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Hyperhomocysteinemia Associated With Decreased Renal
Transsulfuration Activity in Dahl S Rats

Ningjun Li, Li Chen, Rachel W. Muh, Pin-Lan Li

Abstract—Elevated plasma homocysteine (Hcys) has been reported to participate in the development of arterial and
glomerular sclerosis in Dahl salt-sensitive hypertensive (SS) rats. The mechanism resulting in hyperhomocysteinemia
in these animals remains unknown. Disposal of Hcys in the kidneys plays an important role in regulating the plasma
Hcys level. We, therefore, examined the activities and expressions of the enzymes involved in the metabolism of Hcys
in the kidneys of SS rats, compared with that of Brown Norway rats and SSBN13 rats, a consomic subcolony of SS rats
that carries a substituted chromosome 13 from Brown Norway rats. High-performance liquid chromatography analysis
demonstrated that plasma Hcys levels were significantly higher in SS rats. The conversion of S-adenosylhomocysteine
into Hcys via S-adenosylhomocysteine hydrolase by renal tissue was not different among these 3 rat strains. However,
the metabolic rate of Hcys into cysteine was markedly reduced in the SS rat kidneys. The mRNA and protein levels of
cystathionine �-synthase (CBS), one of the key enzymes in the transsulfuration pathway in the kidneys, were
significantly lower in SS rats. In microdissected nephron segments, CBS mRNA was shown to be mainly present in renal
proximal tubules (PTs). The mRNA levels of CBS in the PTs were also significantly decreased in SS rats, accompanied
by a reduced CBS activity in PTs. We conclude that hyperhomocysteinemia is associated with a decreased activity and
expression of CBS in renal PTs because of the defect of chromosome 13 in SS rats. (Hypertension. 2006;
47:1094-1100.)

Key Words: hypertension, genetic � glomerulosclerosis � cardiovascular diseases

Hyperhomocysteinemia (hHcys) has been indicated as an
independent risk factor for cardiovascular diseases1,2

and as a pathogenic factor causing a variety of pathological
changes in different cells or tissues.3 Most recently, we have
reported that increases in plasma homocysteine (Hcys) levels
resulted in proteinuria and glomerulosclerosis in Sprague
Dawley rats, and hHcys participated in the development of
arterial and glomerular sclerosis in Dahl salt-sensitive hyper-
tensive (SS) rats.4 However, the mechanisms leading to
increases in plasma Hcys levels in SS rats remain unknown.

Hcys is produced from S-adenosylhomocysteine (SAH)
through the catalysis of SAH hydrolase. The metabolism of
Hcys stands at the intersection of 2 pathways, including
remethylation to methionine by methyltetra-hydrofolate-Hcys
methyltransferase (MTHM) and transsulfuration to cystathi-
onine by cystathionine �-synthase (CBS) and then cleaved to
cysteine by �-cystathionase (GCS).5–7 It has been indicated
that the activities of these metabolic pathways are the
important determinants of the plasma Hcys levels.6,8–10 The
genes of these enzymes are located on rat chromosome (Chr)
3 (SAH hydrolase), Chr 17 (MTHM), Chr 20 (CBS), and Chr
2 (GCS), respectively.

It has been demonstrated that the kidneys play an important
role in the regulation of plasma Hcys levels. The kidneys

remove 70% of the daily Hcys load,11,12 mainly through the
transsulfuration pathway.8,10,13,14 This important role of the
kidneys in the metabolism of Hcys is also supported by
studies in patients with chronic renal failure. Most (85% to
100%) patients with end-stage renal disease have hHcys.15 It
has been indicated that the hHcys in end-stage renal disease
is induced by the abnormality of Hcys metabolism in the
kidneys but not simply because of reduced glomerular filtra-
tion of Hcys.10,15,16 Although these observations suggest a
major role for the kidneys in Hcys elimination, the role of the
kidneys in the development of hHcys and the possible
mechanisms leading to impaired clearance of Hcys by the
kidneys have yet to be elucidated.

