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Abstract. Taurine is a fundamental mediator of homeostasis 
that exerts multiple roles to confer protection against oxidant 
stress. The development of hypertension, muscle/neuro‑ 
associated disorders, hepatic cirrhosis, cardiac dysfunction 
and ischemia/reperfusion are examples of some injuries that 
are linked with oxidative stress. The present review gives a 
comprehensive description of all the underlying mechanisms 
of taurine, with the aim to explain its anti‑oxidant actions. 
Taurine is regarded as a cytoprotective molecule due to its 
ability to sustain normal electron transport chain, maintain 
glutathione stores, upregulate anti‑oxidant responses, increase 
membrane stability, eliminate inflammation and prevent 
calcium accumulation. In parallel, the synergistic effect of 
taurine with other potential therapeutic modalities in multiple 
disorders are highlighted. Apart from the results derived from 
research findings, the current review bridges the gap between 
bench and bedside, providing mechanistic insights into the 
biological activity of taurine that supports its potential thera‑
peutic efficacy in clinic. In the future, further clinical studies 
are required to support the ameliorative effect of taurine 
against oxidative stress.
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1. Introduction

In 1827, the German professors Friedrich Tiedemann and 
Leopold Gmelin became the pioneers who isolated the 
currently known taurine originating from Ox bile and they 
named it Gallen‑Asparagin (1). Later, it was named taurus, 
after the Latin Bos taurus which means Ox. However, the 
currently used name (taurine) first appeared in the literature in 
1838 by von H. Demarcay (2). Since 1975, the implication of 
taurine in homeostasis has intrigued the scientific community. 
Initially, it was reported that taurine deficiency leads to retinal 
degeneration in cats (3). Diminished taurine levels appeared to 
be implicated in the development of other pathological condi‑
tions, such as cardiomyopathy and developmental defects in 
many species, therefore suggesting a stringent requirement of 
taurine for homeostasis (4).

2. The role of taurine in homeostasis

Taurine (2‑aminoethanesulfonic acid; NH2CH2CH2SO3H) is a 
non‑essential amino acid, not participating in protein synthesis 
because it is devoid of a carboxyl group. It is not metabolized 
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and not involved in gluconeogenesis, thereby not constituting a 
direct energy source (5). Taurine is an abundant amino acid in 
many mammalian tissues, including the retina, skeletal muscle, 
liver, platelets, and leukocytes, exerting many physiological 
activities, especially in electrically excitable tissues (heart and 
brain) (6). Since taurine is a sulfonic amino acid with strong 
acidity and it comprises a zwitterionic amino acid (pK1=1.5, 
pK2=8.8), it is plausible that it exhibits strong water‑soluble 
and poor lipophilic properties over the physiological pH range. 
Even though taurine has low membrane permeability, it passes 
through the cells via the sodium/chloride dependent taurine 
transporter (TauT), which is committed to the transport of 
taurine from the extracellular to the intracellular compart‑
ments (7). For this reason, it passes through the lipophilic 
cellular membrane, and not diffused through, thereby forming 
a steep concentration gradient. For example, plasma taurine 
levels range from 40 to 100 µΜ, reaching very high concen‑
trations in tissues such as the heart (30 mM) (8), suggesting 
that plasma taurine levers are 100‑fold lower than in other 
tissue (7).

The biosynthesis of taurine occurs primarily in the liver, in 
the kidney, to a smaller extent, in the brain (4) and its content 
relies on cysteine/methionine metabolism (9). Endogenously, 
there are two distinct routes of taurine biosynthesis. Firstly, 
cysteine dioxygenase (CDO) participates in the oxidation 
of cysteine to cysteine sulfinic acid, where the cysteine 
sulfinic acid decarboxylase (CSAD) enzyme exerts its action, 
converting cysteine sulfinic acid to hypotaurine, with the final 
step being the oxidation of hypotaurine to taurine (10,11). The 
importance of the CSAD enzyme is confirmed by the death of 
third generation (G3) CSAD KO (knock‑out) mouse models 
within 24 h from their birth. Alternatively, cysteine can also 
be conjugated to coenzyme A (CoA) and in this way, cyste‑
amine is released during CoA turnover. In this procedure, the 
2‑aminoethomethiol dioxygenase (ADO) enzyme is actively 
involved in converting cysteamine to hypotaurine. Notably, 
the biosynthetic capacity of taurine is high in prenatal life and 
starts to decline in adulthood, reaching its lowest concentra‑
tions in the elderly and in certain pathological conditions 
(trauma, sepsis). Therefore, taurine biosynthesis does not 
produce the amount of taurine required for homeostasis and 
for this reason, exogenous dietary supply of taurine becomes 
necessary (12). The amount of daily taurine intake is estimated 
to range from 40 to 400 mg (13) and taurine content depends on 
the dietary intake of animal/sea origin (12). Characteristically, 
it has been shown that taurine distribution in vegans is half 
compared to individuals that follow an omnivore diet (14). 
Accordingly, the urinary fractional excretion of taurine ranges 
from 0.5 to 80.0% based on the diet (5,15).

The physiochemical properties of taurine potentially make 
it an ideal modulator of various basic processes, including 
osmoregulation, modulation of protein phosphorylation, 
calcium ion regulation, anti‑oxidant response, membrane 
stabilization, bile acid conjugation, lipid metabolism, glucose 
regulation (16,17). The prevailing view regarding the contribu‑
tion of taurine to bile acid excretion is supported by the notion 
that taurine conjugates to cholesterol, promoting cholesterol 
excretion through bile salt formation and fat digestion (18). 
Furthermore, taurine plays a significant role in reducing 
lipid peroxidation (LPO) products, thereby protecting cells 

from tissue damage (19). Notably, taurine is considered to 
be fundamental in maintaining homeostasis, mainly due to 
functioning as an intracellular osmolyte in the brain and renal 
medulla (5,20). It has been reported that taurine is recruited to 
hypertonic solutions and is released towards lower osmolarity 
solutions (21). In this way, the osmoregulatory properties of 
taurine can influence cell volume in tissues. For example, 
activation of the Fas receptor in Jurkat T lymphocytes is 
accompanied by high taurine efflux, thereby contributing to 
cell shrinkage (22). Apart from the potential of taurine to regu‑
late cell volume (23), its osmolytic activity can also contribute 
to protein folding in the endoplasmic reticulum (ER) (24). 
For example, taurine stimulates proper protein folding and 
membrane trafficking of the mutant cystic fibrosis transmem‑
brane conductance regulator (CFTR) protein (delta508 CFTR) 
in the ER (25). Besides, various reports have also suggested 
the suppressive impact of taurine on infection, oxidative stress, 
inflammation, as well as its anti‑microbial, its anti‑diabetic 
and its antitumor activity (26).

The anti‑apoptotic nature of taurine underlying its 
ef fectiveness. Several examples support that taurine 
predominantly inhibits apoptosis. Following intestinal isch‑
emia‑reperfusion (IR) injury, treatment with taurine appears 
to abolish mucosal damage and to protect intestinal epithelial 
cells from apoptosis in IR rats (27). Accordingly, the size of 
infarction in ischemic‑induced brain injury seems to be signif‑
icantly reduced through the downregulation of pro‑apoptotic 
proteins following treatment with taurine (28). In the case of 
acute myocardial infarction, exogenous taurine administration 
seems to confer protection in glucose deprived rat cardiomyo‑
cytes from mitochondrial and endoplasmic reticulum stress, 
by interfering with mitochondria‑dependent apoptosis and 
unfolded protein response (UPR)‑related apoptosis (29). In 
another example, the treatment of UV‑treated cells with taurine 
protect them from oxidative stress, owing to the downregula‑
tion of p53‑Chk1 pathway (30). This anti‑apoptotic property 
of taurine has also been demonstrated in injuries mediated 
by toxic insults or drugs, where taurine apparently reverses 
doxorubicin (DOX)‑mediated liver damage (31). In the same 
context, taurine's anti‑apoptotic ability may ameliorate 
oxidized low‑density lipoprotein (oxLDL)‑induced cytotox‑
icity, as shown by experiments in oxLDL exposed human renal 
proximal tubular epithelial (HK‑2) cells (32). The cytoprotec‑
tive effect of taurine has also been confirmed in osteocytes, 
by preventing oxidative stress‑induced cell death (33). In the 
same context, taurine exerts a protective effect on hydrogen 
peroxide (H2O2)‑mediated damaged osteoblasts, through 
stimulation of extracellular‑signal‑regulated kinases (ERK) 
and Wnt/β‑catenin pathway (34).

Since taurine is fundamental to certain aspects of normal 
mammalian development, the positive relationship between 
taurine loss and various pathological insults is somewhat 
anticipated. In this frame, pathologies such as mitochon‑
drial myopathy, encephalopathy, lactic acidosis, stroke‑like 
episodes (MELAS) and myoclonic epilepsy and ragged‑red 
fiber syndrome (MERRF) have been attributed to taurine 
deficiency (35,36), because taurine functions as a substrate for 
mitochondrial tRNA, thereby protecting mitochondria against 
excessive superoxide anion (O2

‑) generation and ensuring 
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normal adenosine triphosphate (ATP) biosynthesis. Recently, 
taurine administration seems to alleviate negative effects of 
mitochondrial oxidative stress found in induced pluripotent 
stem cells (iPSCs) of a patient with MELAS, by normal‑
izing glutathione (GSH) stores and epithelial‑mesenchymal 
transition (EMT) (37).

