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Abstract. Taurine (2‑aminoethanesulfonic acid) contributes 
to homeostasis, mainly through its antioxidant and 
osmoregulatory properties. Taurine's influx and efflux are 
mainly mediated through the ubiquitous expression of the 
sodium/chloride‑dependent taurine transporter, located 
on the plasma membrane. The significance of the taurine 
transporter has been shown in various organ malfunctions 
in taurine‑transporter‑null mice. The taurine transporter 
differentially responds to various cellular stimuli including 
ionic environment, electrochemical charge, and pH changes. 
The renal system has been used as a model to evaluate the 
factors that significantly determine the regulation of taurine 
transporter regulation.
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1. Taurine synthesis

Taurine (2‑aminoethanesulphonic acid) is one of the major free 
β amino acids, which is normally localized in high amounts in 
various mammalian tissues. It is believed that taurine exerts 
a wide range of physiological functions, including conjuga-
tion with bile acids (1), osmoregulation (2), antioxidation (3), 
neuronal development  (4) and membrane stabilization  (5). 
Many of the cytoprotective properties of taurine are based on 
its intracellular levels, which are dependent on its synthesis 
and transport and these processes are primarily controlled 
by the taurine biosynthetic enzymes cysteine dioxygenase 
(CDO), cysteine sulfinate decarboxylase (CSAD) and taurine 
transporter (TauT transporter) (6).

In most species, taurine is well‑known as a non‑essential 
amino acid, and its distribution is regulated through four 
key mechanisms: i)  synthesis from methionine/cysteine; 
ii)  intake from food in the intestine; iii)  excretion as bile 
salt (taurocholate); and iv)  unconjugated taurine in urine 
via the kidneys. The major site for taurine biosynthesis has 
been reported to be the liver (7), but it is also synthesized by 
plethora of other tissues like the brain (8), lungs (9), skeletal 
muscle (9), adipose tissue (10) and mammary glands (11) to 
a lesser extent. Endogenously, there are two distinct routes 
for taurine biosynthesis. Regarding taurine biosynthesis, 
methionine, or cysteine are the main substrates on which 
CDO and CSAD enzymes exert their action towards taurine 
biosynthesis  (9). Initially, the CDO enzyme plays a key 
role in the oxidation of cysteine to cysteine sulfinic acid, 
on which CSAD enzyme displays its activity, converting 
cysteine sulfinic acid to hypotaurine and the last step is the 
transformation of hypotaurine to taurine (12). Alternatively, 
cysteine can be conjugated to coenzyme A (CoA), cysteamine 
is released during CoA turnover and cysteamine dioxygenase 
(ADO) enzyme converts cysteamine to hypotaurine  (13). 
Besides, the dietary intake of cysteine has been considered 
as an important factor that affects taurine biosynthesis in the 
liver (7). In particular, a diet enriched with sulfur amino acids 
(methionine, cysteine) caused a 100‑fold increase of CDO 
activity, without any alteration at the CDO mRNA levels, 
whereas CSAD activity and CSAD mRNA levels appeared 
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to be compromised under these conditions (14). The results 
highlighted the ability of cysteine to upregulate CDO activity 
in the liver (9). Of great interest was the phenotypic outcome 
of cysteine dioxygenase deficiency (CDO KO) in mice, which 
developed severe taurine elimination and increased catabolism 
of cysteine to hydrogen sulfide instead of cysteine sulfinic acid 
formation, causing pulmonary and pancreatic toxicity (15,16). 
Towards this direction, the importance of CSAD enzyme was 
confirmed, since third‑generation (G3) of cysteine sulfinic acid 
decarboxylase deficient (CSAD KO) mice died within 24 h 
after birth and this result was avoided by the addition of 0.05% 
taurine added to the drinking water (17).

Since taurine biosynthesis is low in the vast majority of 
organisms, except for rabbits, intracellular taurine levels are 
maintained by taurine intake through the action of TauT trans-
porter (18). TauT transporter mediates the translocation of 
taurine across tissues throughout the body, thus ensuring cyto-
protection (19). The high taurine intake is balanced through 
two major pathways of taurine excretion. The first released 
form is in the urine, which is excreted by the kidney and the 
other one is taurine conjugated to bile acids, that are in turn 
released by the feces (20).

2. Taurine transport

Taurine biosynthesis is high during prenatal life and declines 
during adulthood with the lowest concentrations emerging 
normally in the elderly and also in certain pathologic condi-
tions (trauma, sepsis) (13). Humans exhibit reduced activity 
of the biosynthetic enzyme CSAD and obtain the required 
amount of taurine from food (21). Taurine that derives from 
food is absorbed by the small intestine. Following absorption, 
active transport in the brush border membrane directs taurine 
to enterocytes, which can then deliver it to the portal vein (19). 
Then, taurine is imported to liver cells where taurine exerts its 
action, regulating hepatic metabolism, with the final step being 
the transport of taurine to circulatory cells. There are two 
types of transporters (TauT transporter or PAT1 transporter), 
that deliver taurine from hepatic tissue to different sites. The 
TauT transporter (SLC6A6 gene) is considered the major 
transporter, which is characterized by its dependence on ions 
(sodium or chloride), the high affinity and the low capacity 
against its substrates. On the contrary, the PAT1 transporter 
(SLC36A1) is considered as a proton‑coupled/pH‑dependent 
transporter, equipped with high capacity and low affinity 
for substrates. Several common features characterize both 
transporters. However, based on studies on their Km values, 
it has been shown that the concentration range of PAT1 Km is 
7‑4 mM, whereas the values of TauT transporter Km is (Km 
<60 µM) (22).