The present study was designed to test the hypothesis that
there were defects in the enzymes involved in the Hcys
metabolism in the kidneys of SS rats, which was probably the
mechanism mediating hHcys in SS rats. The SS, Brown
Norway (BN), and SSBN13 rats were used for comparison.
The SSBN13 rat is a normotensive consomic subcolony of SS
rats that carries a substituted Chr 13 from BN rat and has been
demonstrated to be resistant to high salt-induced hypertension
and associated renal injury with only a 2% genetic difference
from SS rats.17 We first analyzed the plasma Hcys levels
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using the fluorescence high-performance liquid chromatogra-
phy (HPLC) technique to determine the presence of hHcys in
SS rats. We then compared the activities and expressions of
the enzymes involved in Hcys production and transsulfura-
tion, including SAH hydrolase, CBS, and GCS, in the kidneys
among these rat strains. We further determined the mRNA
levels of CBS, a key enzyme for Hcys transsulfuration, along
microdissected nephron segments and compared its enzy-
matic activity in proximal tubules (PTs) between SS and
SSBN13 rats. To our knowledge, the results from the present
study provide the first evidence that decreased activity and
expression of CBS in renal PTs because of a defect of Chr 13
is a determinant of hHcys in SS rats.

Methods
Animals
The animals used in the present study were male adult inbred lines
of Dahl SS rats (Dahl/SSMcwi), consomic SSBN13 rats, and BN rats
(BN/MCWi). These 3 rat strains were originally generated by the
Animal Resource Center and Molecular Genetic Center at the
Medical College of Wisconsin (Milwaukee, WI) and are now
commercially available from Charles River Laboratories (Wilming-
ton, MA). All of the animals were maintained on a low-salt diet
(0.4% NaCl, Dyets, Inc) with free access to drinking water before the
experiments. It was reported that when maintained with a low-salt
diet, all of the animals were normotensive.17 All of the animal
procedures were approved by the Institutional Animal Care and
Use Committee.

HPLC Analysis of Hcys, Cysteine, and the
Activities of SAH Hydrolase and Transsulfuration
Pathway in the Kidneys
Homocysteine and cysteine concentrations were measured using
fluorescence HPLC analysis as we described previously.4 To mea-
sure the SAH hydrolase activity, increasing concentrations of SAH
(10 to 500 �mol/L; Sigma-Aldrich) were incubated with renal tissue
homogenates (100 �g) mixed with erythro-9-(2-Hydroxy-3-nonyl)
adenine (0.03 mg/mL) at 37°C for 60 minutes. The formation of
Hcys was determined by HPLC analysis, and SAH hydrolase activity
was present as the conversion rate of SAH into Hcys. To determine
the activities of the transsulfuration pathway, renal tissue homoge-
nates were incubated with Hcys (1 to 500 �mol/L) or cystathionine
(1 to 500 �mol/L), respectively, at 37°C for 60 minutes. The
production of cysteine was determined by HPLC analysis, and the
enzymatic activities were present as the conversion rate of Hcys or
cystathionine into cysteine. Both the Michaelis-Menten constant
(Km) and maximum velocity (Vmax) of these enzymes in renal
homogenates were calculated using a Lineweaver–Burk plot.

Microdissection of Nephron Segments From
Rat Kidney
Microdissection of rat nephron segments was performed as de-
scribed previously.18,19 Forty glomeruli and 40 mm of tubules
were collected and dissolved in TRIzol solution for RNA extrac-
tion. Separated groups of freshly dissected PTs (80 mm) were
sonicated in 10 �L of HEPES buffer (25 mmol/L sodium HEPES,
1 mmol/L EDTA, and 0.1 mmol/L PMSF) and incubated with Hcys
to measure the enzymatic activities of the transsulfuration pathway
using HPLC analysis.

RNA Extraction, Northern Blot, and Real-Time
RT–PCR Analyses of the mRNA Levels of SAH
Hydrolase, CBS, and GCS in Rat Kidneys
Total RNA from renal cortical tissues was extracted using TRIzol
solution (Life Technologies, Inc) according to the manufacturer’s

protocol. The mRNA levels of SAH hydrolase, CBS, and GCS were
determined by real-time RT–PCR as described below and by
Northern blot analyses as we described previously.20