If one considers that certain pathological lesions are 
related to low taurine levels (38), it is reasonable to suggest that 
taurine possibly exhibits a therapeutic effect against cardio‑
vascular diseases, hypercholesterolemia, epileptic seizures, 
muscular degeneration, Alzheimer's disease, hepatic disorders, 
alcoholism, and cystic fibrosis.

3. The role of taurine against oxidative stress and its 
underlying molecular mechanisms

Taurine's anti‑oxidant activity has been acknowledged 
for over a decade. On one hand, the high concentration of 
taurine and its transporter in lymphocytes (39‑41), provided 
significant evidence that taurine was actively involved in the 
defense against oxidative stress (42). On the other hand, low 
taurine serum levels have been closely associated with many 
oxidative stress‑mediated pathologies, including hepatic 
disorders, epilepsy, cardiomyopathy, cystic fibrosis, alco‑
holism, Alzheimer's disease, growth retardation and retinal 
degeneration (43,44). When taurine levels decrease, energy 
metabolism suffers elevations in the NADH/NAD+ ratio, a 
process followed by the inhibition of key dehydrogenases (45). 
The citric acid cycle appears vulnerable to increases in the 
NADH/NAD+ ratio, as three NADH sensitive enzymes 
(α‑ketoglutarate dehydrogenase, isocitrate dehydrogenase, and 
citrate synthase) are prone to inhibition by elevations in the 
NADH/NAD+ ratio (45). Experiments using taurine transporter 
inhibitor (β‑alanine) have highlighted the inhibition of oxida‑
tive metabolism through impaired synthesis of mitochondrial 
proteins and reduced activity of respiratory chain complexes I 
and III, which may in turn lead to compromised mitochondrial 
integrity and decreased ATP production (46,47). We should 
take into consideration that a decline in electron transport 
chain (ETC) is mainly mediated through changes in oxidative 
phosphorylation (OXPHOS), contributing to the development 
of multiple diseases, despite the NADH/NAD+ contribution 
being largely unknown in this process (48). As a consequence, 
citric acid flux appears to be significantly reduced, leading 
to inefficient oxidation of endogenous fatty acids and exog‑
enous acetate in the taurine‑depleted muscle and favoring the 
conversion of glucose to lactate for NADH production (45). 
For example, inhibition of pyruvate dehydrogenase dephos‑
phorylation seems to strengthen its activity, with a concomitant 
reduction in the expression of fatty acid metabolism‑related 
genes, such as muscle‑type carnitine palmitoyl transferase‑1 
(mCPT‑1) (45). The latter makes sense if one considers that 
fatty acid oxidation genes are under the control of both 
peroxisome proliferator‑activated receptor alpha (PPARα) and 
5' AMP‑activated protein kinase (AMPK) and that the expres‑
sion of the AMPKβ2 subunit is reduced to a minimum in the 
skeletal muscle of taurine transporter knock‑out (TauTKO) 
mice [33]. In support of this, AMPK modulates the protein 
expression of acetyl CoA carboxylase (ACC), which facilitates 
the transport of long‑chain fatty acids into the mitochondria for 

β‑oxidation (49), thus supporting impaired fatty acid oxidation 
in taurine‑deficient conditions.

A plethora of underlying molecular mechanisms reportedly 
explain taurine's beneficial action in oxidative stress‑associ‑
ated pathologies (Fig. 1). First of all, taurine is involved in 
the anti‑oxidant defense, as it is conjugated to the tRNA (46). 
In normal mitochondria, UUG codons of mitochondrial 
mRNAs are decoded due to the conjugation of taurine 
with a uridine in the AAU anticodons of tRNA (46). When 
5‑taurinomethyluridine‑tRNA is formed, the UUG codons of 
mRNA can interact with the AAU anticodons of tRNA (46). 
This way, following treatment with taurine, decoding of 
proteins containing UUG codons is enhanced, thereby 
protecting cells from mitochondrial oxidative stress (50) and 
mitochondria‑dependent apoptosis (51,52). In contrast, when 
the taurine substrate is lost, the conjugated form of taurine [5 
taurinomethyluridine‑tRNA] is diminished, causing a signifi‑
cant decline in specific mitochondria‑encoded proteins that 
contain multiple UUG codons, such as NADH‑ubiquinone 
oxidoreductase chain 6 (36). Notably, there is a decrease in 
respiratory chain complex I subunit biosynthesis, thereby 
inhibiting the appropriate assembly of subunits required for 
normal ATP generation (36,46).

In addition to playing a fundamental role within mitochon‑
dria, taurine's anti‑oxidant activities can take place outside 
the mitochondria (53). The cytoprotective action of taurine 
is also evidenced through its potential to detoxify hydrogen 
peroxide (H2O2) (54), hydroxyl radicals (.OH) (55) and nitric 
oxide (NO) (12), without acting as the classical scavenger of 
reactive oxygen species (ROS) formation. For example, when 
cardiomyocytes were incubated with the taurine transporter 
antagonist (guanidinoethane sulfonate‑GES) or taurine 
transporter inhibitor (β‑alanine), mitochondrial oxidative 
stress increased and was accompanied by an accumulation of 
superoxide anions (O2

‑), glutathione oxidation (GSSG), and 
inactivation of anti‑oxidant enzymes such as aconitase (46,50). 
However, treatment with taurine appeared to reverse the oxida‑
tive stress by increasing the electron transport chain activity, 
thereby protecting mitochondria against excessive O2

‑ genera‑
tion (46). In line with previous findings, the notion that taurine 
counteracts the side effects of oxidative stress either in mito‑
chondria or in the endoplasmic reticulum following exposure 
of glucose deprived rat cardiomyocytes to taurine has been 
confirmed by another research group (29). Specifically, taurine 
seemed to exert its preventive action via maintaining an 
intact membrane potential (Δψm), via regulating anti‑oxidant 
enzymes, via suppression of intracellular calcium levels, and 
through downregulation of UPR‑related proteins (29).

Taurine can also act as a cytoprotective molecule against 
oxidative stress conditions, by decreasing LPO (19) or calcium 
overload (56‑58). For example, in experiments with rats 
receiving tamoxifen, taurine's anti‑oxidant properties have 
been manifested through attenuation of mitochondrial LPO, 
thereby protecting the animals from damage (59). Similarly, 
taurine has been shown to confer protection against oxidative 
stress through normalization of glutathione (GSH) stores in 
rats following nicotine administration (60,61). In another 
case, it has been reported that taurine confers a benefit to 
NMDA‑administered Sprague‑Dawley rats bearing retinal 
injury (62). Indeed, taurine ameliorates retinal oxidative 
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stress, through augmenting glutathione levels and action of 
anti‑oxidant enzymes (62). Alternatively, taurine acts as an 
indirect anti‑oxidant, as it has the capacity to stabilize the 
biological membrane and to suppress alterations in membrane 
permeability caused by oxidative stress factors (56,63). In the 
same context, the indirect anti‑oxidant capacity of taurine 
is manifested through the formation of taurine derivatives 
(N‑bromotaurine or N‑chlorotaurine), which have been 
produced from the reaction of taurine with either hypo‑
bromous acid (HOBr) or hypochlorous acid (HOCl) (26). 
Taurine derivatives appear to play an important role in 
protecting phagocytic cells from their self‑imposed oxidative 
injury (26,64).

In addition, taurine modulates the renin‑angiotensin system 
as a defense mechanism against oxidative stress. Several 
lines of evidence support taurine's indirect anti‑oxidant role 
by its capacity to modulate angiotensin II (Ang II) signaling, 
through its effect on the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase. Notably, NADPH oxidase 
is activated following induction of protein kinase C (PKC) 
by Ang II signaling and contributes to O2

‑ generation (51). 
In another case, increased generation of ROS and p38 
mitogen‑activated protein kinase (MAPK) phosphorylation, 
as well as increased angiotensin secretion have been observed 
in renal proximal tubular cells following administration of 
high glucose (25 mM), all of which are neutralized following 
taurine administration (65).

Even though taurine has not been tightly associated with 
inhibiting ROS accumulation, it is believed to exert its action 
through modulation of anti‑oxidant enzymes (66,67). Several 
reports have supported the notion that taurine enhances the 
activity of anti‑oxidant enzymes (superoxide dismutase‑SOD, 
catalase‑CAT, glutathione peroxidase‑GPx, glutathione 

reductase‑GR) (68‑70), preserving redox levels and GSH 
stores (71).

