temperatures have also 

been shown to exert an immunosuppressive effect on amphibians, making them more 

susceptible to fungal infection [151]. In summary, it can be posited that ectothermic animals 

utilize ambient temperature to effectively modulate the immune system, a strategy that is 

particularly advantageous to them at a given moment. However, it is noteworthy that 

pathogens and parasites have evolved analogous mechanisms [152]. 

In endothermic animals, maintaining core body temperature is crucial, which may lead to the 

assumption that the immune system is not directly impacted. However, this assertion is not 

entirely accurate. The objective of this study is to elucidate the impact of altered 

temperatures, stress, and altered neuroimmune pathways on immune function. Ambient 

temperature does not exert an influence on the prenatal development of the immune system. 

It is primarily postnatal environmental conditions and physiological responses that shape 

immune function and adaptation to temperature changes [153]. For instance, birds that do 

not migrate face the challenge of allocating more resources toward thermogenesis to 

maintain body temperature or toward immune system functions to protect against infections. 

Exposure to cold has been demonstrated to disrupt metabolic balance and slow the natural 

immune response of these animals. This trade-off can have significant implications for their 

survival and overall health, as they must balance energy expenditure for thermoregulation 

with the need to mount an effective immune defense against pathogens [154]. In general, cold 
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stress has been shown to have a negative effect on the immune system. In rats, short-term 

exposure to low temperatures has been documented to induce suppression of innate 

immunity [155],[156], dysregulation of adaptive immunity, and decrease in regulatory T cells 

(Treg) [156]. Belay et al. concluded that cold stress increases susceptibility to infection and 

that the immune system responds by inducing a pro-inflammatory response. This response is 

characterized by an increase in the production of NO, IL-мʲΣ L[-сΣ ŀƴŘ ¢bCʰ ōȅ ƳŀŎǊƻǇƘŀƎŜǎ 

[157]. SimilarlyΣ {łƴŎƘŜȊ-Gloria et al. also observed increased levels of inflammatory cytokines 

after exposure to cold in the pulmonary arterial hypertension model [158]. An increased 

susceptibility to infection has also been described in humans, where exposure to cold alters 

nasal antiviral immunity [159]. 

Long-term cold exposure; however, tends to induce anti-inflammatory immune phenotypes, 

such as M2 macrophages and Th2 immune response [160]. The M2 macrophage phenotype is 

facilitated by IL-4 produced by eosinophils and innate lymphoid cells 2 (ILC2) [161]. 

Macrophages then exert regulatory functions on spleen cells [162] and stimulate Th cells to 

produce regulatory cytokines [163]. This results in a decrease in the production of pro-

inflammatory cytokines, such as IL-мʲ ŀƴŘ L[-17, accompanied by the induction of IL-10 [164]. 

Mild cold acclimatization has been shown to mitigate the detrimental effects of acute cold 

stress, as seen in broilers, where it attenuated intestinal inflammation and immune 

dysfunction [165],[166]. The protective effect of cold acclimatization has also been described 

in the context of cardiac muscle in a model of myocardial infarction [167]. Furthermore, cold 

exposure has been shown to drive immunological reprogramming that protects against 

central nervous system autoimmunity [168]. Additionally, cold-activated BAT has been shown 

to facilitate glucose uptake, thereby slowing tumor growth [169]. These findings support the 

hypothesis that acute cold stress exerts a detrimental effect, while mild cold adaptation 

confers a beneficial effect. 

The scientific literature contains only a limited number of studies on the effect of cold 

exposure on the immune system in humans. However, a substantial body of research has been 

dedicated to comparing various physiological aspects, hormone levels, and metabolic 

functions. The human physiological response to cold exposure has been comprehensively 

delineated [170]. Notably, these studies are predominantly conducted in athletes, where the 

relationship between physical activity and cold adaptation has been a research subject 

[171],[172]. Previous studies have suggested that prolonged exposure to low temperatures 

may result in an increase in the number of B and T cells [173]. It is now well established that 

exposure to cold induces human Tregs [174]. Furthermore, regular exposure to cold showers 

has been shown to enhance both humoral and cell-mediated immunity, increasing levels of 

immunoglobulins and cytokines IL-2 and IL-4 [175]. ! ǎǘǳŘȅ ōȅ 5ǳƎǳŞ ŀƴŘ [ŜǇǇŅƴŜƴ ǊŜǾŜŀƭŜŘ 

that habitual winter swimmers exhibited a decrease in LPS-induced release of IL-мʲ ŀƴŘ L[-6 

[176]. However, it should be noted that these cytokine levels remained unaltered in the 

absence of stimulation [177]. The collective findings of these studies suggest a beneficial effect 

of cold adaptation on the human body and its immune system. However, it is important to 
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note that extreme physical activity in demanding thermal conditions can be detrimental to 

health [178]. However, research on the effects of regular cold immersion has yielded equivocal 

results [179]ς[181]. This variability can be attributed to substantial differences in participant 

demographics and study methodologies.  

