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Taurine is a non-proteinogenic β-amino acid that plays fundamental roles in cellular homeostasis.

Although it is the most abundant free amino acid in many tissues, the full spectrum of its molecular func-

tions has only recently begun to be elucidated. Taurine supplementation has shown promising outcomes

in human studies, with emerging relevance in precision nutrition and the prevention of metabolic and

age-related diseases. In this review, we summarize the current knowledge on taurine’s molecular mecha-

nisms, including its roles in antioxidant defense, anti-inflammatory signaling, calcium regulation, mito-

chondrial function, and lipid metabolism. We integrate mechanistic insights with evidence from clinical

and nutritional studies examining taurine supplementation in the contexts of oxidative stress, inflam-

mation, metabolic syndrome, and physical performance. Increasing data suggest that taurine can modu-

late key pathways linked to metabolism, inflammation, and healthy aging. Physiological synthesis and

dietary intake appear sufficient to maintain basal health; however, human trials indicate that supplemen-

tation of 1–6 g day−1 may further promote metabolic resilience and mitochondrial function without

adverse effects. Collectively, these findings position taurine as a promising dietary compound at the inter-

face of metabolism, inflammation, and aging, highlighting its potential as a modulator of healthspan

within precision nutrition strategies.

1. Introduction

Taurine (2-aminoethanesulfonic acid) is among the most
ancient and phylogenetically conserved small molecules
present in many animal tissues and has attracted increasing
scientific interest for its potential to modulate diverse physio-
logical processes.1 First isolated from the bile of the ox Bos
taurus, this unconventional amino sulfonic acid differs from
classical amino acids by carrying a sulfonic rather than a car-
boxylic group and is therefore not incorporated into proteins.1

Although taurine has no direct role in protein synthesis, it is
one of the most abundant free amino acids in the body. In
mammals, its tissue concentrations are within the micromole
per gram wet weight range, whereas body fluids contain sub-
stantially lower levels (10–200 µM).1 The highest concen-
trations of taurine are found in the retina, heart, brain,
muscles, and kidney, and in platelets and leukocytes, while

the majority of the body’s total taurine content resides in skel-
etal muscle.1–4

The taurine pool in the body is maintained through the
interplay of dietary intake, small endogenous synthesis, and
excretion. Seafood (up to ∼827 mg/100 g), fish and shrimp
(∼40–90 mg/100 g), dark poultry (∼337 mg/100 g), poultry
(∼30–40 mg/100 g), and other meats represent the richest
dietary sources, whereas dairy contain small quantities
(∼2–8 mg/100 g), fruits, vegetables, nuts, and legumes contrib-
ute only to negligible amounts,5,6 and the estimated intake is
40–400 mg day−1.7 Once ingested, taurine is efficiently
absorbed in the small intestine via multiple apical transport
systems, including the Na+ and Cl−-dependent transporters
TauT (taurine transporter, encoded by SLC6A6), as well as H+-
coupled PAT1 (proton-coupled amino acid transporter 1).
Among these, TauT predominates under physiological con-
ditions.8 The known taurine analogues or inhibitors that block
TauT include β-alanine, γ-aminobutaric acid (GABA) and gua-
nidinoethyl sulfonate (GES).9,10 After uptake, taurine traverses
the basolateral membrane of enterocytes into the lamina
propria and enters the portal circulation unmetabolized. In
blood, it circulates as a free amino acid, readily distributed to
extra-intestinal tissues and cells where it is taken up primarily
by TauT.11 In the liver, GAT2 (GABA transporter) also contrib-
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utes significantly to taurine uptake.12 In tissues expressing
estrogen receptors, taurine uptake may be influenced by estra-
diol levels. While 17β-estradiol treatment decreased PAT1
activity in Caco-2 cells and reduced SLC6A6 expression in
HepG2 cells and mouse liver,13,14 it increased SLC6A6
expression in the breast carcinoma cell line MCF-7.15

Therefore, tissue taurine distribution may depend on sex and
estrogen levels, although the direction of this effect appears to
be tissue-specific and remains debated. Because mammals
lack the enzymatic machinery required for taurine catabolism,
the compound cannot be metabolized further. Instead, taurine
is primarily eliminated through renal excretion in urine or uti-
lized in the liver for bile acid conjugation, although modifi-
cations such as N-acylations or formation of taurine haloa-
mines may occur under specific conditions.11,16,17

Taurine is thought to be synthesized primarily in the liver,
but also in the kidneys, brain, adipocytes, mammary gland,
and testis.1 It is endogenously synthesized in mammals from
the sulfur-containing amino acids, methionine and cysteine
(Fig. 1). The main pathway begins with the oxidation of
cysteine by cysteine dioxygenase (CDO), a non-heme iron
enzyme that converts cysteine to cysteine sulfinic acid.1

Subsequently, cysteine sulfinic acid can be oxidized non-enzy-
matically to cysteic acid, which is then decarboxylated by
cysteine sulfinic acid decarboxylase (CSAD) to taurine.18,19

Preferably, however, cysteine sulfinic acid is directly decarboxy-
lated by CSAD to generate hypotaurine.20 This decarboxylation
of cysteine sulfinic acid to hypotaurine can also be catalyzed
by glutamic acid decarboxylases and by glutamic acid like dec-
arboxylase 1, though with lower catalytic efficiency.19,20 The
terminal step, the oxidation of hypotaurine to taurine, has
since 1962 been assigned to the enzyme hypotaurine dehydro-
genase, though it could never be purified and thus remained
to be identified.21 In 2020, the NAD(P)H-dependent flavin-con-

taining monooxygenase 1 (FMO1) has been identified as the
catalysing enzyme of this step.21 While FMO1 is expressed in
the adult liver of other mammals, in human liver it is only
expressed in the fetus and strongly downregulated in
adults.22–25 This might account for the higher taurine syn-
thesis capacity reported in rodents.26 These findings challenge
the view that taurine synthesis is the highest in the liver, as
CDO and CSAD activities are the highest in this tissue.27 FMO1
has been shown to be expressed in many extra-hepatic tissues
in humans including the kidney,23 brain,28 small intestine,29

and heart,30 from where taurine can be transported to other
tissues. In addition to the classical route, an alternative
pathway contributes to hypotaurine production through coen-
zyme A (CoA) degradation. During CoA turnover, cysteamine is
released and subsequently oxidized by cysteamine dioxygenase
to hypotaurine.31 Taurine synthesis pathways can be influ-
enced by other signaling pathways and cofactors. CSAD as well
as enzymes involved in cysteine synthesis are dependent on
pyridoxal-5′-phosphate (PLP), the active form of vitamin B6.32

Both Csad and Cdo1 have been shown to be downregulated by
β-estradiol in the liver of female mice,14 whereas testosterone
increased hepatic expression of Csad in male mice.33 Taurine
synthesis therefore appears to be differentially regulated by sex
hormones. In the liver, taurine synthesis via Cdo1 and Csad is
negatively regulated by bile acid-mediated activation of the
nuclear farnesoid X receptor (FXR).34,35

Since its discovery in 1827,36 taurine has been extensively
studied regarding its diverse roles in cellular physiology.
Taurine exerts pleiotropic biological functions and is indis-
pensable for osmoregulation, cellular redox, calcium modu-
lation, mitochondrial activity, retinal function, bile acid conju-
gation, and neurodevelopment.11,37 Taurine functions as an
endogenous agonist of GABA receptors, thereby acting as a
neuromodulator with inhibitory effects in the mature central
nervous system. Consistent with these actions, animal studies
have demonstrated the anticonvulsive properties of taurine.38

However, these findings have not been fully reproduced in
human studies.

In the context of osmoregulation, taurine is one of the prin-
cipal organic osmolytes responsible for maintaining the mam-
malian cell volume, with intracellular levels controlled by the
interplay of active uptake, limited synthesis, and passive
release. Its accumulation is largely mediated by TauT, whereas
efflux occurs through a swelling-activated pathway that
remains to be fully understood. Electrophysiological studies
consistently implicate anion channels in mediating swelling-
induced taurine efflux.39,40

In addition to its physiological roles, taurine supplemen-
tation has been associated with potential benefits in enhan-
cing physical performance, mitigating oxidative stress, redu-
cing inflammation, and regulating glucose and cholesterol
homeostasis. Despite taurine’s longstanding presence in scien-
tific research, this molecule has experienced a revival in
research interest. Nowadays, taurine is not only considered as
a therapeutic agent for several pathologies,41 but also as an
anti-aging agent,42 and it is marketed as a performance-enhan-

Fig. 1 Synthesis pathways of taurine. Taurine is synthesized from meth-
ionine and cysteine, or alternatively from coenzyme A (CoA).
Intermediates of the main pathway are cysteine sulfinic acid and hypo-
taurine. ADO – cysteamine dioxygenase, CDO – cysteine dioxygenase,
CSAD – cysteine sulfinic acid decarboxylase, FMO1 – flavin-containing
monooxygenase 1.
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cing ingredient in sports supplements and energy drinks.
While recent reviews have addressed the specific aspects of
taurine supplementation, such as its roles in sarcopenic
obesity,43 cardiovascular44 or mitochondrial health,45 in this
review, we provide an overview of taurine’s molecular mecha-
nisms, examine how these translate to human studies relevant
for overall health and aging, and finally evaluate the use of
taurine as a dietary supplement.