In this review, we outline the oxidative stress conditions 
which taurine exerts its action in, thereby normalizing the 
disturbance of redox status. The administration of taurine to 
patients with oxidative stress‑related pathologies (hepatotox‑
icity; renal disorders; epilepsy; cardiomyopathy; cystic fibrosis; 
Alzheimer's disease; growth retardation and retinal degenera‑
tion) appears to have a beneficial effect, due to its anti‑oxidant 
activity (46). In recent years, taurine has been identified as an 
attractive protective agent for a broad spectrum of oxidative 
stress‑induced pathologies caused by chemical agents (72,73), 
toxins (74,75), certain diseases (76,77) and several potential 
therapeutic options (74,78,79).

4. The beneficial effect of taurine against neuro‑associated 
disorders

Taurine seems to be abundant in the central nervous 
system (80), constituting the major component of electri‑
cally excitable tissues (including the brain) and determining 
the regeneration of the central nervous system (16). 
Indeed, taurine has been acknowledged as an enhancer of 
GABAAR and GABABR receptors (81‑84), knowing that 
gamma‑aminobutyric acid (GABA) is the main inhibi‑
tory neurotransmitter of the mammalian central nervous 
system (CNS) (85). When neuronal C6 cells are subjected to 
morphine‑induced oxidative insult and apoptosis, taurine has 
a positive counteracting effect on oxidative stress, as opposed 
to anti‑oxidant activity conferred by the activation of GABA 
receptors (86). In this way, taurine has been considered a 
significant neuromodulator, through its potential to inhibit 
glutamate transmission (87).

Figure 1. Molecular mechanisms underlying the anti‑oxidant action of taurine. A decline in respiration slows electron flux along the respiratory chain and 
promotes the diversion of electrons to oxygen to form superoxide. Excessive superoxide generation overwhelms cellular antioxidants, thereby causing oxida‑
tive stress. Oxidative stress in turn causes cellular damage and results in more reactive oxygen species being produced; a vicious cycle that contributes to a 
progressive decline in cellular function. Taurine reverses all the adverse effects derived from excessive oxidative stress via various mechanisms. Purple arrows 
indicate upregulation and green arrows indicate downregulation. tRNA, transfer RNA; H2O2, hydrogen peroxide; O2

‑, superoxide anion; OH, hydroxyl radicals; 
NO, nitric oxide; MAPK, mitogen‑activated protein kinase.
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In brain, taurine has been shown to exert both metabolic 
and anti‑oxidant activity. Firstly, taurine probably serves as a 
potential anti‑oxidant agent in cerebral cell‑defense, as shown 
by the direct interaction of taurine with either H2O2 or O2

‑ or 
OH (55). Secondly, taurine's neuroprotective activity has been 
explained by its positive effect on carbohydrate metabolism, 
its inhibitory impact on LPO, its potential to sustain the 
action of enzymes involved in electron transport chain such 
as succinate dehydrogenase (SDH) to normal levels, its 
capacity to reduce phenomena of either post‑ischemic defect 
or hypercoagulation (88). Thirdly, the function of taurine also 
contributes to increased hyperpolarizing chloride‑mediated 
conductance and increased membrane stability (89). Fourthly, 
taurine exerts a strong neuroprotective function through the 
inhibition of extracellular calcium influx and the outflow of 
calcium from intracellular pools and through the regulation of 
neurotransmitters (57,90).

Taurine's neuro‑modulating activity is important not only 
in normal situations, but also in neuronal damage. In neurode‑
generative diseases, cell death is caused by glutamate‑mediated 
hyperexcitability and impaired mitochondrial membrane 
potential (91). Following activation of glutamate receptors, 
mitochondrial respiratory chain defects along with calcium 
overload and ROS accumulation seem to be the major routes 
that are induced, allowing the stimulation of apoptosis (91,92). 
Among the known signal transduction pathways related to 
apoptosis is the activation of UPR pathways during ER stress, 
which leads to the activation of caspase‑12, CHOP (C/EBP 
homologous protein) and c‑Jun NH‑terminal kinase (JNK) 
proteins (93,94). In this context, taurine can function as a repair 
system against glutamate toxicity by inhibiting ER stress‑medi‑
ated apoptosis and calcium overload (89,95). Interestingly, 
taurine seems to attenuate peroxisomal oxidative malfunc‑
tion, by reducing malondialdehyde (MDA) levels, expression 
levels of peroxisomal membrane proteins and by upregulating 
anti‑oxidant enzymes in rats injected intracerebroventricularly 
with Aβ 1‑42 (96). Similarly, taurine's protective mode against 
glutamate‑induced oxidative neurotoxicity appears to happen 
through an increase in heme oxygenase‑1 (HO‑1) expression 
in HT22 mouse hippocampal neuronal cells (97). In particular, 
taurine has been shown to upregulate the transactivation 
rate of nuclear factor‑E2‑related factor 2 (Nrf2), which is 
the key transcription factor for HO‑1 expression (97). Use 
of p38 inhibitors has confirmed that taurine‑mediated HO‑1 
expression is caused by the induction of the p38 signaling 
cascade (97). In addition to affecting the HO‑1 expression, 
taurine has also been documented to enhance anti‑oxidant 
responses in many other cases of neurotoxicity. Interestingly, 
taurine administration appears to increase the action of 
anti‑oxidant enzymes (SOD, CAT, and GPx), in an attempt 
to overcome morphine‑induced oxidative stress (86) and 
hexabromocyclododecane (HBCD)‑induced cytotoxicity (98). 
In perfluorooctane sulfonate (PFOS)‑induced neurotoxicity, 
taurine has been shown to exert potent anti‑oxidant properties 
through its ROS‑scavenging capacity in PC12 cells, originating 
from the embryonic neural crest (98).

In keeping with the anti‑oxidant role of taurine, it has 
been reported that taurine can ameliorate neuro‑associated 
changes arising in the cerebrum, following exposure to 
toxins such as arsenic (99‑101). For example, taurine can 

preserve the viability of arsenite‑exposed primary cortical 
neurons, through upregulation of PI3K/Akt pathway (102). 
Taurine emerges as a key protective factor against the activa‑
tion of autophagy in the cerebrum of arsenic oxidoarsenous 
trioxide (As2O3)‑intoxicated mice (103), given that the 
self‑degradation process of autophagy is the main cause of 
arsenic‑induced neurotoxicity (104,105). Specifically, the 
expression levels of microtubule‑associated protein light chain 
3B (LC3II) and its bound p62 protein are reduced in cerebral 
neuronal cells of As2O3‑intoxicated mice following taurine 
administration, thereby highlighting taurine's neuroprotective 
role (103). If one considers that the Nrf2 transcription factor 
is transactivated following oxidative stress so as to stimu‑
late autophagic flux (106,107), it is possible that taurine can 
attenuate the expression levels of Nrf2 transcription factor 
in the cerebrum of As2O3‑exposed mice (103). Accordingly, 
it has been reported that taurine causes a marked decline of 
autophagy marker such as LC3II, following methamphetamine 
(METH) and taurine administration in PC12 cells, originating 
from the embryonic neural crest (108).

The beneficial effect of taurine on stroke‑related injury has 
also been examined in humans (109). The advantageous effect 
of taurine on stroke events has been attributed to its anti‑oxidant 
and anti‑inflammatory properties. Specifically, taurine was 
shown to enhance anti‑oxidant enzyme activity by reducing 
O2

‑ production, thereby improving mitochondrial function in 
traumatic/ischemic brain injury (TBI) (110). Such evidence is 
in agreement with the involvement of taurine in mitochondrial 
protein synthesis and increased ETC activity (111). In another 
case, Lotocki et al (112) demonstrated that expression levels 
of pro‑inflammatory cytokines (TNF‑α, IL‑6, IL‑1α and 
IL‑1β) were substantially reduced in both spinal cord injury 
(SCI) and traumatic/ischemic brain injury (TBI), following 
taurine treatment (113), proving taurine's anti‑inflammatory 
properties in injured brain cells (113). Accordingly, the 
anti‑oxidant and the anti‑inflammatory properties of taurine 
account for its regenerative and protective capacity in TBI 
cells (114). Furthermore, taurine levels have been increased as 
a defense mechanism against excitotoxicity and hypoxia (115). 
Specifically, taurine has been shown to ameliorate damage in 
rat cortical brain slices subjected to a hypoxia‑reoxygenation 
insult by suppressing brain cell swelling (116); this is probably 
due to taurine's inhibitory action on the substrate of NADH 
oxidase (45,117), via which it mediates the downregulation of 
Nox2/Nox4 (NADH oxidase isoforms) (118).

5. The anti‑oxidant efficacy of taurine against cardiac‑ 
associated oxidative stress

Initial efforts highlighted that a taurine‑deficient diet causes 
dilated cardiomyopathy in the cat and fox (119,120). Later 
on, it was proposed that taurine ablation mediated by either 
taurine transporter inhibitor (β‑alanine) or taurine transporter 
antagonist [guanidinoethane sulfonate (GES)] leads to cardiac 
injuries in mice or rats (121). Following these observations, 
it was proposed that low plasma taurine is associated with 
myocardial failure (119). The hallmarks of taurine defi‑
ciency‑induced cardiomyopathy are as follows: Remodeling 
of ventricular cardiomyocytes, ultrastructural damages of 
myofilament and mitochondria, and overexpression of markers 
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of heart failure, such as atrial natriuretic peptide (ANP), 
brain natriuretic peptide (BNP) and beta‑myosin heavy chain 
(MYH7) (122,123). In a clinical setting, it has been recorded 
that patients with chronic congestive heart failure have twice 
the amount of taurine as compared to matched controls, 
highlighting an inconsistency between the results obtained 
from patients and the results derived from inhibitor‑mediated 
taurine loss (124).