Quantitative RT–PCR Analyses of SAH
Hydrolase, CBS, and GCS mRNA Levels in Rat
Renal Cortical Tissue and CBS mRNA Expression
in Microdissected Nephron Segments
Total RNAs from renal cortical tissue and microdissected nephron
segments were reverse transcribed (cDNA Synthesis kit, Bio-
Rad). The RT products were amplified by using a SYBR green
real-time quantitative PCR kit (Bio-Rad). Primers were designed
with a primer design computer program (Biodesigner, Bio-Rad) on
the basis of rat SAH hydrolase, CBS, and GCS mRNA and 18s
ribosomal RNA (rRNA) sequences from GenBank. For SAH hydro-
lase, the sense primer was 5�-CTTCACAAACCAGGTGAT-3�, and
the antisense primer was 5�-CCTCATCCAGCTTCTTAG-3�. For
CBS, the sense primer was 5�-ATTCCCCACATTACCAC-3�, and
the antisense primer was 5�-TTGATTCTGACCATAGG-3�. For
GCS, the sense primer was 5�-GGCTCTGGGTGCTGATAT-3�, and
the antisense primer was 5�-CGTTGAGGTCATCGGAAT-3�. For
18s rRNA, the sense primer was 5�-CGCCGCTAGAGGTGA-
AATTC-3�, and the antisense primer was 5�-TCTTGGCAAATG-
CTTTCGC-3�. The real-time quantitative PCR was performed using
an iCycler iQ Real-Time PCR Detection System (Bio-Rad) accord-
ing to the manufacturer’s manual. Data were gathered and analyzed
by the same real-time PCR detection system. The cycle threshold
(Ct) values were exported into a Microsoft Excel worksheet for
calculation of gene expression in accordance with the ��Ct method.
The Ct values were first normalized with respect to 18s rRNA levels
to obtain �Ct values. The �Ct values from SSBN13 rats were used
as a reference to calculate ��Ct values for all of the samples.
Relative mRNA levels were expressed by the values of 2���Ct.

Western Blot
Western blot analyses were performed to determine the protein levels
of CBS in the renal cortex using a mouse anti-human CBS polyclonal
antibody (Abnova Co). Band intensities of CBS were normalized to
that of �-actin on the same membrane after it was stripped and
reprobed with anti-�-actin antibody.

Statistics
Data are presented as mean�SEM. The significance of differences
within and between groups in multiple groups of experiments was
evaluated using ANOVA for repeated measures, followed by Dun-
can’s multiple range tests. The significance of differences between 2
groups was evaluated by Student t test. P�0.05 was considered
statistically significant.

Results
Fluorescent HPLC Analysis of Plasma Hcys Levels
and the Metabolites of Hcys in Renal
Cortical Homogenates
Figure 1A depicts typical chromatograms showing standard
Hcys and its metabolites, as well as the production of cysteine
through the transsulfuration pathway in the renal cortical
homogenates from BN rats. Figure 1B shows plasma total
Hcys (tHcys) levels measured by fluorescent HPLC analysis.
The plasma Hcys levels were significantly higher in SS rats
(10.7�0.88 �mol/L) than in BN (7.5�0.32 �mol/L) and
SSBN13 rats (6.7�0.50 �mol/L).

The Activities of SAH Hydrolase,
Transsulfuration, and GCS in Renal Homogenates
SAH hydrolase activities were measured by the conversion
rates of SAH into Hcys in renal cortical homogenates using
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fluorescent HPLC analysis and presented in Figure 2. When
incubated with SAH, tissue homogenates produced Hcys in a
substrate concentration–dependent manner. There was no
significant difference in SAH hydrolase activity among BN,
SSBN13, and SS rats (Figure 2A). The calculated Km by
Lineweaver–Burk Plot averaged 0.008, 0.008, and
0.011 mmol/L, and Vmax 0.71, 0.67, and 0.69 nmol/min per
milligram of protein in BN, SSBN13, and SS rats, respec-
tively (Figure 2B).

Transsulfuration activities were measured by the conver-
sion rate of Hcys into cysteine in renal cortical homogenates
and are presented in Figure 3. Incubation of renal homoge-
nates with Hcys produced cysteine in a substrate concentra-
tion–dependent manner. However, the production rate of
cysteine was significantly reduced in SS rats compared with
BN and SSBN13 rats (Figure 3A). This reduction of trans-

sulfuration activity was primarily associated with a decreased
Vmax of the enzymes in transsulfuration pathway in SS rats
(Vmax, 0.85�0.06 in BN and 0.84�0.05 in SSBN13 versus
0.43�0.03 nmol/min per milligram of protein in SS rats;
Figure 3B).

The conversion rate of cystathionine into cysteine was
determined to represent GCS activity. When incubated with
cystathionine, renal cortical tissue homogenates produced
cysteine in a substrate concentration–dependent manner.
However, there was no significant difference in GCS activi-
ties among these rat strains (data not shown).