Concerning the localization of the two taurine trans-
porters, TauT and PAT1, they are mainly localized on the 
plasma membrane. However, the location of taurine trans-
porters in not limited to the cell membrane, but also expanded 
to the nucleus and other intracellular sites. The nuclear 
localization of taurine transporter potentially contributes to 
nuclear swelling/shrinking elicited by taurine (23,24). When 
taurine is eliminated, using the competitive taurine uptake 
inhibitor β‑alanine, the mitochondrial taurine content remains 
intact despite the total observed low taurine content  (25), 

suggesting that taurine transporter can be also located in the 
mitochondria (26). In line with the above, at least one taurine 
transporter has been proven to be present in the mitochondria 
to import taurine (27). Furthermore, the PAT1 transporter has 
been reported to be localized on endosomal and lysosomal 
membranes (28).

From a structural perspective, it has been substantiated 
that TauT transporter has 12 hydrophobic transmembrane 
(TM) domains, with the N‑ and C‑terminal being exposed to 
the cytosolic compartment. In particular, sodium (Na+) and 
chloride (Cl‑) are required for taurine transport, since these 
ions (Na+ and Cl‑) bind to the first N‑terminal, extracellular 
loop (29), suggesting strong dependence of TauT transporter 
on ions. More precisely, one to three Na+ ions are required 
to elicit taurine transport (30). The importance of sodium is 
confirmed through the fact that any reduction in the sodium 
gradient can disable further binding of taurine to TauT trans-
porter (31). The ionic binding and the gating of taurine to TauT 
transporter relies on the presence of arginine (Arg‑324) at the 
fourth intracellular segment of TauT transporter (32).

Researchers have examined the significance of TauT 
transporter using taurine‑deficient models and they have 
shown that up to 90%  reduction in taurine content takes 
place in most tissues, demonstrating that TauT transporter 
is the main non‑redundant transporter for taurine and that 
PAT1 transporter was unable to compensate for the loss of 
TauT transporter (33). Many researchers have focused on the 
mechanisms that regulate the function of the TauT transporter, 
since a complete understanding of its regulation will provide 
compelling evidence on how to use taurine synergistically with 
other drugs for the identification of appropriate therapeutic 
strategies against complex diseases.

3. Regulation of TauT transporter

Various parameters determine the concentration of taurine: 
biosynthesis (9), TauT transporter activity (34), volume sensi-
tive flux pathways (35), liver diseases (36), age (37), high‑fat 
diet (HFD)  (38), high‑arginine diet  (39), high/low‑protein 
diet (40,41) and ethanol‑containing diet (42). Taurine homeo-
stasis at the organism level is controlled by multiple regulatory 
factors, it can essentially be categorized into taurine biosyn-
thesis, absorption from intestinal cells and excretion from renal 
cells. Among them, the delivery of taurine from the extracel-
lular to the intracellular environment is the most significant, 
which is mediated by the TauT transporter. TauT transporter 
belongs to a family of Na+ Cl‑‑dependent transporters, which 
regulates taurine movement based on the ionic environment, 
electrochemical charge, pH, and temperature (23).

Initially, taurine is transported across the brush‑border 
membrane of the small intestine through the action of the 
TauT transporter and the H+/amino acid transporter 1 (22). The 
brush‑border‑mediated taurine uptake was generally proposed 
to be non‑regulated; however, it was suggested that inflam-
mation might increase taurine transport  (43). Indicatively, 
lysophosphatidylcholine (44) and pro‑inflammatory mediators 
(TNFα, IL‑1β) (45) have been considered responsible for the 
regulation of TauT transporter. On the contrary, conditions 
such as type 2 diabetes have appeared to be of great importance 
for the downregulation of intestinal taurine absorption (46).
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In order to elucidate the determining factors for the regu-
lation of taurine transport, we have used kidney as a model 
system. Interestingly, taurine's significance in renal cells was 
evidenced by the phenotype of the F1 generation of inbred 
taurine‑deficient cats. Taurine was proven to be of outmost 
importance for renal cells, since its ablation lead to kidney 
damage (47). Upon taurine deficiency, dysregulated differ-
entiation of epithelial cells, enlarged glomeruli, and ureteral 
dilatation were observed (47).

There are multiple distinct levels of TauT transporter 
regulation. Taurine transporter is a membrane‑bound channel 
and its distribution appears to adapt to taurine levels, sharing 
common features with the ligand‑dependent receptor  (48). 
Renal reabsorption of taurine ranges from 40  to 99.5% as 
opposed to reabsorption of most amino acids (98‑99%). As a 
general note, TauT transporter expression is ubiquitous (49), 
due to the acknowledged function of taurine as an organic 
osmolyte  (50). The main function of TauT transporter is 
osmoregulation which contributes to cell volume regulation, 
utilizing a chemiosmotic Na+ gradient to couple ‘downhill’ 
transport of Na+ with ‘uphill’ transport of taurine across the 
membrane (51), under isotonic and hypertonic conditions (52). 
The external to internal downhill Na+/Cl‑ gradient determines 
the uptake of taurine from cells through the action of TauT 
transporter and taurine is moved through the following stoi-
chiometry 2 Na+:1 taurine:1 Cl‑, according to Hill model (53). 
In this way, sodium has been highlighted as the cation that 
plays a determinant role in the renal adaptive response of TauT 
transporter (54), showing that there are no other cations that 
are sufficient to replace the importance of sodium for taurine 
transport (Fig. 1). Another research group has highlighted the 
importance of chloride for taurine transport, considering that 
chloride ions facilitate the binding of the second sodium to 
TauT transporter (53). The same research group has supported 
that bromide can partially compensate for the lack of chloride, 
aiding taurine uptake (55). In order to maintain the normal 

cell volume, sodium is pumped out of the cell by the Na+ 
K+‑dependent ATPase, as shown in Ehrlich ascites tumor 
cells (EATC) (56). Even though sodium or chloride ions are 
important in taurine transport, these ions do not play the 
most determinant role in regulating taurine transport. These 
ions are crucial for the maintenance of the electrochemical 
gradient, which in turn determines proper taurine transport. 
Besides, taurine transport is a stereospecific and membrane 
surface‑specific procedure. In support of this, taurine trans-
port can be suppressed only by the presence of other β‑amino 
acids and β‑aminobutyric acid (GABA) but not by α‑amino 
acids (57).

