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Abstract

Taurine (TAU) is a ubiquitous sulfur-containing amino acid that has been proposed to be an antioxidant. The concentration of TAU
decreases during aging, which may increase susceptibility to oxidative stress. Our study attempted to elucidate the mechanism for the
age-dependent decrease in TAU content by examining TAU biosynthesis in aged rats. We also examined the effects of dietary TAU
manipulations on TAU content and oxidative markers in aged male Fischer 344 (F344) rats. Adult (9 months) and aged (26 months) rats
fed control diets, aged rats fed control diet and TAU-supplemented (1.5%) water, and aged rats fed a TAU-deficient diet were used. We
observed a significant age-related decrease in TAU content in liver, kidney, and cerebellum. Dietary TAU supplementation increased tissue
TAU content, whereas dietary TAU restriction had no effect. Enzyme-dependent TAU synthesis showed an age-dependent reduction in liver
that was decreased further by TAU supplementation. Protein carbonyl content was elevated in the cerebral cortex and kidney of aged rats
and was attenuated by TAU supplementation. A trend for a decrease in protein and acid-soluble thiol contents in hepatic tissue of aged rats
was observed, and this was attenuated with dietary TAU supplementation. Our data show that a decrease in hepatic TAU biosynthesis may
cause, in part, the observed decline in tissue TAU content in aged F344 rats, and TAU supplementation can restore TAU levels. Our study
indicates that a decline in TAU content may exacerbate oxidative stress in aged rats, which can be reversed by dietary TAU supplementation.
© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Several studies have shown that TAU content declines
significantly in serum [1–3] and tissues of 26- to 30-month-
old F344 rats [1] as well as in several brain areas in 29-
month-old rats [4,5]. Reports indicate that elderly patients
(61–81 years) have significantly lower (43%) blood TAU
concentration compared with younger individuals (20–38
years) [6]. This decline could exacerbate the oxidative dam-
age that occurs during the aging process, if TAU indeed
functions as an antioxidant as suggested by many studies

[7–13]. The reason for such a decline of TAU remains to be
fully elucidated. Possible mechanisms for this age-depen-
dent decline in TAU levels could be increased renal excre-
tion or decreased biosynthesis.

Previous work in our laboratory has shown that aged (26
months) F344 rats have lower urinary TAU excretion than
adult rats (10 months) [2]. Cormanet al. [14] demonstrated
a similar age-related decline in urinary TAU excretion in
female Wistar rats. This suggests that aged animals are
actually able to conserve TAU, probably via a renal adap-
tive mechanism such as demonstrated in LLC-PK1 and
MDCK cells where exposure to a TAU-free medium in-
creased Na1-dependent TAU transport [15]. Other studies
have shown an up-regulation in renal TAU transport in
response to decreased dietary intake of this amino acid or
disturbed TAU homeostasis [16–18]. Our previous data
suggest that despite an age-related decline in renal function,
the decline in TAU concentration is not due to renal dys-
function, since aged rats can renally conserve TAU [2,19].

The other possibility for the observed decline in tissue
and serum TAU may be a decline in the activity of one or
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more biosynthetic enzymes. CSD (EC 4.1.1.29) seems to be
the rate-limiting enzyme in TAU biosynthesis in the liver
[20–22]. This enzyme is responsible for the enzymatic
transformation of CSA to hypotaurine and CA to TAU [22]
and has a high specificity for CSA and CA [23]. CSD is a
pyridoxal phosphate-dependent enzyme [24], and studies
have shown that its activity can be down-regulated by sev-
eral factors such as thyroid hormone [25], estrogen [21], and
high-protein diets [26–29]. CDO (EC 1.13.11.20) is another
key enzyme involved in TAU biosynthesis [22]. This en-
zyme is the major route for sulfur amino acid metabolism in
the liver [22], but is also found in large quantities in the
brain [29,30]. CDO is important in the regulation of amino
acids such as cysteine, methionine, and the peptide GSH
[26,27]. CDO activity also can be regulated by dietary
protein and sulfur amino acids [31,32] and hormones such
as glucagon [33] and hydrocortisone [34]. Changes in TAU
levels might also have an effect on GSH levels and vice
versa, since TAU and GSH synthesis are tightly coupled,
sharing the same precursor, cysteine [5,35,36]. Therefore,
CSD and CDO are important enzymes in what is believed to
be the most important TAU biosynthetic pathway in mam-
mals, and an age-dependent down-regulation in either or
both of these enzymes could lead to a decline of TAU
concentration in body tissues and fluids.

