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Although taurine is known to exert an antihypertensive effect, it is unclear whether it is involved in the mechanism for
hypertension-related target organ injury. To reveal the role of endogenous taurine in renal injury formation during salt-
sensitive hypertension and clarify its mechanisms, both salt-sensitive Dahl rats and salt-resistant SS-13BN rats were fed a high-
salt diet (8% NaCl) and given 2% taurine for 6 weeks. Rat systolic blood pressure (SBP) was measured by the tail-cuff method
and artery catheterization. Kidney ultrastructure was observed under an electron microscope. Taurine content and mRNA and
protein levels of taurine synthases, cysteine dioxygenase type 1 (CDO1) and cysteine sulfinic acid decarboxylase (CSAD), were
decreased in Dahl rats fed a high-salt diet. However, taurine supplementation and the resulting increase in renal taurine
content reduced the increased SBP and improved renal function and structural damage in high-salt diet-fed Dahl rats. In
contrast, taurine did not affect SS-13BN SBP and renal function and structure. Taurine intervention increased the renal H,S
content and enhanced cystathionine-S-synthase (CBS) expression and activity in Dahl rats fed a high-salt diet. Taurine
reduced the renin, angiotensin II, and aldosterone contents and the levels of oxidative stress indices in Dahl rat renal tissues
but increased antioxidant capacity, antioxidant enzyme activity, and protein expression. However, taurine failed to achieve this
effect in the renal tissue of SS-13BN rats fed a high-salt diet. Pretreatment with the CBS inhibitor HA or renal CBS
knockdown inhibited H,S generation and subsequently blocked the effect of taurine on renin, superoxide dismutase 1 (SOD1),
and superoxide dismutase 2 (SOD2) levels in high-salt-stimulated Dahl renal slices. In conclusion, the downregulation of
endogenous taurine production resulted in a decrease in the renal CBS/H,S pathway. This decrease subsequently promoted
renin-angiotensin-aldosterone system (RAAS) activation and oxidative stress in the kidney, ultimately contributing to renal
injury in salt-sensitive Dahl rats.

1. Introduction

The kidney is the main target of organ damage due to hyper-
tension. A chronic increase in arterial pressure leads to a
decrease in the glomerular filtration rate, proteinuria, and
ultimately renal failure [1]. Chronic kidney disease, which
is caused by hypertension, is a powerful independent risk
factor for adverse cardiovascular outcomes [2]. However,

the pathogenesis of hypertensive renal injury is still poorly
understood. Dietary habits are closely related to the inci-
dence of hypertension [3]. Up to 50% of patients with
essential hypertension have high salt-induced hypertension,
also known as salt-sensitive hypertension [4]. Notably, salt-
sensitive hypertensive patients are more likely to develop
end-stage renal disease compared with salt-resistant hyper-
tensive patients [5]. High salt intake also directly causes
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renal damage [6]. The activation of the renin-angiotensin-
aldosterone system (RAAS), oxidative stress, and inflamma-
tion are all related to high salt-induced renal damage [7].
However, the mechanism for endogenous regulation of
salt-sensitive hypertensive renal injury has not been fully
elucidated.

Taurine is a nonprotein free amino acid produced endog-
enously from cysteine by the oxidation of cysteine dioxygenase
(CDO) and decarboxylation of cysteine sulfinic acid decarbox-
ylase (CSAD) [8]. Taurine has a variety of biological effects,
including the inhibition of RAAS activation, antioxidant
stress, and vasodilation, promotion of water and sodium
metabolism, and suppression of sympathetic nerve excitation
[9, 10]. Taurine supplementation can decrease blood pressure
in various hypertensive animal models, including L-NAME-
induced hypertensive rats [11], stroke-prone spontaneously
hypertensive rats [12], cyclosporine A-induced hypertensive
rats [13], and DOCA-salt rats [14]. Oral taurine has been
shown to significantly lower blood pressure and protect vascu-
lar function and responsiveness in clinical hypertensive
patients [15]. These studies suggest that taurine is of great
potential value in the mechanism and clinical treatment of
hypertension. However, the changes in endogenous taurine
during high salt-induced hypertensive renal injury and the
possible mechanisms by which it impacts renal injury are
unclear and warrant further exploration.

In the past, hydrogen sulfide (H,S) was considered a
waste gas. However, over the past two decades, it has been
found that there is a complete H,S-generating pathway in
mammals [16]. L-cysteine produces H,S under the catalysis
of cystathionine- 8-synthase (CBS) and cystathionine-y-lyase
(CSE) [17]. Moreover, 3-mercaptopyruvate, which can be
produced either from L-cysteine catalyzed by cysteine ami-
notransferase or from D-cysteine catalyzed by D-amino-
acid oxidase (DAO), also generates H,S under the catalysis
of mercaptopyruvate sulfurtransferase (MPST) [17-19].
CBS, CSE, and MPST are all expressed in the brain, heart,
lung, artery, and kidney [17, 18, 20]. An increasing number
of studies have revealed that endogenous H,S is an impor-
tant gasotransmitter and exerts various physiological and
pathophysiological effects [17-22]. Endogenous H,S genera-
tion was reportedly downregulated in several hypertensive
animal models including spontaneously hypertensive rats
(SHRs) [23] and models of salt-sensitive hypertension [24],
L-NAME-induced hypertension [25], and two-kidney one-
clip hypertension [26]. Furthermore, supplementation of
the H,S donor sodium hydrosulfide (NaHS) significantly
alleviated hypertension [27] and suppressed renal oxidative
stress [28, 29], implying that the downregulated endogenous
H,S pathway might be important in the mechanism under-
lying hypertensive renal damage. Sun et al. [15] found that
taurine could reduce the blood pressure of patients with pre-
hypertension, improve vasodilation, and impact the plasma
H,S content. However, whether endogenous taurine partici-
pates in the development of salt-sensitive hypertensive renal
injury through regulating the H,S-generating pathway
remains to be clarified.