Expressions of SAH Hydrolase, CBS, and GCS
mRNAs in the Renal Cortical Tissues
Real-time RT–PCR analyses showed that CBS mRNA levels
in renal cortical tissues were significantly lower in SS rats
than in BN and SSBN13 rats (Figure 4A), whereas there was
no significant difference in the mRNA expressions of SAH

Figure 1. Fluorescent HPLC analysis of Hcys and other thiols.
(A) representative chromatograms showing fluorescent deriva-
tives of Hcys and other thiols. (A1) standard solution. (A2) pro-
duction of cysteine in renal cortical homogenates from BN rats
without adding Hcys as substrate. (A3) increased production of
cysteine by renal cortical homogenates from BN rats after addi-
tion of Hcys. Cys indicates cysteine; CysGly, cysteinylglycine;
Hcys, homocysteine; and GSH, glutathione. (B) plasma total
(tHcys) concentrations in BN, SSBN13, and SS rats (n�5).
*P�0.05 vs BN and SSBN13 rats.

Figure 2. The activity of SAH hydrolase in renal homogenates
presented as conversion rate of SAH to Hcys. (A) production
rate of Hcys after incubation of renal tissue homogenates with
different concentrations of SAH. (B) comparison of enzyme
kinetics in SAH hydrolase among BN, SSBN13, and SS rats
(n�6).
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hydrolase and GCS in the kidneys among these rat strains
(data not shown). The comparison of the mRNA levels in
these enzymes was confirmed by Northern blot analysis,
which also showed that the abundance of CBS mRNA was
lower in SS rats than in SSBN13 rats, whereas there was no
difference in the mRNA levels of SAH hydrolase and GCS
between these 2 strains (Figure 4B).

CBS Protein Levels in the Renal Cortical Tissues
in BN, SSBN13, and SS Rats
The data from the Western blot analyses of CBS protein
levels in the kidneys from BN, SSBN13, and SS rats are
shown in Figure 5. The immunoblots with the immunoreac-
tive 63-kDa CBS protein bands are depicted in Figure 5A.
The quantitative data from these experiments were summa-
rized in Figure 5B. The blot intensities of CBS proteins were
significantly decreased in the kidneys from SS rats compared
with BN and SSBN13 rats.

Relative Distribution of CBS mRNA in
Nephron Segments
Because CBS was the major contributor to the decreased Hcys
metabolism in SS rat kidneys, we further analyzed whether
this alteration occurred in any renal tubular segments. In
microdissected nephron segments, real-time quantitative RT–
PCR analysis demonstrated that CBS was present in all of the
nephron segments and mainly expressed in PTs. Similar to
the data from renal cortical tissue, the mRNA levels of CBS
in PTs were significantly lower in SS rats than that in
SSBN13 rats (Figure 6A).

CBS Activities in Microdissected Renal PTs
Microdissected renal PTs were incubated with Hcys, and the
generation of cysteine was analyzed by HPLC analysis. CBS
activity was presented as the production rate of cysteine from
Hcys by PTs at nmol/min per millimeter. The conversion rate
of Hcys into cysteine by PTs was significantly lower in SS
rats than in SSBN13 rats, which is consistent with the results
from renal cortical tissues (Figure 6B).

Discussion
The present study showed that SS rats exhibited higher
plasma Hcys levels compared with BN and SSBN13 rats even
on a low-salt diet, suggesting that introgression of BN Chr 13
into an SS rat genome normalized plasma Hcys levels. Given
the fact that the susceptibility to renal injury in SSBN13 rats
was decreased compared with SS rats,17 and normalization of

Figure 3. The activities of Hcys transsulfuration in renal homog-
enates as measured by conversion rate of Hcys to cysteine. (A)
production rate of cysteine after incubation of renal tissue ho-
mogenates with different concentrations of Hcys. (B) compari-
son of enzyme kinetics in transsulfuration activities among BN,
SSBN13, and SS rats. *P�0.05 vs SS rats (n�6).

Figure 4. The mRNA expressions of SAH hydrolase, CBS, and
GCS in renal cortical tissues. (A) relative mRNA levels in CBS by
real-time RT–PCR analysis. *P�0.05 vs BN and SSBN13 rats
(n�5). (B) abundances of mRNA in CBS, SAH hydrolase, and
GCS by Northern blot analysis.
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plasma Hcys attenuated glomerular injury in SS rats,4 the
findings in the present study indicate that the decrease in
plasma Hcys levels may be one of the important mechanisms
attenuating glomerular injury in SSBN13 rats. It should be
point out that, although hHcys is associated with hypertension
in human studies,21,22 there is no hHcys in some other
hypertensive animal models, including spontaneously hyper-
tensive rats and deoxycortisone acetate rats.23,24 Therefore,
there may be difference about the mechanism and contribu-
tion of hHcys in different forms of hypertension.