2. Molecular mechanisms of taurine

Taurine holds multiple important roles in different tissues.
These partially rely on tissue specific structures and pathways,
yet there are some molecular mechanisms that seem to be ubi-
quitously involved in taurine’s mediation of homeostasis and
health (Fig. 2). We highlight these in the following section.

2.1 Antioxidant and anti-inflammatory properties

One of the most described mechanisms by which taurine is
thought to exert beneficial effects on health is by reducing oxi-
dative stress. However, taurine’s ability to directly scavenge
reactive oxygen and nitrogen species (ROS/RNS) at concen-
trations present in most tissues is limited. It failed to scavenge
the superoxide radical (O2

−), the hydroxy radical (OH−), hydro-

gen peroxide (H2O2), and peroxynitrite (ONOO−), whereas its
direct metabolic precursors hypotaurine and cysteamine per-
formed much better.46,47 However, multiple studies have
demonstrated a notable activity of taurine in neutralizing
several oxidants when taurine was present at higher concen-
trations, from 15 mM onwards.48,49 These include superoxide,
hydrogen peroxide, and nitric oxide. One study reported
scavenging of alkyl and hydroxy radicals at even lower taurine
concentrations.50 Comparability of these results is difficult, as
they were obtained using different in vitro systems, but they
indicate that taurine’s direct scavenging activity may be rele-
vant at least in tissues with high physiological taurine content,
such as the heart and the retina.51

Furthermore, taurine is able to react with hypochlorous acid,
a potent oxidant produced in neutrophils by the enzyme myelo-
peroxidase (MPO), to form taurine chloramine (TauCl).52 Even
though TauCl retains oxidative properties, it is protective against
overproduction of the superoxide radical in neutrophils and
macrophages during inflammation by interfering with the func-
tional assembly of the superoxide-producing enzyme NADPH
oxidase. In addition, TauCl has been reported to facilitate thiol-
group oxidation of Kelch-like ECH-associated protein 1
(Keap1).53 This leads to the release of nuclear factor E2-related
factor (Nrf2) into the nucleus, where it induces transcription of
many antioxidant enzyme genes.54,55 One of the antioxidant

Fig. 2 Molecular targets influenced by taurine. Taurine is involved in calcium and osmoregulation, mitochondrial and antioxidant pathways and
inflammation. The exact mechanisms and further potential targets are unknown. AMPK – AMP-activated protein kinase; NFκB – nuclear factor κB;
NRF2 – nuclear factor E2-related factor; PGC-1α – peroxisome proliferator-activated receptor gamma coactivator 1-alpha; TauCl – taurine chlora-
mine; TFAM – mitochondrial transcription factor A; TLR4 – Toll-like receptor 4.
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enzymes that is upregulated via this process is heme oxygenase-
1, which exerts protective effects during oxidative stress by
degrading free heme to the antioxidant and anti-inflammatory
mediators biliverdin and carbon monoxide.56,57 TauCl also
directly interferes with the inflammatory response of immune
cells. It is thought to downregulate the activity of the pro-inflam-
matory transcription factor nuclear factor κB (NFκB) by prevent-
ing dissociation from its inhibitor protein IκB and thereby pre-
venting translocation into the nucleus.54 As a result of this, treat-
ment with TauCl reduces the production of the classical pro-
inflammatory mediators interleukin (IL)-1β, IL-6, tumor necrosis
factor alpha (TNF-α), and nitric oxide in stimulated immune
cells.58,59 While TauCl production from primary human neutro-
phils is well characterized in vitro, direct in vivo evidence from
human studies is currently lacking.52,60 Given its rapid reactivity
with proteins and antioxidants, TauCl is best understood as a
locally acting paracrine mediator at sites of inflammation, ren-
dering systemic detection in plasma both methodologically and
biologically unlikely, which may account for the evidence
remaining confined to in vitro and ex vivo models.61 The direct
role of taurine remains controversial, as some studies reported
no direct effect of taurine on inflammatory markers of cultured
immune cells,62,63 whereas others do.64 In a mechanistic study,
taurine upregulated the nuclease angiogenin, which degrades
mitochondrial RNA released by activated macrophages, thereby
reducing inflammation in inflammatory bowel disease.64

Furthermore, taurine can promote macrophage polarization
towards the anti-inflammatory M2 phenotype.62 Through these
mechanisms, taurine and its derivative TauCl jointly facilitate
the resolution of inflammation and cellular stress recovery
(Fig. 2).

However, the antioxidant capabilities of taurine seem to
extend beyond the direct reduction of oxidants. Numerous
studies have demonstrated that taurine treatment strength-
ened antioxidant defense against stress induced by various
models in the liver,65–67 kidney,68,69 brain,70–72 testis,73,74 and
other tissues.51,75–78 The most consistent outcome across these
studies was a rescue in glutathione (GSH) levels, accompanied
by restored protein abundance and activity of key antioxidant
enzymes: glutathione peroxidase (catalyzing ROS detoxification
by oxidizing GSH to glutathione disulfide (GSSG)), glutathione
reductase (regenerating GSH from GSSG), glutathione-S-trans-
ferase (conjugating GSH to electrophilic compounds), as well
as superoxide dismutase (SOD) and catalase, which catalyze
the stepwise conversion of superoxide into hydrogen peroxide
and ultimately water, respectively.79,80 These effects were
accompanied by a reduction in oxidative stress markers, such
as malondialdehyde (MDA), a by-product of ROS-induced lipid
peroxidation, an effect that has also been observed in human
studies.81 As partial explanations for these effects, activation of
the antioxidant machinery via the Nrf2 pathway and inhibition
of the production of pro-inflammatory mediators via Toll-like
receptor 4 (TLR4)-NF-κB pathway modulation have been
proposed.65,68,70,72,73,76–78 While taurine treatment consistently
upregulates Nrf2 target genes and suppresses NF-κB pathway
markers across diverse rodent injury models, the molecular

mechanism linking taurine to pathway activation remains
poorly defined. Direct binding of taurine to TLR4 has been
proposed in one study; however, this putative binding has not
been experimentally validated.77 The downstream effects of
these pathways have been replicated in some human studies,
supporting their in vivo relevance.81,82 It remains plausible
that they represent mutually reinforcing secondary effects
downstream of other primary actions of taurine, pending
studies that establish direct causal interactions.

These findings partially overlap with the aforementioned
actions of TauCl. As most of these data were generated by
inducing stress in animals with toxins or diets that in turn
also lead to inflammation, it is plausible to assume that at
least a part of the effects were mediated by TauCl produced
from activated neutrophils. A clear distinction between the
effects mediated by TauCl and those mediated by other
taurine-dependent mechanisms, with respect to inflammation
and antioxidant action, is still lacking. Furthermore, the posi-
tive effects of taurine treatment may in part be mediated by
the accumulation of sulfur-containing precursors. Hepatic
CSAD is downregulated during taurine supplementation,83–85

and shutting down the main taurine biosynthesis pathway
induces accumulation of cysteine and hydrogen sulfide
(H2S).

86 H2S that is derived from cysteine catabolism has
strong antioxidant properties and promotes mitochondrial
biogenesis.87 Accumulation of cysteine and H2S has been
induced by taurine administration in mice and improved
carbon tetrachloride-induced liver damage.85 Moreover,
cysteine is the rate-limiting precursor not only for H2S and
taurine synthesis, but also for GSH synthesis. When cysteine
availability is limited in the liver, it is preferentially utilized for
GSH synthesis, whereas under conditions of abundance it is
increasingly directed toward taurine synthesis via CSAD and
CDO1.88,89 Some studies have demonstrated that increased
taurine production through enhanced cysteine flux toward
taurine synthesis, for example via CDO1 overexpression,
reduces the cell’s capacity to synthesize GSH.90,91 While it has
not yet been directly shown that, conversely, taurine sup-
plementation alone can enhance GSH production by sparing
cysteine pools, a study published in 2026 showed that taurine
combined with B vitamins involved in GSH synthesis can
increase GSH levels to physiologically relevant levels in the
brain.92 Another study demonstrated that liver-specific CDO1
knockout in mice resulted in increased resting hepatic cysteine
pools and higher GSH regeneration capacity, as well as
reduced liver damage in response to acetaminophen-induced
liver injury.93 Whether taurine supplementation can induce
comparable GSH production capacity in the liver or in other
taurine-synthesizing tissues remains to be established.
Collectively, this highlights the necessity of also taking metab-
olites upstream and downstream of taurine into account when
investigating its molecular mechanisms.

2.2 Mitochondrial health and calcium homeostasis

It might not be a coincidence that taurine is most present in
tissues with high energy demand. There are several mecha-
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nisms by which taurine influences mitochondrial health and
energy metabolism. Taurine has been shown to be transported
into mitochondria by TauT.94 The intracellular localization of
TauT towards the plasma or mitochondrial membrane appears
to depend on its phosphorylation status, which is regulated by
protein kinase A.94 Evidence also suggests that taurine may be
synthesized within mitochondria.95 Hansen et al.96,97 pro-
posed taurine as a pH buffer for the slightly alkaline mito-
chondrial matrix that is established by the oxidative phos-
phorylation (OXPHOS). Inspired by the lack of defined low-
molecular-weight physiological pH buffers for this milieu they
suggested this role for taurine, as the pKa of its amino group
lies in the relevant range and taurine appears to be abundantly
present in mitochondria. Even though the calculated proton
buffer capacity of taurine seems small in relation to the proton
turnover in active mitochondria, taurine could cushion transi-
ents in oxygen supply and thereby help stabilize ATP pro-
duction. Given the differential pH sensitivity of mitochondrial
enzymes involved in the urea cycle, the tricarboxylic acid (TCA)
cycle, and fatty acid β-oxidation, taurine may contribute to
selective regulation of their activation.98 However, this hypoth-
esis remains largely theoretical and has not been experi-
mentally validated.