In this study, the change in and role of the endogenous
taurine pathway during salt-sensitive hypertensive renal
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damage and the role of the renal H,S-generating pathway
in controlling renal damage via taurine were examined.

2. Materials and Methods

2.1. Materials. High-salt (HS) feed containing 8% sodium
chloride (NaCl) was purchased from Beijing Keao Xieli Feed
Company (Beijing, China), taurine was purchased from
Beijing Puboxin Biotechnology Company (Beijing, China),
and horseradish peroxidase-labeled secondary antibodies,
NaHS, and the CBS inhibitor hydroxylamine hydrochloride
(HA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) [30]. Antibodies against CBS , MPST, gp9lphox,
p47phox, p22phox and CD31 were purchased from Santa
Cruz (Dallas, TX, USA); CSE antibody was purchased from
Sigma-Aldrich; antibodies against CSAD, CDO1, CD31
and renin were purchased from Abcam (Waltham, MA,
USA); p-actin antibody was purchased from Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing,
China); GAPDH antibody was from Shanghai Kangcheng
Biological Engineering Company (Shanghai, China), and
antibodies against SOD1 and SOD2 were purchased from
Enzo Life (Farmingdale, NY, USA).

2.2. Animal Experiments. Animal experiments were
approved by the Animal Research Ethics Committee of
Peking University First Hospital (approval number:
j201205) and strictly abided by the regulations of the Animal
Experiment Center of Peking University First Hospital and
the laboratory animal welfare rules. Male salt-sensitive
(Dahl) and salt-resistant (SS-13BN) rats (n = 30 per group,
5 weeks old, and weighing 180-200g) were obtained from
Beijing Vital River Laboratory Animal Technology Com-
pany (Beijing, China). These two types of rats were further
randomly divided into three groups (n =10 per group) and
given a normal diet containing 0.5% NaCl (Dahl+normal
salt (NS), SS-13BN+NS), an HS diet containing 8% NaCl
[31] (Dahl+HS, SS-13BN+HS), or an HS diet combined with
2% taurine [11] in drinking water (Dahl+HS+Tau, SS-13BN
+HS+Tau) for 6 weeks.

2.3. Blood Pressure Measurement. The tail arterial pressure of
awake rats was measured using an intelligent noninvasive
blood pressure monitor [32]. After the experiment, rat sys-
tolic blood pressure (SBP) was also determined using the
carotid artery catheter method [33]. Briefly, the rat was anes-
thetized with 25% urethane and then intubated through the
right common carotid artery. Rat SBP was recorded using a
PT-100 biological blood pressure sensor and a BL-420F
multichannel physiological signal acquisition and recording
system (Chengdu Techman Instrument Co., Ltd., Sichuan,
China).

2.4. Determination of Biochemical Indicators. After the
experiment, 24-h urine samples were collected using a met-
abolic cage. After rat SBP measurement, the blood sample
was collected by puncture of the inferior vena cava. After
centrifugation, the serum was collected. The serum urea
and creatinine content and 24-h urinary protein level were
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determined using an automatic biochemical analyzer (Hita-
chi 7600, Tokyo, Japan) [28].

2.5. Ultrastructure of Renal Tissue. Renal cortex tissue
(2x2x2mm?) was fixed with 3% glutaraldehyde solution
and then prepared into sections for electron microscopy
[28]. The ultrastructure of renal sections was observed under
a JEM-1230 transmission electron microscope (JEOL,
Tokyo, Japan).

2.6. Ex Vivo Incubation Experiments of Renal Tissue Slices.
After the rats were anesthetized with 25% urethane, the
abdominal cavity was quickly opened. The kidney was
removed and stored in aerated sterile Krebs buffer (pH7.4)
on ice. The kidney cross-section was placed in a tissue micro-
tome with 0.1% low-melting-point agarose in ice-cold
phosphate-buffered saline (PBS) to prepare renal cortex slices
(300 + 50 ym). The slices were incubated in continuously aer-
ated (95% O,:5% CO,) Dulbecco’s modified Eagle medium
(DMEM)/F12 medium at 37°C for 3 h. Finally, the incubation
medium and renal slices were collected and tested.

2.7. Inhibition of CBS Activity in Renal Slices. HA was used
in the ex vivo incubation experiments to suppress renal
CBS activity. The Dahl renal slices were divided into the
NS (incubation medium with 137 mM NaCl) [34], HS, HS
+Tau, and HS+Tau+HA groups. HS incubation medium
contained 200mM NaCl [34, 35]. The concentrations of
taurine and HA in the incubation medium were 10 mM
and 50 uM, respectively [36, 37].

2.8. CBS Knockdown in Rat Renal Tissue. Lentivirus contain-
ing CBS-small hairpin RNA (shRNA) or scramble-shRNA
was purchased from Cyagen Biosciences Inc. (Guangzhou,
China). After four-week-old male Dahl rats (weighing about
150g) were anesthetized, a small incision was made in the
renal area on the back of the rats to expose the kidney. Each
kidney was administrated with 100 yL of scramble-shRNA
or CBS-shRNA lentivirus (1 x 10° TU/mL) through kidney
puncture. The same procedure was used for both kidneys.
After two weeks of lentivirus infection, the ex vivo incuba-
tion experiments were performed using the renal tissue
slices. Dahl rats transfected with scramble-shRNA lentivirus
were divided into three groups (n =8 per group): the Dahl
+NS+scramble-shRNA, Dahl+HS+scramble-shRNA, and
Dahl+HS+Tau+scramble-shRNA groups. Dahl rats trans-
fected with CBS-shRNA lentivirus were also divided into
three groups (n =8 per group): the Dahl+NS+CBS-shRNA,
Dahl+HS+CBS-shRNA, and Dahl+HS+Tau+CBS-shRNA
groups. The NS and HS incubation medium contained
137mM and 200mM NaCl, respectively. The incubation
medium contained a taurine concentration of 10 mM.