The kidneys are the major sites for the metabolism or
removal of plasma Hcys.11,12 Therefore, to explore the mech-
anisms leading to increased plasma Hcys levels in SS rats, we
compared the activities of enzymes involved in the metabo-
lism of Hcys in the kidneys among SS rats, their consomic
SSBN13 counterpartners, as well as BN rats, the other parent
strain of SSBN13 rats. A recent study in our laboratory has
demonstrated that renal cortical tissue is an important re-
source of Hcys and adenosine via SAH hydrolase and that
this SAH-derived Hcys or adenosine importantly participates
in the regulation of renal function.25 Because SAH hydrolase
is a primary enzyme to produce Hcys by converting SAH into
Hcys,26 we first analyzed the SAH hydrolase activities in
renal cortical tissues from SS, SSBN13, and BN rats. It was
found that tissue homogenates produced Hcys in a SAH
concentration–dependent manner. However, there was no
difference in SAH hydrolase activities among these rat
strains, indicating that overproduction of Hcys is not involved
in the mechanisms of hHcys in SS rats.

Because there was no difference in the production of Hcys
by SAH activity in the kidneys among BN, SSBN13, and SS
rats, we next analyzed the activities of the enzymes respon-
sible for Hcys metabolism in the kidneys. Although there are
2 pathways for the metabolism of Hcys, remethylation of
Hcys into methionine by MTHM, and transsulfuration of

Hcys into cysteine via CBS and GCS, it has been reported
that Hcys is metabolized mainly through the transsulfuration
pathway in the kidneys.8,13,14 Our results demonstrated that
conversion rates of Hcys into cysteine in renal homogenates
were significantly lower in SS rats than in SSBN13 and BN
rats, suggesting that decreased activity in the Hcys transsul-
furation pathway may contribute to the hHcys in SS rats.
However, transsulfuration activity as measured by the con-
version of Hcys into cysteine includes the consecutive effects
of 2 enzymes, namely CBS and GCS. To dissect the contri-
butions of CBS and GCS to the decreased transsulfuration
activity in SS rats, we examined the conversion rate of
cystathionine, an intermediate product in the transsulfuration
pathway, into cysteine to represent GCS activity. The major
reason for this experimental design is that, to date, there is no
reliable method to quantitate cystathionine during the con-
verting process of Hcys into cysteine. Therefore, it is difficult
to directly measure CBS activity by detecting the conversion
of Hcys into cystathionine. Our studies showed that there was
no significant difference in GCS activity among SS, SSBN13,Figure 5. Western blot analyses of CBS protein levels in renal

cortical tissues. (A) representative blot images. (B) densitometric
summary of the blot analysis after normalized to �-actin (n�6).

Figure 6. CBS mRNA expression and activities in microdis-
sected rat nephron segments. (A) real-time quantitative RT–PCR
analysis of CBS mRNA expression. Glom indicates glomeruli;
PCT, proximal convoluted tubule; PST, proximal straight tubule;
mTAL, medullary thick ascending limb of Henle’s loop; cTAL,
cortical thick ascending limb of Henle’s loop; CCD, cortical col-
lecting duct; MCD, medullary collecting duct. The �Ct values
from mTAL of SSBN13 rats were used as a reference to calcu-
late ��Ct values for all other samples *P�0.05 vs SS rats;
#P�0.01 vs SS rats (n�5). (B) CBS activities in microdissected
renal PTs. *P�0.05 vs SSBN13 rats (n�5).
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and BN rats. It seems that reduced transsulfuration activity in
the kidneys of SS rat is because of decreased activity of CBS.
To our knowledge, these results provide the first evidence
indicating that hHcys is associated with an impaired renal
CBS activity. Given the important role of the kidneys in the
regulation of plasma Hcys,12,16,27 this alteration of Hcys
metabolism in the kidneys may present an important mecha-
nism for the development of hHcys.

Because the values of Vmax in CBS activities were different
among SS, SSBN13, and BN rats, it was possible that there
was an abnormality in the availability or expression of this
enzyme in SS rats. To address this issue, we examined the
mRNA levels of these enzymes and found that the mRNA
levels in CBS were significantly lower in SS rats, whereas the
expressions of mRNA in SAH hydrolase and GCS were not
different in these 3 rat strains. Western blot analyses further
demonstrated that CBS protein levels were also decreased in
SS rats compared with SSBN13 and BN rats. These results
agree with the data from analyses in the enzymatic activities
and suggest that decreased activity of CBS in SS rats is
attributed to the reduced expression of this enzyme, thereby
diminishing renal transsulfuration activity.