A systemic buffering role of taurine has been proposed not
only for mitochondrial pH, but also for mitochondrial calcium
homeostasis. When neurons suffer from glutamate-induced
calcium overload, pretreatment with taurine rapidly promotes
intracellular calcium ([Ca2+]i) clearance, presumably by uptake
and buffering into mitochondrial calcium stores.99 This is sup-
ported by taurine increasing mitochondrial calcium uptake
proposedly by upregulating mitochondrial calcium uniporter
activity.100 Additionally, taurine reduces calcium-induced
swelling in isolated mitochondria.101 This could be due to
taurine’s role as an osmoregulator or an increase of the mito-
chodrial calcium-buffering capacities. Taurine also influences
whole cell calcium homeostasis. By being co-imported with
Na+ by the TauT, taurine can reduce the rate at which the Na+–
Ca2+ exchanger (NCX) usually exports calcium, thereby increas-
ing [Ca2+]i in myocytes.102 When intracellular Na+ is high, the
NCX can operate in reverse mode, thus importing Ca2+. During
glutamate-induced neuronal excitation, when this is the case,
taurine protects against calcium overload either by directly
inhibiting NCX reverse-mode activity independently of TauT,
or by restricting calcium influx through interactions with other
calcium channels.103,104 As cytosolic calcium acts as a second
messenger in many central signaling pathways and mitochon-
drial calcium content directly influences OXPHOS rates, taur-
ine’s regulatory functions in this context warrant further inves-
tigation.105 Taurine-mediated calcium regulation has already
been reported to influence the pathways of inflammation,64

energy metabolism,106 and lipid metabolism,107 and
additional mechanisms are expected to be identified in the
future.

A more direct way in which taurine ensures mitochondrial
health is through its conjugation to uridine residues of specific
mitochondrial transfer RNAs (mt-tRNAs).108 These taurine–

uridine conjugations (5-taurinomethyluridine (τm5U) and
5-taurinomethyl-2-thiouridine (τm5s2U)) stabilize the codon–
anticodon interaction and are critical for translation of mito-
chondrially encoded proteins and for respiratory function.
Knockout of the enzymes responsible for these reactions
abolishes the formation of τm5U and τm5s2U in mt-tRNA and
causes severe consequences.109 It has been shown that taurine
starvation of cats, which in contrast to other mammals cannot
synthesize taurine, leads to a reduction in the levels of taurine-
conjugated nucleotides in mt-tRNAs.110 Inhibiting taurine
import into mitochondria in cancer cells by TauT knockdown
reduced the formation of τm5U modifications, blunted mito-
chondrial translation and diminished tumor growth in xeno-
grafts.94 Another study demonstrated reduced levels of τm5U
mt-tRNA and a dependent electron transport chain complex I
subunit protein in the liver of aged mice, which was restored
by taurine supplementation.42 Importantly, studies on patient-
derived tissue have demonstrated that mt-tRNAs carrying
pathogenic mutations associated with MELAS (mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like epi-
sodes) are specifically deficient in the τm5U modification and
that this deficiency is the primary molecular cause of the
translational defects observed clinically in MELAS.111,112

Taurine supplementation reduced the stroke-like episode fre-
quency by ≥50% in 8 of 10 MELAS patients in a phase III
open-label clinical trial, and 5 of 10 patients showed a signifi-
cant increase in the τm5U modification rate of the affected mt-
tRNA from peripheral leukocytes.113 Together with the evi-
dence for taurine serving as a critical substrate to mt-tRNA
modifications described above, these findings support the
physiological relevance of taurine-dependent mt-tRNA modifi-
cations in humans. Nevertheless, it remains to be established
whether reductions in taurine-conjugated mt-tRNAs occur in
healthy individuals and whether taurine supplementation can
actively enhance mitochondrial translation and reduce ROS
production via this mechanism.

Besides acting within mitochondria, several studies in
rodents have identified long-term taurine supplementation to
induce increased transcription of mitochondria-related genes
including peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) in the brain, skeletal muscle and
adipose tissue. PGC-1α acts as a master regulator of energy
metabolism, facilitating the expression of genes involved in
mitochondrial biogenesis, glucose metabolism and oxidative
stress protection.114 In the brain, long-term taurine sup-
plementation to healthy wild-type mice led to increased
expression and protein activity of PGC-1α, proteinkinase B
(Akt), cAMP response element-binding protein (CREB) and
PTEN-induced kinase 1 (PINK1), regulating mitochondrial bio-
genesis and quality control.115 The isolated mitochondria of
these mice exhibited elevated ATP levels and reduced calcium-
induced swelling. These effects were accompanied by
enhanced memory and reduced anxiety/depression-like behav-
iour in the behavioural tests of the animals. Similar results
were obtained for skeletal muscle in a study in which healthy
rats received taurine supplementation for a shorter period,
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leading to increased expression of PGC-1α and muscle differ-
entiation and growth factor myocyte enhancer factor-2
(MEF2).106 In a cell culture model, they demonstrated that
these changes were the result of AMP-activated protein kinase
(AMPK) signaling induced by taurine-stimulated calcium
influx. Proposedly via the same pathway, regeneration of aged
mouse skeletal muscle was improved post injury.116 Activation
of the AMPK-PGC-1α pathway has also been demonstrated in
adipose tissue after taurine was administered alongside a
high-fat diet to mice.117 As a consequence, this induced elev-
ated rates of mitochondrial β-oxidation. Phenotypic changes
included body weight reduction and an increase in energy
expenditure. Taken together, all of these studies imply a deci-
sive role of mitochondrial function for the positive effects of
taurine supplementation. Validating these findings in humans
is inherently challenging, as the tissue specific expression of
these genes cannot be assessed non-invasively via the blood.
Nevertheless, adipose tissue biopsies from obese subjects have
shown that taurine supplementation, when combined with
exercise training, increased the expression of key mitochon-
dria-related genes including PGC-1α, suggesting that at least
some of these effects translate to humans.118 Determining
how taurine stimulates the pathways that improve mitochon-
drial function, either directly or indirectly via systemic effects
such as calcium regulation and osmoregulation, may finally
provide the missing link between taurine’s health benefits and
its molecular mechanisms.

Overall, taurine’s molecular mechanisms have been
thoroughly reviewed elsewhere, complementing the present
discussion.45,51,54

3. Exercise, oxidative stress and age-
specific human studies
3.1 Exercise studies

Taurine may enhance exercise performance through multiple
interconnected molecular mechanisms acting in skeletal
muscle and related systems. Experimental evidence indicates
that taurine modulates intracellular Ca2+ handling by stabiliz-
ing sarcoplasmic reticulum Ca2+ release and improving exci-
tation–contraction coupling,1,119 thereby supporting force pro-
duction and neuromuscular efficiency. In addition, taurine
may contribute to membrane stabilization and ion homeosta-
sis, helping to preserve Na+, K+, and Ca2+ gradients during
muscle contractions.119 Taurine conjugates with mitochondrial
tRNA to facilitate the synthesis of mitochondrial-encoded pro-
teins,45 which may support efficient electron transport chain
activity and ATP production, potentially contributing to
improvements in aerobic endurance. Furthermore, taurine
exerts indirect antioxidant and anti-inflammatory effects that
may protect contractile proteins from exercise-induced oxi-
dative stress, which could contribute to reduced exercise-
induced muscle damage.120 Finally, as a major intracellular
osmolyte, taurine contributes to the regulation of the cellular
osmotic balance in skeletal muscle.119 Spriet and Whitfield7

reviewed the importance of taurine in skeletal muscle high-
lighting that evidence from rodent models shows that reducing
muscle taurine levels impairs contractile function, whereas
supplementation increases the muscle taurine content and
partly improves the performance.121–125 In humans, however,
although acute taurine ingestion markedly elevates plasma con-
centrations, no corresponding increase occurs in skeletal
muscle, thereby limiting ergogenic effects.126,127 Studies in iso-
lated human muscle fibers demonstrated that taurine exposure
can enhance sarcoplasmic reticulum Ca2+ accumulation, yet
clinical trials have produced conflicting and inconclusive
results regarding supplementation on performance and
recovery.126–129 The same mixed results have been reported in
more recent randomized clinical trials (RCTs),130–135 systematic
reviews136 and meta-analyses (Table 1).