The purpose of this study was to test if aging has a
depressive effect on the major biosynthetic enzymes for
TAU, CSD and/or CDO. These enzymes may be subject to
changes, such as age-dependent post-translational changes,
altering their activity and/or substrate specificity [37,38].
Tissues from male adult (9 months) and aged (26 months)
F344 rats on control, TAU-supplemented, or TAU-deficient
diets were used in our experiments. We tested the hypoth-
esis that aging decreases enzyme activity, resulting in de-
creased tissue TAU content. We expected that dietary TAU
supplementation would increase tissue TAU content but
would cause a further decline in enzyme activity due to a
negative feedback mechanism, whereas TAU-deficient diets
would increase enzyme activity. We also measured protein
oxidation and thiol levels in tissues of these animals, ex-
pecting to see an increase in protein oxidation and a decline
in thiol content in aged animals. We hypothesized that TAU
supplementation would decrease the levels of oxidative
products and conserve thiol content, whereas dietary TAU
deprivation would have the opposite effect.

2. Materials and methods

2.1. Materials

Drugs, buffer, and HPLC reagents were obtained from
the Sigma Chemical Co. or Fisher Scientific. HPLC supplies
were purchased from Alltech, BAS, or Varian.

2.2. Animals and dietary treatment

Male F344 rats were purchased from Harlan-Sprague
Dawley, Inc. at 1 and 18 months of age. The rats underwent
dietary treatment for 8 months. Chows were purchased from
Purina Mills, Inc. Animals were decapitated at the ages of 9
months (adult) and 26 months (aged). The experimental
groups were as follows: adult animals fed regular rodent
diet (Purina No. 5012) and tap water (adult/control), aged
animals fed regular rodent diet and tap water (aged/control),
aged rats fed regular rodent diet and tap water supplemented
with 0.12 mol/L of TAU (1.5%; aged/TAU), and aged rats
fed TAU-deficient diet (Purina No. 5729-M) and tap water
(aged/no TAU).

The TAU-deficient diet was identical to the regular ro-
dent diet except that the TAU-deficient diet contained soy-
derived protein instead of fishmeal to eliminate the TAU
source. The content of the precursor, methionine, was the
same in the regular and TAU-deficient diets, 0.43 and
0.45%, respectively. We tested the chow for TAU content;
the TAU-deficient diet was below our limit of detection
(,0.004%), whereas the regular diet contained 0.029%
TAU. The F344 rats had free access to food and water and
were kept on a 12 hr/12 hr light/dark cycle (6:00 a.m.–6:00
p.m.). The terminal weights of the adult/control, aged/
control, aged/TAU, and aged/no TAU groups were (in g)
3656 9, 3726 15, 3876 11, and 3676 7, respectively,
which were not statistically different. Organs, tissues,
and brain areas were dissected after the rats were decap-
itated. Tissue samples were frozen at280° and serum at
220° until further analysis. TAU content was measured
in several tissues and serum, using HPLC-ECD as pre-
viously described [1]. CSD and CDO activities, protein
oxidation (protein carbonyls), lipid peroxidation
(TBARS), and thiol content were measured in several
tissues as described below. Figure 1 shows the outline of
the experimental design.

Fig. 1. Outline of the experimental design. The following assays were
performed: CSD and CDO activities, protein oxidation (protein carbonyls),
lipid peroxidation (TBARS), thiol content, and total serum antioxidant
activity. Explanation of the measurements of each oxidation injury test can
be found in section 2.
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2.3. CSD activity

Tissue samples were weighed and homogenized in a 0.05
mol/L phosphate buffer, pH 6.8, with a Brinkmann tissue
homogenizer (Brinkmann Instruments Co.) for about 30 sec
at a setting of 4 and centrifuged at 21,000g for 15 min at 4°
using a Beckman Centrifuge model J2–21 (Beckman Instru-
ments, Inc.). The supernatant was used for the enzyme
assay. The assay is a modified version of that from Daniels
and Stipanuk [39]. Briefly, the assay was carried out in a
total volume of 0.5 mL and contained (final concentrations):
15 mmol/L of l-glutamate, 25 mmol/L of CSA, 0.8 mmol/L
of pyridoxal phosphate, and 0.55 mmol/L of dithiothreitol in
phosphate buffer, pH 7.0. The glutamate was added to
inhibit glutamic acid decarboxylase activity on the sub-
strate, CSA. The final assay volume contained 0.1 mL of
supernatant from the above-mentioned centrifugation step.
The mixture was incubated in a shaking 37° water bath for
30–60 min. Blanks contained 0.5 mL of 0.61 mol TCA/L,
which was also used to stop the reaction along with incu-
bating samples in an ice bath. The reaction mixture was
centrifuged at 2000g for 20 min at room temperature, and
the supernatant was frozen at220° until further purification
and analysis. To analyze total CSD activity, hypotaurine
was oxidized to TAU before analysis. A 0.5-mL fraction of
the thawed supernatant was neutralized with NaOH/HCl as
shown by the indicator solution and incubated with 0.05 mL
of 30% H2O2 in the 37° water bath for 15 min. This mixture
was then treated with 0.025 mL of a catalase solution (900
Sigma Units/0.025 mL of 1.0 mol/L potassium phosphate
buffer, pH 7.1) and incubated for 10 min at room temper-
ature. The mixture was then heated in boiling water for 3
min to denature the catalase and microcentrifuged for 3 min
at room temperature to remove the denatured protein. A
0.5-mL aliquot was applied to a Dowex-50 W column
(Sigma, strongly acidic cation exchanger) and eluted with 2
mL of water. A fraction of this eluent was analyzed by
HPLC-ECD. The samples were considered to have enzyme
activity if the TAU concentration was at least twice the
concentration in the blanks. Data are expressed as nano-
moles TAU per minute per milligram protein.

