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Background: Diabetic nephropathy is a common com-
plication in patients with type 2 diabetes that may
increase the atherothrombotic risk. Hyperhomocysteine-
mia (HHcy) further increases the risk in those patients.
We studied concentrations of total homocysteine (tHcy),
its related metabolites S-adenosylmethionine (AdoMet)
and S-adenosylhomocysteine (AdoHcy) in relation to
B-vitamin status and renal function in patients with
type 2 diabetes who developed diabetic nephropathy.
Methods: The study included 93 patients with renal
failure and type 2 diabetes. Chronic kidney disease was
classified into four subgroups according to the National
Kidney Foundation and into stages based on glomerular
filtration rate plus pathologic abnormalities or markers
of kidney damage.
Results: Serum or plasma concentrations of the metab-
olites increased significantly with worsening of renal
function, whereas serum concentrations of the B vita-
mins (folate, vitamins B12 and B6) did not differ appre-
ciably between the groups. Moreover, plasma concen-
trations of AdoHcy and AdoMet were markedly
increased in patients with kidney failure compared with
those in stage 2 (median AdoHcy, 112.7 vs 10.5 nmol/L;
median AdoMet, 162.0 vs 80.0 nmol/L). The AdoMet/
AdoHcy ratio was more than 80% lower in patients with
renal failure compared with stage 2. Vitamin B12 was a

significant determinant of concentrations of AdoMet,
tHcy, methylmalonic acid (MMA), and cystathionine.
Conclusions: Increased plasma concentrations of tHcy
and methionine cycle intermediates (AdoMet, AdoHcy)
are related to disturbed renal function in patients with
type 2 diabetes. Vitamin B12 and/or folate are significant
predictors of tHcy, cystathionine, MMA, and AdoMet.
The effect of therapeutic doses of the B vitamins on
AdoMet, AdoHcy, and their ratio should be tested in
renal patients.
© 2005 American Association for Clinical Chemistry

Impaired renal function, a major complication in patients
with type 2 diabetes mellitus, increases the risk for
atherothrombotic diseases (1 ). Increased total homocys-
teine (tHcy;5 i.e., 15–80 �mol/L) is very common in renal
patients (2–4). Hyperhomocysteinemia (HHcy) is an ad-
ditional factor that increases the risk of vascular diseases
in general and in renal patients in particular (3, 4). Fur-
thermore, persons with type 2 diabetes are more suscep-
tible to the harmful effects of HHcy than are nondiabetic
individuals (5 ). Diabetic patients with HHcy have a
higher mean intima-media thickness (5 ) and a higher
susceptibility for fatal and nonfatal coronary events (6 )
than do normohomocysteinemic patients.

The kidney plays an important role in Hcy metabolism
(7 ). Variations in renal function, even within the physio-
logic range, are an important determinant of interindi-
vidual differences in plasma concentrations of tHcy (7 ).
Glomerular filtration rate (GFR) is a rate-limiting factor
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for the renal clearance of Hcy (8 ). The urinary excretion of
Hcy has been found to be negligible in healthy persons
(9 ). Furthermore, the fractional extraction of Hcy across
the human kidney varies according to renal blood flow
(10 ). These findings imply major alterations in the metab-
olism of this aminothiol in patients with end stage renal
disease. Moderate HHcy in rats was associated with
remarkable glomerular damage and sclerosis (11 ), renal
tubulointerstitial injury, increased urinary albumin excre-
tion, and decreased renal blood flow, GFR, and sodium
and water excretion (12 ). In line with these data, treat-
ment with folic acid and vitamin B6 lowered not only
plasma tHcy, but also urinary albumin excretion in hu-
mans (13 ).

Hcy is produced from the hydrolysis of S-adenosylho-
mocysteine (AdoHcy) in a reversible reaction catalyzed by
AdoHcy hydrolase. This reaction proceeds in the forward
direction as long as the product, Hcy, is efficiently re-
moved via the remethylation or the transsulfuration path-
ways. However, the conversion of Hcy into AdoHcy is
favored under conditions of HHcy, which is the case in
renal insufficiency. Previous studies underlined that
AdoHcy is profoundly increased in plasma and erythro-
cytes of renal patients (14, 15). Furthermore, many trans-
methylation reactions are inhibited by AdoHcy through
its competition with the natural substrate, S-adenosylme-
thionine (AdoMet), for binding domains in transmethy-
lase enzymes (15–18). The AdoMet/AdoHcy ratio is a
more important determinant of cellular methylation po-
tential than the is absolute amount of AdoMet (18–21).