2.9. Taurine Content Determination. Taurine content was
determined by Beijing Mass Spectrometry Medical Research
Co., Ltd (Beijing, China). The renal tissue was homogenized
in deionized water on ice. The homogenate (50uL) was
mixed with 50 uL of protein precipitation agent and centri-
fuged at 13,200rpm for 4min. The supernatant (10 uL)
was mixed with 50 yL labeling buffer and centrifuged for a

few seconds. Derivatization solution (20 4L) was added and
centrifuged for a few seconds, then reacted for 15min at
55°C. The above mixture (50uL) was analyzed using a
high-performance liquid chromatographer (AB Company,
Carlsbad, CA, USA). The liquid chromatography column
was MSLAB 45+AA-C18 (150 x 4.6 mm, 5 ym). The mobile
phase included the water phase (water containing 1%o
formic acid) and organic phase (acrylonitrile containing
1%o formic acid). The methanol elution gradient was 90%
(0-1min), 90-30% (1-12 min), 30-0% (12-12.1 min), 0%
(12.1-15min), 0-90% (15-15.1min), and 90% (15.1-
20 min). The taurine content in the renal tissue was deter-
mined in the positive ionization mode.

2.10. H,S Content Determination. H,S levels in serum and
renal tissue were measured by the sensitive sulfur electrode
method [37]. The renal tissue was homogenized with PBS
and centrifuged, and the supernatant was collected to mea-
sure the protein and H,S concentrations. The front end
(10mm) of the polarized H,S electrode (WPI, Shanghai,
China) was inserted into the sample at room temperature,
and the current output (pA) increased. After reaching a pla-
teau, the pA was recorded. A standard curve was drawn
based on the concentration of sodium sulfide and pA. The
H,S content in the sample was calculated based on this stan-
dard curve. The H,S content in the tissue homogenate was
then corrected for protein concentration.

2.11. Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR). The rat renal tissues were ground into powder
in liquid nitrogen, followed by the addition of TRIzol for
homogenization and lysis. Chloroform was added to remove
protein and DNA. RNA was selectively precipitated by isopro-
panol, washed with ethanol, dissolved in ribozyme-free water,
and finally reverse-transcribed into cDNA [38]. RT-qPCR was
carried out on an Applied Biosystems 7300 system (Carlsbad,
CA, USA). Each reaction contained a mixture of 2 x mix,
primers (7.5 uM), TagMan probe (5 uM), cDNA, and purified
water. The PCR program was 10 min at 95°C, followed by 40
cycles of 15s at 95°C and 1 min at 60°C. Data were compared
quantitatively with the relative CT value (2“““T). B-Actin was
used as the internal reference. Table 1 shows the primer and
TaqMan probe sequences.

2.12. Western Blot. Renal protein was extracted using lysis
buffer containing 50mM Tris base, 150 mM NaCl, 1 mM
EDTA, 6mM sodium deoxycholate, 1% NP-40, protease
inhibitor, phosphatase inhibitor, and phenylmethylsulfonyl
fluoride (PMSF). After centrifugation, the supernatants were
used for protein quantification and Western blot [39]. The
proteins were separated by polyacrylamide electrophoresis
and transferred to a nitrocellulose membrane, which was
then blocked and incubated with antibodies. ECL lumines-
cent solution was added to the membrane which was then
placed in a gel imaging instrument (Gene Company Limited
Company, Hong Kong, China) for exposure. Optical density
values of protein bands were determined by AlphaEase FC
software. The optical density of the corresponding internal
reference f3-actin or GAPDH was used for correction.
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TaBLE 1: Sequence of primer and TagMan probe for rat target genes and f-actin.

Target Sequence (5'-3") Product
Forward CTGGAGTGGCGCATCGA

CSAD Reverse AACTCAAATCCTTCCCGCTTTT 80 bp
TaqMan CAGGCCTTTGCTCTCACTCGGTACTTGG
Forward GGGAAAATCAGTGTGCCTACATT

CDO1 Reverse GCATGGCATGTATCGAAAGGT 121 bp
TagMan TTACATCGAGTAGAGAACGTCAGCCACACAGAG
Forward CTCCGGGAGAAGGGTTTTGA

CBS Reverse CATGTTCCCGAGAGTCACCAT 81bp
TaqMan AGGCACCTGTGGTCAACGAGTCTGG
Forward GCTGAGAGCCTGGGAGGATA

CSE Reverse TCACTGATCCCGAGGGTAGCT 92bp
TagMan CTGAGCTTCCAGCAATCATGACCCATG
Forward CGGCGCTTCCAGGTAGTG

MPST Reverse CTGGTCAGGAATTCAGTGAATGG 131bp
TaqMan CCGCGCAGCTGGCCGTTT
Forward ACCCGCGAGTACAACCTTCTT

B-Actin Reverse TATCGTCATCCATGGCGAACT 80 bp
TagMan CCTCCGTCGCCGGTCCACAC

Note: the 5" end of the TagMan probe is labeled with FAM, and the 3 end is labeled with TAMRA.

2.13. Detection of CBS, MPST, and CSE Activity in Renal
Tissues. Renal homogenate was incubated with protein
A/G at 4°C for 1h and centrifuged at 8,000 g for 10 min.
Supernatant was incubated with primary antibody against
corresponding protein overnight. Protein A/G was then
added, and the mixture was incubated for 4 h. After centrifu-
gation, precipitated protein was eluted.

According to Stipanuk’s method in the published litera-
ture [40], 10 ug of protein was added to 1 mL of reaction
solution containing 100mM potassium phosphate buffer,
10mM L-cysteine, and 2mM pyridoxal 5'-phosphate and
incubated at 37°C for 2 h. Renal H,S contents were measured
using the free radical detection analyzer TBR4100. The rate
of H,S production was calculated to reflect the CBS and
CSE activity (nmol/h/ug).