2.4. CDO activity

CDO activity was assayed by the method of Bagley and
Stipanuk [26,31]. Tissue was weighed and homogenized in
50 mmol/L of 2-[N-morpholino]ethanesulfonic acid (MES)
buffer, pH 6.0, using a Brinkmann tissue homogenizer. A
0.3-mL sample of the homogenate was incubated for 60 min
at 37° in a shaking water bath in a final assay volume of 1
mL containing (final concentrations): 0.5 mmol/L of ferrous
ammonium sulfate, 5 mmol/L of hydroxylamine-HCl, 2
mmol/L of NAD1, and 5 mmol/L of cysteine (20 mmol/L
stock solution contained 0.05 mmol/L of bathocuproine
disulfonate to prevent cysteine oxidation). The reaction was
terminated by cooling the samples in an ice-cold water bath

and the addition of 0.1 mL of 3 mol PCA/L. The samples
were then centrifuged at 2000g for 20 min at 4° and the
supernatants were extracted using Dowex-50 (Sigma) col-
umns to remove cations. The eluents were stored at220°
until further analysis by HPLC-ECD for CSA and CA since
some of the CSA is oxidized to CA during storage [40].
Data are expressed as nanomoles or picomoles CSA per
minute per milligram protein.

2.5. Chromatography

Samples from the above-described enzyme assays or
tissue PCA extracts were assayed for amino acid content.
Samples were derivatized before HPLC-ECD analysis by
reacting 200mL of the sample with 175mL of a 9 mmol/L
o-phthalaldehyde, 0.5% 2-mercaptoethanol solution in a 0.1
mol/L disodium borate solution (pH 10.0) for exactly 3 min.
The derivatization reaction was terminated by adding 25mL
of 0.4 mol/L of iodoacetamide and 400mL mobile phase.
Iodoacetamide reacts with unreactedo-phthalaldehyde and
diminishes electrochemical interference. Sample TAU,
CSA, and CA concentrations were calculated based on ex-
ternal standards by a Hewlett Packard integrator.

The protocol for CSA and CA measurements was a
modified version of a previously described method [41].
The mobile phase was 0.1 mol/L of sodium phosphate
(dibasic), 0.13 mmol/L of Na2EDTA, and 10% methanol,
pH 6.0. The mobile phase for measuring TAU consisted of
0.08 mol/L of sodium phosphate (monobasic), 0.1 mmol/L
of Na2EDTA, 10% tetrahydrofuran, 10% acetonitrile, and
2% 1-propanol, pH 5.6, as previously described [1]. The
mobile phase was vacuum filtered using Magna-R, sup-
ported nylon filters (0.45mm, MSI) and degassed for 20 min
under helium. The HPLC system consisted of a PM-11
pump, an LC-4B amperometric detector (both from Bioana-
lytical Systems), and a Rheodyne model 7125 injector with
a 20- or 50-mL fixed loop. The columns used were Mi-
crosorb-MV, C-18, 3mm, 4.6 mm i.d.3 10 cm columns
from Rainin. Ag/AgCl reference electrodes and glassy car-
bon working electrodes with an applied voltage of 0.725 V
were used for electrochemical detection. The detector sen-
sitivity was between 5 and 50 nA, the flow rate was 0.7
mL/min, and the columns were at room temperature.

2.6. Protein assay

Protein content was assayed by the method of Bradford
[42]. Protein values of the samples were calculated from a
standard curve made with bovine serum albumin from the
range of 0.063 to 1.0 mg/mL.

