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Abstract Taurine acts as antioxidant, cell osmolyte,

modulator of glucose metabolism, and plays a role in the

retinal function. It is 103-fold more concentrated in the

intracellular than in the extracellular milieu due to a spe-

cific taurine-Na-dependent transporter (TauT), which is

upregulated by hypertonicity, low extracellular taurine, or

oxidative stress and acutely downregulated ‘in vitro’ by

high glucose concentrations. Aim of this study was to

investigate whether TauT expression was modified in

mononuclear peripheral blood cells (MPC) of type 2 dia-

betic patients with or without micro/macrovascular com-

plications. Plasma taurine, as well as other sulphur-

containing aminoacids (assayed by HPLC) and TauT gene

expression (assayed by real-time PCR analysis) were

measured in MPC of 45 controls and of 81 age-and-sex

matched type 2 diabetic patients with or without micro/

macrovascular complications. Median value (interquartile

range) of plasma taurine was significantly lower in diabetic

patients than in controls [28.7 (13.7) lmol/l vs. 46.5 (20.3)

lmol/l; P \ 0.05], while median TauT expression, in

arbitrary units, was significantly higher in diabetics than in

controls [3.8 (3.9) vs. 1 (1.3); P \ 0.05) and was related to

HbA1c only in controls (r = 0.34; P \ 0.05). Patients with

retinopathy (n = 25) had lower TauT expression than those

who were unaffected [3.1 (2.8) vs. 4.1 (3.4); P \ 0.05],

while persistent micro/macroalbuminuria was associated

with unchanged TauT expression. A trend toward reduction

in TauT expression was observed in patients with macro-

angiopathy [n = 27; 3.3 (2.5) vs. 4 [3.7]; P = NS]. In

conclusion, TauT gene is overexpressed in MPC of type 2

diabetic patients, while presence of retinopathy is specifi-

cally associated with a drop in TauT overexpression, sug-

gesting its possible involvement in this microangiopathic

lesion.
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Introduction

The semi-essential amino acid taurine has numerous

functions (Huxtable 1992; Schaffer et al. 2000) playing

also a role in glucose metabolism (Franconi et al. 1996;

Schaffer et al. 2009). Taurine deficiency has been observed

in experimental and in clinical models of both type 1 and

type 2 diabetes mellitus, or in clinical situations of insulin

resistance (De Luca et al. 2001; Franconi et al. 1995, 2006;

Merheb et al. 2007) and has been associated with the

pathogenesis of diabetic complications (Ha et al. 1999;

Vilchis and Salceda 1996). Next, taurine administration

seems to prevent several alterations induced by hyper-

glycaemia ‘in vitro’ (Franconi et al. 2006; Schaffer et al.

2009; Verzola et al. 2002; Wu et al. 1999) and by diabetes

in animal models (Franconi et al. 2003, 2006) or in humans

(Franconi et al. 1995; Xiao et al. 2008; Schaffer et al. 2009;

Ito et al. 2011).
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The mechanisms that underlie taurine deficiency in

diabetes mellitus are, nevertheless, still unknown, even if it

has been suggested that diabetes-specific taurine deficiency

could be due, at least in part, to the impairment in net

intestinal and/or renal taurine absorption (Merheb et al.

2007), or to disruption of trans-membrane Na-dependent

amino acid taurine transporter (TauT) (Stevens et al. 1999).

TauT is present in many cells, working against a con-

centration gradient since taurine is more concentrated

(about 103-fold) in the intracellular compartment than in

the extracellular milieu, and has, so far, been both mor-

phologically and functionally well characterized (Tappaz

2004; Han et al. 2006). TauT is regulated by hypertonicity

through the TonE (tonicity-responsive element)/TonB

(TonE-binding protein) pathway (Uchida et al. 1992; Han

et al. 2006; Ito et al. 2004). Acute hyperglycaemia, more-

over, reduces the expression of Taut mRNA and protein ‘in

vitro’ in different cellular models (Stevens et al. 1999;

Askwith et al. 2009) and, interestingly, oxidation, DNA

damage, or dietary manipulation, also affect TauT

expression (Matsell et al. 1997; Han et al. 2009; Han and

Chesney 2010).