The important role of CBS in the regulation of plasma
Hcys levels has also been supported by the result obtained
from gene knockout mice and transgenic mice in recent
reports. In the mice with heterozygous disruption of the CBS
gene, the plasma Hcys levels were increased by 50%.28 In
contrast, elevating CBS activity by overexpression of CBS
decreased plasma Hcys by 45% in transgenic mice.29 In
addition, plasma Hcys levels were significantly decreased in
patients with Down syndrome, because that CBS gene is
located on human Chr 21 and overexpressed because of
trisomy 21 in these patients.30 Therefore, decreased expres-
sion and activity of CBS in the kidneys of SS rats from our
data are suggested to be responsible for the development of
hHcys in these rats.

In addition to the above studies in CBS gene deficiency,
several mutations of the genes for the enzymes involved in
Hcys metabolism, including methylenetetrahydrofolate re-
ductase, methionine synthase reductase, and methionine syn-
thase, have also been associated with hHcys in human
studies.31–38 However, the defect of the CBS gene is unlikely
the reason for the decreased mRNA expression of CBS in SS
rats, because the rat CBS gene is not located on Chr 13,
whereas introgression of Chr 13 from BN rats into SS rats
corrects the impaired mRNA expression of CBS. The mech-
anisms mediating reduced mRNA expression of CBS in the
kidneys of SS rats may be related to the regulation of CBS
gene expression affected by Chr 13.

To determine which part of the nephron is responsible for
the Hcys metabolism in the kidneys, relative distribution of
CBS mRNA along the nephron was examined in microdis-
sected nephron segments using quantitative RT–PCR analy-
sis. CBS was shown to be mainly present in PTs, indicating
that PTs are major sites for Hcys metabolism in the kidneys,
which is consistent with previous reports that PTs were
capable of catalyzing the metabolism of Hcys.8 In those
studies, �90% of the total activity of the transsulfuration
pathway was found in the cortex, primarily in proximal

convoluted tubules prepared by Percoll gradient centrifuga-
tion. Interestingly, our study demonstrated a defect in mRNA
expression and enzyme activities of CBS in renal PTs in SS
rats, which may be responsible for the decreased transsulfu-
ration in SS rat kidneys.

In summary, the present study showed that plasma tHcys
levels were higher in SS rats than that in SSBN13 and BN
rats, and there was a significant decrease in the activities of
transsulfuration in the kidneys of SS rats because of a defect
of CBS activity. In contrast, there was no difference in the
enzyme activity of SAH hydrolase in these 3 rat strains.
These results indicate that the hHcys in SS rats is associated
with a decreased metabolism of Hcys through the transsulfu-
ration pathway and not because of an excessive production of
Hcys in the kidneys. We also demonstrated that renal PTs
were the primary sites for determining decreased CBS activ-
ity in the kidneys of SS rats. This decreased CBS activity was
found to be related to decreased Vmax and expression of this
enzyme, which may be a result of the deficiency in the
regulation of CBS gene expression controlled by factors
linked to Chr 13. In conclusion, downregulation in the
expression and activity of CBS in renal PTs because of a
defect in Chr 13 represents one of the mechanisms for
decreased metabolism of Hcys through the transsulfuration
pathway in the kidneys, consequently resulting in hHcys in
SS rats.

Perspectives
The present study demonstrated that introgression of Chr 13
from BN rats into SS rats restored CBS expression and
activity in the kidneys. The differences in the activities and
expressions of CBS between the SS rat and SSBN13 rat are
probably attributed to the genes carried on rat Chr 13.
Because the CBS gene is not located in rat Chr 13, the
restoration of the CBS expression and activity may be
associated with recovery of some regulatory mechanisms
related to rat Chr 13. These regulatory mechanisms for CBS
expression determined by rat Chr 13 remain to be defined,
which would be of importance in elucidating the pathogenesis
of hHcys associated with salt-sensitive hypertension.

Acknowledgments
This study was supported by National Institutes of Health
grant DK-54927-07.

References
1. McCully KS. Atherosclerosis, serum cholesterol and the homocysteine

theory: a study of 194 consecutive autopsies. Am J Med Sci. 1990;299:
217–221.

2. Refsum H, Ueland PM, Nygard O, Vollset SE. Homocysteine and car-
diovascular disease. Annu Rev Med. 1998;49:31–62.

3. Perna AF, Ingrosso D, Lombardi C, Acanfora F, Satta E, Cesare CM,
Violetti E, Romano MM, De Santo NG. Possible mechanisms of homo-
cysteine toxicity. Kidney Int. 2003;(suppl):S137–S140.