2.7. Protein oxidation

Oxidative damage to proteins was measured using the
method of Levineet al. [43], which measures the carbonyl
content in oxidized proteins. Introduction of carbonyl
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groups into proteins is taken as presumptive evidence of
oxidative modification [43]. Tissue samples from F344 rats
were homogenized using a Brinkmann tissue homogenizer
in a 50 mmol/L phosphate buffer, pH 7.4, containing: 1
mmol/L of Na2EDTA, 0.5 mg/mL of aprotinin, and 40
mg/mL of phenylmethylsulfonyl fluoride. Tissue samples
were divided into four 1-mL aliquots, two for blank read-
ings and two for total reading. Nucleic acids were removed
from homogenized tissue samples by adding streptomycin
sulfate (1% final concentration). Samples were incubated at
room temperature for 15 min and centrifuged at 6000g for
10 min at room temperature. A 10 mmol/L DNPH solution
(4 mL) in 2 mol/L of HCl or 2 mol/L of HCl only (4 mL)
was added to the supernatants of totals and blanks, respec-
tively. Samples were incubated for 1 hr in the dark and
vortexed every 15 min. The derivatization reaction was
terminated by adding 5 mL of 1.22 mol TCA/L (0.61 mol/L
final concentration) and incubating the samples on ice for 10
min. Samples were centrifuged for 5 min at 1600g at room
temperature, and the pellets were washed three times with
ethyl acetate/ethanol (1:1, v/v) to remove excess DNPH.
The pellet was dissolved in 2 mL of 6 mol/L guanidine HCl
in a water bath at 37° with frequent vortexing. Any insol-
uble material was removed by a final centrifugation step for
5 min at 1600g at room temperature. The supernatants were
read at 370 nm using a Beckman DU 7000 diode array
spectrophotometer (Beckman Instruments, Inc.). The car-
bonyl content was calculated by using the absorbance at 370
nm and an absorption coefficiente of 22,000 M21 cm21.
These carbonyl values were normalized with protein values
of the blank samples since 10–15% of the proteins are lost
in this assay. The absorption of the blanks was measured at
280 nm. Protein concentrations were calculated using a
standard curve to bovine serum albumin in 6 mol/L of
guanidine HCl ranging from 0.25 to 2.00 mg/mL. Data are
expressed in nanomoles per milligram protein (mean6
SEM).

2.8. Lipid peroxidation

Lipid peroxidation was estimated using the TBAR test as
described previously [44]. TBAR formation is a measure-
ment of thiobarbituric acid reactive substances such as mal-
ondialdehyde, which forms during lipid peroxidation.
Briefly, TBAR formation was quantitated using 1,1,3,3-
tetraethoxypropane as a standard, and the absorbancy of the
TBARS was read at 530 nm using a Beckman DU 700 diode
array spectrophotometer. Data are expressed in nanomoles
per milligram protein (mean6 SEM).

2.9. Tissue thiols

Thiol content was measured as previously described by
Jocelyn [45]. Protein thiols represent the unoxidized cys-
teine moieties in proteins, and acid-soluble thiols are a
measure of cytosolic GSH, cystine, and cysteine. Tissues or

homogenates were thawed and homogenized in 20x vol. of
ice-cold 0.61 mol TCA/L using a Brinkmann tissue homog-
enizer. The homogenates were diluted 1:1 with 1.22 mol
TCA/L. The homogenates were centrifuged at 18,000g for
20 min at 4°. Supernatants were used to measure soluble
thiol content. Pellets were rehomogenized in the same vol-
ume of the original homogenate using 5 mmol/L of phos-
phate buffer with 1% SDS. A 25- to 100-mL aliquot of the
sample and 475–400mL of 1% SDS in 5 mmol/L phosphate
buffer for a total of 500mL were added to semi VIS
cuvettes. Then 5,59-dithio-bis(2-nitrobenzoic acid) (10
mmol/L, 500mL) was added to the cuvettes, and the sam-
ples were incubated (15 min) at room temperature and read
at 412 nm using a Beckman DU 700 diode array spectro-
photometer. Thiol content was calculated using a standard
curve to cysteine that ranged from 0 to 100 nmol. Soluble
thiols were measured using the supernatants from the cen-
trifugation step above. The supernatants were diluted 1:1
with HPLC grade H2O, 500mL of the diluted sample was
added to 500mL of 10 mmol 5,59-dithio-bis(2-nitrobenzoic
acid)/L, and the samples were read as described above.
Samples were normalized using protein content, which was
measured using the method of Bradford [42].

2.10. Total serum antioxidant capacity

Serum antioxidant capacity was measured by a method
derived by Glavind [46]. Briefly, a stable free radical,
DPPH, is added to serum samples and read spectrophoto-
metrically at the absorbances of 540 and 405 nm. Antioxi-
dants in the sample bind to DPPH causing a reduction in the
absorbance at 540 nm, and the antioxidant–DPPH product
causes an increase in the absorbance at 405 nm.

2.11. Statistics

Data were analyzed using a one-way ANOVA with the
Tukey–Kramer multiple comparison test to compare differ-
ences among groups. If Bartlett’s test for homogeneity of
variance was significant, data were either transformed (log
or reciprocal) or a Kruskal–Wallis nonparametric ANOVA
test was used followed by Dunn’s multiple comparisons
test. Age-dependent differences were analyzed using un-
paired t-tests or a non-parametric Welch’s approximatet-
test. Data with aP value of less than 0.05 were considered
significant. The programs used for statistical analysis were
InStat®, version 2.0, or Graph Pad Prism™, version 2.0
(Graph Pad Software).

