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    The use of safe molecules for treating diseases has always been of special interest in medical sciences. During research on the application of potential drug candidates for the treatment and prevention of human disease, the application of the amino acid taurine received attention from the authors. The use of the amino acid taurine in the treatment of human diseases has also attracted the attention of many researchers in various fields of biomedical sciences. Numerous studies revealed that taurine could treat and prevent a wide range of diseases by affecting the fundamental signaling pathways and cellular function. The effect of taurine on mitochondria is one of this substance's key mechanisms in preventing cell damage. In the present book, the effects of taurine on mitochondria and its relationship with the treatment of various human diseases have been given special attention and widely discussed. Researchers in biomedical sciences could widely use the data provided in this book. We hope that attention to compounds such as the amino acid taurine, a safe molecule that causes no significant side effects even at very high doses, can lead to the development of new and effective strategies in the pharmacotherapy of various human diseases.
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      Abstract




      Taurine (β-amino acid ethane sulfonic acid; TAU) is a sulfur-containing amino acid abundant in the human body. Although TAU does not corporate in the protein structure, many vital physiological properties have been attributed to this amino acid. TAU could be synthesized endogenously in hepatocytes or come from nutritional sources. It has been found that the source of body TAU varies significantly between different species. For instance, some species, such as foxes and felines, are entirely dependent on the nutritional sources of TAU. On the other hand, TAU is readily synthesized in the liver of animals such as rats and dogs. The TAU synthesis capability of the human liver is negligible, and we receive this amino acid from food sources. The distribution of TAU also greatly varies between various tissues. Skeletal muscle and the heart tissue contain a very high concentration of TAU. At subcellular levels, mitochondria are the primary targets for TAU compartmentalization. It has been found that TUA also entered the nucleus and endoplasmic reticulum. The current chapter discusses the synthetic process and dietary sources of TAU. Then, the transition of TAU to sub-cellular compartments will be addressed. Finally, the importance of TAU homeostasis in the pathogenesis of human disease is mentioned.
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      INTRODUCTION




      Using endogenous compounds with minimum adverse effects has always been a plausible approach to managing human diseases. In this context, since its discovery in the OX bile in 1827, taurine (TAU) has become the subject of a plethora of investigations in biomedical sciences [1]. Many physiological roles have been detected for TAU. Nowadays, it is well-known that TAU acts as an osmolyte in many biological systems, contributes to many metabolic processes such as bile acids conjugation, and even could be applied as a biomarker on some occasions [2-6].




      Although TAU is readily synthesized in the liver of many species (e.g., Dogs), some other species, including humans, depend on the dietary sources of this compound [7]. It has been found that some tissues such as the skeletal muscle, heart, brain, and reproductive organs contain a huge amount of TAU in humans. Hence, this amino acid could play a pivotal role in the function of these organs.




      Several pharmacological roles have also been identified for TAU, and these effects are growing every year. It has been found that TAU could protect different organs against xenobiotics, provide neuroprotective properties, mitigate skeletal muscle damage and enhance its functionality, improve human reproductive indices, prevent and/or cure cardiovascular disease, provide protection against liver diseases and many other pharmacological properties [8-26].




      As mentioned, we receive our body TAU from dietary sources. Several TAU-rich foodstuffs have been identified. Seafood is rich in TAU. Hence, in countries that consume the types of foods (e.g., Japan), people benefit from the positive effects of TAU. On the other hand, there is no TAU in herbal products, and herbivores could develop signs of TAU deficiency.




      In the current chapter, the dietary sources of TAU are introduced, its absorption from the gastrointestinal tract is discussed, a brief overview of the synthesis of this amino acid in the liver is highlighted, its distribution in different organs is mentioned, and finally, its cellular compartmentalization is described.


    




    

      Taurine synthesis, dietary sources, and cellular compartmentalization




      Taurine (β-amino acid ethane sulfonic acid; TAU) is endogenously synthesized in the liver hepatocytes from the amino acid cysteine and methionine [6, 27, 28] (Fig. 1). Hence, the liver is the main organ responsible for TAU synthesis. The endogenous synthesis of TAU occurs via the cysteine sulfinic acid pathway (Fig. 1). The enzyme responsible for TAU synthesis is dependent on cysteine bioavailability [28, 29]. Thus, TAU synthesis is dependent on the amount of protein intake and the availability of the precursor amino acids (methionine and cysteine) [6]. On the other hand, the ability of hepatocytes to synthesize TAU is widely variant between different species [30, 31]. Some species, such as foxes and felines, are entirely dependent on the dietary sources of TAU [30, 31]. TAU deficiency in these species could lead to severe anomalies, including retinal degeneration, cardiovascular disturbances, reproduction defects, and even animal death [30-34]. This evidence mentions the key physiological roles of TAU in some mammalians. Cysteine sulfonate decarboxylase (CSD) activity as a rate-limiting enzyme involved in TAU synthesis has been measured in the liver of various species (Table 1). The activity of this enzyme in humans, as well as cats, is negligible (Table 1). On the other hand, animals such as dogs and rats have a considerable CSD activity in their liver (Table 1) [1]. Hence, they could readily synthesize TAU from methionine and cysteine (Fig. 1) and do not need to intake TAU from dietary sources [35].
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Fig. (1))


      Specific transporters uptake TAU from the bloodstream to various organs. The TAU uptake capability of different organs is widely varied. Taurine (TAU) is also endogenously synthesized in hepatocytes. TAU synthesis capability of some species such as fox and felines is very low, and these species are entirely dependent on the dietary sources of TAU. TAU could be readily uptaken by cells through transporters (e.g., PAT1). The capacity of our hepatocytes is negligible for TAU synthesis. Thus, humans also greatly rely on the nutritional origins of TAU. CDO: Cysteine deoxygenase; CSD: Cysteinesulfinate decarboxylase; PAT1: Polyamine transporter 1.



      It has been found that CSD activity is exceptionally high in oysters (e.g., Crassostrea gigas). Therefore, oysters are an excellent food source of TAU in some regions [36] (Fig. 2). Interestingly, approximately 80% of the total amino-acid content of oysters is TAU [36]. Oysters are widely used in England, Japan, Italy, and Spain [36].




      

        Table 1 The activity of cysteine sulfinic acid decarboxylase (CSD) in the liver of different species.