Serum concentrations of cystathionine and methylma-
lonic acid (MMA) are also increased in renal patients (22 ).
The pathogenesis of HHcy and the disturbed methylation
potential are not fully understood. Folate and vitamins B12

and B6 are important regulators in the metabolism of Hcy.
Evaluating some cardiovascular risk factors, such as Hcy
and related metabolites in patients with diabetes who
have mild to moderate decreased GFR values may allow
better management and reduce further complications. We
aimed at investigating tHcy and it related metabolites,
AdoMet, AdoHcy, cystathionine, cysteine, and MMA, in
addition to vitamin B12, holo-transcobalamin (holoTC),
vitamin B6, and folate in patients with overt diabetic
nephropathy and various stages of chronic kidney dis-
ease.

Patients and Methods
patients
Patients (n � 93) were recruited from the Department of
Medicine, Division of Nephrology of the University Hos-
pital of Saarland, Germany. Inclusion criteria included
age �17 years, established diabetic nephropathy as pri-
mary cause of renal disease, and type 2 diabetes for at
least 6 years. Exclusion criteria included cancer, stroke,
thrombosis or myocardial infarction within the previous 3
months, and the consumption of any vitamin supple-
ments within the previous 4 weeks. No patient had

received antifolate or antiepilepsy medications or medi-
cations known to affect Hcy metabolism. All patients
were clinically stable at the time of recruitment. Chronic
kidney disease was classified according to the National
Kidney Foundation into stages based on GFR plus patho-
logic abnormalities or markers of kidney damage (23 ).
Stage 2 included patients with kidney damage and mildly
decreased GFR (60–89 mL/min); stage 3 included pa-
tients with moderately decreased GFR (30–59 mL/min);
stage 4 included patients with severely decreased GFR
(15–29 mL/min); and stage 5 included patients with
kidney failure (GFR �15 mL/min or dialysis). GFR was
estimated from serum creatinine concentration, age, and
gender by use of the well-validated MDRD equation. The
study was approved by the Medical Ethical Committee of
the University of Saarland, and all patients gave informed
consent for the study.

blood collection and laboratory procedures
Blood from dialysis patients was obtained at the start of a
regular dialysis treatment and in nondialysis patients
during their visit in our outpatient clinics. Blood samples
without anticoagulant and with EDTA were immediately
chilled on ice and centrifuged within 1 h for 10 min at
2000g and 4 °C. Serum aliquots were stored at �70 °C for
further analysis. EDTA-plasma samples (1 mL) were
immediately deproteinized by addition of 0.625 mL of 100
g/L perchloric acid. Deproteinized plasma samples were
kept at �70 °C until analysis. The concentrations of
AdoHcy and AdoMet were measured in deproteinized
plasma by reversed-phase chromatography with fluores-
cence detection according to the method described by
Loehrer et al. (14 ). Briefly, etheno derivatives of both
metabolites were separated on a Hypergrom ODS column
[200 � 4 mm (i.d.); 3 �m bead size] with a guard column
[20 � 4 mm (i.d.)] filled with the same packing material.
Serum concentrations of tHcy, cystathionine, and MMA
were measured by gas chromatography–mass spectrom-
etry as described elsewhere (24 ).

The concentrations of vitamin B12 and folate were
determined in serum by a chemiluminescence immuno-
assay (ADVIA Centaur System; Bayer). Serum vitamin B6

[pyridoxal-5-phosphate (PLP)] was measured by HPLC
with fluorescence detection, using reagents from Immun-
diagnostik. HoloTC, the biologically active bound form of
vitamin B12, was measured in serum by a RIA method as
described previously (Axis-Shield) (25 ). Other analytes
were measured by routine methods at our laboratory.