An up-to-date systematic review and meta-analysis of 23
RCTs including 308 healthy adult participants found a small-
to-moderate beneficial effect of single-dose taurine ingestion
(1–6 g) on exercise performance.137 Benefits were more evident
in males (n = 255) and this effect was mostly pronounced
when taurine was supplemented 1 h prior to exercise and was
most reliably demonstrated in aerobic endurance and
strength/power, while it was not significant in anaerobic per-
formance and muscular endurance. In women (n = 53), no sig-
nificant benefit was observed. There was no linear dose depen-
dency and no difference between trained and untrained popu-
lations. Notably, most studies (n = 15) recruited trained ath-
letes, with only a few (n = 8) including untrained volunteers.
Reflecting the heterogeneity of results and risk of bias, the cer-
tainty of evidence was judged to be low to very low.137 The
more evident effects observed in males compared to females
may reflect the male-dominated nature of the available evi-
dence, as most included studies recruited exclusively male par-
ticipants (n = 19), three recruited only females, and only one
included both sexes.137 Therefore, the absence of a clear effect
in women may be interpreted as reflecting limited evidence
rather than definitive ineffectiveness. In addition to sampling-
related limitations, biological and physiological factors may
contribute to the observed sex-related differences as sexual
hormones play a role in endogenous taurine synthesis and
tissue taurine uptake.138 Moreover, the effects of taurine may
vary across the menstrual cycle and with oral contraceptive
use, as fluctuations in sex hormones can influence body water
regulation, exercise capacity, metabolism, cognition, sleep,
and thermoregulation.139 Extrapolating the mechanism of
17β-estradiol dependent taurine uptake regulation to the skel-
etal muscle, which does express estrogen receptors, fluctu-
ations in estrogen levels across the menstrual cycle or with
hormonal contraceptive use may dynamically regulate intra-
cellular taurine availability in women.

Another systematic review identified eight chronic taurine
supplementation trials (7 days to 8 weeks), all of which were
exclusively performed in healthy adult males.136 Protocols
included aerobic and anaerobic exercise tests, with daily doses
(1.66 g up to 10 g) compared to placebo. Taurine improved the
antioxidant status, reduced muscle damage markers, and mod-
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estly enhanced endurance in some studies. The strongest
benefits occurred with multi-week dosing of 2–6 g day−1, par-
ticularly for oxidative stress reduction and muscle recovery,
though performance results were inconsistent due to vari-
ations in sample size, training status, and exercise type.136

Thus, although taurine is essential for muscle function,
further research is required to elucidate the mechanisms regu-
lating its transport into human skeletal muscle and to deter-
mine its true potential as an ergogenic nutrient. To date, there

are no authorized health claims about taurine as a sports sup-
plement authorised by the European Commission; neverthe-
less, taurine has been marketed as such since a long
time.140,141

In general, human trials on taurine supplementation lack
methodological consistency. In the context of diabetes and
obesity, an 8-week supplementation period with 3 g day−1 of
taurine has been established by several research groups, thereby
enabling improved comparability among studies.43,152–156 For

Table 1 Recent meta-analyses of human RCTs on taurine supplementation in healthy and cardiometabolic diseased subjects. Risk of bias and het-
erogeneity varied among included RCTs and the same RCT can be included in multiple meta-analyses

Study Research area Population

Taurine
dosage and
duration Outcomes Significant findings

Number of
participants
and studies

Deng et al.
(2025)142

Exercise Healthy adults
(trained and
untrained)

1–4 g day−1,
acute

HR, lactate, RT, RPE,
physical & cognitive exercise
performance (various types)

None 185 from 9
RCTs

Deng et al.
(2025)137

Exercise Healthy adults
(trained and
untrained)

14–100 mg
per kg BW,
acute

Exercise performance
(various types)

↑Aerobic endurance,
↑strength and power

308 from 23
RCTs

Waldron
et al.
(2018)143

Exercise Healthy and
diseased adults

1–6 g day−1,
acute, 2
weeks

TTE, exercise performance
(strength, time)

↑TTE 116 from 10
RCTs

Faghfouri
et al.
(2022)81

Metabolic
health

Healthy and
diseased adults

1.5–6 g day−1,
3 days–
6 months

IL-6, TNF-α, CRP, MDA ↓CRP, ↓MDA 382 from 14
RCTs

Guan &
Miao
(2020)144

Metabolic
health

Healthy and
diseased
adolescents and
adults

0.5–6 g day−1,
15 days–
6 months

TC, LDL, HDL, TG, BP, FBG,
BMI, BW

↓TC, ↓TG, ↓BP 391 from 12
RCTs

Nie et al.
(2025)145

Metabolic
health

Healthy and
diseased adults

0.5–6 g day−1,
1–16 weeks

IL-1β, IL-6, IL-10, TNF-α,
CRP, TBARS, SOD, GSH,
CAT, TC, LDL, HDL, TG, LF,
BP, HR, FBG, insulin,
HbA1c, HOMA-IR, BMI, BW,
WC, fat mass

↑IL-1β, ↓TNF-α, ↓CRP,
↓MDA, ↓TBARS, ↓TC,
↓LDL, ↑HDL, ↓TG, ↑LF,
↓BP, ↓FBG, ↓insulin,
↓HbA1c, ↓HOMA-IR, ↓fat
mass

1394 from 34
RCTs

Sun et al.
(2025)146

Metabolic
health

Adults with
overweight/
obesity

1–3 g day−1,
2–12 weeks

TC, LDL, HDL, TG, FBG,
insulin, BMI

↓TC, ↓LDL (only in
obese), ↑HDL (only in
overweight), ↓TG, ↓FBG,
↑insulin sensitivity

414 from 9
RCTs

Tao et al.
(2022)147

Metabolic
health

Adults with
diabetes

1–5 g day−1,
2–16 weeks

TC, LDL, HDL, TG, BP, FBG,
insulin, HbA1c, HOMA-IR,
BMI, BW, energy intake,
protein, fat, WC

↓FBG, ↓HbA1c,
↓HOMA-IR

219 from 5
RCTs

Tzang et al.
(2024)148

Metabolic
health

Healthy and
diseased
children,
adolescents, and
adults

0.5–6 g day−1,
5 days–12
weeks

TG, HDL, BP, FBG ↓TG, ↓BP, ↓FBG 1024 from 25
RCTs

Tzang et al.
(2024)149

Cardiovascular Healthy and
diseased adults

1.5–6 g day−1,
7 days–
12 months

BP, HR, LVEF, NYHA ↓BP, ↓HR, ↑LVEF, ↓NYHA 808 from 20
RCTs

Waldron
et al.
(2018)150

Cardiovascular Healthy and
diseased adults

1–6 g day−1,
acute, 12
weeks

BP ↓BP 103 from 7
RCTs

Cao et al.
(2025)151

Cognitive
health

Diseased adults Taurine 1–3 g
day−1, 2–48
weeks

Cognitive exercise
performance (various types)

None 402 from 7
RCTs

RCT – randomized clinical trial, HR – heart rate, RT – reaction time, RPE – rating of perceived exertion, TTE – time to exhaustion, IL-6 –
interleukin-6, TNF-α – tumor necrosis factor alpha, CRP – C-reactive protein, MDA – malondialdehyde, IL-1β – interleukin-1β, IL-10 – interleukin-
10, TBARS – thiobarbituric acid reactive species, SOD – superoxide dismutase, GSH – glutathione, CAT – catalase, TC – total cholesterol, LDL –
low-density lipoprotein, HDL – high density lipoprotein, TG – triacylglyceride, BP – blood pressure, FBG – fasting blood glucose, BMI – body
mass index, BW – body weight, HbA1c – glycated hemoglobin, HOMA-IR – homeostatic model assessment for insulin resistance, LF –
measurements of liver function, WC – waist circumference, LVEF – left ventricular ejection fraction, NYHA – New York Heart Association
functional classification
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other study populations, similarly standardized supplementation
protocols are needed to enhance comparability. Consistency
across studies is also essential for evaluating dose–response
relationships, which require comparable disease contexts, base-
line health status, and intervention durations. Although an inter-
vention duration of 8 weeks is often considered long-term,
longer intervention periods within comparable populations
would provide additional insight into effects that may only
emerge after several months of supplementation. Another
important variable is diet, which should be controlled or at least
carefully monitored, as it can influence plasma taurine concen-
trations as well as other study outcomes.82 As highlighted pre-
viously, it is important to isolate effects caused by taurine within
specific disease and health contexts, as these effects may vary
substantially between conditions. Given that taurine appears to
serve a homeostatic function, its effects may be more subtle in
healthy individuals, which is particularly relevant in the contexts
of sports performance and healthy aging. Another important
and often neglected aspect concerns sex-dependent differences
in response to taurine supplementation. In the existing litera-
ture, females are underrepresented in most animal and human
studies, despite evidence indicating that taurine synthesis and
distribution, as well as bile acid metabolism, which is thought
to mediate some of taurine’s effects and thereby may influence
study outcomes, are differentially regulated by the sex hormones
estrogen and testosterone.138,157 Considering that several human
studies have already reported sex-specific differences in response
to taurine supplementation,138 and that many diseases poten-
tially affected by taurine, such as cardiovascular disease and
type 2 diabetes, also exhibit pronounced sex differences,158,159

the inclusion of both sexes in future studies is essential. Meta-
analyses such as those presented in Table 1 provide a useful
overview of existing human studies but should be interpreted
with caution, as they aggregate heterogenous study populations
and study designs.