        

          

            

              	Species



              	Liver CSD Enzyme Activity



              	References

            


          



          

            

              	Human



              	-



              	[1, 35]

            




            

              	Cat



              	-



              	[1, 35]

            




            

              	Fox



              	-



              	[1, 35]

            




            

              	Horse



              	-



              	[35]

            




            

              	Dog



              	++++



              	[35]

            




            

              	Cow



              	+



              	[35]

            




            

              	Rabbit



              	+



              	[35]

            




            

              	Mouse



              	++



              	[35]

            




            

              	Rat



              	++++



              	[1, 35]

            




            

              	Guinea pig



              	++



              	[35]
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Fig. (2))


      A schematic representation of the geographic distribution of taurine excretion in urine (and probably most taurine consumption) in different world regions. This figure is re-drawn from the same figure from the manuscript https://doi.org/10.1002/mnfr.201800569. Darker colors indicate the higher consumption of taurine. Japan and Spain are among the most taurine-consuming countries. For countries with no color, no reliable data is available so far.



      A schematic presentation of TAU excretion (and probably most TAU-consumed countries) is given in Fig. (2). As mentioned, the TAU synthesis capability of the human liver is negligible (Table 1). Therefore, we also depend on nutritional TAU sources [37-39]. While seafood contains the highest taurine concentrations, based on Fig. (2), Spain and Japan are the most TAU-consuming countries in the world. Other countries such as France, Russia, China, Australia, Sweden, Finland, Bulgaria, Ecuador, New Zealand, and Tanzania have relatively higher TAU consumption [40] (Fig. 2). Interestingly, some studies mentioned that higher TAU consumption in countries such as Japan (Fig. 2) could be related to a lower prevalence of diseases such as cardiovascular complications [41-44].




      Despite very high concentrations of TAU in tissues such as the lung [45], spleen, and reproductive organs (Fig. 3), the roles of this amino acid in these systems largely remain unknown. However, some human studies mentioned the osmoregulatory properties of TAU as a physiological role of this amino acid in these organs. Besides, further studies are needed to reveal the exact mechanism of TAU action in biological systems.
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Fig. (3))


      Tissue distribution of taurine in humans. Concentrations are given as µmol TAU/g tissue wet weight. The ovary TAU level is reported in rats. The written TAU content of human tissues is adapted from “DOI: 10.1152/physrev.1968.48.2.424”. TauT: Na+/Cl--dependent taurine transporter; GAT: γ-aminobutyric acid (GABA) transporter.



      It has been found that TAU could readily be absorbed through the small intestinal brush border through specific TAU transporters (TauT, GAT2, and GAT3), resulting in a high plasma concentration of this amino acid [6] (Fig. 3). It has been found that some factors could influence TAU absorption from the intestine. For instance, some investigations revealed that inflammatory cytokine increases TAU absorption where diseases such as diabetes suppress the intestinal absorption of this amino acid [46-49]. When TAU reaches the bloodstream, it is distributed to different organs through TAU transporters (TauT) and polyamine transporters 1 (PAT1) [6] (Fig. 3).




      The γ-aminobutyric acid (GABA) transporter 2 (GAT2) is another crucial transporter identified for TAU uptake by some cell types such as hepatocytes [50]. Because of the active transport of TAU from the bloodstream to the cells, the concentration of this amino acid in plasma is approximately 100 fold lower than its tissue level (Fig. 3). On the other hand, the effect of the TAU transport system is different between various organs [6]. Therefore, TAU concentration varies widely among tissue types [51] (Fig. 3). The brain, heart, skeletal muscle, and kidneys contain a high concentration of TAU [6]. It has been well-documented that TAU is localized at higher concentrations in high energy-consuming tissues such as skeletal muscle, heart, and the brain [22, 35, 51-55] (Fig. 3). TAU uptake may not only differ between organs but could also compartmentalize within the various parts of a specific organ. For example, it has been found that there is a zonal distribution of TAU within the liver [56]. Although more studies are needed to clear the zonal distribution of TAU in the liver, investigators such as Miyazaki et al. suggested that the variation in TAU level might be involved in the susceptibility to the zonal toxic response of the liver tissue [56]. It has been found that TauT, which is responsible for TAU uptake from the circulation, is predominantly expressed in the pre-central (PC) region of the liver [56]. Moreover, it has also been shown that the enzymes involved in the TAU synthesis process, namely cysteine dehydrogenase, are predominantly localized in the PC region [27, 56]. An exciting finding of TAU excretion from our body is that there is no TAU metabolizing enzyme in human cells, and this amino acid is metabolized by gut bacteria (readers could refer to chapter 9 for more information). The main excretion route for TAU is its conjugation with bile acids or excretion through the kidney.




      The uptake of TAU has also been identified at cellular levels, and some transporters involved in this process have been identified. In this context, the cellular uptake of TAU through TauT and the role of factors involved in this process are widely investigated [57] (Fig. 4). It has been found that factors such as cellular hyper-osmolarity, mammalian target of rapamycin (mTOR) signaling, tonicity-responsive enhancer-binding protein (TonEBP), and several transcription factors such as c-Jun, c-Myb, and WT1 could enhance cellular TAU uptake [57, 58] (Fig. 4). On the other hand, factors such as ROS formation and oxidative stress, protein kinase C (PKC), and casein kinase 2 (CK2) could inhibit cellular TAU uptake through TauT [57, 59] (Fig. 4). TAU transport is regulated by the phosphorylation of the intracellular TauT transporter domain [57, 58, 60] (Fig. 4).
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Fig. (4))


      Taurine transport and cellular compartmentalization. Different transporters are responsible for taurine uptake, transportation to the cytoplasm, and finally to the cellular organelles. At subcellular levels, taurine is accumulated in the endoplasmic reticulum, mitochondria, and nucleus. TauT: Taurine transporter; PAT1: Polyamine transporter 1; mTOR: mammalian target of rapamycin; PKA: protein kinase A; Ton-EBP: tonicity-responsive enhancer-binding protein; PKC: Protein kinase C; CK2: Casein kinase 2. The role of factors involved in the TAU absorption through TauT was inspired by the same figure from reference [57].