Taurine concentration has also been classified as a factor 
of great importance for the regulation of TauT transporter. The 
type of regulation was clarified in two continuous renal epithe-
lial cell lines, porcine kidney‑proximal tubule cells (LLCPK1) 
and Madin‑Darby canine kidney, mainly distal tubule cells 
(MDCK), in which augmented taurine uptake was observed in 
taurine‑deficient conditions. When low taurine concentrations 
occurred, the activity of TauT transporter was upregulated 
to compensate for the loss of intracellular taurine levels and 
consequently taurine reabsorption occurred through circula-
tion through the renal tubules (58). In contrast, taurine‑rich 
conditions led to reduced taurine transport as compared to 
cells cultured in normal medium (47). Importantly, the tran-
scription of TauT reporter was reduced in response to excess 
taurine whereas any alteration in the transcription of taurine 
biosynthetic enzymes (CDO, CSAD) was not observed (47).

Polarity has been acknowledged as another factor capable 
of influencing TauT transporter regulation. For example, 
MDCK cells mediated taurine transport across their basolat-
eral surface rather than the apical surface (59). In particular, 
TauT transporter expression was accumulated in the apical 
surface of LLC‑PK1 cells compared to MDCK cells (60‑62). 
In this manner, LLC‑PK1 cells transported taurine from 
the apical to the basolateral surface whereas MDCK cells 

Figure 1. A representative scheme for the regulation of TauT transporter. The regulation of TauT transporter activity involves phosphorylation/dephosphoryla-
tion/oxidation of TauT or a putative regulator of TauT by protein kinases A and C (PKA, PKC), casein kinase 2 (CK2), hyperosmolarity and reactive oxygen 
species (ROS). Long‑term regulation of TauT involves modulation of gene transcription by protein kinases (mTOR), transcription factors (WT1, cJun, c‑Myb) 
and tonicity‑responsive enhancer binding protein (TonEBP) or cell death signaling (p53 transcription factor).
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directed taurine transport from the basolateral surface into 
the cells. The main principle for that renal adaptive response 
was the response of cells to existent osmoregulatory needs. 
At the molecular level, the underlying transcription factor 
that determined the appropriate taurine transport was the 
tonicity‑responsive enhancing binding protein (TonEBP), 
which was recruited to the promoter region (tonicity response 
element‑TonE) of the TauT transporter gene. In support of 
the above, Handler and Kwon (63) reported that the protein 
expression of TauT transporter was enriched under hyperos-
molar stress conditions (like extracellular administration of 
sucrose or raffinose), in which TonEBP protein was recruited 
to the tonicity response element (TonE) (64). When elevated 
synthesis of TauT transporter was observed in response to 
hyperosmolar conditions, taurine transport within the cell 
was increased (65). Considering that hypertonicity conditions 
are present within cells, the transactivation capacity of TauT 
transporter gene was activated through the binding of TonEBP 
protein to the TonE site of TauT transporter promoter (65). In 
this sense, the tonicity‑responsive enhancer‑binding protein 
(TonEBP/NFAT5) binds to the tonicity response element 
(TonE) in the promoter region of the TauT transporter 
gene (65), proposing that TauT transporter is dependent on 
the recruitment of TonEBP protein to its promoter, following 
hypertonic exposure. Since, mTOR facilitates transcription of 
several osmostress response genes including TonEBP (66), it 
has been proposed that elevated TauT activity is derived from 
an increased mTOR-dependent TonEBP activity upon hyper-
tonic response (2). For example, the mTOR signaling cascade 
has been proposed as a determinant factor for augmenting 
the activity of TauT transporter in primary human tropho-
blasts (67), non‑malignant NIH3T3 and carcinoma Ehrlich 
ascites (ELA) mouse fibroblasts (2), thereby increasing the 
activity of TauT transporter following hypertonic exposure (2). 
In contrast, inhibition of the mammalian target of rapamycin 
mTOR has been reported to downregulate TauT mRNA abun-
dance, translation, as well as TauT activity in primary human 
trophoblasts  (67), non‑malignant NIH3T3 and carcinoma 
Ehrlich Lettre ascites (ELA) mouse fibroblasts (2). In line with 
the above, the tonicity susceptibility of taurine biosynthetic 
enzymes (CDO, CSAD) has been observed but to a lesser 
extent compared to that of TauT transporter. Therefore, the 
TonE/TonEBP system appears to be an essential mechanism 
in regulating cell volume in hyperosmolar conditions through 
mTOR signaling, causing the activity of TauT transporter to be 
increased (Fig. 1).