3. Results

3.1. Effect of dietary TAU manipulation on enzyme
activity and tissue TAU concentration in aged F344 rats

A significant age-dependent decrease in TAU concentra-
tion was observed in liver, kidney, and cerebellum of F344
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animals (Fig. 2). The TAU concentration in these tissues
was significantly higher in supplemented rats when com-
pared with the aged/control and aged/no TAU rats (Fig. 2).
TAU-deficient diets did not cause the expected decrease in
TAU levels when compared with aged/control rats.

The CSD activity in the liver was significantly lower
(P , 0.05) in the aged rats versus the adult/control rats,
regardless of the diet consumed (Fig. 3). Dietary TAU
supplementation depressed enzyme activity even further in
the liver, showing a significantly lower (P , 0.01) activity
versus the aged matched rats on control diets (Fig. 3). There
was no significant age-dependent decrease in enzyme activ-
ity in the cerebellum (Fig. 3). CSD activity in the kidney
could not be determined since total TAU production did not
exceed the basal values by a sufficient (2-fold) amount to

accurately estimate enzyme activity. CDO activity was
measured in all four treatment groups in liver tissue, and, as
seen in CSD activity, CDO activity in the liver declined in
an age-dependent manner across the dietary treatment
groups (Fig. 4).

3.2. Effect of aging and dietary TAU manipulation on
oxidative markers in male F344 rats

Protein carbonyls were measured in the cerebral cortex,
liver, and kidney. In cerebral cortex, there was a significant
(P , 0.01) age-dependent increase in carbonyls (Fig. 5).
Dietary TAU supplementation decreased carbonyl content
by 19%, whereas TAU deprivation increased it by 15%

Fig. 2. Tissue TAU content in liver, kidney, and cerebellum of F344 rats on
different diets. Data are presented inmmol TAU/g tissue (mean6 SEM).
The number of samples is indicated in parentheses after each group. The
number refers to liver and cerebellar tissues; the N for kidney tissue was 6
per group. Key: (a)P , 0.05 vs all other groups, (b)P , 0.05 vs
adult/control, and (c)P , 0.05 vs aged/TAU.

Fig. 3. CSD activity in liver and cerebellar tissue of male F344 rats. Data
are presented in nmol TAU/min/mg protein (mean6 SEM). The number
of samples per group is the same as in Fig. 2. Key: (a)P , 0.05 vs
adult/control, and (b)P , 0.01 vs aged/control.

Fig. 4. Hepatic CDO activity in liver homogenates of F344 animals. Data
are presented in pmol CSA/min/mg protein (mean6 SEM). The number of
samples per group is the same as in Fig. 2. Key: (a)P , 0.05 vs all other
groups.

Fig. 5. Protein carbonyls (protein oxidation) in homogenates of cerebral
cortex from F344 rats. Data are presented in nmol/mg protein (mean6
SEM). Numbers in parentheses designate the number of samples per group.
Key: (a) P , 0.01 vs adult/control.
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compared with the aged/control group (Fig. 5). TAU sup-
plementation blunted the increase in cortical protein carbon-
yls. Age or dietary TAU manipulations did not have an
effect on protein carbonyl content in the liver tissue of these
rats (data not shown). We found an age-related increase in
protein carbonyls in the kidney, and dietary TAU supple-
mentation significantly decreased the amount of protein
carbonyls in these rats (Fig. 6).

Protein thiols and acid-soluble thiols were measured in
cerebral cortex and liver (Table 1). There was no significant
age- or diet-dependent effect in hepatic or cortical tissue
(Table 1); however, aged/control animals had a small but
consistent (15%) decrease in protein thiol content in the
liver. Likewise, protein thiol content was reduced about
30% in the kidney of aged rats, but this reduction was also
not statistically significant (Table 2). A similar age-depen-
dent decline (14%) in acid-soluble thiol content was ob-
served in the liver (Table 1), which was not significant,
however. TAU supplementation increased acid-soluble thiol
content in liver tissue by 37% compared with the aged/
control group, but this increase was not significant due to
the high variability in the aged/TAU group (Table 1). Pro-
tein or acid-soluble thiols in cerebral cortex were not altered
by age or dietary treatments (Table 1). TBARS in the kidney

were also unaffected by age or diet (Table 2). In addition,
age or dietary manipulations did not have a significant effect
on the total antioxidant capacity of the serum of the F344
rats. The absorbance at 540 nm was not higher in aged
animals or lower in TAU-treated animals compared with
controls after the addition of the free radical DPPH to serum
samples (data not shown). The other measurement, absor-
bance at 405 nm, also did not differ due to diet or age (data
not shown).