Since no study has ever investigated whether TauT

expression is varied ‘in vivo’ in patients with type 2 dia-

betes mellitus, we conceived this study to test whether

TauT gene expression is modified in blood mononuclear

peripheral cells (MPC) of patients with type 2 diabetes with

or without micro/macrovascular complications.

Materials and methods

Patients and controls

Patients were chosen among diabetic subjects who con-

secutively attended the Diabetes Outpatient Clinic of our

hospital and were classified as affected by type 2 diabetes

since the diagnosis was done after the age of 40 years and

did not require insulin therapy at the onset of their illness.

Thirty-nine patients were on oral therapy, 16 on insulin, 17

on oral therapy ? insulin, and 9 on diet alone. In diabetic

patients, presence of retinopathy was ascertained by retinal

fluorescein angiography as previously described (Di

Simplicio et al. 1995) and nephropathy was diagnosed if

24-h-urinary albumin excretion rate (AER), evaluated as

the mean value of three samples during the last 6 months,

was C20 lg/min. Plasma creatinine was\124 lmol/l in all

cases. Presence of macroangiopathy was ascertained by

anamnestic and clinical–instrumental criteria (clinical

evaluation as well as history of previous cardiovascular

disease, presence of altered ST-T in ECG and/or presence

of atherosclerotic lesions in carotids or lower limbs’ vessels

evaluated by Echo-Color-Doppler technique).

Age-and-sex matched controls were recruited among

hospital personnel or their relatives, without direct evi-

dence or history of diabetes.

This study has been approved by the Ethical Committee

of our Hospital and all subjects gave their written informed

consent prior to their inclusion in the study.

Biochemical assays

All biochemical assays were obtained in the morning in

fasting condition. In both patients and controls we mea-

sured fasting plasma glucose and glycated hemoglobin

(HbA1c) by routine methods. In both patients and controls

we also assayed plasma levels of taurine and methionine by

separation followed by fluorimetric detection of their p-

orthophtalaldehyde (OPA) derivatives (Bianchi et al. 1999)

and homocysteine by using fluorescence polarization

immunoassay (FPIA, Abbott, Italy).

Taurine transport gene expression

In each subject blood mononuclear peripheral cells (MPC,

lymphocytes and monocytes) were separated from 4 ml of

whole blood by Accuspin System-Histopaque-1077

(Sigma-Aldrich, Italy) and stored in RNA later solution

(Qiagen, Italy) at -20�C.

Each sample contained a median count of 2.53 9 106

(interquartile range: 1.1 9 106) cells/ml, of which 2.05 9

106 (interquartile range: 0.92 9 106) lymphocytes/ml and

0.44 9 106 (interquartile range: 0.19 9 106) monocytes/

ml. Total RNA was purified through Rneasy-Plus-Mini-kit

(Qiagen, Italy); its concentration was determined by mea-

suring absorbance at 260 nm and its purity was provided by

readings’ ratios of 260/280 nm. First-strand cDNA was

synthesized from 1 ll of RNA by random examers and

SuperScript III reverse transcriptase (Invitrogen, Italy). The

amount of c-DNA was quantified by a Qubit spectropho-

tometer (Invitrogen, Italy). TauT and GAPDH (house-

keeping gene) mRNA were quantified by real time

RT-PCR (Rotorgene 6000, Corbett, UK), using intercala-

tion of SYBR Green. Primers’ sequences for TAUT were:

50-GAAATCTTCATCGCCTTCG-30 (forward) and 50-TA

GCCAATCATGTCCTCA-30 (reverse), while for GAPDH

were: 50-GAAGGTGAAGGTCGGAGT-30 (forward) and

50-GAAGATGGTGATGGGATTTA-30 (reverse) (Schöndorf

et al. 2002; Mochizuki et al. 2005). To quantify mRNA

expression a standard curve was constructed from cDNA

generated from human reference RNA (1 lg/1 ll; Strata-

gene) and standard curves were used for estimation PCR

efficiency and as a calibration curve to estimate the starting

concentrations of unknown samples (Ramarkers et al.

2003). Amplification was performed in triplicate by the

following thermal cycling conditions: 2 min at 52�C,
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activation at 95�C for 10 min, followed by 45 cycles of

15 s at 95�C and 60 s at 60�C. Dissociation analysis of the

PCR products was performed by running a gradient from

95 to 55�C (gradient 0.1�C) to confirm the presence of

single PCR products.