Furthermore, the transcription levels of the TauT trans-
porter are under the control of p53 and c‑Jun transcription 
factors, which are commonly implicated in renal damage 
induced by chemotherapeutic drugs (68). The balance of this 
regulation determines the rate of synthesis of TauT trans-
porter protein, thereby influencing the fate of renal cells (68). 
Indeed, WT1, c‑Jun, and c‑Myb potentiate TauT transporter 
expression whilst the p53 tumor suppressor gene hinders TauT 
transporter expression (68) (Fig. 1). The inverse association of 
TauT transporter with p53 explains the way by which renal 
cells are protected from cisplatin‑induced nephrotoxicity, 
suggesting the cytoprotective role of taurine against renal 
side effects induced by cisplatin (68). In particular, transgenic 
TauT transporter mice have been shown capable of bypassing 

cisplatin induced renal dysfunction, potentially through 
suppressing the p53 signaling pathway rather than altering 
the cisplatin delivery, as it was indicated at both in vitro and 
in vivo settings (69). The results were in line with previous 
ones that have supported that the phenotype of TauT trans-
porter deficient mice was identical to phenotypes from either 
taurine‑deficient kittens or transgenic p53 mice because TauT 
transporter constitutes a transcriptional target of p53 (47). It is 
worth noting that regulation of TauT transporter takes place 
in S3 fragments of renal proximal tubule cells where cisplatin 
exerts its action, given that surviving renal proximal tubule 
cells are considered of crucial importance in maintaining 
normal renal function following acute kidney injury  (70). 
During renal development, TauT transporter is transcription-
ally regulated by WT1 and Sp1 whereas the p53 transcription 
factor is the crucial modulator of TauT transporter in case of 
kidney injury (47). The response of renal cells to the nephro-
toxic chemotherapeutic agent (cisplatin) is dependent on the 
regulation of TauT transporter transcription (69). As a result, 
the functional TauT transporter gene plays a determinant role, 
protecting renal cells from cisplatin‑induced damage. Since 
then, other researchers have shown that taurine ameliorates the 
symptoms of renal dysfunction mediated by cisplatin, through 
its anti‑inflammatory and anti‑oxidant properties (71).

Apart from the significance of TauT transporter in 
overcoming cisplatin resistance through its interaction 
with p53 tumor suppressor protein, TauT transporter trans-
activation capacity has been suggested to be reduced by 
doxorubicin‑induced activation of p53 (72). In this way, 
researchers have examined how transcriptional regulation 
of TauT transporter affected the response of cancer cells 
to chemotherapeutic drugs. For example, researchers have 
provided convincing evidence that human breast cancer 
MCF‑7 TauT transporter‑deficient cells were vulnerable to 
chemotherapeutic drug‑induced apoptotic effects (72). Along 
with in  vitro results, the in  vivo experiments proved that 
the phenotype of heterozygous p53 mutant (p53+/‑) and p53 
null (p53‑/‑) thymic lymphoma-bearing mice was recovered 
using TauT transporter vaccine, causing prolonged survival 
of tumor‑bearing mice by 1.5-fold (72). Therefore, the TauT 
transporter vaccine has been proposed as a new therapeutic 
option to forestall cancer growth both in in vitro and in vivo 
conditions, independent of the p53 transcriptional status (72).

Besides, the reduced activity of TauT transporter may be 
the direct result of either activation of the tumor suppressor 
protein p53 or treatment with high extracellular taurine 
levels  (23) or hypotonicity  (73) (Fig.  1). It is commonly 
accepted that increased taurine intake is accompanied by 
the downregulation of TauT transporter, in order to respond 
to the changes of chemical gradient and to maintain the cell 
volume  (49). In this context, many studies have revealed 
that the activity of TauT transporter is under the control of 
acidification, incubation with oxidative molecules [reactive 
oxygen species (ROS)] (73) and osmotic cell swelling (56,73). 
Importantly, the transport of taurine is regulated by phos-
phorylation signaling cascades. The amino acid sequence of 
TauT transporter contains several putative consensus sites for 
phosphorylation through Ca2+/diacyglycerol‑dependent protein 
kinase C (PKC) and cAMP‑dependent protein kinase A (PKA) 
within the intracellular domains. In particular, the maximal 
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activity of TauT transporter was inhibited in a wide range of 
cells through stimulation of the serine/threonine kinase protein 
kinase C (PKC) activity (23,74‑76). Moreover, PKC is suffi-
cient to mediate phosphorylation at Ser‑332 residue of TauT 
transporter, which in turn neutralizes ionic binding of taurine 
to Arg‑324 and abolishes the activity of TauT transporter, 
through structural conformational changes (23). Accordingly, 
it has been reported that the effect of cAMP‑dependent protein 
kinase A (PKA) is eradicated following PKC activation since 
PKA activation is required for Na+‑dependent taurine uptake 
by cells (30,74). The fourth segment of the TauT transporter 
contributes to taurine propagation across the cell membrane 
due to PKC phosphorylation at serine 322 (50,60,77). In line 
with these data, casein kinase 2 (CK2) has been demonstrated 
to inhibit the activity of TauT transporter, presumably through 
phosphorylation at Thr‑28. When CK2 is suppressed, TauT 
transporter affinity is promoted towards sodium and the 
Na+/taurine stoichiometry for taurine transport is suppressed 
(Fig. 1) (76).

Hence, taurine transport can be regulated by hypoxia. 
The effect of hypoxia on the activity of TauT transporter has 
been documented in brain microvascular endothelial cells 
(blood‑brain barrier, BBB) since hyperglycemia accounts 
for the loss of microvascular barrier integrity  (78-80). 
Researchers examined the association of TauT transporter 
with hypoxia‑inducible factor‑1 (HIF‑1), which is the major 
causal factor for the induction of BBB disruption and 
increased BBB permeability (81,82), and is also related to 
diabetic retinopathy or neuropathy through vascular endo-
thelial growth factor (VEGF) upregulation (83). Moreover, 
it should be taken into consideration that PKC kinase exerts 
its regulatory activity on both VEGF and TauT trans-
porter (32,84). 