To detect MPST activity, 10 ug of protein was added into
1 mL of reaction solution including PBS and 2mM f-mer-
captopyruvate and incubated for 2h. H,S contents were
measured using the free radical detection analyzer
TBR4100, and the rate of H,S production was calculated to
reflect the MPST activity (nmol/h/ug) [41].

2.14. Determination of Renin, Angiotensin II (Angll), and
Aldosterone Content by Enzyme-Linked Immunosorbent
Assay (ELISA). ELISA kits for renin, Angll, and aldosterone
were purchased from Shanghai Bogu Biotechnology Co., Ltd
(Shanghai, China). The concentrations of renin, Angll, and
aldosterone in the rat renal tissue were determined by ELISA
and standardized with total protein content according to the
manufacturer’s instructions.

2.15. Determination of Oxidative Stress Indicators in Renal
Tissue. The renal tissues were homogenized in PBS and centri-

fuged at 10,000 g for 10 min to obtain supernatant. According
to the manufacturer’s instructions provided in the kits (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China), the
biochemical colorimetry method [42] was used to determine
the activities of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-PX), and myeloperoxidase
(MPO); the contents of oxidized glutathione (GSSG), reduced
glutathione (GSH), malondialdehyde (MDA), hydrogen perox-
ide (H,0,), hydroxyl radical (OH), and carbon monoxide
(CO); and total antioxidant capacity (T-AOC).

2.16. Immunofluorescence Staining. The frozen sections of rat
aorta were washed with PBS, blocked with 5% BSA, and then
incubated with primary antibodies overnight at 4°C. The sec-
tions were then washed with PBS three times and incubated
with secondary antibodies (Invitrogen, Carlsbad, CA, USA)
for 1.5 h at room temperature away from light. After washing,
sections were stained with DAPI (ZSGB-Bio, ZLI-9557). The
fluorescence signals were captured under an Olympus confo-
cal laser scanning microscope.

2.17. Statistical Analysis. Statistical analysis was performed
using IBM SPSS 13.0 software. Data are expressed as the
mean =+ standard error (mean + SE). Comparisons among
multiple groups were performed using one-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test. P values
less than 0.05 are considered statistically significant.

3. Results

3.1. The Renal Endogenous Taurine Pathway Was Significantly
Downregulated during Salt-Sensitive Hypertensive Renal
Injury. To examine the role of the endogenous taurine
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**P < 0.01 vs. Dahl+NS; *P < 0.05 and **P < 0.01 vs. Dahl+HS.

pathway in salt-sensitive hypertensive renal damage, both salt-
sensitive Dahl rats and salt-resistant SS-13BN rats were given
NS and HS diets. Compared with the Dahl+NS group, the tail
arterial SBP of the Dahl+HS group was consistently and mark-

edly increased after 2, 4, and 6 weeks of HS feeding according
to the tail-cuff method (Figure 1(a)). The results of the carotid
artery catheterization method also revealed a significant
increase in arterial SBP after 6 weeks of HS feeding
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(Figure 1(b)). Serum contents of creatinine and urea and the
24-h urinary protein level were elevated in HS Dahl rats
(Figures 1(c)-1(e)). The results of electron microscopy
showed that glomerular podocytes were fused in the Dahl
+HS group (Figure 1(f)). These data demonstrate that the
salt-sensitive hypertensive renal injury rat model was success-
fully established. Interestingly, the taurine content and mRNA
and protein levels of CDO1 and CSAD were significantly
downregulated in the kidneys of HS-fed Dahl rats compared
with NS-fed rats (Figures 2(b)-2(e)), while the renal cysteine
content remained unchanged (Figure 2(a)).

However, the taurine content and CDO1 and CSAD
protein levels were higher in the kidneys of SS-13BN-+HS
rats than those in SS-13BN+NS rats (Figures 2(b), 2(c),
and 2(f)), while the CDO1 and CSAD mRNA expression
in the renal tissues did not differ between the two groups
(Figure 2(d)). Furthermore, the renal cysteine content
decreased in the SS-13BN+HS group (Figure 2(a)). HS diet
did not affect the blood pressure and renal function of SS-
13BN rats (Figure 1). These results suggest that the HS diet
downregulated the endogenous taurine pathway and
impaired renal function in salt-sensitive hypertensive Dahl
rats.

3.2. Downregulation of Renal Taurine Promoted Renal
Damage in Salt-Sensitive Hypertension. To investigate the
functional significance of renal taurine downregulation dur-
ing salt-sensitive hypertensive renal injury, the HS diet of
both the SS-13BN rats and Dahl rats was supplemented with
or without 2% taurine in drinking water (HS+Tau or HS).
The renal taurine content was increased in the Dahl+HS
+Tau group compared with the Dahl+HS group
(Figures 2(b) and 2(c)). This upregulation of the renal tau-
rine contents was associated with a marked decrease in the
SBP (Figures 1(a) and 1(b)), serum creatinine content
(Figure 1(c)), serum urea content (Figure 1(d)), and 24 h uri-
nary protein level (Figure 1(e)). Electron microscopy results

showed that the fusion of glomerular podocytes was signifi-
cantly reduced in the Dahl+HS+Tau group compared with
the Dahl+HS group (Figure 1(f)). Taurine supplementation
in SS-13BN rats given the HS diet increased the taurine
content in the renal tissues (Figures 2(b) and 2(c)) and
decreased CDOl1 and CSAD protein expression
(Figure 2(f)); however, it did not change the CDO and
CSAD mRNA expression (Figure 2(d)), the SBP level of
rats, or the function and structure of the kidney compared
to the HS-fed SS-13BN rats without taurine treatment
(Figure 1). These data suggest that exogenous taurine
supplementation restored the renal taurine of Dahl rats to
normal levels, which could antagonize HS-induced hyper-
tensive renal damage. These findings imply that high salt
downregulated the endogenous taurine pathway to cause
renal injury during salt-sensitive hypertension.