Immune cells involved in cold adaptation 

In this chapter, the focus will be on the individual types of immune cells and their influence 

on the beiging of adipose tissue, BAT activation, and thermogenesis itself. The induction of 

beiging and the thermogenic effect of BAT are influenced by various types of immune cells, 

including macrophages, eosinophils, ILC2, mast cells, Tregs, and invariant natural killer T (iNKT) 

ŎŜƭƭǎΦ ¢ƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ƛƴŦƭǳŜƴŎŜ ƻŦ ƎŀƳƳŀ ŘŜƭǘŀ ¢ όʴʵ ¢ύ ŎŜƭƭǎ Ƙŀǎ also been described. Type 

2 cytokines have been identified to be of particular importance; however, the role of cytokines 

IL-6, IL-17 ŀƴŘ ¢bCʰ ƛǎ ŀƭǎƻ ǎƛƎƴƛŦƛŎŀƴǘΦ 

Activated iNKTs in adipose tissue have been shown to maintain an anti-inflammatory 

environment by producing IL-4, IL-10, and IL-13, thereby inhibiting pro-inflammatory cell 

infiltration. The influence of iNKTs extends to Treg cells, with IL-2 production playing a pivotal 

role in this process [182]. Furthermore, these cells contribute to the beiging and activation of 

adipose tissue through the regulation of fibroblast growth factor 21 (FGF-21) [183]. This factor 

is also produced in adipose tissue by thermogenic adipocytes and is regulated by 

noradrenergic signaling and thermogenic gene expression [184]. Moreover, FGF-21, produced 

by adipocytes, has been reported to increase the expression of CCL11, which is a significant 

eosinophil chemoattractant [160]. The attraction of eosinophils is also ensured by ILC2 by 

producing IL-5, which responds to IL-33 produced by stromal cells [185]. Activated ILCs2 

produces IL-5, which is essential for eosinophils. Furthermore, ILCs2 secrete the methionine-

enkephalin peptide, which acts directly on adipocytes and induces UCP1 expression [186]. In 

turn, eosinophils produce IL-5, IL-13 and mainly IL-4, which seems to be the most important 

cytokine during thermoregulation. It is not only used in the induction and maintenance of M2 

macrophages, but it also participates in the proliferation and differentiation of adipocyte 

precursors to the beige thermogenic type [161],[187]. Treg cells also influence adipose tissue 

thermogenesis by supporting the M2 macrophage phenotype and the expression of 

thermogenic genes in adipocytes [188]. The expansion of these cells within adipose tissue 

depends on IL-33, which binds to the ST2 receptor [189]. The negative regulatory function is 

performed by mast cells, which secrete serotonin, thus impeding the differentiation of 

adipocyte precursors into beige thermogenic cells [190]. 

Macrophages 

Nguyen et al. initially postulated that macrophages in adipose tissue, under the influence of 

IL-4 in cold conditions, directly produce NE and thus induce thermogenesis in adipocytes 

through adrenergic signaling [191]. However, a subsequent study by Fischer et al. provided 

evidence that IL-4 does not stimulate resident macrophages in adipose tissue, thus 
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invalidating the initial assumption that M2 macrophages influence thermogenesis through this 

mechanism [192]. A subsequent study by Pirzgalska et al. revealed the discovery of SAMs. 

Although these macrophages cannot produce NE, they have been shown to be able to take it 

and degrade it. This finding suggests that the SAM subtype of macrophages plays a regulatory 

role in NE levels, thereby affecting thermogenic activities [125]. Another neuroimmune 

mechanism involves the ability of macrophages to support sympathetic innervation of BAT, 

thus increasing its thermogenic capacity [193]. 

A multitude of additional studies have indicated the significance of macrophages in non-

shivering thermogenesis. One of such mechanisms involves ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ tt!wʴ ƭƛƎŀƴŘǎ 

[194], a crucial factor in UCP1 expression and the differentiation of brown and beige 

adipocytes [27]. Another molecule produced by macrophages that regulates the expression of 

thermogenesis genes is the chemokine C-X-C motif ligand (CXCL) 5. Remarkably, this 

chemokine is produced in adipose tissue by M1 macrophages after -̡adrenergic signaling, 

thus inducing the expression of UCP1 in adipocytes [195]. In M2 macrophages, the detection 

of another molecule that activates thermogenesis was made, the macrophage cytokine Slit3. 