So, researchers proved that brain vascular endothelial 
cells exhibited high expression levels of HIF‑1 and VEGF, 
by reducing the activity of TauT transporter in high‑glucose 
conditions. The results were confirmed when HIF‑1 inhibi-
tors rescued BBB cells from hypoxia due to TauT transporter 
upregulation (78).

In addition to changes in osmolarity, hyperglycemia 
and oxidative stress conditions have also been reported to 
modulate gene expression of TauT transporter. Interestingly, 
transcriptional levels of TauT transporter were induced in 
healthy subjects, as compared to type 1 diabetes patients, 
accompanied by low plasma homocysteine levels  (85). In 
another study, mononuclear peripheral blood cells of patients 
bearing diabetic retinopathy were characterized by reduced 
TauT transporter expression (86). In line with the above, an 
outstanding study provided convincing evidence that taurine 
status determined the development of diabetic nephropathy 
in diabetic animal models. The underlying concept relied on 
three lines of evidence: i) taurine deficiency was apparent in 
diabetic patients (46); ii) taurine excess provided protection 
against acute kidney injury (87); and iii)  taurine provided 
cytoprotection against high‑glucose‑induced oxidative stress, 
through preventing protein carbonyl content (88). Accordingly, 
the upregulation of TauT transporter in diabetic conditions 
was also observed in fat tissues from obese mice caused by 
a high‑fat diet or genetic mutations (ob/ob and db/db mice). 
Following in vivo observations, the commitment of human 

adipose‑derived stem cells (hASCs) to adipogenic progenitors 
was only promoted, when TauT transporter levels were high. 
Among the molecules that are regulated by TauT transporter, 
hypotaurine and β‑alanine promoted adipocyte formation, 
whereas taurine inhibited the process. In this manner, it was 
proved that impaired hASCs differentiation accompanied 
by eliminated TauT transporter activity was recovered by 
hypotaurine and β‑alanine through impeding β‑catenin 
transcriptional transactivation. The results proposed that 
taurine transport can act as a new therapeutic strategy against 
obesity (89). Additional evidence supporting the functional 
importance of TauT transporter in diabetes, emerged through 
the phenotype of TauT transporter deficient animal models, 
in which researchers observed that characteristics of TauT 
transporter null animals comprised mesangial cell expan-
sion, glomerular basement thickening, nodular sclerosis with 
expansion of the glomerulus beyond Bowman's capsule, and 
juxtaglomerular tuft sclerosis (90). Since, typical features of 
human diabetic nephropathy involved changes in ischemic 
heart, atherosclerosis induction, glomerular dropout, and 
interstitial fibrosis, it was plausible that TauT transporter null 
mice mimicked human diabetic nephropathy. Histologically, 
TauT transporter null mice presented increased deposition or 
abundance of SMA, collagen IV, CD34 (as a marker of endo-
thelial injury), and Ki67.

A large number of studies have suggested that taurine 
transport may be enhanced by inflammation (45). It has been 
highlighted that inflammatory cytokines contribute to the 
induction of TauT transporter activity to maintain taurine 
levels. Interestingly, intestinal epithelial cells increased TauT 
transporter levels to respond under inflammatory conditions. 
For example, anti‑inflammatory properties of taurine were 
manifested through the regulation of TauT transporter in 
leukocytes of patients with depression. It was observed that 
the antidepressant mirtazapine diminished CD4+ T and CD8+ 
T leukocytes that contained TauT transporter to 77 and 80%, 
respectively. Notably, TauT transporter distribution in all cells 
did not change following anti‑depressant therapy, suggesting 
that reduced taurine transport in circulating immune specific 
leukocytes potentially accounted for high extracellular 
taurine content, which might be involved in protection against 
oxidants and inhibition of pro‑inflammatory cytokine‑medi-
ated damage through the formation of N‑Chlorotaurine 
(TauCl) (91).

4. Volume‑insensitive and ‑sensitive taurine transport

During isotonic conditions taurine is released to the 
extracellular compartment, and it is upregulated when choles-
terol‑depleting agents (92), lysophosphatidylcholine (93) are 
administered, and during the apoptotic process  (94). The 
release of taurine in unstimulated cells through the action 
of TauT transporter does not seem feasible, considering the 
low intracellular sodium (94). On the contrary, taurine can be 
released via TauT transporter, as observed in Ehlrich ascites 
tumor cells (EATC) in response to arachidonic acid/eicosa-
pentaenoic acid (95), prostaglandin E2 (96) or cisplatin (94) 
which increased the sodium conductance.

Increased release of taurine via the volume‑sensitive 
taurine release pathway, designated volume‑sensitive organic 
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anion channel (VSOAC) has been observed following hypo-
tonic exposure. The threshold for the activation of taurine 
release has been estimated at 15% of cell swelling in NIH‑3T3 
cells, and there is a positive relationship between efflux and 
reduced osmolality in an exponential manner (97).

5. Taurine deficient conditions

To determine the functional significance of taurine, models 
of taurine deficiency have been developed by knocking out 
the TauT transporter gene (33,98) nutritional depletion, an 
inhibitor of taurine intake, such as taurine transporter antago-
nist (guanidinoethane sulfonate) (99) or β‑alanine (100) and 
carbon tetrachloride (CCL4)  (101), all of which contribute 
to the elimination of taurine values. For example, taurine 
transport inhibitor (β‑alanine) can cause the elimination of 
mitochondrial taurine content by 60% after supplementation 
with β‑alanine (100).