Over 50 percent of the total free amino acid pool in the 
heart is reportedly occupied by taurine (125), which appears 
to have a positive inotropic action on cardiac tissue (126) 
and to lower high blood pressure (127,128). Taurine protects 
cardiomyocytes from damage mediated by either excessive 
or inadequate calcium ion levels due to its regulatory effect 
on the activity of the voltage‑dependent calcium and sodium 
channels (129). At the same time, taurine acts on many other 
ion channels and transporters, even though its mechanism of 
action is not quite specific (14). Importantly, it has also been 
suggested that taurine stabilizes membrane potential through 
its interference with membrane‑bound Na+K+ATPase (130).

The inhibitory effect of taurine on atherogenesis. Considering 
the multiple functions of taurine, its administration appears to 
cause a regression of atherogenesis through several possible 
mechanisms. First of all, in the majority of studies, taurine 
administration caused a marked decline in cholesterol levels in 
atherogenic animals (131‑133). During the regression period of 
atherogenesis, hepatic cholesterol levels were rapidly decreased 
in taurine treated animals, due to taurine's ability to accelerate 
the degradation of cholesterol, as indicated by the increase 
in cholesterol 7α‑hydroxylase (CYP7A1) activity (132‑135). 
At the same time, taurine administration inhibited hepatic 
biosynthesis of cholesterol esters and triglycerides through 
the decreased activity of 3‑hydroxy‑3‑methylglutaryl CoA 
reductase (HMG‑CoA reductase) (136). Since the latter plays 
a determinant role in the assembly of lipoproteins in the 
endoplasmic reticulum, it was considered that taurine abro‑
gated the assembly and secretion of lipoproteins containing 
the apolipoprotein B100, the primary structural constituent 
of both LDL and VLDL (132,137). In another study, taurine 
prevented the passage of glucose‑induced and oxidized LDL 
(oxLDL)‑induced endothelial cells in vascular tissue, thereby 
alleviating the risk of atherosclerosis (138). In support of the 
above, taurine appeared to attenuate atherogenesis by importing 
reduced levels of oxidized LDL, through downregulation of 
lectin‑like oxidized low‑density lipoprotein LDL receptor‑1 
(LOX‑1) (139). Indeed, taurine's cholesterol‑lowering effect 
has been analyzed both on experimental animal models 
with atherosclerosis and on animal models with inducible 
hypercholesterolemia (131,140,141). In the case of hyper‑
cholesterolemia induced by the high cholesterol/sodium and 
cholate diet, serum cholesterol and lipid levels are reduced 
following taurine supplementation, given that cholate is 
known to increase cholesterol absorption (142). In the same 
model, taurine appears to mediate its action via an increase 
of CYP7A1 mRNA levels (142). The latter is considered to 
be the rate‑controlling enzyme for the catabolic conversion 
of hepatic cholesterol to bile acids for subsequent elimina‑
tion in the feces. On the contrary, taurine does not appear to 
exert an effect in cases of endogenous hypercholesterolemia 

that are caused by phenobarbital (PB) or by polychlorinated 
biphenyl (PCB) (143,144).

The ameliorative action of taurine against endothelial 
dysfunction. In addition, it has been suggested that taurine 
protects endothelial cells from the homocysteine‑induced ER 
stress and apoptosis, and from toxicity through the inhibition 
of hyperhomocysteinemia (145). Since both hyperglycemia 
and hyperhomocysteinemia can be characteristics of oxidative 
stress, resulting from the accumulation of asymmetric dimeth‑
ylarginine (ADMA), which is a major endogenous nitric oxide 
synthase inhibitor (146). In another case, taurine supplementa‑
tion has been shown to confer benefit against oxLDL mediated 
endothelial dysfunction, as shown by in vitro and in vivo 
experiments (146). In the in vitro setting, administration of 
taurine (1 or 5 microg/ml) has been shown to alleviate signs 
of oxidative stress in human umbilical vein endothelial cells 
(HUVECs) treated with oxLDL, as demonstrated by reduced 
levels of lactate dehydrogenase (LDH), tumor necrosis factor‑a 
(TNF‑α), MDA and NO (146). In the in vivo setting, taurine 
supplementation in endothelial cells treated with oxLDL 
(60 or 180 mg/kg) has been demonstrated to contribute to 
endothelium‑dependent vasorelaxation, through the inhibition 
of NO (146). Accordingly, Elvevoll et al have suggested that 
taurine acts synergistically with n‑3 fatty acid supplementa‑
tion, enhancing the beneficial effects of fatty acids on total 
cholesterol, LDL cholesterol and triglycerides in human 
subjects (147). In another study, taurine has been proved to 
play an important role in ameliorating endothelial dysfunction 
via protein kinase B (Akt) and extracellular‑signal‑regulated 
kinase (ERK) signal transduction cascades, without inducing 
vascular inf lammation and permeability in vitro and 
in vivo (148). Recently, Katakawa et al explained why humans 
on a diet that included taurine and magnesium supplementation 
are characterized by a minimal risk of developing athero‑
genesis due to a decrease in oxidative stress and improved 
endothelial function (149).

An increasing amount of evidence highlights the cytopro‑
tective properties of taurine, which ameliorate the cardiac 
damage induced by various toxins (74,75), by attenuating 
mitochondrial dysfunction (150,151). For example, it has 
been suggested that taurine can overcome cardiac dysfunc‑
tion mediated by either methionine or doxorubicin (DOX), by 
reducing ROS generation or intracellular calcium overload, 
respectively (150,151). In addition, it has been reported that 
taurine exerts a protective effect against arsenic‑induced 
cardiac oxidative stress, playing a pivotal role in modu‑
lating ROS production, calcium overload and apoptotic cell 
death (151), taking into consideration that taurine amelio‑
rates arsenic‑induced neuro‑associated changes in the 
cerebrum through the downregulation of autophagy (103). In 
this case, it has been highlighted that downregulation of p38 
MAPK and JNK signaling pathways appear to be the main 
mechanisms underlying the protective action of taurine, 
ultimately attenuating nuclear factor‑κB (NF‑κB) transcrip‑
tion and blocking the apoptotic signaling pathway (151). In 
the same context, it has been mentioned that an important 
problem of cirrhosis is the heart injury, which can be assimi‑
lated with the use of bile duct ligated (BDL) animals. When 
taurine is administered to BDL animals for 42 consecutive 
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days, it can rescue heart injury, by restoring mitochondrial 
function in the myocardium of animals (152). Taurine can 
ameliorate heart failure, by increasing energy expenditure 
(NAD+/NADH) and by interfering with acetylation of p53 
transcription factor (153).

The beneficial effect of taurine has also been confirmed in 
experimental genetically modified animal models of oxidative 
stress. For example, in methionine sulfoxide reductase A gene 
knockout mice (MsrA‑/‑) exposed to H2O2 insult that are char‑
acterized by mitochondrial dysfunction in the myocardium, 
taurine has been shown to protect MsrA‑/‑ cardiac myocytes, 
exposed to H2O2 insult. Specifically, cardiac disturbance was 
determined in 8‑months old MsrA‑/‑ mice through a marked 
decline of ejection fraction (EF) and fraction shortening (FS), 
as compared to control mice. Prolonged administration of 
taurine (5 months) to MsrA‑/‑ mice exposed to H2O2 insult 
was shown to improve mitochondrial dysfunction, thereby 
suggesting a protective role for taurine in MsrA‑/‑ cardiac 
myocytes from protein oxidation. Nonetheless, taurine treat‑
ment on its own did not appear to have a significant impact on 
the oxidative status of MsrA‑/‑ hearts (154). Similarly, taurine 
favorably contributes to normal cardiac function, as shown by 
the reduction of LDH and uric acid, which constitute serum 
markers of cardiac disorders (155) and by the inhibition of 
enzymes degrading extracellular matrix such as matrix metal‑
loproteinase‑2 (MMP‑2) (156). As a result, taurine exerts its 
beneficial action against heart failure, through modulation 
of calcium homeostasis, regression of atherogenesis, its 
interaction with endothelial cells. Indeed, taurine exerts its 
multiple actions by modulating signaling pathways to restore 
cardiac tissue taurine levels, to ameliorate potential cardiac 
abnormalities.