Changes in mRNA gene expression levels were repor-

ted, after normalization to GAPDH, as fold changes rela-

tive to controls and values of fold changes in the control

sample versus target samples represent averages from

triplicate measurements. Relative quantification was per-

formed using the comparative cycle threshold (Ct) method

after determining the Ct values for reference (GAPDH) and

target gene (TauT) in each sample according to the 2-DDCt

method. In short, DCt was obtained by subtracting the Ct of

target gene (TauT) from the Ct of the reference gene

(GAPDH), and then it was calculated DDCt = DCt -

DCt_Mean. Finally, gene expression level was expressed as

2-DDCt (Pfaffl 2006).

Statistical methods

Data were analyzed by ANOVA (after log transformation

for abnormally distributed variables) or via Wilcoxon rank-

sum-test to check for statistically significant differences

among groups. Relations among variables were tested by

univariate analysis, expressing Spearman’s correlation

coefficients. Values of abnormally distributed variables

were expressed as median (interquartile ranges). Signifi-

cance of P value was set at \0.05.

All statistical analyses were carried out by means of

SAS software for Windows, version 8.2 (SAS Institute Inc.,

Cary, NC, USA).

Results

The median values (interquartile range) of both plasma

methionine and homocysteine were higher while, on the

contrary, median plasma taurine was significantly reduced

in type 2 diabetic patients than in controls (Table 1) and

because there was no significant gender difference as to

plasma aminoacid levels and to TauT gene expression, data

of men and women were pooled in all analyses.

In presence of similar numbers of both lymphocytes and

monocytes collected in blood samples (Table 1) diabetes

mellitus greatly affected TauT gene expression inducing an

increase in its expression about fourfold higher in diabetic

patients in comparison with healthy volunteers (Table 1;

Fig. 1).

After stratifying diabetic patients according to micro and

macroangiopathic complications, patients with retinopathy

had significantly lower median TauT gene expression when

compared to other non retinopathic diabetic patients, even

if it was still higher when compared with the expression of

healthy volunteers [3.1 (2.7) AU vs. 1 (1.3) AU; P \ 0.05

(Table 2; Fig. 2a)].

TauT gene expression was unaffected by presence of

persistent micro/macroalbuminuria (Table 2; Fig. 2b),

whereas a trend toward a decrease was observed in patients

with macroangioapthy.

Lymphocyte and monocyte counts were unchanged in

diabetic patients with or without micro/macroangiopathic

complications (data not shown).

Plasma levels of taurine, homocysteine, and methionine

were not varied in diabetic groups with or without evidence

of micro and macroangiopathic complications (Table 2).

Table 1 Main characteristics of

diabetic patients and of control

subjects

* Calculated by Wilcoxon rank-

sums-test
a Median (interquartile range)
b Expressed in arbitrary units

(AU)

Controls Type 2 diabetes P*

No. 45 81

Age (years) 58.8 ± 9.3 63 ± 10 NS

Sex (% of males) 46 49 NS

BMI (kg/m2) 23.9 ± 3 29.4 ± 5 \0.05

Duration of diabetes (years) – 10.8 ± 8 –

Plasma glucose (mmol/l) 5.1 ± 0.7 8.8 ± 2.9 \0.05

HbA1c (%) 5.2 ± 0.6 7.7 ± 1.3 \0.05

Plasma taurine (lmol/l) 46.5 (20.3)a 28.7 (13.7)a \0.05

Plasma methionine (lmol/l) 14.9 (4.4)a 17 (8.4)a \0.05

Plasma homocysteine (lmol/l) 10.4 (4.4)a 13.6 (6.5)a \0.05

Lymphocites (cells 9 106/ml) 2.10 (0.77) 2.19 (1.22) NS

Monocytes (cells 9 106/ml) 0.43 (0.16) 0.45 (0.21) NS

Taurine Transporter gene expressionb 1 (1.3)a 3.8 (3.9)a \0.05

Retinopathy (no.) – 25 –

Micro-macroalbuminuria (no.) – 12 –

Macroangiopathy (no.) – 27 –
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Finally, we also investigated the correlations among

TauT gene expression and age, BMI, duration of diabetes

fasting plasma glucose, HbA1c, plasma taurine, methio-

nine, and homocysteine (Table 3). Significant correlations

have been found only in controls: in these, latter TauT gene

expression was positively related with HbA1c and inver-

sely associated with fasting plasma glucose whereas

plasma taurine was negatively related with HbA1c (r =

-0.44; P \ 0.05). Additionally, in controls, taurine/methio-

nine ratio was inversely related with HbA1c (r = -0.38;

P \ 0.05) and, reciprocally, methionine/taurine ratio and

HbA1c were each other positively related (r = 0.40;

P \ 0.05).