      As mentioned, several investigations have been conducted to identify the subcellular TAU compartmentalization [61] (Fig. 4). It has been well-documented that cellular mitochondria are significant reservoirs for TAU storage [62-64]. At least one TAU transporter has been identified in cellular mitochondria so far [64] (Figs. 3 and 4). Interestingly, in addition to TAU transport from the cytoplasm, some studies indicate that TAU synthesis occurs in the mitochondrial matrix [65]. These data could indicate a vital role for TAU in mitochondria. The role of TAU in the mitochondrial function is the subject of various investigations [9-11, 16, 21-23, 25, 26, 51, 55, 66-70]. In the forthcoming chapters of this book, the role of TAU in mitochondrial function and its association with the pathophysiology of human diseases are discussed.




      TAU also enters the cellular nucleus through a series of transporters [6] (Fig. 4). Some studies reported that the nucleus TAU level could change under modifications of cell physiological conditions [6]. These data suggest a putative role for TAU in the nucleus. It has been proposed that TAU could act as an osmolyte in the nucleus [6]. TAU might also contribute to genetic materials stabilization and preventing their damage [6]. It has also been mentioned that the presence of TAU in the nucleus could be related to nuclear shrinking or swelling [61, 71]. Although the significance of such nuclear changes in response to TAU is not fully understood so far, it seems that transporters such as PAT1, which mediate TAU influx to the nucleus, are involved in events such as cell growth [71]. However, the current knowledge regarding TAU mechanisms of action in the cellular nucleus is limited, and more investigations into this topic are warranted.




      The endoplasmic reticulum (ER) is another intracellular target for TAU accumulation and function (Fig. 4). ER plays a pivotal role in cytoplasmic calcium (Ca2+) homeostasis [72, 73]. Dysregulated cytoplasmic Ca2+ by xenobiotics or diseases could activate cell death mechanisms and organ injury [15, 20, 72-76]. The stabilization of ER and prevention of cytoplasmic Ca2+ overload is a critical function of TAU (Fig. 5). The effects of TAU on ER and Ca2+ homeostasis and its relevance in the pathogenesis of human diseases are discussed in the forthcoming chapters.
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Fig. (5))


      Taurine dyshomeostasis is related to mitochondrial impairment, oxidative stress, and endoplasmic reticulum stress. These events could finally lead to cell death and organ injury.



      Since the human body's ability for TAU synthesis is limited [56, 77-79], dietary TUA plays a crucial role in maintaining our body's TAU reservoirs. On the other hand, TAU has not been detected in plants and plant products. Therefore, the lack of this amino acid could occur in vegans [78]. A list of TAU-rich foodstuffs has been represented in Table 2.




      

        Table 2 The taurine content of common foods. This table is inspired by an identical table in the manuscript [80].




        

          

            

              	Foodstuff



              	
Taurine Content


              (mg/100 g weight)




              	References

            


          



          

            

              	Chicken Dark Meat (Broiled)



              	199



              	[80]

            




            

              	Turkey Dark Meat (Roasted)



              	299



              	[80]

            




            

              	Beef (Broiled)



              	38



              	[80]

            




            

              	White Fish (Cooked)



              	172



              	[80]

            




            

              	Tuna Fish (Canned)



              	42



              	[80]

            




            

              	Cod Fish (Farmed)



              	106



              	[81]

            




            

              	Salmon Fish (Farmed)



              	60



              	[81]

            




            

              	Shrimp



              	39



              	[80]

            




            

              	Oyster



              	396



              	[80]

            




            

              	Mussel



              	655



              	[80]

            




            

              	Clam



              	520



              	[80]

            




            

              	Scallop



              	827



              	[80]

            




            

              	Squid



              	356



              	[80]

            




            

              	Cow Milk (3.5% fat, Whole)



              	3.5



              	[80]

            




            

              	Low-Fat Plain Yogurt



              	3.3



              	[80]

            




            

              	Vanilla Ice-cream



              	1.9



              	[80]

            


          

        




      




      Most of the TAU-rich materials listed in Table 2 are not found in many parts of the world, or generally, people cannot afford to buy them due to their high cost. It could be suggested that in the comprehensive programs, TAU could be added to the high-consumption diets of the communities to benefit from the positive effects of this compound in human health. On the other hand, vegetarians can also benefit from adding this amino acid to their diet (since the synthetic form of this substance is also available).




      It has been found that the destruction in the body TAU homeostasis could seriously compromise the function of several organs such as the heart and skeletal muscle [82-84]. TAU concentration in tissues such as skeletal muscle, cardiac tissue, and seminal fluid is very high (Fig. 3). It has been found that TAU plays a vital role in the physiological activity of tissues such as cardiac and skeletal muscle [40, 44, 85, 86]. In this regard, the role of TAU in regulating mitochondrial function and cellular energy metabolism seems to play a crucial role in its action [44, 84, 86-88]. Therefore, it is essential to investigate the effect of TAU deficiency in the pathogenesis of the human disease. It has been well-known that the TAU transporter, TauT, plays a crucial role in regulating tissue TAU homeostasis [57]. TauT also plays a crucial role in transporting this amino acid to the mitochondria [44, 57] (Fig. 4). Thus, TAU deficiency could play a vital role in the pathogenesis of mitochondrial dysfunction, cellular energy crisis, oxidative stress, and organ injury.




      The role of TUA deficiency in the pathogenesis of the human disease is the subject of several studies [89-93]. For instance, it has been found that mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome, and TAU deficiency are closely related [89]. TAU deficiency in MELAS leads to a significant decrease in mitochondrial electron transport chain (ETC) synthesis and consequently impaired mitochondrial function [89, 94, 95]. In another study, it has been found that severe muscle weakness and senescence occurred in TAU transporter knock-out animals [84]. All these data indicate the crucial role of TAU in health and disease.


    




    

      Lessons learned from taurine-transporter knockout experimental models




      A big part of our knowledge about the role of TAU in various organs and the pathological consequences of its deficiency has been obtained from TAU transporter knock-out experimental models [57, 96-98]. Physiologically, TAU transporters respond to several stimuli such as changes in the cellular ionic environment, pH, and electrochemical charge [57]. Two major types of TAU transporters have been identified to date. TauT (SLC6A6) is an ion (Na+ and Cl-)-sensitive TAU transporter (Fig. 4). PAT1 (SLC36A1) is another TAU transporter and its activity is pH-dependent [57]. The affinity and capacity of these transporters for TAU are different (The Km value for TauT is <60 µM where for PAT1 is 4-7 mM) [57, 99]. It has been well-known that TauT is responsible for cellular TAU influx and efflux in various organs [57]. TAU transporters are located on the cell membranes or intracellular organelles (Fig. 4).