4. Discussion

These studies show that the TAU concentration in liver,
kidney, and cerebellum was decreased significantly in male
aged F344 rats and that dietary TAU supplementation re-
stored or even increased tissue TAU content when com-
pared with adult levels (Fig. 2). Our observations of an
age-related decline in tissue TAU concentration support
previous reports [1,4,5]. The results from the dietary ma-
nipulation are similar to the results from another dietary
TAU supplementation study [47] where male albino rats
received a 17% casein diet supplemented with 1% TAU 2
weeks after weaning. This diet significantly increased TAU
content in the kidney after 2 weeks and in the liver after 4
weeks. An unexpected observation in our study was that
long-term dietary TAU restriction did not further exacerbate
the age-related decline in tissue TAU content. In the liver, it
actually seemed to blunt the age-dependent decline. Unlike
humans and cats, rats are prolific TAU synthesizers [22,48],
and only restricting dietary TAU does not seem to affect
tissue and serum TAU concentrations. Other dietary proto-
cols that include addition of TAU uptake inhibitors such as
b-alanine or guanidinoethane sulfonate [22] or restriction of
TAU precursors might be necessary to severely deplete rats
of TAU. It seems that rats are able to compensate for the
loss of TAU in the diet by increasing TAU production in
individual tissues or in the liver, the major biosynthetic
organ forin vivo synthesis [22,49]. Possible mechanisms of
compensation could be decreasing renal TAU loss [19] or
increasing enzymatic TAU production. The kidney is partly
responsible for TAU homeostasis since it can control uri-
nary TAU excretion [16–18,49,50]. Aged F344 rats show
renal TAU conservation by decreasing urinary TAU excre-

Fig. 6. Protein carbonyl measurements (protein oxidation) from kidney
homogenates of F344 rats. Data are presented in nmol/mg protein (mean6
SEM). Numbers in parentheses designate the number of samples per group.
Key: (a) P , 0.05 vs aged/control.

Table 1
Protein thiols and acid soluble thiols in hepatic and cortical tissue of F344 rats

Treatment Liver Cortex

Protein thiols
(nmol/mg protein)

Acid-soluble thiols
(nmol/mg protein)

Protein thiols
(nmol/mg protein)

Acid-soluble thiols
(nmol/g tissue)

Adult/control 1426 11 (6) 5.86 0.8 (3) 1276 22 (5) 3546 45 (6)
Aged/control 1216 10 (9) 5.06 0.6 (5) 1296 17 (9) 4076 40 (8)
Aged/TAU 1266 10 (8) 8.06 2.1 (5) 1286 16 (7) 4536 49 (10)
Aged/no TAU 1196 12 (9) 4.86 1.1 (7) 1346 18 (10) 4656 39 (11)

Data are presented as means6 SEM. Numbers in parentheses represent the number of animals.
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tion as observed in a metabolic study of animals at 20 and
26 months of age [2,19]. This study also showed that TAU-
deficient diets significantly increased renal TAU conserva-
tion compared with control animals even further at 20
months of age. The difference due to dietary TAU restric-
tion, however, disappears at 26 months of age since renal
conservation seems to be maximized. At this age, animals
must compensate for the decrease in dietary TAU intake via
a de novobiosynthetic pathway.

We observed a significant age-dependent decrease in
liver CSD activity, which is believed to be the rate-limiting
step in TAU biosynthesis [20–22]. This means that the
observed decline in tissue TAU content in F344 rats might
be due to a decline inde novohepatic TAU synthesis. In a
previous study [51], however, we also observed an age-
related decline in hepatic CSD activity in F344 rats but not
in other strains (FBNF1, Sprague–Dawley) used in these
studies, whereas we observed a similar decline in tissue and
plasma TAU content across strains. Preliminary studies in
our laboratory using western blot analyses did not show an
age-dependent decline in CSD protein [unpublished find-
ings]. CSD protein may be affected by post-translational
processes during aging such as oxidative modifications that
could render the enzyme less active or inactive [37]. We did
observe a similar age-related decline in CDO activity in all
strains [51], which might suggest that CDO activity is a
better predictor of tissue TAU status in aging. Another
important consideration in these studies is that we measured
enzyme activity at high substrate concentrations, and we
observed a significant decline in CSD activity presumably
near itsVmax.The CSD activity present endogenously might
be enough to maintain TAU levels, and the age-dependent
decline in TAU levels may be due to another change in the
TAU biosynthetic pathway.

Methionine and cysteine, TAU precursors, comprised
0.43 and 0.45% and 0.33 and 0.35% of the TAU-deficient
and control diet, respectively. This means that the TAU-
deficient diet is not depleted of TAU precursors, and TAU
biosynthetic enzymes can produce TAU at the same or a
higher rate under these TAU-deficient conditions. Early
studies have shown that tissue and plasma TAU content
fails to decline in rats fasted for up to 9 days and even
increased in some tissues such as liver and muscle [52,53].
The compensation or even up-regulation of TAU content in