6. The regulatory importance of taurine in ischemia and 
reperfusion

Numerous studies have reported that the harmful conse‑
quences of ischemic oxidative stress include the following: 
i) Reduced myocardial anti‑oxidants, ii) disturbed mitochon‑
drial membrane potential (Δψm), and iii) superoxide anion 
(O2

‑) accumulation (47,157). Taurine molecule is one of the 
several factors that have been proposed to alleviate symptoms 
of ischemia‑reperfusion (110). In particular, several inves‑
tigators have suggested that taurine could be incorporated 
to cardioplegic solutions (158) or uploaded to the donor's 
hearts before transplantation (159,160). Taurine's therapeutic 
effectiveness against ischemia‑reperfusion injury and cardio‑
vascular diseases, including congestive heart failure, has been 
well‑demonstrated. For example, oral taurine supplementation 
(3 mg/kg) has been shown to improve systolic left ventricular 
function within the space of 6 weeks, compared to treatment 
with coenzyme Q10 in 17 patients with congestive heart 
failure. Consistent with clinical trials, animal studies have also 
produced similar results. For example, taurine perfusion has 
been shown to improve oxidative injury (i.e. LPO), ventricular 
function, and infarct size during reperfusion in isolated rat 
hearts (161).

Excessive accumulation of calcium (Ca2+) is cytotoxic 
to the heart (162). Calcium overload is not only capable of 
the induction of proteases and lipases, but it also facilitates 

mitochondrial permeability transition, eventually causing 
the release of pro‑apoptotic factors from the mitochondria 
to the cytoplasm (52,163). It has been shown that the taurine 
transporter uptakes lower taurine concentrations during 
an ischemia‑reperfusion insult, causing the respective loss 
of intracellular sodium (Na+) (164). It should be taken into 
consideration that a vicious cycle is observed between sodium 
and calcium, and more sodium is available for calcium entry 
via the Na+/Ca2+ exchanger, exacerbating calcium over‑
load (165). Firstly, taurine exerts great anti‑oxidant activity by 
preventing calcium overload during reperfusion (166‑168) and 
by protecting the myocardium from LPO products (169). In 
particular, taurine has also been shown to regulate the activity 
of the sarcoplasmic reticulum (SR) Ca2+ATPase, given that 
ATPase retains cytosolic calcium to normal levels, promoting 
cellular calcium homeostasis (170). Even though the effect of 
taurine on protein phosphorylation remains to be stablished, 
enough experimental evidence has been obtained to suggest 
that taurine loss induces the reduction of SR Ca2+ATPase 
activity and the phosphorylation state of phospholamban, 
which is accompanied by delayed myocardial relaxation 
and ROS accumulation (46,76,165). This positive effect on 
ischemic oxidative stress relies on reducing osmotic stress 
and calcium overload (165,171). As a result, both the systolic 
and diastolic heart function are disturbed, as SR Ca2+ pump 
activity is reduced to a minimum.

Secondly, taurine contributes to the inhibition of K+‑ATP 
channels and slows down the decrease of intracellular ATP 
in ischemic hearts (172). The suppressive effect of taurine 
against the opening of K+‑ATP channels is cytoprotective, 
not only in terms of ATP content but also in the regulation of 
calcium homeostasis. In this regard, taurine exerts protective 
action against ischemia‑reperfusion injury through regulation 
of potassium efflux, which in turn modulates the influx of 
calcium ions, thereby leading to the sustenance of the ATP 
content (172,173). Notably, it seems that administration of 
taurine can reverse ischemic oxidative stress through its ability 
to reduce ROS formation, by the mitochondrial electron trans‑
port chain and through its anti‑inflammatory activity with the 
formation of N‑chlorotaurine (174).

Thirdly, taurine can serve either as anti‑apoptotic or as an 
apoptotic agent in various circumstances. On one hand, taurine 
appears to be effective in inhibiting myocardial ischemia due to 
the induction of apoptosis through interference with the apopto‑
some, which is comprised of the apoptotic protease activating 
factor‑1 (Apaf‑1)/caspase‑9 and the Akt/caspase‑9 pathway (175). 
On the other hand, inhibition of apoptosis has also been identi‑
fied as the underlying mechanism by which cardiomyocytes 
continue their proliferation, neutralizing the NADPH oxidase, 
and calpain activation (176). In the same context, taurine has 
been found to act as an anti‑apoptotic agent in cardiomyocytes 
subjected to experimental ischemia‑reperfusion (108). Of 
particular interest has been the ability of taurine to maintain 
energy levels and to preserve myocardium homeostasis against 
DNA damage signals before or during ischemia (110). 

In addition, ischemia‑reperfusion has emerged as a poten‑
tial challenge in patients undergoing ovarian transplantation. 
Taurine seems to exert its beneficial effect, circumventing 
the ischemia‑reperfusion, by increasing angiogenesis and by 
hindering apoptosis as well as oxidative stress (177).
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Overall, one of the most important actions of taurine 
against ischemia is its regulatory impact on intracellular 
calcium levels and its anti‑oxidant activity. Primarily, taurine 
counteracts ischemic oxidative damage by attenuating intra‑
cellular calcium levels (166‑168). Intriguingly, taurine loss 
contributes to the activation of K+‑ATP channels and slows 
down the decrease of intracellular ATP levels in ischemic 
hearts (172). Also, taurine's anti‑oxidant activity is mediated 
by the attenuation of xanthine oxidase and the ROS‑forming 
inflammatory reaction, thus limiting ROS synthesis via 
complex I of ETC (174).

7. The anti‑oxidant efficacy of taurine against muscle‑ 
associated disorders

Skeletal muscle is one of the tissues that accumulates the higher 
amount of the body's taurine, through the action of taurine 
transporter (TauT). Primarily, the significance of taurine in 
skeletal muscle emerged through its deficiency in TauT‑/‑ mice. 
In particular, those taurine deficient mice presented with a 90% 
decrease in taurine content, showing abnormalities of muscle 
structure. The impaired mitochondrial function and disturbed 
fatty acid oxidation accounted for the phenotype of skeletal 
muscle in TauT‑/‑ mice (178). As expected, the high concentra‑
tion of taurine is important for normal muscle performance and 
excitation‑contraction coupling. The main action of taurine in 
skeletal muscle appears to be the regulation of mitochondrial 
protein synthesis, which is achieved by increasing electron 
transport chain activity and by preventing excessive superoxide 
anion (O2

‑) formation, thereby establishing normal adenosine 
triphosphate (ATP) biosynthesis (46). Apart from the regula‑
tory effect of taurine on mitochondrial function and respiratory 
chain, it has also been reported that taurine facilitates calcium 
homeostasis and displays strong anti‑oxidant properties (179). 
Specifically, taurine seems to be significantly involved in the 
regulation of calcium release from the sarcoplasmic reticulum 
(SR) and to improve the sensitivity of contractile elements to 
intracellular calcium levels (179). This way, contractile proper‑
ties and force production of skeletal muscle are regulated in 
a taurine‑dependent manner (179). In support of this, several 
studies have evidenced the contribution of taurine to calcium 
homeostasis. For example, administration of 20 mM taurine in 
isolated skinned myofibers accounted for the excess amount 
of calcium into SR, thus enabling for the greater depolariza‑
tion‑mediated contraction of myofibers (179). The effects of 
long‑term taurine administration were similar to its short‑term 
supplementation (180). When both type I and II human myofi‑
bers were exposed to 10‑20 mM taurine in the long‑term, there 
was a remarkable increase in calcium uptake, thereby leading 
to augmented sensitivity of contractile apparatus of myofibers 
to calcium (181). Accordingly, high levels of taurine have been 
shown to promote calcium homeostasis by inducing active 
re‑absorption by the SR (124) and by controlling ion channels 
in the skeletal muscle cells (182).

It is important to note that taurine is concentrated in the 
skeletal muscle against gradient, not only due to its effect 
on calcium, but also on chloride channels. The contribu‑
tion of taurine to the regulation of chloride channels has 
been highlighted in taurine‑deficient conditions, caused by 
taurine transporter antagonist or inhibitor, in which taurine 

elimination accounted for reduced chloride conductance (gCl), 
accompanied by the increased sarcolemmal excitability (183). 
These results acquire additional significance, if one considers 
that resting gCl plays a pivotal role in total membrane conduc‑
tance of sarcolemma and maintains the sarcolemmal electrical 
stability by shunting the depolarization‑driven potassium 
accumulation (184).

The positive effect of taurine on muscle during intense and 
prolonged exercise. Several reports have highlighted a favor‑
able effect of taurine on animal skeletal muscle during steer 
exercise. Intense and prolonged exercise is believed to reduce 
rat skeletal muscle taurine levels, by exerting a negative effect 
on skeletal muscle performance (185,186). Taurine‑treated rats 
display a normal taurine content during exercise and enhanced 
endurance until the running time is increased to exhaustion, 
as compared to control rats (187). Apart from the anti‑oxidant 
role of taurine, taurine administration has been shown to 
alter hepatic glucose tolerance, to exert a stimulatory effect 
on hepatic gluconeogenesis and to enhance endurance time 
during exercise (188).