3.3. Endogenous Taurine Reduction Suppressed the Renal
CBS/H,S Pathway in Rats with Salt-Sensitive Hypertensive
Renal Damage. Taurine treatment is known to increase
plasma H,S levels in prehypertensive patients [15], and pre-
vious studies have shown the possible renoprotective effect
of H,S [28]. Therefore, the changes in the endogenous
H,S-producing pathway were analyzed to aid in under-
standing the mechanism by which downregulated taurine
contributed to renal injury in HS diet-fed Dahl rats. HS diet-
fed Dahl rats exhibited a significant decrease in renal H,S con-
tent (Figure 3(a)), CBS mRNA, protein levels, and activity,
MPST mRNA levels and activity, and renal CSE mRNA levels
compared with those fed an NS diet (Figures 3(b)-3(d)).
Meanwhile, MPST protein expression and CSE protein
expression and activity in the renal tissues were not signifi-
cantly different between the Dahl+NS and Dahl+HS groups
(Figures 3(d) and 3(e)). Notably, renal H,S content
(Figure 3(a)), CBS mRNA, protein expression, and activity
(Figures 3(b) and 3(c)), MPST mRNA levels (Figure 3(b)),
and CSE mRNA and protein levels (Figures 3(b) and 3(e)) in
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FIGURE 3: Taurine downregulation induced by high-salt (HS) diet reduced the cystathionine-f-synthase (CBS)/hydrogen sulfide (H,S)
pathway in Dahl kidneys. (a) H,S content in rat renal tissues. (b) Renal mRNA levels of CBS, mercaptopyruvate sulfurtransferase
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(f-h) Protein expression and activity of CBS (f), MPST (g), and CSE (h) in SS-13BN rat kidneys. n =10 for each group. *P < 0.05 and
**P <0.01 vs. Dahl+normal salt (NS); *P < 0.05 and **P < 0.01 vs. Dahl+HS.

renal tissues were markedly elevated by taurine supplementa-
tion in HS-induced Dahl rats; meanwhile, MPST activity and
protein expression (Figure 3(d)) and CSE activity
(Figure 3(e)) did not change.

There were no differences in the renal H,S content, CBS
mRNA and protein expression, and CBS, MPST, and CSE
activity among the SS-13BN+NS, SS-13BN+HS, and SS-
13BN+HS+Tau groups (Figures 3(a), 3(b), and 3(f)-3(h)).
These data suggest that taurine supplementation upregu-
lated the HS diet-inhibited renal CBS/H,S levels in Dahl rats.
Furthermore, the decrease in taurine caused by the HS diet
suppressed the renal H,S-generating pathway during salt-
sensitive hypertensive renal damage.

3.4. Taurine Downregulation Facilitated Renal Oxidative
Stress in Salt-Sensitive Hypertensive Rats. Oxidative stress is
crucial in the pathogenesis of renal damage. Therefore, the
impact of taurine on various oxidative damage substances
and antioxidant substances in the rat renal tissues was exam-
ined. The renal contents of MDA, H,0,, ‘OH, and GSSG
and the MPO activity were higher in Dahl rats fed an HS diet
than those fed an NS diet (Figures 4(a)-4(e)); meanwhile,
the T-AOC (Figure 4(f)), CO, and GSH contents
(Figures 4(g) and 4(i)), CAT, GSH-PX, and SOD activities
(Figures 4(h), 4(j), and 4(k)), and SOD1 and SOD2 protein
expression (Figure 4(1)) were lower in the kidneys of HS
diet-fed Dahl rats than in those fed an NS diet. More
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importantly, oxidative damage index levels significantly
decreased (Figures 4(a)-4(e)), and antioxidant index levels
significantly increased (Figures 4(f)-4(k)) in the kidneys of
Dahl+HS+Tau group rats.

However, the renal contents of MDA, H,0,, OH, GSSG,
T-AOC, CO, and GSH (Figures 4(a)-4(d), 4(f), 4(g), and
4(i)), the activities of MPO, CAT, GSH-PX, and SOD
(Figures 4(e), 4(h), 4(j), and 4(k)), and the SOD1 and
SOD2 protein levels (Figure 4(m)) did not differ among
the SS-13BN+NS, SS-13BN+HS, and SS-13BN+HS+Tau
groups. These data indicated that taurine supplementation
inhibited oxidative stress and promoted antioxidant capacity
in the kidneys of HS diet-fed Dahl rats. Furthermore, the
decrease in taurine caused by the HS diet promoted renal
oxidative stress.

3.5. Taurine Downregulation Enhanced Renal RAAS
Activation in Salt-Sensitive Hypertensive Rats. The RAAS is
also known to be activated by high salt and acts as another
important factor in the pathogenesis of salt-sensitive
hypertensive renal damage. As such, we investigated the
influence of taurine on renal RAAS activation in HS diet-
fed Dahl rats. High salt activated renal RAAS in Dahl rats,
and renin, Angll, and aldosterone contents and renin
protein expression were increased (Figures 5(a)-5(d)).
Meanwhile, the administration of taurine to HS diet-fed

Dahl rats significantly reduced renal contents of renin,
Angll, and aldosterone and renin protein expression
(Figures 5(a)-5(d)).

In SS-13BN rats, the renal contents of renin, AnglI, and
aldosterone and renin protein expression were not markedly
different among the NS, HS, and HS+Tau groups
(Figures 5(a)-5(c) and 5(e)). These data suggest that the
decreased taurine caused by the HS diet promoted renal
RAAS activation in Dahl rats.