      β-alanine, a competitive inhibitor of cellular TAU uptake, has been used for investigating the effect of cellular TAU deficiency in several studies [6, 100-103]. However, it has been revealed that β-alanine may not significantly affect the cellular compartmentalization of TAU [104, 105]. For instance, Jong et al. revealed that β-alanine could not significantly influence mitochondrial TAU levels despite inhibiting cellular TAU uptake [104]. In some cases, it has also been found that β-alanine could not affect tissue (e.g., skeletal muscle) TAU content [106]. Therefore, it is crucial to develop a method to investigate the cellular and molecular mechanisms of TAU deficiency in various organs and subcellular compartments. In this context, several studies have been developed to study the role of TAU deficiency in the pathogenesis of organ injury and its cellular and molecular mechanisms. For instance, TAU transporters' knockout experimental models have been widely applied [107-112].




      It has been found that severe complications occur in TauT knockout models [107-110]. Organs with higher TAU levels (e.g., cardiac and skeletal muscle) are the first organs influenced by the TauT knocking-out procedure [84, 109, 111]. Severe muscle weakness, low ATP levels, significant oxidative stress, and muscle wasting are complications reported in TauT knockout models [84, 96, 107, 111]. Moreover, cardiomyopathy and low cardiac output are the dominant pathological changes detected in the TauT knockout animals [82, 83]. Other organs, including the brain, kidney, eye, and liver, are also affected in TauT knockout models [97, 98, 108, 113-115].




      It is essential to mention that TauT knockout models revealed a crucial role for mitochondrial function and energy metabolism in the mechanism of action of TAU in various organs [83, 116]. These models revealed that the absence of TAU in mitochondria could lead to deleterious consequences such as severe mitochondria-mediated ROS formation, mitochondrial depolarization, impaired ATP synthesis, mitochondrial permeabilization, and the release of cell death mediators from mitochondria [83, 84, 117]. Moreover, it has been found that TAU deficiency is linked with other events such as endoplasmic reticulum (ER) stress, cytoplasmic Ca2+ overload, and denaturation of cellular proteins [118] (Fig. 5). These events could finally lead to cell death and organ injury (Fig. 5). The role of TauT knockout models and their relevance to cellular TAU concentration and mitochondrial function are discussed in various chapters of this book.




      As previously mentioned, TAU deficiency could also lead to severe pathological changes in tissues such as cardiac and skeletal muscles experimental model [82-84, 119]. It has been found that mitochondria are among vital targets affected by TAU deficiency [63, 82-84, 117, 119-121]. All these data indicate an essential role for TAU in the normal function of our body. Hence, TAU deficiency could lead to harmful consequences. Mitochondrial impairment is interconnected with other pivotal intracellular signaling such as ROS formation, endoplasmic reticulum (ER) stress, and finally, cell death and organ injury (Fig. 5). Therefore, it is crucial to investigate the role of TAU deficiency in the pathogenesis of various human diseases and/or use this safe amino acid as a potential therapeutic strategy against vast pathologic complications.




      The essentiality of TAU has not been profoundly highlighted in reference books of human nutrition. Therefore, there is no recommended daily allowance (RDA) for this amino acid by standard dietary references [78]. However, many clinical studies administered TAU at very high doses (e.g., 6 g/day). This could be a beneficial point for the safety of this amino acid. Free TAU is mainly detected in seafood, meat, and at a lower content in dairy products [122-126] (Fig. 2). As mentioned, no significant TAU content is seen in plants and plant products [78]. Therefore, the daily TAU intake of vegetarians is estimated to be zero [78]. The higher dietary intake of TAU or its precursors such as methionine and cysteine might partially compensate for the shortage of TAU in vegans [127, 128]. However, as previously mentioned, the TAU synthesis capability of the human liver is limited. Hence, TAU's fortification of their food is a good choice, and many people could benefit from the positive effects of this amino acid.


    




    

      CONCLUSION




      Based on the data collected in this chapter, TAU plays a vital role in mitochondrial function in various organs. Therefore, changes in the hemostasis of this amino acid could lead to several pathological conditions associated with the energy crisis and mitochondria-mediated cellular and organ injury. In the following chapters, the mechanism involved in the effects of TAU on mitochondria are bolded, and the results of this amino acid on different organs, with a focus on the effects of TAU on mitochondrial function, are highlighted. The data collected in this book could lead to a better understanding of the mechanisms of action of TAU in the body and, finally, its application as a therapeutic option against a wide range of human diseases.
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      Abstract




      Several studies have evaluated the subcellular compartmentalization of taurine (TAU) and its cellular and molecular mechanisms of action. Meanwhile, it has been found that TAU is largely uptaken by mitochondria. TAU could improve mitochondrial function by incorporating it into the basic mitochondrial structures and protein synthesis (e.g., mainly mitochondrial electron transport chain components). Several other mechanisms, including the enhancement of mitochondrial calcium sequestration, regulation of mitochondria-mediated reactive oxygen species (ROS) formation, prevention of mitochondria-mediated cell death, and mitochondrial pH buffering, are also involved in the mitochondrial function regulatory properties of TAU. Therefore, TAU has been used against a wide range of pathologies, including mitochondrial injury. In the current chapter, a review of the approved molecular mechanism for the effects of TAU on mitochondria is provided. Then, the applications of TAU on a wide range of complications linked with mitochondrial impairment are discussed. The data collected here could give a better insight into the application of TAU as a therapeutic agent against a wide range of human diseases.
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      INTRODUCTION




      The mechanisms of cytoprotection provided by taurine (TAU) have been widely investigated. Earlier, it was proposed that TAU could act as a direct radical scavenger [1-4]. However, later it became clear that TAU is a weak scavenger of reactive species [1-4]. Further studies revealed that mitochondria are the major place where TAU provides its cytoprotective properties by regulating this organelle [3, 5-11]. Nowadays, it is clear that TAU accumulates in mitochondria in high quantities [7, 12-14].




      Several essential roles have been attributed to TAU in cellular mitochondria [7, 12, 13]. First, it is well-known that TAU contributes to basic mitochondrial structures such as tRNA [4, 13]. It has been found that mitochondria lacking TAU-modified tRNA couldn’t synthesize their proteins (e.g., mitochondrial respiratory chain complexes), and their function is impaired [13, 15]. On the other hand, it has been found that TAU regulates mitochondrial calcium homeostasis,




      prevents the release of cell death mediators from forming this organelle, and finally boosts energy (ATP metabolism) [10, 13, 16-22].