certain tissues observed in the absence of dietary TAU
might be due to an unidentified enzymatic up-regulation or
the up-regulation of the tissue TAU transporter. Other ob-
servations, such as tissues with high TAU content but low or
undetectable CSD activity such as skeletal muscle and heart
[54], also support the concept of an alternate biosynthetic
pathway for TAU or transporter-mediated redistribution of
tissue TAU pools. It has been suggested that cysteamine is
the main precursor for TAU synthesis in these tissues [55,
56]. Other researchers also have suggested the presence of
an alternate inducible biosynthetic pathway since they failed
to show a decline in brain and tissue TAU concentrations in
rats that were depleted of pyridoxal phosphate, the coen-
zyme for CSD [57,58]. This suggests a possible TAU bio-
synthetic pathway via an alternate CSD-independent mech-
anism that is stimulated under the conditions of dietary
TAU deficiency. Dietary TAU deficiency also may increase
TAU transporter activity as recently shown by Hanet al.
[16–18]. TAU transporter activity in the kidney seems to be
manipulated at the genomic level, increasing mRNA tran-
scription under low dietary TAU conditions and decreasing
it under high dietary TAU content. This manipulation could
possibly occur via a gene–nutrient interaction. Hence, low
dietary TAU conditions could enhance endogenous TAU
production via an alternate TAU biosynthetic pathway and
increase TAU transporter activity by increasing transcrip-
tion and translation of the TAU transporter in different
tissues.

Our study also showed that the main biosynthetic en-
zyme for TAU, CSD, is subject to endproduct feedback
inhibition in the liver, since dietary TAU supplementation
caused a significant decline in hepatic CSD activity. Previ-
ous studies have shown that hepatic CSD and CDO activi-
ties can be modified by changing dietary intake of sulfur
amino acids and/or protein [26–28,31]. In these studies, the
regulation seemed to be “upstream” from TAU and to affect
various enzymes responsible for cysteine metabolism such
as CSD, CDO, andg-glutamylcysteine synthase. Our stud-
ies, on the other hand, showed direct hepatic CSD regula-
tion by TAU, one of the endproducts of cysteine metabo-
lism. Other studies have also examined the effect of TAU
supplementation on TAU biosynthetic enzymes. One study
using infant Rhesus monkeys showed no change in CSD or
CDO activity in brain or liver after feeding the animals a
formula with a TAU supplementation of 50mmol/100 mL
for 6 or 12 months [55]. Furthermore, Sturmanet al. [55]
found that a diet free of TAU failed to increase either CDO
or CSD activity. This observation is in agreement with our
results. Another study using freshly weaned male albino rats
and a dietary TAU supplementation of 1% only showed a
decline in CSD activity in kidney, but not in liver or brain
after 2 or 4 weeks on the diet [47]. A direct comparison of
the results obtained by Sturmanet al. [55] and Lorietteet al.
[47] with our data is difficult due to differences in experi-
mental design. However, all of these studies agree with our

Table 2
Oxidative markers in renal tissue of F344 rats

Treatment Protein thiols
(mmol/g tissue)

TBARS
(nmol/mg protein)

Adult/control 15.76 1.95 (3) 0.666 0.10 (5)
Aged/control 10.76 1.01 (8) 0.636 0.10 (9)
Aged/TAU 11.56 1.43 (10) 0.536 0.03 (7)
Aged/no TAU 11.06 1.51 (11) 0.586 0.04 (7)

Data are presented as means6 SEM. Numbers in parentheses represent
the number of animals.
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observation that dietary TAU manipulation had no effect on
CDO activity.

CSD activity in the cerebellum was not affected by aging
in F344 rats. Even though some researchers show colo-
calization of TAU and CSD in neuronal cells in the brain
[59,60], recent studies have localized CSD protein in glial
cells in the CNS [61,62] by double immunofluorescence
staining. Therefore, the loss of TAU in the cerebellum could
be a reflection of neuronal loss, and CSD would not be lost
due to its localization in astrocytes. Another explanation for
the decline in brain TAU content in aging might be a decline
in transport capacity at the blood–brain barrier or a down-
regulation of another “upstream” enzyme responsible for
the availability of precursors, such as the biosynthesis of
cysteine from methionine or an enzymatic step of an alter-
nate TAU-producing biosynthetic pathway.

Our study also replicated previous studies that found a
significant increase in protein carbonyls in brain tissue dur-
ing aging [63–66]. There was a significant increase in
protein carbonyls in cortical tissue of aged F344 rats when
compared with adult animals. We also observed a subtle
non-significant age-dependent increase in oxidized proteins
in kidney tissue, whereas there was no age- or diet-related
change in the liver. Since TAU may function as an antiox-
idant, dietary TAU supplementation should attenuate this
age-related increase in oxidative protein damage. We ob-
served a blunting of the age-related increase of oxidative
products in the cerebral cortex and a significant attenuation
in the kidney in aged rats given oral TAU supplementation
compared with age-matched controls. The results observed
in cortical and renal tissue match the expectations, which
were that an age- and/or diet-dependent change in protein
carbonyls correlated with changes in TAU content. There
was a significant age-related decline in TAU concentration
in the kidney and a non-significant decline in the cerebral
cortex. TAU supplementation can significantly increase
TAU content in both of these tissues ( [19]; Fig. 2). These
data support previous observations that TAU acts as an
antioxidantin vivo [11–13]. Removing TAU from the diet
did not exacerbate markers of oxidative stress in aged rats.
The reason for this might be the fact that we were unable to
actually deplete these tissues of TAU with the TAU-defi-
cient diet due to a possible compensatory mechanism active
under these conditions in rodents. In contrast, humans do
not have the biosynthetic capacity for TAU that rodents
exhibit [67].