3.6. Endogenous Taurine Reduction Caused by High Salt
Contributed to Renal Injury through CBS/H,S Pathway
Inhibition in Dahl Rats. To explore whether taurine down-
regulation promoted renal injury through the endogenous
H,S pathway, the Dahl renal slices were treated with HA,
an inhibitor of CBS activity, in ex vivo experiments. The
renal slices with HS medium incubation exhibited a decrease
in H,S content (Figure 6(a)) and SOD1 and SOD2 protein
expression (Figures 6(c) and 6(d)), but an increase in renin
expression (Figure 6(b)). Meanwhile, supplementation of
HS-treated renal slices with taurine upregulated H,S content
(Figure 6(a)) and SODI1 and SOD2 protein expression
(Figures 6(c) and 6(d)) but downregulated renin protein
expression (Figure 6(b)). However, treatment with HA
blocked taurine-induced H,S production, the inhibition of
renin protein expression, and taurine-facilitated SOD1 and
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SOD2 levels in the Dahl renal slices incubated with HS
(Figures 6(a)-6(d)).

To further confirm whether CBS mediated the effects of
taurine on renal RAAS activation and oxidative stress, the
kidneys of Dahl rats were transfected with CBS-shRNA len-
tivirus to knock down renal CBS (Figure 6(e)). Scramble-
shRNA was used as a control. The Dahl renal slices were
treated with normal medium, HS medium, and HS medium
containing taurine after transfection with each lentivirus.
The H,S content (Figure 6(f)) and CBS (Figure 6(g)),
SOD1 (Figure 6(i)), and SOD2 (Figure 6(j)) protein expres-
sion were decreased in the renal slices of Dahl rats trans-

fected with scramble-shRNA and incubated with HS
medium, but renin protein expression was increased
(Figure 6(h)). Meanwhile, taurine administration rescued
the rats from this effect (Figures 6(f)-6(j)). The renal H,S
content and CBS protein expression were significantly
downregulated in the Dahl rats whose kidneys were trans-
fected with CBS-shRNA lentivirus compared with those
whose kidneys were transfected with scramble-shRNA lenti-
virus (Figures 6(f) and 6(g)). Notably, the H,S content and
CBS, renin, SODI, and SOD2 levels in Dahl rat renal slices
transfected with CBS-shRNA were not affected by HS treat-
ment or HS and taurine treatment (Figures 6(f)-6(j)). These
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data suggested that downregulation of endogenous taurine
caused by the HS treatment promoted RAAS activation
and oxidative stress in the kidneys of Dahl rats by inhibiting
the renal CBS/H,S pathway.

3.7. High-Salt Diet Caused a Reduction in Endogenous
Taurine in association with Endothelial Dysfunction in
Dahl Rats. Considering that taurine could improve the
repair of damaged endothelial function in SHRs through
its antioxidant effect [43], we investigated the contribution
of taurine downregulation by the HS diet to endothelial dys-
function. The results showed that the HS diet downregulated
CBS, SOD1, and SOD2 protein expression but upregulated
renin, gp91phox, p22phox, and p47phox protein expression
in the aortic endothelial cells of Dahl rats. Meanwhile, tau-
rine supplementation increased CBS, SODI1, and SOD2
expression but decreased renin, gp9lphox, p22phox, and
p47phox levels in the aortic endothelial cells of HS diet-fed
Dahl rats (Figure 7). There were no differences in these indi-
cators in aortic endothelial cells among the SS-13BN+NS,
SS-13BN+HS, and SS-13BN+HS+Tau groups (Figure 7).
These data suggest that taurine downregulation caused by
the HS diet is associated with endothelial dysfunction.

4. Discussion

In the present study, we first revealed a novel mechanism for
salt-sensitive hypertensive renal injury. This mechanism
shows that downregulation of the endogenous taurine path-
way is a crucial mechanism for renal injury in salt-sensitive
hypertension. Furthermore, our study clarified that the
decrease in taurine caused by an HS diet suppresses endog-
enous H,S production by downregulating renal CBS expres-
sion and activity. This process subsequently promotes the
activation of the RAAS and oxidative stress in renal tissue,
thereby leading to renal damage in Dahl rats (Figure 8).

Taurine can be produced by CDO oxidation and CSAD
decarboxylation in organisms with cysteine as the substrate
[8]. Taurine exerts a variety of biological effects, including
the inhibition of RAAS activity and oxidative stress, vasore-
laxation, and the facilitation of water and sodium metabo-
lism [9, 10, 44]. Taurine is closely related to the occurrence
of HS-induced hypertension. Taurine can lower blood pres-
sure, reduce the levels of vasoconstrictor active substances,
and upregulate vasodilator substance content in Wistar rats
with hypertension induced by abdominal aortic stenosis
and HS [45]; these results suggest that taurine inhibits the
occurrence of renal hypertension possibly through regulat-
ing the levels of vasoactive substances. Ideishi et al. later
found that exogenous taurine supplementation inhibited
the development of hypertension and protected against heart
damage associated with increased kallikrein in salt-sensitive
Dahl rats [46]. In the stroke-prone SHRs fed an HS diet, tau-
rine supplementation significantly reduced blood pressure
and alleviated ventricular hypertrophy [47]. Furthermore,
the administration of taurine inhibited LOX-1 expression
and exerted an antioxidant effect in the renal tissue of Dahl
rats [48]. These studies suggest that exogenous taurine
supplementation could prevent the development of
hypertension and might have a possible protective effect on
hypertension-related target organ damage. However, it is
currently unclear how sulfur-containing amino acid
metabolism-produced taurine is involved in the mechanism
underlying salt-sensitive hypertensive renal damage.