      Many examples of human diseases are connected to mitochondrial impairment and disturbed energy metabolism. Skeletal muscle disease, neurodegenerative disorders, cardiovascular complications, liver disease, and reproductive anomalies have been identified with mitochondrial disturbances [23-37]. Therefore, it seems that targeting mitochondria in these complications could serve as a viable therapeutic option.




      A plethora of investigations revealed the positive effects of TAU supplementation on human diseases. Interestingly, TAU provides its protective properties mainly by affecting cellular power plants. In the current chapter, the basic concepts of the effects of TAU on mitochondrial function are highlighted. Then, the potential application of this amino acid for a wide range of human diseases focusing on the effects of TAU on mitochondria and its related complications are highlighted.


    




    

      Taurine in the basic mitochondrial structures




      The positive effects of TAU on mitochondria have been repeatedly documented [5, 18, 38-40]. Many studies have also mentioned that TAU significantly suppresses mitochondria-mediated cell death [18, 41-43]. Several mechanisms have been noted regarding the effects of TAU on mitochondrial function and its association with cellular energy metabolism and cytoprotective mechanisms [17, 20]. Recently, an exciting finding revealed the incorporation of TAU in the synthesis and regulation of basic mitochondrial structures [15, 44, 45]. These results mention that TAU is not just a supplement agent but is essential for proper mitochondrial function. The pivotal role of TAU in mitochondrial function and structure is discussed herein.




      Recent studies revealed that TAU incorporates the structure of transfer RNA (tRNA) in mitochondria [4, 13] (Fig. 1). tRNA is a molecule that serves as a link between messenger RNA (mRNA) and protein synthesis. tRNA carries amino acids to ribosomes (Fig. 1). Hence, tRNA is necessary for mRNA translation and protein synthesis [4, 13]. Mitochondrial DNA (mtDNA) encodes several proteins (e.g., electron transport chain components) independently from the nuclear DNA. Hence, any defect in the mitochondrial tRNA structure could influence protein synthesis and, finally, mitochondrial function (Fig. 1). Mechanistically, it has been found that TAU forms a conjugate with a uridine base in mitochondrial tRNA [13, 15]. This TAU conjugation leads to structural changes in mitochondrial tRNA, making it functional for amino acid transportation to ribosomes and, finally, appropriate mitochondrial protein synthesis [13, 15] (Fig. 1). On the other hand, recent data revealed that defective mitochondrial tRNA TAU modification activates several protease enzymes, leading to cell death [45]. Therefore, it is crucial to manage tRNA taurine deficiency in patients.
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Fig. (1))


      Functional mitochondrial transfer RNA (tRNA) forms a conjugate with taurine. Mitochondrial tRNA lacking taurine modification cannot efficiently transport amino acids to ribosomes. Consequently, the synthesis of many proteins, including the mitochondrial respiratory chain components, could be disturbed. ETC: Electron transport chain. Taurine could find an application to alleviate mitochondrial tRNA defects in clinical settings.



      Interestingly, it has been revealed that the formation of TAU-tRNA conjugate is hampered in several mitochondria-linked diseases [13, 46-48]. Mitochondrial tRNA lacking TAU modification is unstable and could not synthesize proteins correctly [65]. Consequently, the expression of several mitochondria-encoded proteins (e.g., respiratory chain complexes) is suppressed [13, 46-48]. Excitingly, when mitochondrial oxidative phosphorylation is diminished (e.g., lack of tRNA in TAU deficiency), an elevation in the glycolysis process and lactate production will occur, leading to metabolic acidosis. It has been found that TAU supplementation could significantly improve symptoms of patients with mitochondrial disorders related to impaired tRNA TAU modification [49, 50]. These findings provide clues for TAU application as a therapeutic option in clinical settings.




      Several pathogenic mutations in human mtDNA have been identified that are suspected to be linked with impaired mitochondrial tRNA function [51]. These mutations could be associated with specific clinical manifestations [51]. A mutation in mtDNA has been recognized, related to deficient TAU modification of mitochondrial tRNA [48]. Mitochondrial myopathy, encephalopathy, lactic acidosis, stroke-like syndrome (MELAS), myoclonic epilepsy, and ragged red fiber syndrome (MERRF) are two severe mitochondrial diseases in humans that are linked with the lack of TAU modification in mitochondrial tRNA [49, 50, 52] (Fig. 1). It is well-identified that the synthesis and assembly of mitochondrial respiratory chain complexes are hampered in MELAS and MERRF [49, 50] (Fig. 1). As we receive all our mitochondria from our mother, MELAS and MERRF are maternally-inherited genetic disorders. These data mention the importance of genetic defects in mitochondria-related to the amino acid TAU.




      Excitingly, a phase III clinical trial confirmed the beneficial role of TAU in MELAS patients [49]. It was found that TAU significantly decreased the recurrence of stroke-like syndrome episodes as the most acute symptom of MELAS [49]. Another interesting finding of TAU supplementation in MELAS patients is the increase in TAU-modified mitochondrial tRNA [49].




      As mitochondrial oxidative phosphorylation is diminished in TAU deficiency, an elevation in glycolysis and lactate production will occur [49]. In phase III clinical trial, Ohsawa et al. found that “taurine supplementation was effective and safe for the prevention of stroke-like episodes in patients with MELAS by ameliorating the modification defect in the first anticodon nucleotide of mitochondrial tRNALeu(UUR)” [49]. These data are an example of a case that TAU supplementation could change the future of a genetic disorder.




      Based on the abovementioned data, it could be concluded that TAU is not only a supplementary amino acid. TAU contributes to basic mitochondrial structures (e.g., tRNA) and is involved in vital pathways such as protein synthesis in cellular mitochondria. Moreover, TAU supplementation might also benefit other mitochondrial diseases where TAU modification of mitochondrial tRNA is impaired. Besides, the effects of TAU on mitochondrial tRNA and mtDNA mutations in healthy subjects have not been evaluated so far.