Data analyses were performed with the software pack-
age SPSS (Ver. 11.0; SPSS). Continuous variables were
examined for distribution by the Kolmogorov–Smirnov
test. All continuous variables were skewed and were
therefore log-transformed before application of tests that
assume a gaussian distribution. Differences in continuous
variables between the groups were examined by ANOVA
and post hoc Tamhane tests. Backward stepwise multi-
variate regression analysis was conducted to predict fac-
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tors that influenced serum concentrations of the metab-
olites. A P value �0.05 was considered statistically
significant.

Results
The main characteristics of the study population are listed
in Table 1 according to the stage of renal dysfunction. As
would be expected, patients in stage 5 had the worst renal
function as indicated by a lower mean GFR and higher
serum creatinine and urea. In addition, hematologic
changes were common in patients in stage 5, such as
lower hemoglobin and hematocrit and higher mean cor-
puscular volume (Table 1). Patients in stage 5 had signif-
icantly higher concentrations of C-reactive protein and
lower albumin than those in stage 2. The concentrations of
hemoglobin A1c did not differ significantly among the
groups.

Concentrations of tHcy and the related metabolites
showed a clear increase in relation to decreasing renal
function (Table 2). AdoHcy and AdoMet were markedly

increased in renal patients. The degree of increase was
apparently related to the degree of HHcy and the degree
of disturbance of renal function (Table 2). Differences in
serum concentrations of MMA among the five groups
were also significant. Increased concentrations of tHcy,
cystathionine, and MMA were very common in our
patients. In contrast, low concentrations of the vitamins
were less prevalent: 2% had B12 �156 pmol/L, and 12%
had PLP �17.4 nmol/L. Median serum concentrations of
cystathionine and cysteine were significantly lower in the
patients in stage 2 than in patients in stage 5 (cystathi-
onine, 334 vs 2399 nmol/L; cysteine, 335 vs 448 �mol/L;
Table 2). The increase in AdoHcy was more pronounced
than those of tHcy and AdoMet (Table 2). Furthermore,
the mean AdoMet/AdoHcy ratio markedly decreased
with worsening renal function (Fig. 1). Additionally, the
cystathionine/cysteine ratio substantially increased from
stage 2 through stage 5 (Fig. 1).

The cystathionine/cysteine ratio correlated directly
with concentrations of AdoMet (r � 0.45; P �0.001) and

Table 1. Main characteristics of the study patients.a

Stage 2b Stage 3 Stage 4 Stage 5c

n 18 23 16 36
Female, n (%) 9 (50) 9 (39) 6 (38) 19 (53)
Age, years 61 (2.0) 63 (2.1) 64 (1.6) 67 (1.5)
Hemoglobin, g/L 138 (3) 137 (3) 119 (3)d 111 (2)d

Hematocrit, % 41 (0.9) 40 (0.8) 35 (1.0)d 34 (0.5)d

Mean corpuscular volume, fL 88 (0.9) 88 (0.9) 89 (1.0) 91 (0.9)d

Albumin, g/L 39 (0.8) 38 (0.9) 37 (0.9) 36 (0.5)d

Creatinine, �mol/L 83.6 (3.7) 131.3 (6.3)d 235.3 (14.6)d 556.7 (38.4)d

Urea, mg/L 360 (19) 540 (28)d 1140 (88)d 1430 (56)d

GFR, mL/min 75 (2.4) 44 (1.8)d 22 (1.1)d 11 (0.7)d

Hemoglobin A1c, % 7.4 (0.3) 6.9 (0.2) 7.3 (0.3) 6.5 (0.2)
hs-CRP,e mg/L 2.7 (1.1) 3.7 (2.2) 3.1 (2.1) 6.1 (3.3)d

a Data except for number of individuals and number (%) of females are the geometric mean (SE).
b See Patients and Methods section for the definition of stages 2 through 5.
c GFR values were available from the predialysis patients (n � 15).
d P �0.05 compared with stage 2 (ANOVA and Tamhane-T2 tests).
e hs-CRP, high-sensitivity C-reactive protein.