Discussion

This study evidences that TauT gene is expressed in adult

human MPC. These results are in line with previous data

that described TauT gene expression in foetal peripheral

lymphocytes and platelets (Iruloh et al. 2007). Indeed, here

we show that TauT expression: (1) is not sexual dimorphic,

and (2) in normal subjects is inversely related with fasting

plasma glucose (r = -0.36; P \ 0.05) and positively

associated with Hba1c (r = 0.34; P \ 0.05). This specu-

latively suggests that TauT gene is acutely downregulated

by incremental variations of plasma glucose in its physi-

ological range (3.7–6.8 mmol/l), and, on the contrary,

seems chronically upregulated at plateau by higher daily

glycemic milieu in the non diabetic HbA1c range:

3.6–6.5%. These findings could tentatively indicate a

dimorphic glucose behaviour suggesting a fine acute

adjustment of MPC TauT, associated with its upregulation

at chronic glycemic plateau.

The most important novelty of this paper, however,

resides in the fact that TauT gene is overexpressed in the

MPC derived from type 2 diabetic patients indicating

that it is associated with an alteration of TauT expression
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‘in vivo’, at least in these cells. It is known that TauT

expression is adaptively upregulated by low extracellular

taurine (Tappaz 2004; Han et al. 2006; Uchida et al. 1992)

and taurine levels are indeed decreased in the group of

diabetic patients, in agreement with most previous obser-

vations (De Luca et al. 2001; Franconi et al. 1995; Merheb

et al. 2007). Low plasma taurine in diabetes has been

ascribed to reduced taurine reabsorption at renal or intes-

tinal level due to the impairment of cell TauT expression

(Merheb et al. 2007). In this context, however, increased

MPC TauT expression, as we observed, cannot

automatically mirror an equal TauT upregulation at renal

tubular cells, where taurine handling seems to be a com-

plex mechanism controlled by adaptive regulation of TauT

in response to taurine availability as well as by its upreg-

ulation due to increased osmolality (Satake et al. 2010).

Finally, although mammals placed on taurine-restricted

diet markedly reduce taurine urinary excretion enhancing

renal TauT (Han et al. 2006), here the lack of correlation

between TauT expression and plasma taurine suggests that

the decrease in plasma taurine levels has a scarce effect on

the adapting mechanisms that produce TauT upregulation.

Acute hyperglycemia in vitro downregulates TauT in

cultured rat cardiomyocytes (Shi et al. 2003), in cultured

retinal pigment epithelial cells (Stevens et al. 1999;

Nakashima et al. 2005) and in human Schwann cells

(Askwith et al. 2009). Glucose-induced TauT downregu-

lation in human Schwann cells is reversed by inhibition of

aldose reductase as well as by protein kinase C (PKC)

inhibitors indicating the importance in the process of both

osmolality (Askwith et al. 2009) and of glucose-driven

intracellular pathways (Stevens et al. 1999; Shi et al. 2003).

All this could be viewed as deeply conflicting with our

results obtained in vivo. To explain this apparent contra-

diction, however, we should consider some points.

The first point is that in almost every study the inhibi-

tory effect exerted by high glucose ‘in vitro’ on cell TauT

expression is obtained with glucose medium concentrations

equal to or above 20 mmol, which largely exceed the

glucose concentrations observed in our patients

(7–16 mmol/l). As to this aspect it is to note, moreover,

that no studies have, so far, specifically investigated TauT

cell expression and/or function ‘in vitro’ in such a lower

range of glucose concentrations.

The second point is the deeply different time length of

high glucose exposure in these two different situations:

relatively short (from 24 h to a maximum of 7 days) in

previous studies ‘in vitro’, as compared to a much longer

chronical high glucose exposure as happens in diabetic

patients.