    




    

      Taurine regulates mitochondria-facilitated oxidants production




      In the current section, we focus on the primary mechanisms involved in the antioxidant properties of TAU. Previously, it was mainly thought TAU is a direct radical scavenger and provides its antioxidant capacity through removing reactive species. However, it is now known that TAU is a weak radical scavenger and is practically unable to scavenge many ROS forms [53]. More studies on the antioxidative properties of TAU revealed that this amino acid directly affects mitochondria-originated ROS formation [10, 13, 16-22]. It has been demonstrated that TAU deficiency dramatically decreased the synthesis of mitochondria-encoded proteins and enhanced the mitochondria-facilitated ROS formation [7]. The mitochondrial electron transport chain (ETC) is the primary source of intracellular ROS, especially the superoxide anion (O2•-) [54]. Enhanced mitochondrial-mediated ROS formation could lead to dangerous events such as mitochondria permeabilization and swelling [54, 55]. Finally, cell death and organ injury could occur [54, 55]. Besides, as mitochondria have a less potent antioxidant system than the cytosol, many intra-mitochondrial components could be damaged by ROS. Mitochondria impairment and oxidative stress are the primary mechanisms of cytotoxicity induced by a wide range of xenobiotics [56-60]. Besides, the enhancement of mitochondria-mediated ROS formation could further damage intracellular targets, including mtDNA, proteins, and lipids.




      It has been found that TAU significantly decreased superoxide generation by the mitochondria respiratory chain [10, 23, 61, 62]. On the other hand, some studies mentioned that the potentiation of cellular antioxidant mechanisms upon TAU supplementation could also be involved in its antioxidant mechanism [18, 63-68]. It has been found that the brain, heart, liver, and kidney antioxidant capacity was significantly increased with TAU treatment [69-76]. The increase in the activity of glutathione peroxidase, catalase, superoxide dismutase, and glutathione-s-transferase has been documented in association with TAU treatment [69-71].




      As previously mentioned, some other investigations questioned the role of TAU in boosting the activity of cellular antioxidant enzymes [6, 17, 77, 78]. These discrepancies in results might be due to the dose of TAU administered, the duration of treatment, and the sensitivity of methods used to assess cellular antioxidant capacity. Based on these data, the regulatory properties of mitochondria of TAU could be the dominant mechanism that contributes to the antioxidant effects of this amino acid [39, 69, 79-83]. It has been found that TAU deficiency significantly decreases the expression of specific mitochondrial proteins [10]. TAU could prevent the diversion of electrons from the ETC to the cytosol, which in turn substantially reduces the formation of reactive species (Fig. 2).
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Fig. (2))


      Taurine significantly decreases mitochondria-facilitated reactive oxygen species (ROS) formation during oxidative phosphorylation. The effects of taurine on the appropriate synthesis of mitochondrial respiratory chain complexes could profoundly affect mitochondria-mediated ROS formation. Unfortunately, there is a lack of experimental evidence on the role of taurine in the synthesis or regulation of ROS formation by mitochondrial matrix-embedded enzymes. GPDH: Glycerol-3-phosphate dehydrogenase. AC: Aconitase; KG: Ketoglutarate; S-CoA: Succinyl Co-A; Co-A: Co-enzyme A; OAA: Oxaloacetate.



      As mitochondria-mediated oxidative stress plays a fundamental role in the pathogenesis of several diseases, TAU treatment could be considered a preventive/therapeutic option against these complications. ROS could also be formed by P450 or glycerol-3-phosphate dehydrogenase (GPDH) located in the mitochondria’s inner membrane (Fig. 2). Moreover, many mitochondrial matrix-located enzymes, such as α-KGD, aconitase, and pyruvate dehydrogenase, can generate superoxide anions (Fig. 2). Unfortunately, there is little data on the effects of TAU on mitochondrial matrix-embedded enzymes and their contribution to this amino acid antioxidant property.




      The effects of TAU on mitochondria-dependent cell death and apoptosis are another interesting mechanism involved in the cytoprotective properties of this amino acid [43, 84-88]. It has been found that TAU significantly prevents the release of cell death mediators (e.g., cytochrome c) from mitochondria [43, 84-88]. It has been found that TAU significantly regulates signaling pathways related to mitochondria-mediated apoptosis [88]. For example, it has been revealed that TAU significantly down-regulated the expression of apoptosis-inducing factors such as Bax, Fas ligand (FasL), Fas, caspase 3, and caspase 9 [86, 88]. On the other hand, TAU significantly enhanced the expression of anti-apoptotic factors such as Bcl-2 [88]. The effects of TAU on mitochondrial permeabilization as well as mitochondrial membrane potential play a crucial role in its antiapoptotic properties [86, 89]. All these data indicate that TAU significantly regulates mitochondria-mediated apoptosis and cell death.




      It has been found that TAU supplementation could improve mitochondrial function by restoring mitochondrial protein synthesis (e.g., respiratory chain complexes) [6, 17, 77]. As previously mentioned, in some pathological conditions, the lack of TAU in mitochondrial tRNA could lead to various diseases [23, 46-50, 90-92]. However, it has been found that TAU supplementation to healthy subjects could also enhance the capability of this organelle for ATP metabolism [17, 93]. All these data confirm that the effect of TAU on ETC components and mitochondrial matrix-embedded enzymes could play a primary role in its impact on regulating mitochondria-originated oxidant production (Fig. 2).


    




    

      Taurine and cellular energy metabolism




      As mentioned in the previous section, TAU efficiently improves mitochondrial protein synthesis (e.g., electron transport chain complexes). Therefore, this amino acid could significantly preserve mitochondrial energy (ATP) metabolism (Fig. 2). Many investigations documented that TAU depletion caused severe complications, including energy crises and cell death [31]. The effects of TAU on mitochondrial energy metabolism could be mediated through several ways. The most important pathway for the effects of TAU on mitochondrial ATP production was described in the previous sections about the incorporation of this amino acid in the biosynthesis of mitochondrial respiratory chain complexes. In the forthcoming section, another important mechanism involved in the TAU-induced enhancement of mitochondrial function and ATP metabolism is discussed.