When taurine is supplemented in the long‑term, its 
effects on skeletal muscle are strengthened during exercise, 
as evidenced by subsequent taurine‑mediated changes in 
the metabolism and inflammation. For example, long‑term 
administration of taurine (5% taurine in drinking water 
for 12 months) appeared to exert a positive effect on 
glucose tolerance and to inhibit triglyceride (TG) deposi‑
tion, reinforcing the glucose uptake in skeletal muscle 
post‑exercise (189). This was suggested to have occurred 
through the activation of 5' AMP‑activated protein kinase 
(AMPK) and the reduction of total AMPK protein content 
in the gastrocnemius (GAST) muscle of ob/ob mice (189), 
thereby favoring an increase in carbohydrate oxidation, 
rather than an increase in fatty acid oxidation. In another 
study, taurine supplementation returned taurine levels to 
normal rates and prevented the increase of plasma creatinine 
and TG levels under prolonged exercise‑induced muscle 
damage (190). Taurine was proved to minimize oxidative 
stress by reducing the cytosolic content of LDH and creatine 
kinase (CK) (191). Also, the long‑term administration of 
taurine has been evidenced to be beneficial against in vivo 
eccentric exercise damage, as shown in rats (192). The 
mechanism underlying the protective mode of taurine was 
based on the inhibition of either protein carbonylated (PC) 
content or oxidized thiols, without modulating the activities 
of anti‑oxidant enzymes (192).

Besides, the well‑established anti‑inflammatory proper‑
ties of taurine were identified in the muscles of rats under an 
intensive exercise protocol, where it seemed to contribute to 
muscle repair, through its capacity to alleviate the signs of 
inflammation (193). Specifically, TNF‑α and IL‑6 appeared 
to be preferentially reduced in the stromal cells of skeletal 
muscle, accompanied by a strong reduction of accumulated 
CD68 signal intensities within the muscle fibers (194). In the 
same context, taurine has been proved to confer benefit against 
nitrosative inflammation and muscle DNA damage during 
strenuous exercise, through interference with inducible nitric 
oxide synthase (iNOS) (195). Notably, the adverse effects of 
exercise in the form of injury have mainly been observed in 
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type I muscle fibers which are composed of a higher number 
of mitochondria in comparison to type II muscle fibers (196); 
therefore, type I muscle fibers appear to generate higher levels 
of free radicals during exercise, as well as at rest, due to greater 
polyunsaturated fatty acid (PUFAs) gene expression, which 
renders them more susceptible to lipid peroxidation (LPO) and 
other types of oxidative damage (197,198).

In addition to the above, a treatment scheme including a 
combination of caffeine and taurine over 2 weeks seemed to 
increase the run time of mice on a treadmill, thereby resulting 
in increased endurance time of mice during exercise due to 
diminished muscle lactate levels (199). Indeed, the combi‑
nation scheme (taurine and caffeine) displayed ergogenic 
properties, whilst also enhancing muscle power output (199). 
Accordingly, another combination scheme including taurine 
and fish oil has been shown to enhance fatty acid oxidation by 
upregulating the activity of acyl‑CoA oxidase (ACO), which 
is regarded as the rate‑limiting enzyme of peroxisomal fatty 
acid β‑oxidation (200). The same combination scheme has 
also been shown to improve glycolysis, via increasing GLUT4 
distribution, thereby facilitating diffusion from circulating 
glucose (200). However, taurine supplemented in combination 
with branched‑chain amino acids (BCAA) (9.6 grammars 
of BCAA and 6 grammars of taurine/day) did not seem to 
have a direct impact on the skeletal muscle of men following 
intense exercise, but it seemed to reduce the serum levels of 
muscle damage markers, such as LDH, lactate aldolase and 
8‑hydroxydeoxyguanosine (8‑OHdG) (201).

The effect of taurine on human skeletal muscle. Even though 
taurine supplementation has been proved to be very successful 
in alleviating signs of muscle injury in various animal models, 
its effect on human skeletal muscle has not been completely 
elucidated. Relatively high doses of taurine supplementation 
(1.66 grammars) have been shown to increase plasma taurine 
levels by 15‑fold (from 50 mmol/l to over 750 mmol/l) within 
2 h, and high plasma taurine levels of 350 mmol/l can be 
sustained for 4 h (202). At this point, subsequent acute dietary 
supplementation of taurine (1.66 grammars) can accelerate 
the concentration of taurine in the plasma to 1,000 mmol/l 
within the space of one hour, and then it follows a rapid falling 
trend, reaching the 150 mmol/l within 4 h (202). Besides, 
acute dietary supplementation of taurine increases plasma 
taurine levels in a way similar to that caused by creatinine 
supplementation (190,203).

When taurine was given in an acute manner (i.e., in short 
time intervals), researchers examined its impact on endurance 
time in the skeletal muscle of various trained subjects. Acute 
dietary supplementation of taurine (1.66 grammars), one hour 
before a 90 min submaximal cycle did not appear to affect 
time trial performance in human subjects, and prolonged 
supplementation of taurine (5 grammars/day for 7 days) did 
not appear to have any effect on human skeletal muscle (202). 
Experiments in well‑trained cyclists showed the high dietary 
intake of taurine (204). In this context, Rutherford et al 
supported that taurine exerts its action through the activation of 
adenyl cyclase, by increasing cyclic adenosine monophosphate 
(cAMP) and therefore by increasing lipolysis and subsequently 
fat oxidation (204). In particular, fat oxidation was increased 
by a rate of 16%, when taurine was given in conjunction with a 

90 min submaximal exercise period (204). Similar results were 
obtained with acute dietary supplementation of 1 g taurine 2 h 
before a 3 km treadmill exercise in yet another study (205). 
No alterations were observed in parameters such as heart 
rate, perceived exertion, oxygen consumption, or blood lactate 
concentrations, whereas skeletal muscle performance was 
slightly improved (205).

At molecular setting, taurine has been shown to overcome 
oxidative stress induced by intense exercise in young men, 
through alterations in calcium homeostasis. This mechanism 
of action is based on increasing intracellular calcium levels 
released from the SR and therefore makes contractile filaments 
more vulnerable to intracellular calcium levels (179). The posi‑
tive effect of taurine supplementation on calcium homeostasis 
following intense exercise also leads to increased muscle 
strength, reduced muscle soreness, as well as decreased serum 
LDH activity, serum creatine kinase activity, PC content and 
LPO (206). Nonetheless, taurine does not seem to affect the 
expression levels of pro‑inflammatory markers [TNF‑α, IL‑1b, 
IL‑10] in the human skeletal muscle (206). On the contrary, 
clinical studies recently highlighted that taurine exerts an 
incremental effect on intracellular calcium levels excreted by 
the SR into either type of fiber, without altering maximum 
calcium rates (181).

Interestingly, taurine supplementation seems very prom‑
ising in improving vascular endothelial function following 
a high‑intensity exercise. Specifically, 29 healthy men were 
divided into two groups: Taurine‑treated and taurine‑untreated; 
taurine‑treated men received 6 grammars of taurine for 2 weeks 
prior to exercise and for 3 days following exercise; taurine 
supplementation improved endothelial function, as demon‑
strated by increasing relative and absolute values of brachial 
artery flow‑mediated dilation (FMD), whilst also preventing a 
resistance exercise‑induced arterial stiffness (207).

Taurine has been shown to minimize oxidative stress and 
muscle damage in humans; taurine administered to 11 seden‑
tary young men at 2 grammars per 3 times per 7 days leads to 
a marked decline of white blood cell DNA migration 24 h after 
an exhaustive maximal VO2 test (208). Even though taurine 
supplementation appeared to be effective in reducing LPO 
before exercise, it did not seem to significantly affect serum 
thiobarbituric‑acid reactive substance (TBARS) levels after 
exercise (208).

Besides, taurine administration seems to ameliorate the 
side effects of exercise in older women, namely the cogni‑
tive dysfunction and neurodegeneration, by reducing the 
myeloperoxidase (MPO) activity (209).

Equally important seems to be the notion that taurine 
seems to be involved in the regeneration of muscle fibers 
in patients with muscle atrophy (210). Specifically, taurine 
improves the dexmedetomidine‑induced muscle atrophy in 
C2C12 myocytes by keeping the expression of atrophy‑asso‑
ciated genes to normal levels (211,212). However, taurine does 
not seem to exert any positive effect on skeletal muscle atrophy 
under pathological conditions (185,211). On a similar basis, 
taurine has been reported to affect the progression of duchenne 
muscular dystrophy (DMD) (213). In DMD patients, expression 
of the dystrophin gene is impaired, resulting in the replace‑
ment of skeletal muscle with nonfunctional fibrotic tissue and 
in high urinary excretion levels of taurine (213). Despite the 
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reported therapeutic effectiveness of glucocorticoids against 
DMD, their use is limited due to related adverse effects. 
In vivo experiments have demonstrated that taurine enhances 
the effects of classical glucocorticoid [α‑methyl‑prednisolone 
(PDN)] in the fast‑twitch muscle on MDX mice, by attenuating 
the overactivity of voltage‑independent cation channels and by 
preserving calcium homeostasis in extensor digitorum longus 
(EDL) myofibrils and alleviating signs of DMD (214).