The third point is characterized by the fact that when we

consider diabetic patients we must take into account that

diabetes is just not only hyperglycemia: in other words

increased TauT expression which we have observed could

be related with other constitutive aspects of the diabetic

‘milieu’ such as, for instance, the presence of various

degrees of insulin resistance or the presence of increased

concentration of other metabolites such as, for instance,

lipids, free radicals, etc. In this context, previous studies

concerning retinal pigment epithelial cells obtained from

diabetic rats showed that cell taurine uptake was elevated,

rather than decreased, suggesting that diabetes is able to

stimulate ‘in vivo’, at least in some cell lines, the activity

of the taurine transporter (Vilchis and Salceda 1996).
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Fig. 2 Median with 1st and 3rd quartile values of TauT gene

expression in arbitrary units (AU) in MPC of controls and of type 2

diabetic patients with or without retinopathy (a) or micro-macroal-

buminuria (Alb? and Alb-) (b)

Table 3 Correlation coefficients between TauT expression in MPC

and other variables in controls and in type 2 diabetic patients

Controls

(n = 45)

P Type 2 Diabetes

(n = 81)

P

r r

Age 0.24 NS 0.005 NS

BMI -0.04 NS 0.12 NS

Duration of diabetes – NS -0.13 NS

Plasma glucose -0.36 0.02 0.03 NS

HbA1c 0.34 0.02 0.06 NS

Plasma taurine 0.16 NS -0.10 NS

Plasma methionine -0.12 NS -0.02 NS

Plasma homocysteine 0.19 NS -0.16 NS
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Furthermore raised TauT gene expression by MPC can,

additionally, be explained by an increase in MPC overall

activation in type 2 diabetes, since, as recently described,

peripheral B cells contribute to insulin resistance by pro-

ducing pathogenic IgG antibodies (Winer et al. 2011),

suggesting that these circulating cells can be activated by

diabetic-related mechanisms.

A further factor possibly implicated in stimulating TauT

expression could be insulin itself, even if there are no

evidences in this sense from previous reports, and, in the

present study, no difference in TauT expression was noted

between patients on insulin therapy, when compared with

those on other treatments (data not shown).

Finally TauT promoter contains an antioxidant response

element (ARE), activated in response to prooxidants

(Nakashima et al. 2005) and oxidants, whose production is

raised in diabetes, increase TauT expression in human

Schwann cells ‘in vitro’ (Askwith et al. 2009). It is also

interesting to note that nitric oxide, which is a promoter of

TauT expression in cultured human retinal pigment epi-

thelial cells, is increased in diabetes and its action can be

amplified by the presence of oxidative stress (Bridges et al.

2001).

A separate consideration should be done about the

relation linking high glucose with hypertonicity and TauT

expression. It is indeed also known that TauT is generally

upregulated by hypertonicity through the TonE/TonEBP

signalling pathway (Ito et al. 2004, 2009). Nevertheless

conflicting results have been described when different cells

have been acutely challenged with high glucose concen-

trations ‘in vitro’: under such a circumstance extracellular

and intracellular hypertonicity seem to have a sort of

‘paradoxical’ inhibitory effect on TauT expression and

function, both restored, even if in not all cases, by treat-

ment with aldose reductase inhibitors (Stevens et al. 1999;

Askwith et al. 2009). This represents a further piece of

evidence for possible discrepancies between what observed

‘in vitro’ and the effect of chronic exposure to higher

glucose levels ‘in vivo’: proving that hypertonicity cannot

be assumed to be the sole or most important mechanism

involved in the regulation of TauT expression (Han et al.

2006).

In summary, considering that taurine is an osmolyte and

an antioxidant and that its intracellular content is mainly

regulated by TauT, the hypothesis stemming by our data is

that cells chronically exposed to diabetic milieu might

attempt to improve their homeostasis increasing TauT gene

expression.

Furthermore, it is of interest to note that TauT overex-

pression is significantly reduced in patients with retinopa-

thy while nephropathy and macroangiopathic

complications do not affect TauT, thus suggesting that

retinopathic patients have a minor capacity to counteract

the retinal damage jointly related to both chronically

increased plasma glucose exposure and reduced levels of

taurine, which, coupled together with TauT, have a well

known protective role for retinal cells (Timbrell et al. 1995;

Warskulat et al. 2007).