      Some studies described the buffering properties of TAU and mentioned this feature as an essential factor for proper mitochondrial function (Fig. 3). TAU is a well-known physiological buffering agent [94]. This means that TAU could prevent fluctuations in the pH of physiological fluids and maintain it in a constant range [94]. It has been found that TAU could tightly regulate mitochondrial matrix pH [94] (Fig. 3). Preserving the pH gradient between mitochondrial matrix and cytosol is a critical mechanism for the effects of TAU in mitochondrial function [94]. Hence, the presence of TAU is critical for mitochondrial matrix pH buffering [94]. TAU (PKa = 8.6 at 37◦C) is a well-known physiological pH regulator. Because of the H+ gradient, the pH of the mitochondrial matrix is slightly alkaline in normal conditions (pH = 7.9-8.1). Hansen et al. reported that TAU acts as a mitochondrial buffer regulatory agent and preserves mitochondrial pH at the range of 7.7-8.1 [6] (Fig. 3). On the other hand, the activity of some mitochondria-embedded enzymes seems to be pH-dependent [94]. Interestingly it has been established that the activity of some mitochondrial matrix enzymes, especially those involved in energy metabolism, are increased in the presence of higher mitochondrial TAU concentrations [94] (Fig. 3). Hansen et al. found that enzymes such as isocitrate dehydrogenase (involved in the citric acid cycle) have maximum capacity in alkaline pH (7.7-8.1) [94]. It has also been documented that TAU promotes fatty acids beta-oxidation by enhancing the uptake of fatty acids into the cellular mitochondria [10]. Acyl-CoA dehydrogenases (ACDDs) are other essential enzymes involved in the fatty acid β-oxidation. It has been found that ACDDs have maximum activity at mildly alkaline pH (pH = 8-8.5) [94] (Fig. 3). The effect of TAU on ACADs activity might play a fundamental role in the effects of this amino acid in lipid metabolism disorders (e.g., fatty liver, obesity) or drug-induced steatohepatitis (e.g., valproic acid-induced liver injury). Based on the data provided in this section, the effects of TAU on oxidative phosphorylation (OXOPHOS) and ATP production could be mediated through several mechanisms. All these data highlight the importance of TAU in mitochondrial ATP synthesis and its vital role in managing human diseases associated with impaired energy metabolism. Future studies on experimental animals or clinical trials could reveal the beneficial effects of TAU in human diseases linked with mitochondrial impairment.
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Fig. (3))


      Mitochondrial buffering capacity play an essential role in the positive effects of this amino acid in cellular mitochondria. Regulating mitochondrial matrix pH is a critical parameter regulated by compounds such as taurine. Several mitochondria matrix-embedded enzymes, especially those involved in the energy (ATP) metabolism, have maximum activity at alkaline pH (pH = 7.7-8.1).

    




    

      Taurine and cellular calcium homeostasis




      Disturbance in cellular Ca2+ homeostasis is linked to a cascade of deleterious events, which finally lead to cytotoxicity [95] (Fig. 4). High intracellular Ca2+ activates several proteolytic enzymes involved in cell death [95, 96]. Interestingly, modulation of cellular Ca2+ levels is an essential feature of TAU [97, 98]. In response to moderately high Ca2+ levels, it has been found that TAU increases the Ca2+ sequestration capability of mitochondria [97, 98] (Fig. 4). Actually, mitochondria act as safety valves to prevent cytoplasmic Ca2+ overload and cell death [97, 98]. The smooth endoplasmic reticulum is the primary storage of Ca2+ in the cytoplasm. The mechanisms of the cytotoxicity induced by many xenobiotics rely on ER stress and cytoplasmic Ca2+ overload [99] (Fig. 4). ER stress and cellular Ca2+ disturbances are also well-known mechanisms involved in the pathogenesis of several human diseases [100, 101]. As the ER is the primary site for the folding and modification of proteins, ER stress could lead to unfolded protein response (UPR) [100, 101]. UPR could lead to a series of events that finally lead to cellular and organ malfunction [102, 103]. An intricate set of signaling pathways could be involved in the ER and UPR [100, 101]. Therefore, the effects of TAU on ER stress could play a big role in its cytoprotective mechanisms (Fig. 4).
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Fig. (4))


      Mitochondrial impairment, oxidative stress, and cytoplasmic calcium disturbances are firmly interrelated events. Disturbances in each factor could lead to severe complications, including cell death and organ injury. The amino acid taurine could prevent these deleterious events. It has also been well-established that taurine enhanced mitochondrial Ca2+ sequestration. Moreover, taurine significantly diminished mitochondria-mediated ROS formation and oxidative stress. Finally, it should be mentioned that taurine can enhance mitochondrial ATP metabolism. mPT: Mitochondrial permeability transition; ROS: Reactive oxygen species; RNS: Reactive nitrogen species; ΔΨ: Mitochondrial membrane potential; ATP: Adenosine triphosphate.



      It has been well-documented that TAU effectively prevents ER stress, cellular Ca2+ overload, and oxidative stress in different experimental models [38, 104, 105]. Therefore, controlling the release of Ca2+ from intracellular stores (e.g., ER) plays a fundamental role in the cytoprotective properties of TAU (Fig. 4). TAU affects different transporters involved in regulating cytoplasmic and mitochondrial Ca2+ homeostasis (Fig. 5). It has been found that TAU inhibits Na+/Ca2+ exchangers in different subcellular compartments, including the endoplasmic reticulum and mitochondria [21]. TAU also promotes Ca2+ efflux from the cytoplasm through Na+/Ca2+ exchanger [21]. Cellular mitochondria also play a fundamental role in cytoplasmic Ca2+ homeostasis [106, 107] (Fig. 5). Several lines of evidence indicate that TAU facilitates the Ca2+ buffering capacity of mitochondria [106, 107]. TAU could positively affect the mitochondrial ability for Ca2+ sequestration in moderate cases of Ca2+ overload and enhance cell survival during toxic insults [106, 107]. Interestingly, it has been found that when cytoplasmic pH is declined (e.g., in ischemia-reperfusion injury), the Na+/H+ exchanger is activated and promotes the exchange between extracellular Na+ and intracellular H+ (Fig. 5). The effects of TAU on mitochondrial calcium uniporter (CUP) have been reported as a mechanism for enhancing the mitochondrial buffering capacity of this amino acid [108] (Fig. 5). Consequently, intracellular Na+ is increased and leads to the export of Ca2+ through the Na+/Ca2+ exchanger (Fig. 5). Based on the data provided in this section, TAU restrictedly regulates cytoplasmic Ca2+ and inhibits ER stress signaling, which could finally lead to cell death [109] (Fig. 4). ER stress and cytoplasmic Ca2+ overload play a pivotal role in the pathogenesis of various diseases [100]. Hence, the effects of TAU on mitochondrial Ca2+ sequestration could act as a cytoprotective mechanism and play a role in its protective properties in several human diseases.