8. The anti‑oxidant efficacy of taurine against hepatic‑ 
associated stress

Oxidative stress in hepatocytes is closely associated with 
hepatic damage (215). Taurine is essential for liver homeo‑
stasis and taurine deficiency in hepatocytes causes severe 
hepatic damage, followed by compensatory hepatocyte prolif‑
eration (216). The phenotype of TauT‑/‑mice is characterized 
by various manifestations of hepatic dysfunction, hepatitis, 
and liver fibrosis, all of which are mediated by impaired mito‑
chondrial function and inefficient control of the respiratory 
chain (216). Interestingly, taurine deficiency appears to have a 
profound effect on Kupffer and sinusoidal endothelial cells but 
not in parenchymal cells (216).

Taurine has emerged as an attractive therapeutic agent 
against liver injury as it is actively involved in the reduction 
of hepatic oxidative burst, which is accompanied by a remark‑
able increase in anti‑oxidant enzymes and by attenuation of 
inflammatory injury (217). In cases where ethanol is the cause 
of hepatic oxidative stress, hepatic MDA levels are decreased, 
whereas the activity of hepatic superoxide dismutase (SOD) 
is significantly increased, following taurine treatment (217). 
Similarly, taurine has been considered as a palliative agent to 
combat renal and hepatic oxidative stress of alcohol‑supple‑
mented mice, through its advantageous effect on GSH, MDA 
levels and anti‑oxidant enzymes (218). Taurine has also been 
shown to limit the possibility of hepatic steatosis, by reducing 
TNF‑α expression levels and by increasing fatty acid oxida‑
tion through activation of carnitine palmitoyltransferase 1a 
(CPT1a) (217). This is of utmost importance if one considers 
that peroxisome proliferator‑activated receptor alpha (PPARα) 
and 5'AMP‑activated protein kinase (AMPK) are essential for 
the regulation of genes involved in the oxidation of long‑chain 
fatty acids (glutathione peroxidase 3 and carnitine palmitoyl 
transferase 2) and that their levels decline in cases of impaired 
fatty acid oxidation, such as in the skeletal muscle of TauT‑/‑ 
mice (178). In a rat model of chronic alcohol consumption, 
taurine has been shown to impair lipogenesis, lymphocyte 
infiltration as well as iNOS, C‑reactive protein (CRP), and 
inflammatory cytokine expression through TLR4/MyD88 
signal transduction, proving its anti‑inflammatory proper‑
ties (219). Accordingly, taurine ameliorates hepatic steatosis, 
by reducing ROS, lipid accumulation and preserving mito‑
chondrial membrane potential (220). In an iron‑overload 
murine model of oxidative stress, which mimics features of 
chronic liver diseases (such as alcoholic liver disease and 
chronic viral hepatitis), taurine has been shown to reduce the 
accumulation of ROS, thereby exhibiting strong anti‑oxidant 
activity (221). In another experimental setting, administration 
of 2% taurine (2/100 g diet) to rats fed a 50% calcium‑deficient 
diet, has been shown to inhibit LPO in the liver, as compared 

to control rats (222). This makes sense if one considers 
that calcium is a crucial component of cholesterol and lipid 
metabolism and that taurine has been shown to counteract 
the effects of oxidative stress by regulating both calcium and 
lipid homeostasis (222). In other case, rats supplemented with 
a 5% taurine diet demonstrated a reduction in their visceral 
fat weight, because of reduced cholesterol levels, downregula‑
tion of fatty acid synthase (FAS) and upregulation of carnitine 
palmitoyltransferase 1α (CPT1a) (30). In another case, it has 
been substantiated that taurine provides protection against 
hepatorenal injury caused by fipronil (FPN), a commonly used 
pesticide (223). In FPN‑induced hepatorenal side effects, the 
anti‑oxidant properties of taurine emerge through reduction 
of GSH, LPO, NO formation and upregulation of anti‑oxidant 
enzymes (223).

Apart from its significant anti‑oxidant and anti‑inflamma‑
tory role, taurine exerts a great effect on cholesterol levels. In 
particular, taurine has been documented to be a direct liver X 
receptor α (LXR‑α) ligand, which modulates the expres‑
sion of genes implicated in reverse cholesterol transport in 
macrophages, this way compromising cholesterol to lipid accu‑
mulation without increasing hepatic fatty acid synthesis (224). 
Paradoxically, increased nuclear translocation of sterol 
regulatory element‑binding protein‑1c (SREBP‑1c) results in 
lipogenesis in the liver, through induction of LXR‑α (225). 
In this direction, low‑dose taurine administration (0.1 g/kg 
body weight/day for 5 weeks) has also been shown to restore 
structural changes in the liver of an MSG‑induced obesity 
model (226). Consistent with the above, it has been reported 
that taurine negatively affects the serum cholesterol levels of 
rats on a high cholesterol diet (134). From a clinical point of 
view, taurine has been suggested as a potential effective thera‑
peutic agent for hyperlipidemia and calcium deficiency‑related 
metabolic disorders. Indeed, taurine has been shown to lower 
triglyceride and cholesterol levels in healthy young human 
adults in a dose of 6 grammars of taurine per day for 21 days, 
following a high fat and cholesterol diet (227). On a similar 
note, it has been reported that administration of 3 grammars 
of taurine per day for 42 days reduces plasma triglyceride 
and total cholesterol to normal levels in overweight human 
subjects (228).

The beneficial effect of taurine on hepatic side‑effects. In 
addition, the beneficial effect of taurine against toxin‑mediated 
hepatic damage has been substantiated by several examples. 
According to Miyazaki et al, taurine can reverse carbon 
tetrachloride (CCL4)‑induced hepatic damage; histologically, 
fibrotic infiltrations of both pericentral and periportal regions 
are restored following treatment with taurine, as shown by 
immunohistochemical stainings (229). In parallel, it has 
been shown that a combination of taurine and hesperidin can 
afford benefit to CCL4‑administered rats from acute kidney 
and testicular damage (230). The antithrombotic effect of 
taurine has been proved very significant in patients with 
acute kidney damage, who have increased risk for athero‑
thrombotic and cardioembolic danger (231,232). Recently, the 
European Dialysis Working Group has presented convincing 
evidence about the benefits of antiplatelet and anticoagulant 
drugs, recommending their use in patients with chronic 
kidney disease requiring dialysis (231). In another case, 
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acetaminophen (N‑acetyl‑p‑aminophenol, APAP) was shown 
to induce hepatic failure, causing significant alterations in 
hepatic metabolism (233); it was observed that, following 
the entry of APAP in hepatocytes, the greatest proportion of 
APAP (90%) is converted to innocuous molecules, and only a 
small fraction of APAP (5‑10%) yields the toxic electrophile 
N‑acetyl‑para‑benzoquinoimine (NAPQI), due to the activity 
of cytochrome P450 isoforms, mainly CYP 2E1, CYP 1A2, 
CYP 3A2 (234). Specifically, all the APAP‑mediated changes 
are mediated by the binding of NAPQI to mitochondrial 
proteins of the respiratory chain, thus attenuating ATP forma‑
tion and culminating in excessive O2

‑ formation (235). Several 
mechanisms have been suggested to account for the liver damage 
caused by APAP, including disturbed hepatic GSH reserves, 
inhibition of cytochrome P450 enzyme activity, elevation of 
intracellular calcium levels, increased LPO and ROS forma‑
tion (236). In addition to depleting intrahepatic GSH, APAP 
seems to decrease the activity of anti‑oxidant enzymes (SOD, 
CAT, GPx), as well as of enzymes involved in glutathione redox 
cycling (glutathione reductase, GR), utilization (glutathione 
S‑transferase, GST) and synthesis (gamma‑glutamylcysteine 
synthetase) (237). In this context, taurine has been shown to 
improve the effects of APAP on both oxidative stress and 
glutathione redox metabolism (238). Taurine administered at 
a dose of 2.4 mmol/kg for 30 min following administration of 
800 mg/kg APAP appeared to successfully alleviate both DNA 
damage signals and oxidative indices (238). This was achieved 
by i) reducing MDA formation, ii) regulating glutathione 
cycling‑utilization‑synthesis cycle, iii) increasing the already 
reduced glutathione to glutathione disulfide (GSH/GSSG) ratio 
and iv) increasing the activity of all anti‑oxidant enzymes (238). 
Notably, hepatic damage mediated by paracetamol intake can 
be monitored through plasma and urine taurine levels (239). 
In addition to the above, taurine has been reported to alleviate 
hepatic damage caused by hexavalent chromium and tamoxifen 
in mice (240,241), as well as lead, cadmium and copper in 
rats (242‑244). In the case of thioacetamide (TAA)‑induced liver 
damage, taurine supplementation has been proved to be advan‑
tageous due to its ROS‑scavenging capacity and its potential to 
normalize mitochondrial energy expenditure via suppressing 
mitochondrial swelling (245). Taurine administration at doses 
of 400 mg/kg, intraperitoneally (every 12 h beginning at 24 h 
prior to the first TAA injection) has been reported to reduce 
serum transaminase activity and hepatic LPO, possibly due 
to its scavenging properties (245). In addition, taurine supple‑
mentation has been shown to regulate glutathione metabolizing 
enzymes without affecting the activity of hepatic anti‑oxidant 
enzymes in TAA‑treated rats (246).