3.2 Oxidative stress and inflammation studies

As discussed previously, taurine and its precursors are linked
to cellular redox balance and the modulation of inflammation;
therefore, supplementation has been proposed as an anti-
oxidant and anti-inflammatory strategy, given that chronic
inflammation is associated with aging and the development of
conditions such as cardiovascular disease, obesity, and
diabetes.81,160

A RCT reports that taurine supplementation (1.5 g day−1 for
16 weeks) increased plasma taurine and SOD levels in seden-
tary postmenopausal women aged 55–70 years, whereas the
oxidative stress marker MDA rose only in the placebo group.82

Some participants in both experimental groups were classified
as obese, which might have amplified the effect of taurine in
this study, as taurine exerts strong effects on adipose tissue, as
will also be discussed later in this review. Food intake was
monitored throughout the study and revealed between groups
and also within groups before and after the intervention.
However, this was not considered to have significantly influ-
enced the study outcomes. Notably, zinc intake in the taurine

group declined after the intervention, whereas plasma zinc
concentrations decreased in both experimental groups, which
may have affected SOD activity, as zinc is an essential cofactor
of SOD.80,82 It has to be noted that the participants were
subject to increased basal stress as the study was performed
during an intensive period of emotional stress due to the
COVID-19 pandemic, which also might have affected individ-
uals differently.82 The results nevertheless suggest a protective
effect of taurine against oxidative damage and chronic
inflammation.

Faghfouri et al.81 conducted the first systematic review and
dose–response meta-analysis to evaluate the effects of taurine
supplementation on inflammatory and oxidative stress bio-
markers. Fourteen controlled clinical trials (382 participants,
aged 19–85 years) were included, with intervention doses
ranging from 1500 to 6000 mg day−1 and supplementation
periods from 3 to 180 days. The included studies targeted a
wide range of different populations, which were diabetic
patients, obese participants, severe burn patients, heart failure
patients, and patients with chronic alcoholism, hip fracture or
acute lymphoblastic leukemia. Furthermore, three studies fea-
tured an additional exercise intervention. The pooled analysis
revealed that taurine significantly reduced the plasma levels of
MDA and the inflammation marker C-reactive protein but
showed no significant effect on TNF-α or IL-6. Time–response
analysis indicated that supplementation for 56 days exerted
the most pronounced benefits on oxidative stress and inflam-
mation. Subgroup analysis suggested greater effects in inter-
ventions using ≤3000 mg day−1. The subgroup analysis fur-
thermore suggested greater effects in younger adults (18–50
years) and obese individuals, while heterogeneity across
studies was substantial.81 The pooled and subgroup analyses
were heavily influenced by the low number of studies included
and heterogeneity of the studied populations. For example,
three studies featuring obese or diabetic middle aged-partici-
pants demonstrated a reduction in plasma TNF-α after 56 days
of taurine supplementation, whereas measurements from a
study in elderly female subjects with or without performing
physical exercise showed an increase or no change in plasma
TNF-α after 98 days of supplementation.81 Considering this
heterogeneity, the available evidence does not support the con-
clusion that longer durations of taurine supplementation
reduce its efficacy in lowering circulating TNF-α levels.

Collectively, these findings suggest that taurine may amelio-
rate systemic inflammation and oxidative stress, yet the extent
and efficacy are highly dependent on the baseline health
status of the individuals and potentially also on their age and
sex.138 To reliably assess dose– and time–response relation-
ships for taurine supplementation in oxidative stress and
inflammation, more rigorously designed RCTs that focus on
said parameters while keeping other cofounding factors as
small as possible are needed.

3.3 Age-specific studies

As discussed later in this review, taurine has also been pro-
posed as an anti-aging agent. Even though there are no human
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trials on taurine’s direct effect on aging yet, there are some
studies published that target people of higher age. We would
like to refer to a work by Batitucci et al.43 that comprehensively
reviews the impact of taurine supplementation and physical
exercise, including clinical trials, on sarcopenic obesity, a
health condition that is especially prevalent in older adults.

A RCT investigated the effects of 14 weeks of physical exer-
cise, alone or in combination with taurine supplementation
(1.5 g day−1), on inflammation, cognition, and peripheral
markers of blood–brain barrier integrity in institutionalized
elderly women.161 48 participants (83.5 ± 6.9 years) were allo-
cated into four groups: physical exercise (n = 13), taurine sup-
plementation (n = 12; 1.5 g day−1), physical exercise combined
with taurine supplementation (n = 11), and control (n = 12).
Comorbidities such as hypertension (75%), heart failure
(58%), and dyslipidemia (35%) were present among the partici-
pants; however, the authors did not further specify their distri-
bution across the different experimental groups. These comor-
bidities, as well as the fact that some participants in all groups
were classified as obese, may have influenced the study out-
comes. Vitamin and mineral intake were not tracked, although
all participants were assessed as being at risk of malnutrition
according to the mini nutritional assessment. Exercise ses-
sions were multimodal, chair-based, and performed twice a
week under specialist supervision. Outcomes included plasma
cytokines (IL-1β, IL-1ra, IL-6, IL-10, IL-17, TNF-α), serum
markers of blood–brain barrier permeability, cognitive status,
and handgrip strength. Measurements were taken at baseline
and post-intervention.161 The results demonstrated that physi-
cal exercise significantly reduced pro-inflammatory markers
(TNF-α, IL-6) and improved the cytokine balance (IL-1β/IL-1ra,
IL-6/IL-10, TNF-α/IL-10 ratios). Taurine supplementation alone
decreased the IL-1β/IL-1ra ratio, while exercise combined with
taurine supplementation uniquely improved cognitive per-
formance, as reflected by higher cognitive test scores. Blood–
brain barrier integrity was preserved in all intervention groups
or even increased moderately in the taurine-only group.161

Further analysis of samples from this study, reported in a sub-
sequent publication, revealed reductions in plasma myeloper-
oxidase (MPO) and matrix metalloproteinase-9 (MMP-9)
levels.162 These enzymes have been selected as outcome
measures because both play a role in oxidative stress or inflam-
mation propagation in several age-related pathologies.162,163

Overall, the findings suggest that taurine supplementation rep-
resents a viable strategy to promote health in older women,
especially when combined with physical exercise. Comparable
studies in older men have yet to be conducted. Another RCT,
already discussed in detail in chapter 3.2, has shown that
taurine supplementation (1.5 g day−1 for 16 weeks) increased
plasma SOD levels in postmenopausal women, whereas MDA
increased only in the placebo group, suggesting that taurine
supplementation may be a viable nutritional strategy for con-
trolling oxidative stress during the aging process.82

Robust clinical evidence demonstrating the efficacy of
taurine supplementation in human aging is lacking. Future
research should prioritize mechanistic investigations and even

longer RCTs to clarify whether taurine supplementation can
exert clinically meaningful effects on human aging.

4. Taurine and metabolic syndrome

Metabolic syndrome is a disease state defined by a combi-
nation of characteristics related to altered energy metabolism,
leading to an increased risk of cardiovascular diseases, type 2
diabetes and other organ dysfunctions. The pathologies that
together constitute metabolic syndrome include obesity,
insulin resistance or hyperglycemia, dyslipidemia and elevated
blood pressure.164 They are highly interconnected and
reinforce each other. The prevalence of metabolic syndrome is
increasing globally, linked to an increasing sedentary lifestyle
and availability of energy-dense foods. Depending on the
region and ethnicity, metabolic syndrome affects approxi-
mately 10–40% of the global population,164 pointing to the
importance of potential beneficial dietary interventions such
as taurine supplementation.

In multiple human studies, a link between taurine and the
features of metabolic syndrome has been established. The
basal plasma taurine content of obese and diabetic partici-
pants was lower than that in control groups.155,165–168 In obese
middle-aged women, taurine supplementation (3 g day−1 for 8
weeks) significantly increased plasma adiponectin and
reduced markers of inflammation and oxidative stress as com-
pared to placebo.155 Energy and macronutrient intake was
tracked and did not differ between groups. In another study,
3 g day−1 of taurine for 7 weeks reduced serum triacylglycerol
(TG) and improved the total cholesterol to high-density lipo-
protein cholesterol (HDL-C) ratio in young adult overweight
and obese participants, though dietary intake was not
tracked.169 Participants in both of these studies had no known
history of endocrine disease and were instructed not to change
their daily activity.155,169 Healthy young men receiving a con-
trolled high-cholesterol, high-fat diet for 3 weeks exhibited an
attenuated rise in total serum cholesterol, low-density lipopro-
tein cholesterol (LDL-C) and LDL when additionally being sup-
plemented with 6 g taurine per day.170 Furthermore, sup-
plementation with 3 g taurine for 8 weeks showed promising
results across different studies in patients with type 2 diabetes
for reducing insulin resistance as assessed by the
Homeaostatic Model Assessment for Insulin
Resistance,153,154,156 fasting blood glucose,153,154 and glycated
hemoglobin,154 which serves as an moderate indicator for
hyperglycemia.171 In a study on resting blood pressure (n =
144), taurine supplementation of 2.4 g day−1 for 12 weeks
versus placebo reduced systolic blood pressure in type 2 dia-
betic patients with elevated blood pressure at the baseline.172

In a different study (n = 97), taurine supplementation of 1.6 g
day−1 for the same duration versus placebo reduced both systo-
lic and diastolic blood pressure in non-diabetic prehyperten-
sive middle-aged participants.173 In both of these studies,
taurine supplementation also increased endothelium-depen-
dent and -independent vasodilation.172,173 Even though indi-
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vidual study outcomes are not always consistent and study
designs are often heterogeneous, meta-analyses support the
beneficial effects of taurine supplementation on the features
of metabolic syndrome across multiple studies (Table 1).