Table 2. Concentrations of the metabolites and the vitamins.a

Stage 2 Stage 3 Stage 4 Stage 5b Pc Pb

Hcy, �mol/L 10.2 (9.0–12.9) 16.2 (12.6–19.4)d 21.2 (17.6–23.4)d 27.0 (17.9–35.4)d �0.001 �0.001
Cystathionine, nmol/L 334 (232–469) 532 (375–1262)d 921 (622–1894)d 2399 (1641–3526)d �0.001 �0.001
Cysteine, �mol/L 335 (294–379) 396 (333–441)d 429 (352–492)d 448 (362–488)d 0.001 0.003
MMA, nmol/L 188 (163–282) 278 (219–394) 432 (302–667)d 949 (607–1253)d �0.001 �0.001
AdoHcy, nmol/L 10.5 (7.3–16.4) 16.4 (12.4–22.2) 31.4 (22.4–63.3)d 112.7 (51.4–206.7)d �0.001 �0.001
AdoMet, nmol/L 80.0 (55.3–151.3) 83.0 (71.1–105.0) 118.0 (91.1–140–1) 162.0 (128.3–185.2)d �0.001 �0.001
Folate, nmol/L 22.4 (18.8–24.9) 20.6 (15.4–26.7) 23.6 (19.3–28.8) 17.2 (13.7–22.8) 0.349 0.663
Vitamin B12, pmol/L 290 (237–415) 310 (259–415) 296 (213–632) 332 (231–422) 0.796 0.666
HoloTC, pmol/L 59 (38–94) 85 (57–96) 81 (64–103) 78 (61–112) 0.072 0.083
PLP, nmol/L 42.0 (28.1–55.2) 42.2 (21.9–75.8) 53.9 (30.0–80.9) 29.2 (15.7–67.7) 0.150 0.058

a Data are the median (25th–75th percentiles). See Patients and Methods section for the definition of stages 2 through 5.
b P values after adjusting for age, sex, and albumin.
c P values between groups (ANOVA test).
d P �0.05 compared with stage 2 (ANOVA followed by Tamhane-T2 tests).
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tHcy (r � 0.57; P �0.001) and inversely with PLP (r �
�0.31; P � 0.003; Fig. 2). These correlations remained
significant after adjustment for age, sex, and serum albu-
min. Other important correlations between the metabolic
markers and the vitamins are reported in Table 3. Corre-
lations between serum concentrations of tHcy and con-

centrations of MMA and cystathionine were strong, as
was the correlation between AdoHcy and AdoMet (r �
0.52; P �0.001). The last correlation remained significant
after adjustment for all possible confounding variables
(creatinine, age, sex, hemoglobin, and albumin; r � 0.50; P
�0.001). Moreover, we found a positive correlation be-
tween vitamin B12 and AdoMet (r � 0.27; P � 0.009), but
not between vitamin B12 and AdoHcy or the ratio
AdoMet/AdoHcy. We also found significant correlations
between tHcy and both AdoHcy and AdoMet (r � 0.35
and 0.26, respectively). The correlation between PLP and
folate was strong in our patients (r � 0.66; P �0.001).
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Fig. 1. Geometric mean [95% confidence interval (CI; error bars)] of
AdoMet/AdoHcy ratio (F) and cystathionine/cysteine ratio (E) in
diabetic patients with different degrees of chronic renal failure.
�, P �0.05 compared with stage 2 (ANOVA).
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Table 3. Correlations between serum concentrations of the
metabolites and the vitamins.a

Spearman correlation coefficient

tHcy Cystathionine Cysteine MMA AdoMet AdoHcy

Creatinine 0.62 0.71 0.30 0.75 0.59 0.70
AdoHcy 0.35 0.43 0.25 0.62 0.52
Folate �0.32 0.25 NSb NS NS NS
Vitamin B12 �0.22 NS NS NS 0.27 NS
HoloTC NS NS NS NS 0.24 NS
PLP �0.30 �0.29 NS NS NS NS
AdoMet 0.26 0.43 NS 0.45
MMA 0.65 0.59 0.24
Cysteine 0.59 0.24
Cystathionine 0.65

a n � 93 patients. All P values are �0.05.
b NS, not significant.
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Hemoglobin A1c did not correlate to any of the metabo-
lites or the vitamins.