This molecule is a key factor in the macrophageςSlit3ςsympathetic neuronςadipocyte 

signaling axis, functioning as a regulator of long-term cold adaptation [196]. Additionally, M2 

macrophages exert a neuroindependent influence on thermogenesis by suppressing the 

expression of the transcription factor Ets1 in adipocytes, which facilitates the beiging process 

[197]. However, it should be noted that the extent of macrophage involvement in adipose 

tissue remodeling remains debated. Boulet et al. argue that the direct involvement of 

macrophages is not essential for the formation of thermogenic adipocytes. However, they 

admit that during prolonged cold exposure, the M2 population is enriched in BAT, which 

ensures better remodeling and significant homeostasis [198]. Another important function of 

macrophages in BAT is their ability to remove extracellular vesicles containing oxidatively 

damaged mitochondrial components, thereby preventing disruptions in the thermogenic 

program [199]. The remodeling of human adipose tissue by macrophages after cold exposure 

was further documented by Finlin et al. In this study; however, the authors did not identify 

macrophages as direct initiators of thermogenesis. It is noteworthy that in this publication, 

the authors observed the presence of UCP1 in CD163-positive macrophages [200].  

Gamma delta T cells 

ʴʵ ¢ cells are a small population of invariant T lymphocytes that express ǘƘŜ ʴʵ ¢ ŎŜƭƭ ǊŜŎŜǇǘƻǊ 

(TCR). Although they are in a minority in the body (less than 5% of T cells in peripheral blood), 

their role in defense is considerable. Their frequency increases especially in peripheral tissues, 

where it reaches up to 50%. Notably, these cells are capable of rapid immune responses, 

recognizing antigens presented by non-classical MHC molecules, lipid antigens presented by 

CD1d, or various phosphoantigens or pyrophosphate molecules presented by butyrophilin or 

butyrophilin-like proteins. Additionally, these cells also express TLRs and NK cell activating 

receptors. Their response resembles that of innate immunity rather than that of adaptive 

lymphocytes [201],[202]. 
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Two distinct mechanisms have been elucidated through which these cells contribute to 

thermogenesis in adipose tissue. The initial mechanism, described by Kohlgruber et al., is 

based on the production of IL-мт! ŀƴŘ ¢bCʰ ōȅ ʴʵ ¢ ŎŜƭƭǎΦ These cytokines induce the 

production of IL-33 by stromal cells, which in turn promotes the proliferation of Treg cells and 

activates ILC2. Furthermore, it has been observed that these cytokines exert a direct effect on 

adipocytes during periods of exposure to cold, leading to increased expression of thermogenic 

genes and those involved in lipid breakdown [189]. 

The second mechanism described by Hu et al. is the production of IL-17F, another isoform of 

IL-17. This cytokine exerts its influence on stromal cells triggering the production of TGF-ʲΦ 

The resulting increase in TGF-ʲ ƭŜǾŜƭǎ enhances sympathetic innervation of BAT. Subsequent 

release of NE from sympathetic nerves induces non-shivering thermogenesis [203]. 

Additionally, the direct role of TGF-ʲ ǊŜŎŜǇǘƻǊǎ ƛƴ ǊŜƎǳƭŀǘƛƴƎ ōŜƛƎƛƴƎ ƻŦ ²!¢ Ƙŀǎ ōŜŜƴ ǿŜƭƭ 

documented [204]. 

However, an alternative set of results was obtained by a different research group. Teijeiro et 

al. demonstrated that inhibition of IL-17A signaling also induces thermogenesis. Furthermore, 

deletion of the IL-17RA receptor has been shown to increase UCP1 expression in adipose tissue 

[205]. A potential explanation for these discrepancies may reside in the temperature 

conditions under which the experimental animals are maintained and the extent of cold 

exposure that stimulates non-shivering thermogenesis. In the Teijeiro model, control animals 

were maintained at a room temperature of 20-нн ϲ/Σ ǿƘƛŎƘ ƛǎ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ 

at which mice experience cold stress. In contrast, Hu et al. and Kohlgruber et al. kept control 

mice at a thermoneutral temperature of ол ϲ/Φ !ƴƻǘƘŜǊ ǇƻǘŜƴǘƛŀƭ ŜȄǇƭŀƴŀǘƛƻƴ is related to the 

mechanism of signaling via IL-17 receptors, which are known to exhibit significant variability 

[206]. 5ŜǎǇƛǘŜ ǘƘŜǎŜ ŎƻƴŦƭƛŎǘƛƴƎ ǊŜǎǳƭǘǎΣ ǘƘŜ ǊƻƭŜ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƛƴ ŀŘƛǇƻǎŜ ǘƛǎǎǳŜ ŀƴŘ 

thermogenesis is widely accepted. However, these disparate results underscore the need for 

ŦǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ ŀƴŘ ŜƭǳŎƛŘŀǘƛƻƴ ƻŦ ǘƘŜ ƳŜŎƘŀƴƛǎƳǎ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ŦǳƴŎǘƛƻƴ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ƛƴ 

thermogenesis. 
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Inflammation 
The study of thermogenic stimuli is crucial for understanding the mechanisms of temperature 

changes and their influence on the immune system. However, the results obtained during the 

induction of a "danger" or infection are indispensable for elucidating the functionality of the 

immune system in these states. In the experimental section of this study, the induction of 

inflammation by TLR ligands was utilized to activate the immune system. In this final chapter 

of the introduction, the topic of inflammation and its triggering by TLRs will be addressed. 

Fig. 5 CǳƴŎǘƛƻƴŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ŀŦǘŜǊ ŎƻƭŘ ŜȄǇƻǎǳǊŜΦ ʴʵ ¢ ŎŜƭƭǎ ǇǊƻŘǳŎŜ ǘƘŜ ŎȅǘƻƪƛƴŜǎ 

IL-мт! ŀƴŘ ¢bCʰΣ ǿƘƛŎƘ ŀŦŦŜŎǘ ǎǘǊƻƳŀƭ ŎŜƭƭǎΣ ǿƘƛǘŜ ŀƴŘ ōǊƻǿƴ ŀŘƛǇƻǎŜ ǘƛǎǎǳŜΦ Lƴ ǎǘǊƻƳŀƭ ŎŜƭƭǎΣ 

they induce the expression of IL-33, which further promotes the infiltration of adipose tissue 

by immune cells and promotes the beiging of adipose tissue. In white and brown adipose tissue, 

cytokines IL-мт! ŀƴŘ ¢bCʰ ƛƴŎǊŜŀǎŜ ƘƻǊƳƻƴŜ-sensitive lipase activity, induce beiging and UCP1 

expression, and increase thermogenesis. Production of IL-мтC ōȅ ʴʵ ¢ ŎŜƭƭǎ ŀŦŦŜŎǘǎ ǎǘǊƻƳŀƭ ŎŜƭƭǎΣ 

which then produce TGF-ʲΦ ¢Ƙƛǎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ƘŜƭǇǎ ǘƘŜ ǎȅƳǇŀǘƘŜǘƛŎ ƛƴƴŜǊǾŀǘƛƻƴ ƻŦ ŀŘƛǇƻǎŜ 

tissue and the subsequent production of norepinephrine. This increases UCP1 expression and 

overall thermogenesis. HSL, hormone-sensitive lipase; IL, interleukin; TGF-ʲΣ ǘǊŀƴǎŦƻǊƳƛƴƎ 

ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲΤ ¢bCʰΣ ǘǳƳƻǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰΤ ¦/tмΣ ǳƴŎƻǳǇƭƛƴƎ ǇǊƻǘŜƛƴ мΦ /ǊŜŀǘŜŘ ƛƴ 

Biorender.com 

 



                                      

Introduction  35 
 

A precise and universally accepted definition of inflammation remains imprecise and debated. 

Inflammation can be conceptualized as a series of defensive responses that, while protective, 

may also cause harm to the individual. It is a comprehensive mechanism encompassing natural 

immune processes that predominantly respond to tissue damage caused by pathogenic 

agents. These agents encompass a wide spectrum of biological entities, including viruses, 

bacteria, yeasts, and fungi, as well as eukaryotic protozoa and multicellular parasites. 

However, inflammation also plays a role in antitumor immunity and autoimmune diseases. 

Additionally, there is a distinct category of sterile inflammation, a form of pathogen-free 

inflammation triggered by mechanical trauma, ischemia, stress, or environmental factors such 

as ultraviolet radiation [207],[208]. The initiation of inflammatory pathways requires their 

activation, which is typically accompanied by recognition of danger. 

Pattern recognition receptors (PRRs) 

PRRs are responsible for danger recognition. These receptors are predominantly present in 

cells of innate immunity; however, they are also found in cells of adaptive immunity, epithelial 

cells, endothelium, fibroblasts, and astrocytes [209],[210]. These receptors are capable of 

recognizing two distinct classes of molecules. The first class of molecules are pathogen-

associated molecular patterns (PAMPs), which are associated with microbial pathogens. The 

second class consists of alarmins, which are more commonly referred to as damage/danger-

associated molecular patterns (DAMPs). DAMPs are associated with host cell molecules that 

are released upon damage or during cell death. According to their localization, PRRs are 

classified into two distinct categories: membrane-bound and cytoplasmic. Cytoplasmic PRRs 