Finally, plasma levels of other sulphur-containing ami-

noacids such as methionine and homocysteine were ele-

vated in diabetic patients. Increased levels of homocysteine

in diabetes have previously been described (Hoogeveen

et al. 2000). And, notably, the increase in homocysteine

observed in diabetic patients could decrease the substrate

for taurine biosynthesis decreasing the availability of cys-

teine (Wu 2009). Previous data on plasma methionine are

scarce and one paper (Tessari et al. 2005) shows that it is

not changed in diabetic patients, while we found a signif-

icant increase in methionine. However, considering that

taurine inhibits methionine uptake in some cell models

such as intestinal Caco-2 cells (Martin-Venegas et al. 2009)

the observed increase in methionine could be biologically

plausible.

In conclusion, this study describes, for the first time, a

raised TauT gene expression in MPC of type 2 diabetic

patients. Whether this specific upregulation is the response

to a number of diabetes-associated factors such as increase

in circulating oxidants, hypertonicity, chronic hyperglyce-

mia, reduction in plasma taurine or eventually other

unidentified factors remains to be further elucidated. The

increment of TauT expression is reduced in MPC of patients

with retinopathy, suggesting a possible role for TauT in the

protective mechanisms against the retinal damage of dia-

betes. In any case, even if these data have some limitations

and warrant further confirmation, they indicate TauT as

another candidate target of diabetic illness, further con-

firming the role of taurine in glucose homeostasis both in

normoglycemic subjects and diabetic patients.
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Schöndorf T, Kurbacher CM, Göhring UJ, Benz C, Becker M,

Sartorius J, KolhagenH MallmanP, Neumann R (2002) Induction

of MDR1-gene expression by antineoplastic agents in ovarian

cancer cell lines. Anticancer Res 22:2199–2203

Shi YR, Gao L, Wang SH, Bu DF, Zhang BH, Jiang HF, Pang YZ,

Tang CS (2003) Inhibition of taurine transport by high concen-

tration of glucose in cultured rat cardiomyocytes. Metabolism

52:827–833

Stevens MJ, Hosaka Y, Masterson JA, Jones SM, Thomas TP, Larkin

DD (1999) Downregulation of the human taurine transporter by

glucose in cultured retinal pigment epithelial cells. Am J Physiol

277:E760–E771

Tappaz ML (2004) Taurine biosynthetic enzymes and taurine

transporter: molecular identification and regulations. Neurochem

Res 29:83–96

Tessari P, Coracina A, Kiwanuka E, Vedovato M, Vettore M, Valerio

A, Caramella M, Garibotto G (2005) Effects of insulin on

methionine and homocysteine kinetics in type 2 diabetes with

nephropathy. Diabetes 54:2968–2976

Timbrell JA, Seabra V, Waterfield CJ (1995) The in vivo and in vitro

protective properties of taurine. Gen Pharmacol 26:453–462

Uchida S, Kwon HM, Yamauchi A, Preston AS, Marumo F, Handler

JS (1992) Molecular cloning of the cDNA for an MDCK cell

Na(?)- and Cl (-)-dependent taurine transporter that is regu-

lated by hypertonicity. Proc Natl Acad Sci 89:8230–8234

Verzola D, Bertolotto MB, Villaggio B, Ottonello L, Dallegri F,

Frumento G, Berruti V, Gandolfo MT, Garibotto G, Deferran G

(2002) Taurine prevents apoptosis induced by high ambient

glucose in human tubule renal cells. J Invest Med 50:443–451

Vilchis C, Salceda R (1996) Effect of diabetes on levels and uptake of

putative amino acid neurotransmitters in rat retina and retinal

pigment epithelium. Neurochem Res Int 21:1167–1171

Taurine transporter in mononuclear blood cells of type 2 diabetics 2273

123

http://dx.doi.org/10.1016/S0891-5849(98)00276-7
http://dx.doi.org/10.1186/1423-0127-17-S1-S28
http://dx.doi.org/10.1186/1423-0127-17-S1-S28
http://dx.doi.org/10.1042/BJ20031838
http://dx.doi.org/10.1007/978-0-387-75681-3_54
http://dx.doi.org/10.1007/s00726-011-0883-5
http://dx.doi.org/10.1089/ars.2005.7.1530
http://dx.doi.org/10.1248/bpb.33.1965


Warskulat U, Heller-Stilb B, Oermann E, Zilles K, Haas H, Lang F,
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