To address this gap, Dahl rats were herein administrated
with an HS diet as an animal model of hypertensive renal
injury. Salt-resistant SS-13BN rats were used as experimental
controls. First, the changes in endogenous taurine and its
key enzymes were detected. The results showed that the
blood pressure of Dahl rats continued to rise after HS diet
administration and increased dramatically at 6 weeks,
accompanied by impaired renal function and structure.
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Meanwhile, blood pressure was stable, and renal function
and structure were normal in SS-13BN rats fed with an HS
diet. These results confirmed that the salt-sensitive hyper-
tensive renal injury model was successfully established. In
this model, we found that the endogenous taurine content

in the renal tissue was significantly reduced and the mRNA
and protein expressions of the taurine-producing enzymes,
CDOI1 and CSAD, were downregulated. Meanwhile, the
level of cysteine, the substrate for taurine synthesis,
remained unchanged. The HS diet upregulated taurine
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FiIGUrRe 8: A schematic diagram. Downregulation of the
endogenous taurine pathway is an important mechanism for renal
injury during salt-sensitive hypertension. High salt downregulated
endogenous taurine production to reduce renal cystathionine-f-
synthase (CBS) expression and activity, subsequently decreasing
renal H,S generation, facilitating renin-angiotensin-aldosterone
system (RAAS) activation and oxidative stress, and ultimately
leading to renal damage in salt-sensitive Dahl rats.

content and CDO1 and CSAD protein expression but down-
regulated cysteine levels in the renal tissue of SS-13BN rats.
These results indicate that endogenous taurine and its key
enzymes were significantly downregulated during salt-
sensitive hypertensive renal damage.

To further explore the significance of endogenous
taurine downregulation in renal injury, we supplemented
taurine to HS diet-fed Dahl rats from the perspective of
“gain-of-function.” Results showed that the taurine content
in the HS-administrated Dahl renal tissue was increased
after exogenous taurine supplementation, rat SBP was
reduced, and the renal functional and structural damage
were alleviated. These results suggest that downregulation
of the endogenous taurine pathway is an important part of
the pathogenesis of salt-sensitive hypertensive renal damage.

The mechanism by which the downregulation of endoge-
nous taurine leads to salt-sensitive hypertensive renal injury
is currently unclear. A previous study showed that the plasma
H,S level was increased after taurine supplementation in SHRs
[15]. The H,S donor NaHS increased renin protein expression
in As4.1 cells [49], and CSE overexpression promoted H,S
production and inhibited isoproterenol-induced renin release
[49]. The serum levels of ACE, Angl, and AnglI were signifi-
cantly increased in L-NAME-induced hypertensive rats, while
exogenous taurine supplementation reduced them; these
results indicate that the RAAS might mediate the antihyper-
tensive effect of taurine [11]. Chiba et al. [48] found that tau-
rine inhibited LOX-1 expression to protect against salt-
sensitive hypertension, and the kidney is an important organ
for maintaining blood pressure. These results suggest that oxi-
dative stress might be involved in the mechanism by which
taurine regulates salt-sensitive hypertension. Our group previ-
ously found that H,S inhibited superoxide anion generation in
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human umbilical vein endothelial cells exposed to high salt
[34], indicating that H,S could inhibit oxidative stress stimu-
lated by high salt in endothelial cells. It was also found that
H,S reduced renin, Angll, and aldosterone contents,
decreased the generation of free oxygen radicals, and
enhanced antioxidant enzyme activity and expression in the
renal tissue of HS diet-fed Dahl rats [24, 28]. Therefore, we
hypothesized that the decreased endogenous taurine might
reduce endogenous H,S production in the kidney to promote
renal RAAS activation and oxidative stress damage, thereby
leading to salt-sensitive hypertensive renal damage. Thus, we
conducted the following research to examine whether endog-
enous taurine downregulation contributed to renal damage
in salt-sensitive hypertension and its possible mechanisms.

This study suggested that an HS diet reduced renal taurine
levels and increased the renin, Angll, and aldosterone con-
tents and renin protein levels in Dahl rat renal tissue; mean-
while, exogenous taurine supplementation increases taurine
levels in the kidney significantly inhibiting RAAS activation.
However, the HS diet did not activate the RAAS in the renal
tissue of SS-13BN rats, which exhibited an increase in renal
taurine content. Furthermore, the HS diet promoted renal oxi-
dative stress, while an increase in taurine levels inhibited this
oxidative stress in Dahl rats. The MDA, H,0,, OH, and GSSG
contents and MPO activity reflect the degree of oxidative stress
damage [50]; meanwhile, T-AOC and the CO, GSH, CAT,
GSH-PX, SOD1, and SOD2 contents represent antioxidant
capacity [51]. This study showed that supplementing HS
diet-fed Dahl rats with taurine significantly reduced the renal
MDA, H,0,, ‘'OH, GSSG, CO, and GSH contents and MPO
activity but enhanced renal T-AOC, CAT, GSH-PX, and
SOD activity. However, the HS diet could not induce oxidative
stress in SS-13BN renal tissue with increased taurine levels.
These results demonstrated that the downregulation of taurine
caused by the HS diet promoted renal RAAS activation and
oxidative stress in Dahl rats.

Interestingly, this study indicated that endogenous tau-
rine reduction inhibited the renal H,S-generating pathway
in salt-sensitive hypertensive Dahl rats. CBS, CSE, and
MPST, which catalyze endogenous H,S production, are
expressed in the kidney [18]. This study revealed that an
HS diet downregulated H,S levels, CBS expression and activ-
ity, MPST mRNA levels and activity, and CSE mRNA levels
in the renal tissue of Dahl rats, while taurine increment
restored the renal H,S-generating pathway. The renal
endogenous H,S pathway was not altered in the HS or HS
+Tau groups of SS-13BN rats.