include NOD-like receptors (NLR) and RIG-I-like receptors (RLR). The most well-known and 

least well-studied NLRs are NOD1 and NOD2 receptors, which recognize components of 

bacteria [209],[210] RLRs primarily function in antiviral signaling, and their activation results 

in the release of pro-inflammatory cytokines and type I IFN [210]. Membrane-bound PRRs 

encompass TLRs and C-type lectin receptors (CLRs). CLRs are predominantly utilized in fungal 

recognition; however, other PAMPs capable of their activation have also been identified. The 

most prominent among these are the mannose receptor and Dectin 1 and 2 [209],[210]. TLRs 

represent the most extensively studied group of PRRs, and since their stimulation was the tool 

for inducing inflammation in the experimental part of the dissertation, their more thorough 

examination is reserved for the following chapter. 

Toll-like receptors (TLRs) 

TLRs were discovered as homologues of Toll receptors for innate immunity in drosophila. 

These receptors contain a conserved extracellular domain characterized by a high density of 

leucine-rich repeats, which facilitates the recognition of distinct PAMPs and DAMPs [211]. To 

date, 10 human and 12 mouse TLRs have been identified. These TLRs have been found to occur 

both in the cell membrane and in intracellular vesicles, depending on the specific type of TLR 

in question. These receptors form homodimers or heterodimers, which is a critical step in the 

recruitment of adapter proteins and subsequent signaling pathways. Two signaling pathways 
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have been identified: the myeloid differentiation primary response 88 (MyD88)-dependent 

pathway and the TIR-domain-containing adapter-inducing interferon-ʲ ό¢wLCύ-dependent 

pathway. The MyD88-dependent pathway is used by all types of TLRs except TLR3. The TRIF-

dependent pathway is utilized by TLR3, though it can also be employed as signaling through 

TLR4. The process is further facilitated by the involvement of additional adapter proteins and 

kinases, ultimately culminating in the binding of the transcription factor NF-ˁ. ŀƴŘ ƛǘǎ 

subsequent translocation to the nucleus. In the nucleus, NF-ˁ. ƛƴŘǳŎŜǎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇǊƻ-

inflammatory cytokines. In the case of viruses recognizing TLRs, the transcription factors 

interferon regulatory factor (IRF) 3 and 7 are activated, causing the transcription of type I IFN 

[209],[210],[212]. Individual receptors, along with their localization, ligands, and adapter 

pathways, are illustrated in Figure 6B. The signaling pathways are simplified in Figure 6A. The 

subsequent introduction will focus on TLR2 and TLR4, which were utilized to induce 

inflammation in the experimental section. 

Toll-like receptor 2 (TLR2) 

TLR2 is expressed on the cytoplasmic membrane of nearly all types of immune cells, including 

ƳƻƴƻŎȅǘŜǎΣ ƳŀŎǊƻǇƘŀƎŜǎΣ 5/ǎΣ ƎǊŀƴǳƭƻŎȅǘŜǎΣ bY ŎŜƭƭǎΣ . ŀƴŘ ¢ ŎŜƭƭǎΣ ŀǎ ǿŜƭƭ ŀǎ ¢ǊŜƎ ŀƴŘ ʴʵ ¢ 

cells. It has been observed to recognize a variety of molecules, including glycolipids and 

teichoic acid of Gram-positive bacteria, yeast zymosan, and lipoproteins of Mycoplasma. 

Notably, TLR2 frequently forms heterodimers with TLR1 and TLR6. Upon recognition of 

PAMPs, innate immune cells trigger phagocytosis and the production of pro-inflammatory 

ŎȅǘƻƪƛƴŜǎΣ ƛƴŎƭǳŘƛƴƎ ¢bCʰΣ L[-6, IL-8, and IL-12. Synthetic lipopeptides, such as Pam2CSK4, are 

frequently utilized to stimulate these processes in laboratory settings [209],[210],[212],[213]. 

Toll-like receptor 4 (TLR4) 

This receptor is the most extensively studied and described of the TLRs. It is predominantly 

located on the cytoplasmic membrane; however, it can undergo internalization, thereby 

participating in signaling that results in the production of type I interferons. The most well-

known natural ligand of TLR4 is LPS, a significant component of the gram-negative bacteria, 

whose binding is facilitated by the CD14 molecule. However, it is important to note that TLR4 

can also be activated by a number of DAMPs. Its expression is predominantly observed in 

myeloid cells, such as monocytes, macrophages, and DCs, although it is also present in B cells 

and certain T lymphocytes. Additionally, TLR4 can be found in epithelial and endothelial cells. 