Multivariate backward regression analyses were ap-
plied to find out predictors of each of the metabolites
(Table 4). Concentrations of tHcy were determined inde-
pendently by serum concentrations of folate, vitamin B12,
cysteine, and creatinine. AdoMet was determined by
creatinine, vitamin B12, and AdoHcy, whereas creatinine
was the only analyte that influenced AdoHcy. Further-
more, both creatinine and vitamin B12 were significant
factors that determined serum concentrations of MMA
and cystathionine (Table 4).

Discussion
The current study represents the first comprehensive
investigation of metabolic disturbances associated with
HHcy in patients with diabetic nephropathy and various
stages of chronic kidney disease. The study provides
important information on the interrelationships between
crucial metabolites of methionine and vitamin status in
relation to renal function. In patients with diabetes and
mildly decreased GFR (stage 2), serum concentrations of
tHcy and the metabolites were comparable to those usu-
ally found in healthy individuals. This indicates that
probably advanced renal injury, but not diabetes itself, is
associated with disturbed Hcy metabolism. In line with
this suggestion, hemoglobin A1c, an indicator of a long-
term diabetes control, was comparable among the groups
and did not correlate to any of the markers investigated.
Our results extend observations of other studies that
showed normal tHcy and AdoHcy in patients with dia-
betes without overt diabetic nephropathy (no albumin-
uria and normal serum creatinine) (26 ).

Numerous studies, including ours, revealed a high
incidence of HHcy in renal patients (2, 22, 27). These
studies have also suggested that AdoHcy mediates the
harmful effects of Hcy in the vascular system (28–30).
Our study shows a relationship between HHcy, AdoHcy,
and the degree of impaired renal function (Table 2). On
the other hand, we observed no appreciable differences in

serum concentrations of the vitamin with decreasing renal
function.

Several possible causes of HHcy can be considered in
renal patients. The role of the kidney in Hcy metabolism
is supported by the finding that Hcy concentrations
increased in living kidney donors after uninephrectomy
and remained high 6 months thereafter, despite folate and
vitamin B12 remaining unchanged (31 ). It is unlikely that
altered Hcy metabolism is attributable to a decrease in the
net filtration of Hcy from the diseased kidney because this
is minimal in healthy persons (32 ). On the other hand, a
lower rate of plasma Hcy clearance was observed in
HHcy in renal patients compared with healthy persons,
which suggests a role for the kidney in the elimination of
this aminothiol (33 ). The remethylation of Hcy to methi-
onine is lower in hemodialysis patients (34 ). In addition,
Hcy remethylation was shown to be impaired in dialysis
patients despite serum concentrations of vitamin B12 and
folate well above those found in the general population
(4 ). In keeping with this, vitamin intervention studies
show a significant decrease in tHcy after administration of
supraphysiologic doses of the B vitamins intravenously
(2, 22). We therefore propose that the requirement for B
vitamins in renal patients may be much higher than that
in the general population. In support of this idea, mono-
nuclear cells isolated from renal patients showed a dimin-
ished ability to internalize vitamin B12 (35 ).

One notable finding in our study is the marked in-
crease in serum concentrations of cystathionine and the
cystathionine/cysteine ratio. PLP is a cofactor for two
enzymes in the transsulfuration pathway, cystathionine
�-synthase and cystathionase, and is also a cofactor in the
serine hydroxymethyltransferase reaction, which cata-
lyzes the formation of 5,10-methylenetetrahydrofolate.
The strong correlation between PLP and folate suggests
that the availability of folate depends on PLP. Increased
cystathionine may be partly attributed to reduced urinary
excretion. The negative correlation between PLP and the
cystathionine/cysteine ratio suggests that the reaction
mediated by cystathionase could be impaired in renal

Table 4. Backward stepwise regression analysis.a

Dependent variables

Hcy AdoHcy AdoMet Cystathionine MMA

Interceptb �1.135 �1.405 0.558 �1.712 2.313
� estimate (SE)