To determine whether a decrease in the renal H,S path-
way could mediate the contribution of endogenous taurine
reduction to renal damage, Dahl rat renal slices were treated
with the CBS activity inhibitor HA in the ex vivo experi-
ments. The results showed that HA treatment could signifi-
cantly reduce renal H,S content, block the suppressive effect
of taurine on renin protein levels, and abolish the enhance-
ment effect of taurine on SOD1 and SOD2 contents in the
presence of high salt. These data implied that taurine reduc-
tion by high salt promoted the activation of the RAAS and
oxidative stress in Dahl renal tissue by inhibiting CBS
activity.
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Furthermore, Dahl rat kidneys were transfected with
CBS-shRNA by using renal puncture to inhibit CBS
expression. The kidneys were then isolated and cut into
slices for ex vivo experiments. Taurine inhibited renin pro-
tein expression and promoted SOD1 and SOD?2 levels in
the scramble-shRNA-transfected Dahl rat kidneys incubated
with high salt, which was abolished in renal slices with CBS
knockdown. These results suggest that the endogenous
CBS/H,S pathway mediated the action of taurine on RAAS
activation and oxidative stress in Dahl rat renal slices
exposed to high salt.

The concentration of NaCl in cell buffers such as PBS is
137mM, and the control group in previous literature was
mostly incubated with 137mM NaCl [24, 34, 52]. There-
fore, the NS group in this study was incubated with
137mmol/L NaCl. Clinical studies have reported that
hypernatremia patients developed renal impairment when
the serum sodium concentration was close to 200 mM
[53]. Many studies also used 200 mM NaCl as a high salin-
ity stimulus [24, 34, 35, 54-56]. Moreover, our previous
studies showed that 200 mM NaCl treatment could reduce
the level of H,S in endothelial cells and kidney tissues
[24, 34]. Therefore, the HS group in this study was treated
with 200 mM NaCl. In a variety of isolated tissue and cell
experiments including isolated rat heart, canine kidney
cells, vascular smooth muscle cells, rat pancreatic islet cells,
retinal glial cells, and Miiller cells, 10 mM is the most com-
mon dose of taurine used to exert its effects [36, 57-64].
Our previous study has shown that 50 uM HA could signif-
icantly inhibit H,S contents [37]; thus, a dose of 50 uyM HA
was used in this study.

Trachtman et al. [65] found that 1% taurine in drink-
ing water decreased blood pressure and reduced kidney
and heart damage in SHRs; furthermore, its antihyperten-
sive mechanism was independent of catecholamine, indi-
cating that taurine might reduce blood pressure in SHRs
by interacting with hormone systems involved in blood
pressure regulation. Adedara et al. [66] reported that oral
taurine (100 and 200mg/kg) could significantly reduce
blood pressure and ameliorate renal histological damage
in L-NAME-induced hypertensive rats. The mechanism
was related to the improvement of thyroid system func-
tion, an increase in nitric oxide levels, a decrease in mye-
loperoxidase activity, the enhancement of renal antioxidant
enzyme activity, and the inhibition of renal oxidative
stress. It was suggested that the evaluation of nitric oxide
and the RAAS in the future would help to further explain
the possible renal protective mechanism for taurine in L-
NAME-induced hypertensive rats. In the present study,
we revealed that endogenous taurine inhibited RAAS acti-
vation and oxidative stress through increasing the
CBS/H,S pathway in renal tissue, ultimately alleviating
renal injury and reducing blood pressure in salt-sensitive
hypertensive rats. Previous studies reported that the down-
regulation of the endogenous H,S pathway was also an
important factor in the pathogenesis of spontaneous
hypertension [23] and L-NAME-induced hypertension
[25]. These findings indicate that H,S pathway upregula-
tion might also participate in the renal protection mecha-
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nism for taurine in these two models of hypertension;
however, this mechanism still requires further study.

Previous studies have reported that 2% taurine in drinking
water could significantly decrease blood pressure in L-NAME-
induced hypertensive rats [11] and high fructose-induced
hypertensive rats [67], upregulate CBS and CSE expression
in the aorta of SHRs [15], alleviate kidney damage in hyperuri-
cemia rats [68], and inhibit oxidative stress in the kidneys of
diabetic rats [69]. Therefore, a 2% taurine supplementation
scheme was chosen for this study. Previous studies have
reported that 1% taurine in drinking water had only slight
antihypertensive effects on Dahl rats fed with an HS (8%) diet
[48], while 3% taurine in drinking water prevented hyperten-
sion in Dahl rats fed with an HS (4%) diet [46]. These two tau-
rine supplementation schemes could reduce urinary protein
[46, 48] and have antioxidant effects [11, 43, 70], indicating
that they have renal protective effects.

Hypertensive chronic renal failure is a huge clinical bur-
den. Lowering blood pressure is an important and widely
used method to delay the progression of chronic kidney dis-
ease. Currently, there is almost no effective cure or preven-
tion strategy for chronic kidney disease. Due to the lack of
symptoms in the early stage of the disease, timely treatment
is very challenging. An interesting clinical trial has con-
firmed that the change in blood pressure was negatively cor-
related with plasma taurine levels in prehypertensive
patients treated with taurine [15]. Our present study
suggested that taurine levels in the kidney tissue of salt-
sensitive hypertensive rats were significantly reduced, which
is an important factor in the pathogenesis of kidney injury.
Therefore, taurine may be used as a new biomarker to pre-
dict the patient prognosis. Since taurine is an endogenous
semiessential amino acid, the side effects of taurine treat-
ment are expected to be small. As such, taurine supplemen-
tation may be a promising strategy for the treatment of
hypertension and chronic kidney disease.

5. Conclusions

In summary, this study demonstrates that the downregulation
of endogenous taurine in the renal tissue of Dahl rats is the
main mechanism for salt-sensitive hypertensive renal damage.
The decrease in endogenous taurine caused by an HS diet could
reduce renal H,S production via the inhibition of CBS activity
and the expression to promote RAAS activation and oxidative
stress damage in the kidney, thereby resulting in renal damage
in salt-sensitive Dahl rats. Our findings not only deepen the
knowledge of the mechanism underlying salt-sensitive hyper-
tensive renal injury but also provide new research ideas and
potential therapeutic targets for renal injury. In the future,
taurine-based drugs or foods will be expected to be developed
for use in the treatment of renal damage.
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