Its expression has been confirmed in many types of tissues, including muscle, brain, liver, lung, 

and adipose tissue. Activation can be conducted through both the MyD88-dependent 

pathway and after receptor internalization through the TRIF-dependent pathway. In both 

cases, relevant transcription factors are activated, which, in the case of the MyD88-dependent 

pathway, are NF-ˁ. ŀƴŘ !t-1. Subsequently, these transcription factors induce the expression 

of pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎΣ ǎǳŎƘ ŀǎ ¢bCʰ ŀƴŘ L[-6, as well as type III IFN. In the case of the 

TRIF-dependent pathway, type I IFN and chemokines that activate innate immunity and Th1 

adaptive immunity are produced [209],[210],[212],[214]. 
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A 

 

B 
Toll-like receptor TLR localization Adapter protein Ligands Origin of ligands 

TLR1 Plasma membrane MyD88 Lipopeptide Bacteria 

TLR2 Plasma membrane MyD88 
Lipopeptide, Teichoic 
acid, Glycolipids, 
Zymosan 

Bacteria, Fungi, 
Trypanosoma cruzi, 

Neisseria 

TLR3 Endosome TRIF dsRNA, poly I:C Viruses 

TLR4 
Plasma membrane 
Endosome 

MyD88                 
TRIF 

LPS, Hyaluronic acid 
Bacteria 

TLR5 Plasma membrane MyD88 Flagellin Bacteria 

TLR6 Plasma membrane MyD88 Lipopeptide, Zymosan Mycoplasma 

TLR7 Endosome MyD88 ssRNA Viruses 

TLR8 Endosome MyD88 ssRNA Viruses 

TLR9 Endosome MyD88 CpG DNA Bacteria, Viruses, 
Malaria 

TLR10 Plasma membrane MyD88 Lipopeptide 
Borrelia burgdorferi, 

Listeria 
monocytogenes 

TLR11 Endosome MyD88 Profilin-like protein Toxoplasma gondii 

TLR12 Endosome MyD88 Profilin-like protein Toxoplasma gondii 

TLR13 Endosome MyD88 23S rRNA Bacteria 
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Fig. 6 (A) Localization and signaling pathways of Toll-like receptors (TLR). TLR1-TLR2 and TLR4-

TLR6 are found mainly on the cytoplasmic membrane, where they recognize membrane 

components of pathogens, while TLR3 and TLR7-9 are localized in endosomes, where they bind 

nucleic acids. TLR4 can also be endocytosed into endosomes. After binding of the respective 

ligands to TLRs, TLRs signaling is initiated by receptor dimerization, which leads to the 

involvement of the adapter proteins MyD88 (in the case of TLR1-TLR2 and TLR4-9) or TRIF 

(TLR3-4). Subsequent MyD88-dependent signaling pathways lead to the activation of the 

transcription factors CREB, AP1, and mainly NF-ˁ.Σ ǿƘƛŎƘ ƛƴŘǳŎŜǎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇǊƻ-

inflammatory cytokines. The TRIF-dependent pathway activates the transcription factories 

IRF3 and IRF7, leading to the induction of Type I IFN. Other proteins involved in signaling 

pathways are also shown in the diagram. Taken from Duan et al. 2022 [209] (B) Table of 

TLRs, their cellular location, adaptor protein and major ligands with their source. Taken and 

adapted from Vijay 2018 [212] 

TLR2 and TLR4 in temperature regulation 

The expression of both TLR2 and TLR4 has been documented in adipose tissue. It has been 

observed that stimulation of these TLRs can exert an opposite effect on adipogenic 

differentiation [215]. Moreover, TLR4 activation has been proposed as a potential disruptor 

of adaptive thermogenesis [216]. Furthermore, mice deficient in TLR2 or TLR4 have 

demonstrated altered thermogenesis [217]. It was reported that the activation of TLR4, TLR2, 

and NOD1 leads in BAT to decreased UCP1 expression and decreased mitochondrial biogenesis 

[218],[219]. On the contrary, inhibition of TLR4 signaling has been shown to promote beiging 

of adipose tissue [220]. Furthermore, activation of TLR4 in eosinophils in adipose tissue has 

been shown to negatively affect their production of Th2 cytokines and the promotion the M2 

phenotype of macrophages [221]. Collectively, these observations indicate that inflammation 

induced through TLRs may exert a regulatory influence on thermoregulatory activities. 

In addition, previous chapters have delineated the impact of cold exposure on immune and 

inflammatory responses. It is also noteworthy that cold has been observed to affect platelets 

during storage, leading to a decrease in TLR2 and TLR4 expression [222]. In the context of the 

airways, exposure to cold air has been demonstrated to influence TLR4 activation, resulting in 

enhanced mucin secretion [223]. Furthermore, cold exposure associated with TRPV1 

capsaicin-activation, increased TLR2 and TLR4 expression in a rat model of colorectal cancer 

[224]. 