Thiol groups are reducing agents and an indirect measure
of oxidative damage. Lower amounts of thiols are indicative
of an increase in oxidative stress and damage [68]. Protein
thiols did not show a significant age- or diet-dependent
change in renal, hepatic, or cortical tissues of male F344
rats. Thus, increased dietary TAU did not appear to result in
a significant shunting of cysteine into glutathione synthesis.
Dietary TAU deficiency also did not have an effect on thiol
content. Dietary TAU has been shown to improve antioxi-
dant defense in rats, since it lessens the decline in lung GSH

in response to a tumor necrosis factora injection [69], and
a recent study has also found that TAU could blunt an
increase in oxidized GSH seen in diabetes without altering
total GSH levels [70]. Our observation in aged rats does not
support this; however, a trend for an increase in soluble thiol
in livers might suggest that dietary TAU may improve
antioxidant defenses. Measurements for total serum antiox-
idant capacity failed to show a significant age- or diet-
related effect, even though serum TAU levels in these F344
rats were decreased with aging and increased in TAU-
supplemented rats [2]. This supports a previous suggestion
by Aruomaet al. [71] that TAU is not a good direct free
radical scavenger. Future studies, however, should measure
oxidized and reduced GSH levels directly in response to
chronic dietary TAU manipulation to better understand the
antioxidant status under these dietary conditions. The ob-
servation that dietary TAU supplementation significantly
decreased carbonyl levels in kidney and cortex indicates
that this treatment can improve weakened antioxidant de-
fenses during aging in certain tissues.

TAU and GSH biosynthesis are closely related because
they have the precursor cysteine in common [5,36]. This
fact could lead to an increase in acid-soluble thiols, which
mainly represent GSH, in response to an increase in dietary
TAU and TAU feedback inhibition on CSD and CDO.
Strolin Benedettiet al. [5] have argued previously that the
age-dependent decline in brain TAU might be due, in part,
to an increased need for GSH. GSH levels decline during
aging [72,73], possibly because GSH detoxifies hydrogen
peroxide produced by increased monoamine oxidase [5] and
accumulating reactive oxygen species. This could increase
the flow of cysteine down the enzymatic pathway, resulting
in GSH production. Indeed, Strolin Benedettiet al. [74]
showed that lifelong treatment with monoamine oxidase
inhibitors eliminates the age-dependent decline of TAU in
rat brain. Further studies need to be completed to elucidate
the cause-and-effect relationship between TAU and GSH
during aging and dietary TAU manipulations.

In conclusion, we showed that simply elevating dietary
TAU intake can reverse the decline in tissue and serum
TAU content observed during aging in F344 rats. This
might have therapeutic implications since many beneficial
functions, such as Ca21 flux modulation, osmoregulation,
and antioxidation [22], have been proposed for TAU. In-
deed, we did show that oxidative markers are increased
during aging and that elevation of TAU content via dietary
supplementation attenuated some age-dependent markers of
oxidative damage. This might be due to a combination of
direct and indirect effects: (a) the direct antioxidant effects
of TAU on protein or DNA [44,75], (b) the direct inhibitory
effect of TAU on cytotoxic quinones and ROS formation
[44], and (c) the indirect effect of TAU on the increase in
GSH, a crucial endogenous antioxidant. A decline of TAU
during aging and a loss of these functions might exacerbate
the aging process. The mechanism responsible for this ob-
served decline is still unclear, but might be due, in part, to
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a decline in CSD and CDO-dependent biosynthesis in F344
rats. Since dietary TAU supplementation significantly ele-
vated tissue TAU content in aged rats, it is unlikely that an
age-related deficit in intestinal absorption of TAU is a major
contributor to TAU deficiency in aging. Alternative expla-
nations for the age-dependent decline could be a selective
TAU sequestration in muscle tissue and/or an increase of
GSH production decreasing TAU precursor availability that
could lead to a decline of TAU in other tissues. TAU
utilization in detoxification and/or conjugation reactions
might also increase in aging and contribute to a decline in
tissue content. We further showed that dietary TAU restric-
tion in rodents does not seem to be detrimental since it did
not induce a further decrease in tissue TAU content com-
pared with age-matched controls. It seems, however, that
this dietary condition might induce an alternative enzymatic
pathway and/or the TAU transporter activity to maintain
levels seen in control animals. Our studies suggest a possi-
ble beneficial effect of oral TAU supplementation, espe-
cially for pathologies that might be induced by free radical
mechanisms during aging.
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