Interestingly, analysis of clinical risk factors and blood
taurine levels from 11 966 subjects of the EPIC-Norfolk study
established a negative correlation between taurine levels and
the prevalence of obesity and type 2 diabetes, but surprisingly
a positive correlation with total cholesterol, LDL-C, and dyslipi-
demia.42 This may be explained by the fact that the major food
sources of taurine, meat and seafood,5 are also rich in chole-
sterol174 and are consumed at a large margin in the UK,175

where this study was conducted. Dietary cholesterol intake is
associated with higher circulating total cholesterol and LDL-C
levels,176 whereas on the other hand many foods that reduce
LDL-C levels are plant-based and do not contain taurine.177,178

The inverse correlation between blood taurine levels and
obesity and type 2 diabetes could be explained by these dis-
eases presumably reducing taurine levels causatively by redu-
cing TauT activity, renal taurine absorption and taurine syn-
thesis in white adipose tissue (WAT).179,180 Furthermore,
obesity appears to increase the metabolic taurine flux, which
can contribute to lower taurine levels in obese individuals.181

These human studies are underpinned by a wide range of
mechanistic research studies (Fig. 3). Taurine’s role in cardio-
vascular health has already been well summarized in a
different review.44 One mechanism by which taurine is
thought to reduce blood pressure and lower the risk of cardio-
vascular events is by enhancing H2S synthesis in arteries and
platelets,172,173,182 a mechanism of taurine that has also been
described as protective in the liver and kidneys of
rodents.85,183 Sun et al.173 and Li et al.172 demonstrated that
the H2S donor NaHS reduces calcium influx in human arteries
and platelets, thereby increasing vascular relaxation and redu-
cing platelet activation, respectively. In addition, they reported
increased plasma H2S concentrations following taurine sup-
plementation in clinical trials, linking this mechanism to the
observed clinical effects of taurine in reducing blood pressure.

Regarding hyperlipidemia, taurine can influence lipid
metabolism in different ways, as demonstrated in animal
studies. The direct effect of taurine on cholesterol synthesis
via HMG-CoA reductase (HMGCR), the rate-limiting enzyme in
cholesterol synthesis, remains debated: taurine supplemen-
tation actually increased the HMGCR protein level in hamsters
and mice being fed a high-fat diet,66,184–186 while it was found
reduced in rats187 or in a model of alcoholic liver disease.188

Besides the use of different animal models, variations in the
dietary fat sources may account for the contradicting results,
as HMGCR levels and cholesterol metabolism are differentially
affected by this.189 Taurine facilitates the clearance of circulat-
ing LDL-C by increasing the expression and binding affinity of
the LDL receptor, thereby increasing the uptake into the
liver.185,190 Taurine then promotes the clearance of hepatic
cholesterol by upregulating its incorporation into bile acids
through upregulation of cholesterol 7α-hydroxylase (CYP7A1),
the rate-limiting enzyme in bile acid synthesis, which also

results in increased bile acid secretion.191 It is proposed that
this occurs via taurine-mediated decreases in the upstream
negative-regulators small heterodimer partner (SHP), mitogen-
activated protein kinase kinase (MEK1/2) and phosphorylated
c-Jun in the liver.84,107 Taurine also directly binds to and acti-
vates liver X receptor-α (LXR-α), which in rodents further
increases Cyp7a1 expression, whereas in humans it inhibits
CYP7A1 expression by inducing SHP expression.192,193 This
LXR-α-mediated upregulation of SHP appears to be overridden
by the taurine-dependent decrease in SHP levels. Thereby
taurine increases CYP7A1 levels even in the hepatocytes of
humans.84,107 Furthermore, LXR-α usually induces production
of sterol regulatory element-binding protein 1c (SREBP-1c), an
important positive regulator of lipid synthesis. During taurine-
induced LXR-α activation, however, the induction of SREBP-1c
is prevented via taurine-activated AMPK187,194 and through
inhibition of its nuclear translocation by taurine-mediated
induction of insulin induced gene 2 (INSIG2).192 This AMPK
activation concurrently increases mitochondrial β-oxidation,
which further solidifies the anti-hyperlipidemic effects of
taurine in the liver.187 Because AMPK has been shown to be
activated by taurine-mediated calcium influx in muscle cells
and the clearance of free cholesterol via MEK1/2-CYP7A1 in
human hepatocytes appears to be under control of taurine-
mediated calcium signaling, it can be inferred that the AMPK
activation in the liver might follow the same mechanism.106,107

Lipid metabolism is also thought to be altered by taurine in
adipose tissue during obesity. Several studies attributed
reduced weight gain through long-term taurine supplemen-
tation in rodent models of obesity to elevated fatty acid degra-
dation via β-oxidation and to the increase in lipolysis, whilst
fatty acid synthesis and lipogenesis were reduced.117,195,196 The
beneficial effect of taurine on obesity has also been attributed
to ‘browning’ of WAT towards the metabolically more active
and energy consuming brown adipose tissue (BAT). This is
indicated by an increased protein level of PGC-1α and uncou-
pling protein 1 (UCP1), the latter of which is responsible for
non-shivering thermogenesis.117,197 However, the occurrence
of ‘browning’ and upregulation of Pgc-1α and Ucp1 in both
WAT and BAT is not consistent across all studies.195,196,198

What seems to be consistent is a reduction in obesity-induced
chronic inflammation by long-term taurine supplementation.
Lin et al.62 observed reduced infiltration of inflammatory
macrophages into WAT of obese mice, while anti-inflammatory
M2 macrophage markers were increased. As there are neutro-
phils present in adipose tissue during obesity, this effect
might stem from TauCl being produced.54,199 Reduced levels
of circulating cytokines and adipose tissue cytokines have
been confirmed by other animal studies as well.195,196,200

Reduced cytokine secretion from adipose tissue may improve
insulin sensitivity and attenuate damage to other tissues, such
as to insulin producing pancreatic β-cells. Moreover, taurine
supplementation has been shown to improve cellular insulin
signaling and to protect and even stimulate β-cells, leading to
increased glucose tolerance in mice.179,201 A taurine derivative,
N-acetyltaurine, has recently been demonstrated to reduce
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adipose tissue mass in obese mice.202 Whether N-acetyltaurine
mediates some of the effects observed for taurine supplemen-
tation is not yet clear.

De Carvalho et al.118,203,204 were the first to investigate the
direct translation of the here presented mechanisms to
humans by taking subcutaneous WAT (scWAT) biopsy samples
from obese women before and after an 8-week taurine sup-
plementation intervention (3 g day−1). They demonstrated
increased expression of aconitase 2 (ACO2) and acyl-CoA
oxidase 2 (ACOX1) following taurine supplementation, which
are important genes involved in the TCA cycle and fatty acid
oxidation.118 However, the taurine intervention lacked a
placebo control group for comparison. Other genes related to
lipid metabolism such as CPT1α and PPARα, as well as genes
associated with mitochondrial function, including PGC-1α and
UCP1, were significantly upregulated only when taurine sup-
plementation was combined with exercise, in contrast to
taurine supplementation or exercise only.118 Nonetheless,
histological analysis revealed a significant reduction in adipo-
cyte size, and cells exhibited multilocular lipid droplets, which
are a characteristic of adipocyte “browning” in the scWAT of
participants after 8 weeks of taurine supplementation.203

These findings indicate the beneficial effects of taurine sup-

plementation on adipocyte structure and metabolism.
Furthermore, histological analysis showed a reduced presence
of mast cells, which are contributors to obesity-induced
inflammation. While in the human scWAT samples no
reduction of inflammatory cytokines could be observed after 8
weeks of 3 g day−1 taurine supplementation, this intervention
has been shown to reduce the IL-6 concentration in the
plasma of the participants from whom the biopsy samples
were taken.203 The same intervention has also been reported
to reduce plasma concentrations of the chronic inflammation
marker highly sensitive C-reactive protein and IL-6 in other
human obesity studies,155,205 which highlights taurine also
acting in other tissues, contributing to restoration of systemic
metabolic health. Effects of taurine on insulin signaling path-
ways demonstrated in adipocyte cell culture were not mirrored
in human scWAT.204 De Carvalho et al. clearly highlighted the
challenges associated with translating findings in taurine
research from animal and cell culture models to human appli-
cation. The data they provided indicate that mechanisms
identified in rodent models may also apply to humans, yet the
supplementation period and dosage may not have been
sufficient to elicit these effects in human adipose
tissue.118,203,204 While human trials typically employ 1–6 g

Fig. 3 Taurine’s molecular impact on lipid metabolism. Taurine alters systemic lipid metabolism and energy metabolism in adipose tissue and pro-
tects pancreatic islets from cell damage. Mechanisms influencing hypertension are not depicted. AMPK – AMP-activated protein kinase; CYP7A1 –

cholesterol 7α-hydroxylase; FFA: free fatty acid; HMG-CoA – HMG-Coenzyme A; HMGCR – HMG reductase; LDL-C: low-density lipoprotein chole-
sterol; LDLR – LDL receptor; p-c-Jun – phosphorylated c-Jun; MEK – mitogen-activated protein kinase kinase; PGC-1α – peroxisome proliferator-
activated receptor gamma coactivator 1-alpha; UCP1 – uncoupling protein 1; SHP – small heterodimer binding partner; SREBP-1c – sterol regulat-
ory element-binding protein 1c.
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day−1 of oral taurine supplementation for 1–16 weeks, mouse
studies are commonly conducted using 1–5% taurine adminis-
tered ad libitum in drinking water for 3–6 months, or via intra-
peritoneal injection, which is likely to increase taurine avail-
ability in target tissues.