On a similar note, epidemiological studies have demon‑
strated that chronic oxidearsenous trioxide (As2O3) hepatic 
insult can lead to liver injury, which may present as fibrosis 
or cirrhosis or even cancer (247). Four years ago, Li et al 
found that exposure to As2O3 causes extensive hepatic injury, 
as hepatocytes convert oxidearsenous trioxide to dimethyl 
arsenic acid and monomethyl arsenic acid (248). Liver injury 
is manifested via increased expression levels of alkaline 
phosphatase (ALP) and alanine aminotransferase (ALT) in 
serum, which represent reliable markers of liver damage (248). 
In this context, taurine appears to attenuate As2O3 mediated 
toxicity (249), possibly by reducing the expression levels of 

phosphorylated JNK kinases, thereby ruling out the possibility 
that hepatic cells follow the apoptotic route after taurine treat‑
ment in As2O3‑administered rats (248). In the meantime, the 
As2O3‑induced toxicity has been differentially documented in 
terms of autophagy. While older studies have suggested that 
low As2O3 supplementation suppresses autophagy (250), more 
recent data have demonstrated the induction of autophagic 
cell death in INS‑1 cells or HepG2 cells following NaAsO2 or 
As2O3 treatment (251). In this frame, Qiu et al highlighted the 
contribution of arsenic exposure to nonalcoholic steatohepa‑
titis (NASH): Arsenic trioxide (As2O3) treatment was shown 
to activate NASH in mice via the induction of autophagy 
and NLRP3 inflammasome activation, ultimately leading to 
dysregulation of lipid‑related genes and to lipid accumulation. 
Interestingly, taurine supplementation appeared to reverse 
As2O3‑mediated liver inflammation by inhibiting the autoph‑
agic‑CTSB‑NLRP3 inflammasomal pathway rather than 
decreasing lipid accumulation (252). Furthermore, taurine 
can suppress autophagy and oxidative burst by inducing the 
expression of the nuclear hormone receptor such as peroxi‑
some proliferator‑activated receptor gamma (PPAR‑γ) in both 
HepG2 cells and liver tissues of animal models (251).

Interestingly, taurine's activity can be amplified when used 
in combination with other anti‑oxidant drugs. For example, 
when taurine is combined with dimercaptosuccinate, it 
appears to significantly enhance the activity of anti‑oxidant 
enzymes in the liver (253). Elsewhere, taurine has been 
shown to alleviate liver injury caused by carbon tetrachlo‑
ride (CCL4) and to reverse the characteristic symptoms of 
liver fibrosis such as portal inflammation, severe centrilobular 
necrosis, and excessive deposition of collagen (254). Taurine 
counteracts CCL4‑mediated damage by maintaining energy 
homeostasis, preventing ROS accumulation, and enhancing 
the interaction of Thioredoxin 1 (Txn1) with numerous 
proteins involved in glycolysis (254). In diethyl nitrosamine 
(DEN)‑mediated liver injury, a combination treatment 
scheme consisting of curcumin and taurine displayed strong 
anti‑inflammatory properties, by reducing the expression 
levels of IL‑2 and IFN‑γ, thereby preventing mitochondrial 
disturbance in malignant cells (255). Besides, the viability of 
cultured human hepatoma cells was significantly decreased 
when taurine was administered in combination with 
curcumin, as opposed to those two compounds administered 
separately (256). Furthermore, a combination treatment 
scheme consisting of tea polyphenols (TPs) and taurine has 
been shown to decrease oxidative damage markers (alanine 
transaminase and aspartate transaminase) and lipid destruc‑
tion (257). In the case of hepatic damage induced by chronic 
ethanol administration (258) or methotrexate (anti‑leukemic 
drug) (259), taurine's therapeutic action appears to rely on 
decreasing the MDA content and restoring GSH levels. 
Accordingly, the carnosine and taurine combined treatment 
scheme appeared to protect the livers of animal models from 
D galactose (GAL) mediated liver damage through a signifi‑
cant reduction of MDA and of PC content and through a 
slight upregulation of anti‑oxidant enzymes, including SOD 
and GPx (260). It has therefore been proposed that taurine 
rescues injured hepatocytes from various toxins due to its 
cytoprotective role as an intracellular calcium flux regulator, 
an anti‑oxidant, and an osmoregulator.
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Last but not least, metabolomic data analysis has high‑
lighted a diagnostic importance for taurine in the detection 
of hyperlactatemia following alcohol consumption (261). 
Increased quantities of N‑acetyltaurine (NAT), which 
uses taurine as the main substrate for its synthesis, have 
been observed in the urine samples of Cyp2e1‑null mice 
following ethanol consumption (261). Accordingly, taurine 
levels are significantly reduced in certain liver disorders and 
xenobiotic‑mediated liver damage and are therefore used for 
the clinical detection of hepatic injury in plasma and urine 
samples (262,263).

9. The anti‑oxidant properties of taurine in various 
toxic‑mediated insults

The cytoprotective role of taurine has been substantiated 
in various toxin‑mediated oxidative stress conditions. For 
example, taurine has been demonstrated to inhibit oxidative 
stress‑induced lung damage (264), whereas more recently 
taurine supplementation has been shown to increase the activity 
of anti‑oxidant enzymes in the lungs (265). In other cases, 
taurine has shown to exert anti‑oxidant activity against bleo‑
mycin‑induced lung injury (266) or against amiodarone (267) 
or paraquat (268,269) or sumatriptan mediated lipid peroxida‑
tion (LPO), and mitochondrial injury (270). Other studies have 
indicated that oral supplementation of taurine probably serves 
as a protective agent against damage mediated by nitrogen 
dioxide (NO2) (271). Interestingly, the treatment of MRC‑5 
fibroblasts with 20 mM of taurine has appeared to inhibit the 
lipopolysaccharide (LPS)‑induced ROS formation and the 
activation of the MAPK signaling pathway (272). Similarly, 
taurine seems to confer protection against testicular toxicity. 
For example, taurine has been found to counteract the effects 
of sodium arsenite (NaAsO2)‑mediated oxidative insults to the 
testes (273). It seems that taurine serves as an anti‑oxidant and 
as an anti‑apoptotic agent by inhibiting the activation of two 
members of the MAPK family, ERK1/2 and p38 MAPK (273). 
Probably, in this way, taurine protects the testes from damage 
caused by sodium arsenite exposure, through inhibition of 
lipid peroxidation. In another study, taurine has been shown 
to alleviate the arsenic‑ associated adverse effects in the testes 
by functioning as a capacitating agent or as a sperm motility 
factor (274). In the same context, taurine appears to be remark‑
ably useful against endosulfan‑mediated adverse effects. In an 
experimental rat model using endosulfan to cause testicular 
toxicity, endosulfan has appeared to induce oxidative stress 
and apoptosis, as demonstrated by increased H2O2 levels, lipid 
accumulation and reduced activity of anti‑oxidant enzymes 
(SOD, CAT, GPx), as well as altered reduced GSH content 
and mitochondrial cytochrome c release (275). In addition to 
providing complementary insights into the mode of action of 
endosulfan‑induced toxicity, taurine has been shown to reverse 
all of the endosulfan‑induced effects, by acting as a protective 
agent against testicular toxicity in rats (275). In another case, 
taurine emerges as an effective cytoprotective agent against 
cisplatin‑mediated testicular apoptosis, due to its anti‑oxidant 
nature (276). Indeed, taurine ameliorates testicular damage 
in rats, through upregulation of anti‑oxidant enzymes (276). 
Finally, the protective properties of taurine have been 
confirmed in murine testicular Leydig TM3 cells, preventing 

oxidative stress through activation of autophagy (277). Last 
but not least, the combination of curcumin and taurine exerts 
beneficial effect on Bisphenol A (BPA)‑mediated testicular 
dysfunction in rats, though its inhibitory action on MDA levels 
and its possibility to upregulate anti‑oxidant enzymes (278).

10. Conclusions

Taurine is a cytoprotective molecule, which is implicated 
in a wide spectrum of processes such as energy production, 
neuromodulation, calcium homeostasis and osmoregulation, 
all of which support its anti‑oxidant nature. To our knowledge, 
this is the first study that discusses the anti‑oxidant nature of 
taurine and its underlying molecular mechansims of action 
in various pathological circumstances related to oxidative 
stress. Indeed, taurine emerges as a promising therapeutic 
approach against CNS‑related disorders, as well as defects in 
the cardiovascular system, and defects in the skeletal muscle 
and metabolism. Leveraging next‑generation sequencing, the 
multilayered characterization of taurine therapeutic targets 
will give comprehensive insights into the potential clinical use 
of taurine.

However, an important limitation of this review article is 
the paucity of clinical studies to examine taurine's therapeutic 
efficacy. The pharmacodynamic and pharmacokinetic proper‑
ties of taurine are requested to elucidate taurine's effectiveness 
in a clinical setting, allowing the correct design of clinical 
trials. In this way, we will acquire information about taurine's 
duration and dose administration in patients bearing various 
oxidative stress‑related diseases. Indeed, clinical trials will 
confirm the benefits of taurine's action in patients undergoing 
oxidative stress in a safe manner.
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