The interplay between TLR4 and TRPV1 has been identified as a contributing factor to 

neuropathic pain [225]. The hypothesis that LPS-stimulated TLR4 modulates TRPV1 channel 

sensitization has been proposed [226]. Neuronal research suggests that there is an interaction 

between TLR4 and TRPV1 that leads to modulation of LPS-induced inflammation by TRPV1 

[227] and vice versa [228]. This is particularly relevant in light of the contradictory results 

observed in studies examining the role of TRPV1 in LPS-induced inflammation in macrophages 
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[96],[126],[137],[138]. Unraveling the role of this temperature sensor appears to be of 

paramount importance. 

By elucidating mechanism of regulation, it may be possible to modulate the TRPV1 channel, 

thereby affecting TLR-induced inflammation and neuropathic pain. Similarly, the study of cold 

exposure and its effect on the immune system, either as a mediator of thermogenesis 

induction or as an altered immune response to TLR-induced inflammation, is extremely 

important. These are intricate mechanisms involving interactions between the nervous and 

immune systems, the understanding of which may lead to applications in clinical medicine. 

During my doctoral studies, I concentrated on these mechanisms and endeavored to 

contribute to their comprehension. 
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Aims 
The objective of this study is to broaden the general understanding of the impact of 

thermogenic stimuli on the immune system and its responses. As primary research, this study 

provides insights that may guide future clinical investigations. In order to address the interplay 

between temperature regulation and immune function, the present study focuses on two key 

aspects. Firstly, the role of the high-temperature receptor TRPV1 in immune responses is 

examined. Secondly, the impact of cold conditions on immune cell adaptation and 

thermogenic-immune interactions is investigated.  

 

1) To elucidate the impact of activation of the high-temperature-

dependent TRPV1 channel in macrophages 

The objective of this study is to investigate the potential implications of TRPV1 activation 

in macrophages, with a focus on its role in the regulation of immune responses and the 

associated macrophage phenotype (M1/M2). This work is based on the presence of conflicting 

data in the literature on this topic. To induce an immune response, an inflammatory 

environment will be created using the TLR4 ligand LPS. The specific objectives of the study 

were as follows: 

 

1a)  To explore the expression of TRPV1 channel in macrophages and its capsaicin-

activated signaling pathways 

1b) To determine the phenotype of macrophages after TRPV1 stimulation at 

various time points 

1c) To test TRPV1 stimulation in LPS-activated macrophages with the aim of 

determining the conditions that promote phenotypic shifts. 

 

2) To elucidate the alterations in the immune system in response to cold 

exposure 

In this study, we employed a long-term rat model of mild cold acclimatization to 

comprehensively examine changes in the immune system at multiple time points, including 

both short-term and sustained responses. The primary aims of this study were two: first, to 

expand the existing body of knowledge about the immune mechanisms that contribute to 

the physiological response to cold exposure and second, to provide a comprehensive 
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description of changes in the immune system at different time points after acclimatization 

to low temperature. The following specific objectives were thus defined: 

2a)  To describe immune changes at the systemic and local level during cold 

acclimatization 

2b)  To uncover key immune regulators involved in the induction of 

thermogenesis 

2c)  To verify the data obtained from the rat model in human volunteers 

2d)  To assess the impact of TLR2-induced inflammation on the cold 

acclimatization process in adapting animals. 
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Results 
The thesis is based on the following publications:  

I. Vasek D, Fikarova N, Markova VN, Honc O, Pacakova L, Porubska B, Somova V, Novotny 

J, Melkes B, Krulova M. Lipopolysaccharide pretreatment increases the sensitivity of 

the TRPV1 channel and promotes an anti-inflammatory phenotype of capsaicin-

activated macrophages. J Inflamm (Lond). 2024 May 24;21(1):17. doi: 

10.1186/s12950-024-00391-0. PMID: 38790047. (IF=5.1) 

 

II. Vasek D, Holicek P, Galatik F, Kratochvilova A, Porubska B, Somova V, Fikarova N, 

Hajkova M, Prevorovsky M, Zurmanova JM, Krulova M. Immune response to cold 

ŜȄǇƻǎǳǊŜΥ wƻƭŜ ƻŦ ʴʵ ¢ ŎŜƭƭǎ ŀƴŘ ¢[wн-mediated inflammation. Eur J Immunol. 2024 

Jul 10:e2350897. doi: 10.1002/eji.202350897. PMID: 38988146. (IF=4.5) 

Other impacted publications (not included): 

¶ Porubska B, Vasek D, Somova V, Hajkova M, Hlaviznova M, Tlapakova T, Holan V, 

Krulova M. Sertoli Cells Possess Immunomodulatory Properties and the Ability of 

Mitochondrial Transfer Similar to Mesenchymal Stromal Cells. Stem Cell Rev Rep. 