6. Taurine Transporter deficient mice (TauT KO)

Towards delineating the impact of taurine on the cardiac muscle, 
researchers proceeded to the elimination of taurine transporter, 
generating TauT KO mice. In one case, Ito et al managed to 
ablate exons 2‑4 of TauT transporter, causing a decrease in 
taurine in both cardiac and skeletal muscle, respectively, of 
100 and 96% (98). In another case, Heller‑Stilb  et al  (33) 
generated TauT KO mice by elimination of exon 2 of taurine 
transporter. Similarly, the phenotype of latter TauT KO mice 
showed a decrease at cardiac and muscle taurine levels at a 
rate of 98%. They developed a mouse model with a disrupted 
gene encoding the taurine transporter (TauT-/-) and observed 
that higher amounts of taurine loss occurred in skeletal 
muscle and heart (95% decrease), followed by lower amounts 
of taurine plasma, kidney, liver, and the eye (74% decrease). 
Interestingly, the mice presented severe retinal degeneration 
due to vision loss (33). Undoubtedly, in both cases, there was 
a remarkable decline of taurine and abnormal function in 
tissues in which taurine is necessary. More specifically, the 
phenotypic characteristics of TauT KO mice were: lower body 
weight, exercise intolerance and muscle atrophy (98,102), loss 
of retinal photoreceptor function, reduced responsiveness to 
nociceptive stimulation  (103), degeneration of their inner 
ear, alteration of renal development and function, unspecific 
hepatitis/liver fibrosis and cardiomyopathy (87,104), as well as 
reduced T‑cell memory generation (105) and blunted apoptosis 
in erythrocytes accompanied by alterations in the balance of 
blood cells (91). All the disturbances in different organs were 
exacerbated with aging, implying the regulation of taurine 
transporter during aging. Based on the above, we can conclude 
that the intracellular taurine levels in cardiac and skeletal 
muscle are dependent on taurine transport activity. However, 
Warskulat et al (102) contributed to causing a debate regarding 
the phenotype of TauT KO mouse models, because TauT KO 
mice had a normal function with high susceptibility towards 
heart failure, as indicated by high expression of fetal genes 
such as atrial natriuretic peptide (ANP), and brain natriuretic 
peptide (BNP). Consequently, taurine is fundamental in 
cardiac homeostasis and the differential results of deficiency 
ultimately depend on the genetic background of the animal 

models used. Focusing on the generation of former TauT KO 
mouse models, it was observed that signs of dilated cardiomy-
opathy (levels of ANP, BNP) were more intense in 9‑month‑old 
TauT KO mouse models compared to 5‑month‑old TauT KO 
animals, implying the regulation of taurine in age‑sensitive 
manner (98). In general, TauT KO mice exerted high percent-
ages of necrotic cells and disorganization of myofilaments in 
skeletal muscle (104).

Studies from TauT KO mice proved that low intracel-
lular taurine levels caused a variety of dysfunctions in 
different organs in an age‑dependent way (14‑20). Within 1 
year after birth, TauT KO mice manifested vision, suffered 
from auditory, olfactory malfunctions accompanied by 
muscle impairment, and altered synaptic transmission in 
the brain  (21). At greater age (beyond 15  months), TauT 
KO mice presented liver manifestations, such as fibrosis, 
unspecific hepatitis, and tumor formation through lowering 
mitochondrial respiratory chain activity (17,21). Even though 
earlier studies have reported the great implication of TauT 
transporter in hepatocytes, the latest studies highlighted that 
TauT transporter was crucial in hepatic non‑parenchymal 
cells (56,57). Interestingly, differences in the taurine distri-
bution of TauT KO mice were observed, underscoring the 
complete taurine loss in Kupffer and sinusoidal endothelial 
cells but not in parenchymal cells (106). For instance, hepatic 
parenchymal cells of TauT KO mice presented a decline of 
Tau transporter by 30%, whereas hepatic non‑parenchymal 
cells of TauT KO mice had a marked decline of TauT trans-
porter (52).

Furthermore, the research team led by Häussinger provided 
convincing evidence for the presence of apoptotic cells in 
taurine‑transporter deficient tissues. Apoptosis emerged in 
photoreceptor cells, leading to taurine transporter deficient 
mice to blindness at an early age, given that the differentia-
tion of cells was not closely dependent on taurine transporter. 
Accordingly, the olfactory receptor neurons of TauT KO mice 
followed the same apoptotic trend, displaying signs of immatu-
rity. Importantly, taurine caused hepatocyte destruction which 
was manifested by a high proportion of hepatic apoptotic cells, 
thereby leading moderate unspecific hepatitis and liver fibrosis 
in TauT KO mice beyond 1 year of age (107).

For many years, researchers were not able to reveal 
the mechanisms underlying structural liver dysfunction 
in aged TauT KO mice. Recently, Qvartskhava et al (108) 
provided the instructive principles of taurine loss by which 
liver dysfunction of TauT KO mice emerged. Researchers 
attributed the liver malfunction of TauT KO mice to altered 
hepatic ammonia handling and hepatic glutamine synthesis 
in a time‑dependent manner. In particular, it was suggested 
that TauT transporter deficiency disturbed ammonia detoxi-
fication by perivenous scavenger cells in the liver, thereby 
inducing systemic hyperammonemia through impaired 
hepatic glutamine synthesis. The underlying mechanisms 
varied according to the age of TauT KO mice. That was 
reflected by the inactivation of the ammonium transporter 
rhesus type glycoprotein B (RhBG) in 3‑month‑old TauT KO 
mice and a tyrosine nitration‑mediated elimination of gluta-
mine synthesis at 12‑month‑old because of oxidative/nitrative 
stress. The results of the 3‑month‑old TauT KO mice could 
be explained, taking into consideration that hepatic RhBG 
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expression is restricted to glutamine synthetase‑expressing 
hepatocytes. As a result, 3‑month‑old TauT KO mice 
indirectly impaired glutamine synthesis and doubled the 
ammonia concentration required for half maximal gluta-
mine synthesis while 12‑month‑old TauT KO mice directly 
disturbed glutamine synthesis.