4. Li N, Chen YF, Zou AP. Implications of hyperhomocysteinemia in
glomerular sclerosis in hypertension. Hypertension. 2002;39:443–448.

5. Chen P, Poddar R, Tipa EV, Dibello PM, Moravec CD, Robinson K,
Green R, Kruger WD, Garrow TA, Jacobsen DW. Homocysteine metab-
olism in cardiovascular cells and tissues: implications for hyperhomocys-
teinemia and cardiovascular disease. Adv Enzyme Regul. 1999;39:93–109.

6. Dudman NP, Guo XW, Gordon RB, Dawson PA, Wilcken DE. Human
homocysteine catabolism: three major pathways and their relevance to devel-
opment of arterial occlusive disease. J Nutr. 1996;126:1295S–1300S.

Li et al Hyperhomocysteinemia and Cystathionine �-Synthase 1099



7. Finkelstein JD. The metabolism of homocysteine: pathways and regu-
lation. Eur J Pediatr. 1998;157(suppl 2):S40–S44.

8. House JD, Brosnan ME, Brosnan JT. Characterization of homocysteine
metabolism in the rat kidney. Biochem J. 1997;328:287–292.

9. Graham IM, Daly LE, Refsum HM, Robinson K, Brattstrom LE, Ueland
PM, Palma-Reis RJ, Boers GH, Sheahan RG, Israelsson B, Uiterwaal CS,
Meleady R, McMaster D, Verhoef P, Witteman J, Rubba P, Bellet H,
Wautrecht JC, de Valk HW, Sales Luis AC, Parrot-Rouland FM, Tan KS,
Higgins I, Garcon D, Andria G. Plasma homocysteine as a risk factor for
vascular disease. The European Concerted Action Project. JAMA. 1997;
277:1775–1781.

10. House JD, Brosnan ME, Brosnan JT. Renal uptake and excretion of
homocysteine in rats with acute hyperhomocysteinemia. Kidney Int.
1998;54:1601–1607.

11. Bostom AG, Jacques PF, Nadeau MR, Williams RR, Ellison RC, Selhub
J. Post-methionine load hyperhomocysteinemia in persons with normal
fasting total plasma homocysteine: initial results from the NHLBI Family
Heart Study. Atherosclerosis. 1995;116:147–151.

12. Refsum H, Guttormsen AB, Fiskerstrand T, Ueland PM. Hyperhomocys-
teinemia in terms of steady-state kinetics. Eur J Pediatr. 1998;157(suppl 2):
S45–S49.

13. House JD, Brosnan ME, Brosnan JT. Renal homocysteine metabolism.
Contrib Nephrol. 1997;121:79–84.

14. House JD, Jacobs RL, Stead LM, Brosnan ME, Brosnan JT. Regulation
of homocysteine metabolism. Adv Enzyme Regul. 1999;39:69–91.

15. van Guldener C, Kulik W, Berger R, Dijkstra DA, Jakobs C, Reijngoud
DJ, Donker AJ, Stehouwer CD, De Meer K. Homocysteine and
methionine metabolism in ESRD: a stable isotope study. Kidney Int.
1999;56:1064–1071.

16. Hultberg B, Andersson A, Sterner G. Plasma homocysteine in renal
failure. Clin Nephrol. 1993;40:230–235.

17. Cowley AW Jr, Roman RJ, Kaldunski ML, Dumas P, Dickhout JG,
Greene AS, Jacob HJ. Brown Norway chromosome 13 confers protection
from high salt to consomic Dahl S rat. Hypertension. 2001;37:456–461.

18. Schafer JA, Watkins ML, Li L, Herter P, Haxelmans S, Schlatter E. A
simplified method for isolation of large numbers of defined nephron
segments. Am J Physiol. 1997;273:F650–F657.

19. Li N, Yi FX, Spurrier JL, Bobrowitz CA, Zou AP. Production of
superoxide through NADH oxidase in thick ascending limb of Henle’s
loop in rat kidney. Am J Physiol Renal Physiol. 2002;282:F1111–F1119.

20. Yang ZZ, Zou AP. Transcriptional regulation of heme oxygenases by
HIF-1� in renal medullary interstitial cells. Am J Physiol Renal Physiol.
2001;281:F900–F908.

21. Noto R, Neri S, Molino G, Meli S, Noto P, Mauceri B, Cilio D, Rapisarda
A, Noto Z. Hyperhomocysteinemia in menopausal hypertension: an
added risk factor and a dangerous association for organ damage. Eur Rev
Med Pharmacol Sci. 2002;6:81–87.