Creatinine 0.283 (0.056) 0.738 (0.154) 0.252 (0.059) 0.565 (0.139) 0.559 (0.119)
Vitamin B12 �0.263 (0.101) 0.312 (0.107) 0.555 (0.245) �0.575 (0.198)
Cysteine 0.897 (0.142) 0.735 (0.422)
Folate �0.160 (0.076)
AdoHcy 0.09 (0.041)

Total R2 0.73 0.43 0.46 0.63 0.57
a Only variables with significant influence are presented. All P values are �0.05. Other confounding variables, such as age, sex, albumin, and hemoglobin, were

considered in the analyses. The regression analyses were applied on the log-transformed data (n � 93).
b The units for the intercepts are �mol/L for Hcy and nmol/L for all other variables.
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patients. Additionally, an increased cystathionine/cys-
teine ratio was closely related to higher Hcy, which
indicates increased production of cystathionine from Hcy.
AdoMet has been shown to enhance the activity of
cystathionine �-synthase (36 ). This may explain why a
higher AdoMet was associated with a higher cystathi-
onine/cysteine ratio in our patients (Fig. 2).

In line with previous studies (37 ), low serum concen-
trations of vitamin B12 (�156 pmol/L) or holoTC (�35
pmol/L) were rare (2% and 3%, respectively) despite
markedly increased MMA in 70% of the patients. How-
ever, the vitamin B12 concentration was a stronger deter-
minant of tHcy, cystathionine, and MMA than was folate
(Table 4). Furthermore, therapeutic doses of vitamin B12

have been shown to lower tHcy and MMA concentrations
in dialysis patients (2, 36). The active form of vitamin B12,
holoTC, may be increased in patients with renal involve-
ment (38 ) (Table 2). The reason for holoTC accumulation
in renal patients remains unclear, but it is probably
related to a generalized peripheral resistance to the vita-
min. An altered conformation of the transcobalamin–B12

complex that may influence the interaction of transcobal-
amin with its cellular receptor has also been suggested
(37 ).

In agreement with previous reports, plasma concentra-
tions of AdoHcy were markedly increased in our patients
with chronic HHcy (14, 26, 39). In erythrocytes, however,
a transient increase in plasma tHcy after methionine
loading in humans did not lead to increases in AdoHcy or
AdoMet (39 ). Plasma concentrations of AdoHcy were
decreased after vitamin B12 treatment (40 ). Moreover,
treatment of dialysis patients with methyltetrahydrofolate
led to an appreciable increase in AdoMet and in the
AdoMet/AdoHcy ratio (41 ). In contrast to a previous
study on persons with normal renal function (42 ), vitamin
B12 was a significant determinant of plasma AdoMet in
our patients (Table 4), which suggest that higher B12 status
may increase AdoMet by increasing Hcy remethylation to
methionine (40 ).

A striking finding in this study is the clear increase in
the AdoHcy concentration, which exceeded that of
AdoMet and was strongly related to decreasing renal
function. AdoMet and AdoHcy concentration s have been
reported to be �100- and 30-fold higher, respectively, in
urine than in serum (43 ). In addition to a lower urinary
excretion of these metabolites, AdoMet is increasingly
consumed in renal patients in the formation of creatine
released from the muscles (a precursor of creatinine). The
accumulation of AdoMet may well be explained by the
suppression of transmethylation reactions by AdoHcy.
AdoHcy is a potent inhibitor of intracellular methylation
reactions, and the AdoHcy/AdoMet ratio represents the
methylation potential in the cell (44 ).

In conclusion, concentrations of tHcy, cystathionine, and
MMA in patients with diabetic nephropathy were related
to the degree of renal insufficiency as well as to folate,

vitamin B12, and PLP status. Higher concentrations of
these vitamins were associated with a better metabolic
profile. Functional vitamin B12 deficiency causes impaired
folate utilization and thus a relative shortage of AdoMet.
On the other hand, HHcy induces a marked increase in
plasma concentrations of AdoHcy. The magnitude of the
increase of AdoHcy in plasma was severalfold higher
than that of tHcy or AdoMet in patients with kidney
failure. The strong decrease in the AdoHcy/AdoMet ratio
points to a lower methylation potential. Further studies
should investigate the effect of pharmacologic doses of
folate and vitamins B6 and B12 on AdoMet, AdoHcy, and
their ratio.
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