    




    

      Taurine therapy in mitochondria-linked pathologies




      In many old references, TAU is considered a semi-conditional amino acid. On the other hand, increasing evidence indicates that this chemical could play a crucial role in the human body. Besides the physiological roles of TAU as a bile acid conjugator and cellular osmoregulator, many pharmacological roles, including the antioxidant, anti-inflammatory, and anti-apoptotic properties, have also been attributed to this amino acid [44]. The pivotal role of TAU in modulating proper mitochondrial function makes this amino acid an inseparable component of cellular energy metabolism. Many experimental and clinical studies indicate that TAU could enhance mitochondrial function and cellular energy in a wide range of diseases [23, 110-112]. On the other hand, several human diseases are connected to impaired mitochondrial function [113-117]. Hence, manipulating mitochondrial function and energy metabolism could be a potential point of intervention in these complications. In the forthcoming section, the therapeutic capability of TAU in two specific mitochondrial disorders in humans is discussed. Obviously, many other disorders associated with mitochondrial injury could benefit from TAU administration. The diseases discussed in the next section are selected because they are directly linked to the lack of TAU, and the administration of this amino acid could readily blunt their signs and symptoms.




      
[image: ]


Fig. (5))


      Taurine sensitive calcium (Ca2+) transporters. The regulation of cytoplasmic calcium (Ca2+) homeostasis plays a critical role in the cytoprotective properties of taurine. MCU: mitochondrial calcium uniporter.

    




    

      Taurine and human mitochondrial cytopathies




      Human mitochondrial cytopathies (MCs) are heterogeneous disorders characterized by diminished biosynthesis and assembly of mitochondrial respiratory chain proteins [15, 118]. Different types of MCs have been identified [13]. MCs could be associated with the mutation in the nuclear or mtDNA [119]. Interrupted cellular energy metabolism is the common endpoint of MCs [119]. MCs are usually associated with a cluster of clinical symptoms [119]. Muscle weakness, severe disability, neurological disorders, metabolic derangements, and premature death are related to different types of MCs [119, 120].




      Although genetic engineering could serve as a therapeutic intervention in the different forms of MCs [119, 121], this option may not be available worldwide or could not be economically beneficial (e.g., due to the rare nature of some types of MCs). Hence, finding pharmacological options that could improve MCs' symptoms and enhance patients' quality of life has great value. Lactic acidosis, and stroke-like syndrome (MELAS) and myoclonic epilepsy, and ragged red fiber syndrome (MERRF) are two well-known MCs that significantly debilitate patients [122, 123] (Fig. 6).
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Fig. (6))


      Taurine could enhance mitochondrial function and improve the condition of patients with mitochondrial cytopathies. mPT: Mitochondrial permeability transition; ROS: Reactive oxygen species; MMP: Mitochondrial membrane potential; ATP: Adenosine triphosphate. Electron microscopic analysis of cellular mitochondria in patients with MELAS (Adapted from Abu-Amero et al. [124]; CC-BY 2.0) revealed the abnormal collection of mitochondria with paracrystalline inclusions (arrowhead), osmiophilic inclusions (large arrowhead), and mitochondrial vacuoles (small arrowhead). Abnormal and abundant mitochondria with crystal inclusions also have been detected in MERRF patients (Electron microscope image for MERRF has been adapted from http://neuropathology-web.org/chapter10/chapter10dMitochondria.html). MELAS and MRRF are directly related to impaired taurine-associated tRNA modification.



      Interestingly, it has been detected that MELAS and MERRF are directly related to impaired mitochondrial tRNA modification by TAU [23, 123]. This point suggests TAU as a potential therapeutic option against these disorders. Excitingly, several clinical studies revealed that TAU could significantly improve the symptoms of MELAS and MERRF [23, 50, 91]. Finally, it should be noted that high doses of TAU are needed (up to 12 g/day) to subside mitochondrial dysfunction and clinical manifestation of mitochondrial diseases such as MELAS [49, 92]. Hence, designing mitochondria-targeted formulations of this amino acid might significantly enhance its therapeutic value.


    




    

      CONCLUSION




      TAU is a non-protein amino acid with a wide range of physiological and pharmacological properties. TAU could be synthesized from amino acid cysteine in vivo. However, the ability of endogenous TAU biosynthesis is highly variable between different species [125-127]. In this context, liver TAU synthesis capacity is low in humans [20, 128]. Hence, this amino acid is primarily provided by dietary sources. TAU containing supplements, meat, and kinds of seafood provide a tremendous daily demand for body TAU [129]. Several epidemiological studies revealed that TAU intake is reversely correlated with the mortality associated with many diseases (e.g., cardiovascular and liver disease) [130-132].




      TAU provides a wide range of protective properties in vivo and in vitro. Hence, understanding the cellular and molecular mechanisms underlying these protective effects allows us to use this amino acid in various human diseases. It seems that the positive impact of TAU on mitochondria could be critical for the maintenance of cellular homeostasis. Many investigations mentioned that TAU could enhance mitochondrial membrane potential (ΔΨm), improve ATP synthesis, decrease mitochondria-facilitated ROS formation, and prevent mitochondria-mediated cell death [4, 11, 17, 61, 69, 133-139]. Based on these data, TAU could be administered for many human diseases (Fig. 7).
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Fig. (7))


      The pleiotropic effects of taurine on cellular function make this amino acid a mind-provoking compound for managing a battery of human diseases. The enhancement of mitochondrial function and cellular energy metabolism seems to play a fundamental role in the mechanisms of cytoprotection provided by taurine.



      Considering the pivotal role of TAU in cellular energy metabolism, this amino acid could be applied against several mitochondria-linked complications. TAU is a safe, naturally occurring nutraceutical with a wide range of beneficial effects against several diseases. On the other hand, this amino acid exhibits few and negligible adverse effects in humans [140, 141]. Therefore, TAU might be applicable as a supplemental/therapeutic agent in clinical settings (Fig. 7).




      In various chapters of the current book, we will discuss the therapeutic role of TAU in various human diseases and highlight the positive effects of this amino acid on cellular mitochondria and energy metabolism as a fundamental mechanism that contributed to its cytoprotective properties. These data could lead to the clinical applications of TAU against mitochondria-linked disorders and finally improve the health condition of many patients (Fig. 7).
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