Again, altogether taurine demonstrates a wide range of
effects in different tissues, all contributing to the attenuation
of metabolic syndrome features, rather than acting on a singu-
lar defined target (Fig. 3). The results of the studies presented
here clearly support the idea of taurine as a dietary sup-
plement helping to alleviate or prevent the development of
metabolic syndrome. This approach is worth pursuing and
warrants further validation in human studies.

5. Taurine in aging

Taurine has been implicated in aging. This idea originated
from reports suggesting that circulating levels of taurine may
decline in humans with age.42,206,207 In addition, tissue levels
and liver synthesis rates of taurine have been observed to
decline in aging rats.83,208 Ito et al.209 further demonstrated
that TauT knockout mice, which exhibit markedly reduced
tissue taurine levels,210 have a shortened lifespan and exhibit
signs of premature aging and cellular senescence in skeletal
muscle. However, this concept of taurine deficiency as a driver
of aging does not hold up against recent studies, which con-
vincingly demonstrate stable circulating taurine levels in
humans and non-human primates, as well as stable taurine
fluxes in mice.181,211 Fernandez et al.211 conducted an analysis
of multiple longitudinal datasets from large humans and non-
human primates and mouse cohort studies examining taurine
levels, age and health status. They found no correlation – or if
at all a positive – between circulating taurine concentrations
and age, while there was no consistent correlation among
taurine concentration and health status measures such as
knee strength, grip strength and body weight. Positive corre-
lations between plasma taurine levels and age were stronger in
females than in males. This effect may stem from the allevia-
tion of estrogen-dependent repression of taurine synthesis fol-
lowing the postmenopausal decline in estrogen levels.14 The
authors conclude that inter-individual variability in circulating
taurine levels exceeded the intra-individual age-related
changes.211 Notably, many other studies also reported no
change or even an increase in circulating taurine concen-
trations during aging. Fernandez et al.211 summarized these
studies in the SI. Despite this, earlier reports suggesting an
age-related decrease have been widely cited. The high varia-
bility across existing studies may reflect differences in species,
sex, diet, health status, and study design, for example reliance
on cross-sectional vs. longitudinal data or pooling of sexes or
other categories.211 However, this only addresses physiological
taurine levels. Active taurine supplementation on the other
hand appears promising for supporting healthy aging inde-
pendently of taurine deficiency, as taurine has been implicated
in several processes related to aging.

Some studies have reported findings consistent with
taurine attenuating several hallmarks of aging.212 The stron-
gest evidence, derived from aged mouse and non-human
primate models, supports effects on mitochondrial dysfunc-
tion and chronic inflammation.42 Further data from aged mice
suggest reduced stem cell exhaustion, cellular senescence, and
increased autophagy as a consequence of taurine supplemen-
tation.42 Further associative evidence links taurine to improve-
ments in epigenetic alterations,42 deregulated nutrient-
sensing,42,213,214 loss of proteostasis,215 dysbiosis,157,216

genomic instability,42,217 telomere shortening42,218 and stem
cell exhaustion,42,219,220 though these findings are largely con-
fined to TauT KO mouse models or in vitro systems. Although
the available evidence does not indicate that taurine directly
intervenes in each hallmark of aging at the molecular level,
taurine supplementation has consistently been shown to bene-
ficially influence multiple aging-associated phenotypes in vitro
and in vivo. Future studies should prioritize taurine sup-
plementation over TauT knockout or TauT inhibition models
to yield greater translational relevance, as these models are
useful for mechanistic demonstration but do not mirror the
aging phenotype. Furthermore, studies comparing the effects
of long-term taurine supplementation in aged versus young
mice – without the use of stress or disease models – are
needed to fully elucidate the potential anti-aging effect of
taurine.

In this context, Singh et al.42 conducted a large study inves-
tigating the effect of long-term taurine supplementation on
aging in mice. Remarkably, daily supplementation of 1000 mg
per kg body weight to middle-aged mice, which corresponds to
∼6 g day−1 for a 70 kg adult,221 increased the median lifespan
by 10 to 12%. The authors also examined the health outcome
of aged taurine-supplemented mice and presented several ben-
eficial effects. The taurine supplemented group exhibited
reduced weight gain over the course of the treatment and a
lower fat pad to body weight ratio. Although another report
suggested that low-dose taurine impairs the bone microstruc-
ture in mice,222 in this study taurine was found to increase the
skeleton strength in addition to the overall bone density in the
aged group.42 Moreover, the mice exhibited greater grip
strength and better neuromuscular coordination, as evidenced
by motor tests. Glucose tolerance, gastrointestinal transit,
anxiety-like behaviour, and blood leukocyte ratios were also
improved in the aged taurine-supplemented group compared
to the aged control group.42 As these results were obtained in
aged mice solely through taurine supplementation – without
applying additional stress or disease models, as done in pre-
vious studies – this supports taurine’s role in promoting
healthy aging. It remains to be elucidated how these effects
translate to humans, and which dosages and supplementation
strategies can be utilized without causing side effects. Notably,
taurine supplementation in aged non-human primates also
yielded improvements in bone density and metabolic markers,
providing an initial translational bridge to humans.42 Further
addressing this, a double-blinded human RCT using 4 g day−1

taurine to assess its effect on metabolic and aging biomarkers
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is already running.223 Such well-designed clinical studies will
be essential to further clarify taurine’s potential in supporting
human healthspan.

To provide an overview of the evidence discussed across the
preceding chapters, Table 2 summarizes taurine’s proposed
molecular mechanisms alongside the corresponding pre-
clinical and human clinical evidence, with an attempt to
assess how robustly each mechanism has been translated to
humans. It aims to indicate where mechanism-to-outcome
links are currently best supported, as well as areas in which
supplementation effects are clinically observed but mechanisti-
cally less well understood.

6. Taurine intake, supplementation
and safety

Taurine supplementation has been reported since 1975 and
energy drinks containing taurine were first introduced in
Austria in 1987.6,224 It is considered essential for neonates and
is a component of many infant formulas and parenteral nutri-
tion regimens.225 Because of endogenous synthesis, taurine is
considered non-essential in adults. Yet, many publications
conclude that adults also rely on dietary taurine intake and its
supplementation to foster health benefits should be con-
sidered.1 Particularly individuals with a vegan diet consume
almost no taurine, resulting in decreased plasma levels.5,226

However, there are currently no reports of taurine-deficiency
related symptoms in vegans. Studies in rats revealed that
animals fed a taurine-deficient diet still maintained normal
tissue taurine concentrations. Large human cohort studies cor-
relating basal circulating taurine concentrations with health
status show no correlation between low taurine levels and
health impairments.211 Moreover, higher taurine plasma levels
have been associated with increased total cholesterol and
LDL-C levels.42 This may be due to taurine-rich foods also con-
taining large amounts of cholesterol.5,6,174 We therefore con-
clude that (a) either the amounts of taurine obtained from
increasing taurine-rich foods in the diet have no significant
effect on health, or (b) the increase in taurine consumption via
a Western-type diet is overshadowed by more pronounced
effects of other dietary components. An excessive focus on
taurine-rich nutrients might also reduce the intake of healthy
plant-based, taurine-deficient foods. Thus, we do not advise
increasing taurine intake via diet adaptations and rather rec-
ommend a well-balanced diet.

In contrast to taurine obtained from dietary sources, active
taurine supplementation at higher doses appears effective in
promoting overall health and mitigating disease- and age-
related dysfunctions. The studies summarized in this review
provide evidence that daily doses of 1–6 g of taurine can
support mitochondrial function, improve the metabolic and
oxidative balance, and thereby promote general health. In
comparison to related metabolites within similar pathways,
such as N-acetylcysteine (NAC), a precursor of GSH commonly
used as an antioxidant supplement, taurine may offer a

broader spectrum of biological effects beyond the classical
GSH-related antioxidant actions described for NAC and is
generally well tolerated.227–230 We anticipate that taurine
supplementation within the given range may yield beneficial
outcomes in future human studies and may ultimately
qualify as a safe and effective strategy for daily nutritional
support.