22. Rodrigo R, Passalacqua W, Araya J, Orellana M, Rivera G. Homocysteine
and essential hypertension. J Clin Pharmacol. 2003;43:1299–1306.

23. Robin S, Maupoil V, Laurant P, Jacqueson A, Berthelot A. Effect of a
methionine-supplemented diet on the blood pressure of Sprague-Dawley

and deoxycorticosterone acetate-salt hypertensive rats. Br J Nutr. 2004;
91:857–865.

24. Yen C-H, Lau Y-T. Vascular responses in male and female hypertensive
rats with hyperhomocysteinemia. Hypertension. 2002;40:322–328.

25. Chen Y-F, Li P-L, Zou A-P. Effect of hyperhomocysteinemia on plasma
or tissue adenosine levels and renal function. Circulation. 2002;106:
1275–1281.

26. Turner MA, Yang X, Yin D, Kuczera K, Borchardt RT, Howell PL.
Structure and function of S-adenosylhomocysteine hydrolase. Cell
Biochem Biophys. 2000;33:101–125.

27. Bostom A, Brosnan JT, Hall B, Nadeau MR, Selhub J. Net uptake of
plasma homocysteine by the rat kidney in vivo. Atherosclerosis. 1995;
116:59–62.

28. Schwahn BC, Wendel U, Lussier-Cacan S, Mar MH, Zeisel SH, Leclerc
D, Castro C, Garrow TA, Rozen R. Effects of betaine in a murine model
of mild cystathionine-�-synthase deficiency. Metabolism. 2004;53:
594–599.

29. Wang L, Jhee KH, Hua X, DiBello PM, Jacobsen DW, Kruger WD.
Modulation of cystathionine �-synthase level regulates total serum homo-
cysteine in mice. Circ Res. 2004;94:1318–1324.

30. Pogribna M, Melnyk S, Pogribny I, Chango A, Yi P, James SJ. Homo-
cysteine metabolism in children with Down syndrome: in vitro modu-
lation. Am J Hum Genet. 2001;69:88–95.

31. Frosst P, Blom HJ, Milos R, Goyette P, Sheppard CA, Matthews RG,
Boers GJ, den Heijer M, Kluijtmans LA, van den Heuvel LP, Rozen R.
A candidate genetic risk factor for vascular disease: a common mutation
in methylenetetrahydrofolate reductase. Nat Genet. 1995;10:111–113.

32. Sunder-Plassmann G, Fodinger M. Genetic determinants of the homo-
cysteine level. Kidney Int. 2003;(suppl):S141–S144.

33. Geisel J, Zimbelmann I, Schorr H, Knapp JP, Bodis M, Hubner U,
Herrmann W. Genetic defects as important factors for moderate hyper-
homocysteinemia. Clin Chem Lab Med. 2001;39:698–704.

34. Kluijtmans LA, Young IS, Boreham CA, Murray L, McMaster D,
McNulty H, Strain JJ, McPartlin J, Scott JM, Whitehead AS. Genetic and
nutritional factors contributing to hyperhomocysteinemia in young adults.
Blood. 2003;101:2483–2488.

35. Blom HJ. Genetic determinants of hyperhomocysteinaemia: the roles of
cystathionine �-synthase and 5,10-methylenetetrahydrofolate reductase.
Eur J Pediatr. 2000;159(suppl 3):S208–S212.

36. Marcucci R, Giusti B, Betti I, Evangelisti L, Fedi S, Sodi A, Cappelli S,
Menchini U, Abbate R, Prisco D. Genetic determinants of fasting and
post-methionine hyperhomocysteinemia in patients with retinal vein
occlusion. Thromb Res. 2003;110:7–12.

37. Jacques PF, Bostom AG, Selhub J, Rich S, Ellison RC, Eckfeldt JH,
Gravel RA, Rozen R. Effects of polymorphisms of methionine synthase
and methionine synthase reductase on total plasma homocysteine in the
NHLBI Family Heart Study. Atherosclerosis. 2003;166:49–55.

38. Gaughan DJ, Kluijtmans LA, Barbaux S, McMaster D, Young IS, Yarnell
JW, Evans A, Whitehead AS. The methionine synthase reductase
(MTRR) A66G polymorphism is a novel genetic determinant of plasma
homocysteine concentrations. Atherosclerosis. 2001;157:451–456.

1100 Hypertension June 2006