Concerning the effects of taurine elimination in the 
myocardium, H NMR spectroscopy experiments substantiated 
that TauT KO mice presented significant taurine loss, rendering 
them energy starved. In that sense, taurine elimination was 
responsible for cardiomyopathy with concomitant cardiac 
atrophy, which was manifested by remarkable signs of cardiac 
myofibrillar fragmentation, mitochondrial disruption, and 
swelling of the outer mitochondrial membrane (98,100,102). In 
support of the above, the results of liquid chromatography‑mass 
spectrometry (LC‑MS) distinguished the range of metabolites 
that were present between the hearts of wild‑type and taurine 
transporter deficient mice. Initially, it was observed that there 
was no difference in taurine‑modified bile acids, comprising 
taurocholate, taurodeoxycholate, and taurohyocholate and those 
findings were consistent with previous ones (106). Importantly, 
mass spectrometry classified a great number of metabolites that 
were differentially distributed in the hearts of KO or wild‑type 
mice. As expected, methionine levels were elevated in TauT 
KO hearts probably due to protein turnover, since methionine 
is required for taurine biosynthesis (109). The identification of 
differential metabolites derived from two groups provided the 
information that impaired fatty acid oxidation and dysregulated 
osmoregulation were the prevalent consequences of taurine 
elimination. For the maintenance of organic osmolyte homeo-
stasis, the amino acid transporter Slc38a2 and betaine, as well 
as glycerophosphocholine, were found to be enriched in the 
hearts of taurine transporter deficient mice compared to hearts 
of control mice. Notably, Slc38a2 constituted a transporter of 
glutamine, proline, alanine (110) and it was stimulated upon 
hypertonic exposure, through the action of NFAT5/TonEBP 
transcription factor (98). TauT transporter was upregulated 
via NFAT/TonEBP in hypertonic stress conditions, with the 
ultimate aim of regulating intracellular osmolytes (65,111). 
Consistent with the above, betaine and glycerophosphocholine 
were of utmost importance in regulating the concentrations of 
organic osmolytes (112). Therefore, these constitute irrefutable 
evidence that the enrichment of the molecules was to compen-
sate for the taurine deficiency, thereby restoring the defect in 
intracellular levels of osmolytes.

Taurine is essential not only for the maintenance of organic 
osmolytes but also for fatty acid metabolism. As expected, 
analysis of metabolites derived from TauT KO hearts indi-
cated that there was an inhibition in b oxidation of fatty acids 
and in the Krebs cycle (100,113). Specifically, dysfunctional 
mitochondrial respiration was shown by downregulation of 
long‑chain acyltaurines and upregulation of short‑chain acyl-
taurines in TauT KO hearts (109). Consistent with the central 
role of taurine in the respiratory chain, it was reasonable that 
TauT KO mice displayed impaired complex I activity, accom-
panied by dysfunctional NADH dehydrogenase. Mass spec 
results confirmed the significance of taurine in mitochondria, 
showing that TauT KO hearts had high levels of NADH due 
to inactivation of NADH dehydrogenase and acetylcarnitine, 
which was contributed to inefficient use of acetyl CoA as a 

substrate in citric acid cycle (109). Metabolome analysis also 
provided an interesting explanation concerning the phenotype 
of old TauT KO mice (beyond 15  months), that displayed 
symptoms of chronic liver disease (106). Urea metabolites 
(ornithine, citrulline, and arginosuccinate) prevailed in TauT 
KO hearts, that were probably released from the surplus of 
hearts to livers of TauT KO mice. Additional search related 
to heart changes of taurine loss proved that the hearts of KO 
mice presented significant alterations in their glutathione 
metabolism, as indicated by higher amounts of pyroglutamate 
and undetectable levels of glutamyltaurine, compared to 
normal hearts. These results were expected given that there 
is a competitive relationship between pyroglutamate and 
glutamyltaurine (114).

Given the osmoregulatory activity of taurine, its 
anti‑oxidant activity, and its capacity to maintain protein 
folding/phosphorylation, it is reasonable to suggest that taurine 
not only plays a key role in cellular homeostasis, but it also 
potentially contributes to the rescue of the organism from 
the aging process. However, there is only a small number of 
studies that support the beneficial action of taurine on health, 
modulating skeletal muscle senescence, and protein folding. In 
this direction, Ito et al (116) observed a couple of aging‑related 
functional defects in skeletal muscle of (TauT KO mice 
aged 18 to 22‑months). At a rapid pace, the mice developed 
aging‑related hallmarks that were evidenced by diminished 
mitochondrial complex I activity and excessive formation of 
muscle fibers with central nuclei, implying the contribution 
of taurine loss to sarcopenia. Taurine deficiency in aged mice 
caused a decline in respiratory chain complex  1 activity, 
accompanied by an enhancement in unfolded protein response 
(URP) and in Cyclin‑dependent kinase 4 inhibitor (p16INK4a), 
which constitutes an aging biomarker (115). Specifically, it was 
observed that aged TauT KO mice displayed increased levels of 
p16INK4A up to 10 times compared to aged wild‑type mice. 
Similar enrichment of p16INK4A was observed in the lung 
and kidney of aged TauT KO mice to a lesser extent compared 
to that of skeletal muscle of aged TauT KO mice. There was 
no difference in p16INK4A protein content between young 
wild‑type and TauT KO mice, suggesting that a pronounced 
increase in p16INK4A protein content was tightly related to 
aging (116). Furthermore, aging was related to taurine loss 
through their effect on UPR signaling cascades which served as 
a protective response against ER stress. Both aging and taurine 
deficiency was reported to display decreased GRP78 expression 
and downregulation of several ER membrane sensor proteins 
(PERK, eIF2α, IREα) that are associated to UPR. Our current 
findings in the taurine‑depleted hearts show a close resemblance 
to accelerated aging (117,118), ER (119,120). As a consequence, 
taurine deficient and aged hearts seemed to be very susceptible 
to accumulating oxidation‑mediated protein aggregates (121). 
Transcriptome data derived from the skeletal muscle of old TauT 
KO mice revealed induction of SMAD3 and β‑catenin signal 
transduction pathway compared to old wild‑type mice (122).