While there are several studies that investigated the ben-
eficial effects of taurine in humans, information about the
adverse effects of taurine is scarce. Most human studies have
reported no adverse effects. In 2008, Shao and Hathcock230

tried to establish a safety level of oral taurine supplementation
based on studies conducted up to this timepoint. With the
highest dosage being 10 g day−1 for 6 months, they did not
find significant adverse effects among all studies analyzed and
proposed an observed safety level of 3 g day−1. There are some
other studies that reported adverse effects, such as mild
muscle cramps or fatigue at daily doses of 5–10 g.127,231 In a
study of patients with MELAS, supplementation with high
doses of taurine (9–12 g day−1) for one year resulted in 8 mild
to moderate adverse events in 6 out of 10 patients, which were
considered treatment-related.113 Older studies using intrave-
nous administration of 150–200 mg per kg body weight
taurine in epilepsy patients did not report side effects, at least
not for the relatively short treatment duration.232 However,
almost all of these studies feature small sample sizes, examine
diseased populations, or lack clinically relevant safety outcome
measures. Thus, well-designed studies with focus on safety
outcome measures are required to establish reliable safety
thresholds for taurine supplementation with respect to dosage
and duration. In its 2009 scientific opinion on taurine as a
constituent of energy drinks, the European Food Safety
Authority (EFSA) established a No Observed Adverse Effect
Level (NOAEL) of 1000 mg per kg body weight per day in rats,
which corresponds to 161 mg per kg body weight or approxi-
mately 11 g day−1 in a 70 kg human adult when adjusted for
body surface area.221,233 The Norwegian Scientific Committee
for Food Safety (VKM) proposed 21 mg per kg body weight or
about 1.5 g for a 70 kg adult as the daily intake that is unlikely
to cause adverse health effects in 2015.234 The actual safe daily
intake of taurine may lie between these values, or potentially
even above them. It should be noted that although the vast
majority of animal studies reported positive effects of taurine,
some animal and cell culture experiments have described
negative effects. For instance, in contrast to many other
studies,42,235 one study reported a negative impact of
taurine supplementation on the bone microstructure in
rats.222 Recent studies have reported that gastric cancer and
leukemia cells increase TauT expression to promote tumor
growth.236,237 In gastric cancer, this elicited taurine deficiency
in CD8+ T cells, thereby weakening the immune defense.236

This highlights that information on possible differential
effects of taurine in specific disease contexts or when com-
bined with medications is still lacking and that taurine co-
administration in addition to some already existing therapies
might be of great value.
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Table 2 Summary of taurine’s proposed molecular mechanisms, preclinical evidence, human clinical findings, and the strength of mechanism-to-
outcome translation in humans

Domain
Proposed molecular
mechanism Preclinical evidence Human/clinical evidence

Mechanism → outcome
link in humans Ref.

Antioxidant &
anti-
inflammatory
action

Indirect action via
formation of TauCl,
activating antioxidant
response, dampening
pro-inflammatory
signaling; restoration of
the glutathione system;
upregulation of
angiogenin

Mechanisms characterized
in human immune cells
in vitro (TauCl) and in
mice (angiogenin);
consistent reduction of
oxidative damage and
cytokines in rodent stress
models

Meta-analyses of RCTs:
reduced plasma MDA and
CRP; effects on individual
cytokines population-
dependent

Inferred: TauCl not
detectable in vivo (rapid
protein reactivity); clinical
biomarker responses
consistent with the
pathway but causal
mechanism unresolved

51, 52, 54,
60, 64, 81,
82 and
145

Mitochondrial
translation

Substrate role in a
specific uridine
modification (τm5U) on
mitochondrial tRNAs
that is required for accu-
rate translation of
OXPHOS subunits

Causally established in
genetic and animal
models; depletion
abolishes the modification
and impairs
mitochondrial function

Phase III clinical trial in
MELAS patients: high-dose
supplementation
increased τm5U in peri-
pheral leukocytes and
reduced stroke-like
episodes

Demonstrated: in
mitochondrial disease;
direct relevance and the
rate-limiting role in
healthy individuals remain
unknown

108–113

Mitochondrial
biogenesis &
Ca2+ handling

Activation of
PGC-1α-driven
transcriptional
programmes with tissue-
dependent upstream
signaling; intracellular
and mitochondrial Ca2+

regulation

Reproducible
mitochondrial gene
induction in rodent brain,
muscle and adipose tissue;
Ca2+ effects shown in iso-
lated cells. The direct
mechanism partly resolved
in muscle cells

Expression of
mitochondrial biogenesis
markers increased in
adipose tissue biopsies of
supplemented obese
women, but only with
combined exercise

Inferred: the pathway only
partially translated;
taurine supplementation
alone insufficient at
currently tested doses

45, 106,
115, 117
and 118

Lipid
metabolism &
adipose tissue
remodeling

Stimulation of hepatic
cholesterol clearance
and bile acid synthesis;
redirection of energy use
toward fatty acid
oxidation; anti-
inflammatory
remodelling of adipose
tissue

Hepatic mechanisms
partly resolved in human
hepatocyte cell lines;
adipose tissue effects
consistent in rodent
obesity models

Meta-analyses of RCTs:
improvements in the lipid
profile; adipose tissue
biopsies confirm reduced
adipocyte size and
inflammatory remodelling

Partially demonstrated: for
adipose tissue remodelling
(human biopsy data);
inferred for hepatic lipid
handling (no human liver
data available)

62, 145,
187, 191,
192, 194,
195 and
203

Blood pressure &
vascular
function

Enhancement of
hydrogen sulfide (H2S)
synthesis in vascular
tissue, reducing vascular
Ca2+ influx, promoting
vasodilation and
decreasing platelet
activation

Mechanism validated in
human arteries and
platelets ex vivo

Multiple RCTs and meta-
analyses: consistent blood
pressure reduction; the
same trials show increased
plasma H2S and enhanced
vasodilation

Partially demonstrated:
taurine increases plasma
H2S and reduces BP within
RCTs, strong supporting
mechanistic evidence for
H2S-induced vasorelaxa-
tion in human arteries
ex vivo

44, 149,
172 and
173

Glucose
homeostasis &
insulin
sensitivity

Protection of pancreatic
β-cells, improvement of
cellular insulin
signaling, and reduction
of inflammatory
pressure on insulin
action

β-Cell protection and
improved glucose
tolerance reproducible in
rodent diabetes models

RCTs and meta-analyses:
improvements in fasting
glucose, HbA1c, and
insulin resistance in type 2
diabetes

Inferred: cellular insulin-
signaling effects not
replicated in human
adipose biopsies at
currently tested doses; the
molecular mechanism in
human tissue unresolved

145, 153,
154, 156,
179 and
201

Physical
performance

Stabilization of skeletal
muscle Ca2+ handling;
ion homeostasis and
antioxidant protection of
muscle protein homeo-
stasis during exercise

Supported in isolated
human muscle fibres and
in rodent depletion/
supplementation studies

Meta-analyses: small acute
benefits on aerobic
endurance and strength in
males (low certainty);
chronic effects
inconsistent

Weak: oral
supplementation does not
raise human skeletal
muscle taurine, breaking
the mechanistic chain
established in rodents

119, 120,
127, 128,
136 and
137

Aging &
healthspan

Action on multiple aging
hallmarks, with the
strongest support for
mitochondrial
dysfunction and chronic
inflammation

Lifespan extension and
improved healthspan in
middle-aged mice and
non-human primates;
most hallmark evidence
from taurine-deficient
models

Observational correlation
with cardiometabolic risk
markers in a large cohort;
first dedicated RCT
ongoing

Not established: no
human supplementation
data directly linking
taurine to aging endpoints

42 and
223

Mechanism → outcome link labels: demonstrated = causal link shown in human data; partially demonstrated = human biological evidence exists
but incomplete; inferred = consistent with but not directly shown in human data; weak/not established = specific barrier identified or no human
mechanistic data. References are intended as representative examples; for a more comprehensive discussion, please refer to the respective
chapters and highlighted reviews. BP – blood pressure; Ca2+ – calcium; CRP – C-reactive protein; H2S – hydrogen sulfide; HbA1c – glycated hemo-
globin; MDA – malondialdehyde; MELAS – mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes; OXPHOS – oxidative
phosphorylation; PGC-1α – peroxisome proliferator-activated receptor gamma coactivator 1-alpha; RCT – randomised clinical trial; TauCl – taurine
chloramine; tRNA – transfer RNA; τm5U – 5-taurinomethyluridine.
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7. Conclusion

Taurine’s importance has been extensively assessed, and the
ongoing research interest is well deserved. While acute treat-
ment with taurine holds great potential in co-application with
other drugs because of its cytoprotective effects,51,238 long-
term supplementation with taurine may be especially suited
for individuals with metabolic syndrome146,150 and as a facili-
tator of overall health and healthy aging.42,81 The effect of sup-
plementation for the purpose of boosting physical perform-
ance is limited and holds little value for broad, population-
wide use.136,137 However, the evidence in all of these areas
besides obesity and diabetes research43,201 is still limited and
heterogeneous; more well-designed RCTs are needed,
especially to assess taurine’s promising involvement in healthy
aging.

Although many changes in gene expression and pathway
activity induced by taurine, particularly those related to mito-
chondrial function and lipid metabolism, have already been
identified in vitro and in vivo, a clear causative link is often
missing. The direct targets and upstream mechanisms under-
lying these effects have not been elucidated in most cases, and
the observations therefore remain largely correlative. For this
purpose, more mechanistic research is required. Of similar
importance is then the evaluation and contextualization of the
results, as the phenotypes of taurine supplementation – or
deficiency – are most probably caused by the interplay of many
different factors, rather than by taurine targeting a single, still-
unknown pathway.

Taurine supplementation is thought to reduce endogenous
taurine synthesis.83 How this influences the abundance of its
sulfur-containing precursors and which biological effects this
entails remain to be characterized. Furthermore, taurine can
form derivatives such as TauCl or N-acetyltaurine that are
thought to mediate some effects of taurine treatment.59,202

More of these downstream metabolites may be identified in
the future and could shed more light on the actions of this
highly abundant amino acid.
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