2021 Oct;17(5):1905-1916. doi: 10.1007/s12015-021-10197-9. Epub 2021 Jun 11. 

PMID: 34115315. (IF=4.8) 

 

¶ Vegrichtova M, Hajkova M, Porubska B, Vasek D, Krylov V, Tlapakova T, Krulova M. 

Xenogeneic Sertoli cells modulate immune response in an evolutionary distant 

mouse model through the production of interleukin-10 and PD-1 ligands expression. 

Xenotransplantation. 2022 May;29(3):e12742. doi: 10.1111/xen.12742. Epub 2022 

Mar 16. PMID: 35297099. (IF=3.9) 

 

¶ Porubska B, Plevakova M, Fikarova N, Vasek D, Somova V, Sanovec O, Simonik O, 

Komrskova K, Krylov V, Tlapakova T, Krulova M, Krulova M. Therapeutic potential of 

Sertoli cells in vivo: alleviation of acute inflammation and improvement of sperm 

quality. Stem Cell Res Ther. 2024 Sep 4;15(1):282. doi: 10.1186/s13287-024-03897-9. 

PMID: 39227878. (IF=7.9) 

L ŎƻƴŦƛǊƳ ǘƘŀǘ 5ŀƴƛŜƭ ±ŀǑŜƪΣ ǘƘŜ ŀǳǘƘƻǊ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎΣ Ƙŀǎ ŎƻƴǘǊƛōǳǘŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƻ ǘƘŜ 

ǇǳōƭƛŎŀǘƛƻƴǎ ƭƛǎǘŜŘ ŀōƻǾŜΦ 5ŀƴƛŜƭ ±ŀǑŜƪ ŎƻƴŘǳŎǘŜŘ Ƴƻǎǘ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǿƻǊƪ ŀƴŘ 

significantly contributed to the manuscript preparation in the case of his first-author 

publication.  

 

ŘƻŎΦ wb5ǊΦ aŀƎŘŀƭŞƴŀ YǊǳƭƻǾłΣ tƘΦ5Φ
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I. Lipopolysaccharide pretreatment increases the 

sensitivity of the TRPV1 channel and promotes an 

anti-inflammatory phenotype of capsaicin-

activated macrophages 
 

A review of the extant scientific literature reveals a certain degree of inconsistency in the 

results of studies that have investigated the role of TPRV1 in macrophages. The effect of TRPV1 

activation on the inflammatory response suggests both pro- and anti-inflammatory effects. In 

order to elucidate the immunomodulatory mechanisms, we investigated how the TRPV1 

agonist capsaicin influences the pro-inflammatory macrophage phenotypes induced by LPS. 

We also aimed to address the temporal sequence of stimulations based on previously 

published studies and their conflicting conclusions. We determined changes in surface and 

intracellular molecules, cytokine production, and signaling cascades leading to the 

macrophage phenotype M1 or M2. To this end, we employed two distinct sources: the 

macrophage cell line J774 and bone marrow-derived macrophages. Both cell types were 

treated with capsaicin before, simultaneously, and after the inflammatory response induced 

by LPS, a TLR4 ligand. The functional capacity of macrophages was also assessed by infecting 

stimulated macrophages with the intracellular parasite Leishmania mexicana. The results of 

this study demonstrate that TRPV1 activation elicits distinct macrophage responses influenced 

by the inflammatory context. LPS pretreatment followed by capsaicin activation prompted 

increased calcium influx, accompanied by a shift toward an anti-inflammatory M2b-like 

polarization state. These findings underscore the context-dependent immunomodulatory role 

of TRPV1 in macrophages by capsaicin in an inflammatory setting and offer novel insights into 

its potential as a therapeutic target for the treatment of inflammatory diseases by promoting 

an anti-inflammatory response. 

5Φ ±ŀǑŜƪȰǎ ŎƻƴǘǊƛōǳǘƛƻƴ ƻƴ ǘƘƛǎ ǇǳōƭƛŎŀǘƛƻƴΥ 

I participated in the design of the experiments, their execution, and the subsequent evaluation 

and visualization of the data. I performed most of the experiments to determine the 

phenotype of the J774 macrophage line, including their functional assays. I made a substantial 

contribution to the preparation of the manuscript. The present publication was created with 

the support of the "Grant Schemes at CU" project (reg. no. 

CZ.02.2.69/0.0/0.0/19_073/0016935), of which I was the principal investigator. My overall 

contribution was approximately 45 %. 
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