7. Mitochondrial myopathy, encephalopathy, lactic acidosis 
and stroke‑like episodes (MELAS) syndrome

The normal development of animals is dependent on 
adequate taurine levels. Interestingly, if animals were fed 
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with a taurine‑deficient diet, they would exhibit a plethora 
of malfunctions: metabolic and endocrine changes and renal 
dysfunction. The underlying cause of abnormalities was 
attributed to impaired biosynthesis of mitochondria‑encoded 
protein subunits of the respiratory chain complexes, 
resulting in disturbed electron transport flux. Essentially, 
the biosynthesis of mitochondria‑encoded protein subunits 
of the respiratory chain complexes exhibited an absolute 
dependence on a specific post‑translational modification, 
which is manifested at tRNA Leu (UUR), contributing to 
the formation of 5 taurinomethyluridine‑tRNA Leu (UUR). 
When animals were fed a taurine‑deficient diet, the forma-
tion of mitochondrial 5‑taurinomethyluridine in the wobble 
position of tRNA Leu (UUR) was hindered due to loss of 
taurine which was used as a substrate for the post‑transla-
tional modification of the uridine base in the wobble position. 
As a result, the production of mitochondria‑encoded protein 
subunits of the respiratory chain complexes was prevented, 
given that the electron transport chain subunits contained 
multiple UUG codons, directed for the translation of leucine 
and lysine residues (123). Interestingly, it is worth mentioning 
that MELAS (mitochondrial myopathy, encephalopathy, 
lactic acidosis, and stroke‑like episodes) is a mitochondrial 
disease that might be caused by impaired UUG decoding, 
which is often observed in taurine‑deficient conditions (124). 
Following extensive research, it was suggested that there were 
no significant differences between the phenotype of MELAS 
syndrome and taurine deficiency since MELAS symptoms 
are nearly indistinguishable from those of taurine deficiency. 
In MELAS conditions, impaired UUG decoding, diminished 
respiratory chain flux accompanied by decreased adenosine 
triphosphate (ATP) synthesis, superoxide anion overproduc-
tion and stimulation of anaerobic metabolism were observed, 
thus essentially impairing the viability and functionality of 
cells of all organs in the body (125,126). Certainly, MELAS 
patients are deprived of post‑translational modification in the 
wobble position of tRNA Leu (UUR), which is required for 
efficient decoding of both UUG and UUA involved in mito-
chondrial proteins of electron transport chain. However, the 
biosynthesis of mitochondria encoded proteins of MELAS 
patients is also diminished due to impaired aminoacylation 
rendering mitochondrial‑encoded proteins more susceptible 
to the wobble defect. As a result, it is concluded that the 
aminoacylation defect of MELAS patients orchestrates the 
whole landscape of electron transport flux, reducing the 
activities of complexes I and III‑V whereas wobble defect of 
taurine deficient subjects only causes diminished synthesis 
of complex I proteins.

Vionnet et al (127) proposed that the endocrine system 
was tightly associated with MELAS syndrome through 
the emergence of diabetes. Initially, researchers observed 
that 2% of type 2 diabetic patients harbored the primary 
MELAS‑linked tRNA Leu(UUR) mutation. In particular, 
MELAS patients with type 2 diabetes exhibited impaired 
insulin secretion due to disturbance of pancreatic β cells 
mimicking the glucose intolerance and impaired insulin 
secretion of type 2 diabetes patients (128). The metabolic 
pattern of MELAS patients with type 2 diabetes favored 
anaerobic metabolism (the enhanced conversion of glucose 
to lactate) than glucose oxidation, which is a predominant 

procedure of aerobic metabolism, thereby culminating in 
lactic acidosis. In other words, the accumulation of lactate 
was the direct result of increased NADH/NAD+ ratio and 
decreased respiratory chain activity since pyruvate is not 
easily incorporated in the citric acid cycle (125).

8. Conclusions

Taurine transport can be regulated at multiple levels, ranging 
from cellular stimuli to transcription factors. This explains 
why taurine transporter null mice display dysfunction in 
several tissue types. The impaired homeostasis of taurine 
transporter deficient mice has mainly been proposed to be 
ascribed to disturbed energy metabolism, as shown by a 
dysfunctional respiratory chain in various organs. Notably, 
the phenotype of taurine transporter null mice exerts various 
indiscernible similarities with a phenotype of mitochondrial 
diseases such as MELAS. These findings are of great signif-
icance, raising important questions for further research. It 
will be remarkably interesting to study the consequences 
of specific taurine transporter inactivation in single tissues, 
to better understand the function of the taurine transporter 
and in this manner to conclude if the phenotype of taurine 
transporter null mice is the result of synergistic interactions 
among organs. In the future, it is important to determine if 
the function of taurine transporter in one organ is sufficient 
to orchestrate the energy metabolism in all organs.
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