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TGF-B1 impairs homocysteine metabolism 
in human renal cells: possible implications 
for transplantation 

Abstract We hypothesized that 
TGF-PI influences the metabolism 
of homocysteine (Hcy) and increases 
its cellular export, which may lead to 
hyperhomocysteinemia in patients 
with renal transplants. We exposed 
human renal proximal tubule epi- 
thelial cells (huRPTECs) to different 
concentrations of TGF-P1, IL- 1 CI, 

IL-10, or methionine and measured 
total Hcy (tHcy) in culture super- 
natants. We then examined the 
relationship between plasma levels 
of tHcy and TGF-P1 in renal graft 
recipients. In multivariate analysis, 
the factors mediator (TGF-PI, 
IL-la, IL-lo), mediator concentra- 
tion, methionine concentration, and 
“mediator x concentration” inter- 
action independently influenced 
tHcy concentrations in culture su- 
pernatants. A 3 1 % increase in tHcy 
was observed after exposure of 

huRPTECs to TGF-P1 compared to 
medium alone. However, TGF-P1 
plasma levels in kidney graft recipi- 
ents showed no independent associ- 
ation with tHcy plasma 
concentrations. We demonstrated 
that the release of Hcy from 
huRPTECs is enhanced by TGF-P1, 
but that TGF-P1 plasma levels in 
renal graft recipients show no 
independent relationship with 
hyperhomocysteinemia. 

Keywords Homocysteine metabo- 
lism * Renal transplantation . 
Human renal proximal tubule 
epithelial cells 

Introduction 

Hyperhomocysteinemia is observed in 50-60% of renal 
graft recipients [34] and is associated with events of 
cardiovascular disease in these patients [ 131. Besides 
vitamin status and impairment of renal function, one 
potential explanation for the high prevalence of hype- 
rhomocysteinemia in graft recipients is the influence of 
immunosuppressive therapy. A potential association of 
cyclosporin A therapy with elevated total homocysteine 
(tHcy) levels in kidney or heart allograft recipients was 
shown previously [2, 3, 8, 91. This finding has not been 
confirmed by other studies [6, 12, 14, 35, 381. Additional 
causes for elevation of tHcy plasma levels among 

transplanted patients are genetic polymorphisms of 
enzymes involved in the remethylation of Hcy to 
methionine. One of the key enzymes is 5,10-methylene- 
tetrahydrofolate reductase (MTHFR), which provides 
active folate for the remethylation process. The 
677C > T transition in the MTHFR gene in individuals 
on renal replacement therapy is associated with a sig- 
nificant elevation of tHcy plasma levels in TT homo- 
zygotes compared to those with CT or CC genotype [16, 
17, 18, 371. However, hyperhomocysteinemia following 
renal transplantation may also be related to an increased 
abundance of pro- and/or anti-inflammatory mediators 
that interfere with the cellular conversion of Hcy [22]. 
TGF-PI is a cytokine well known for its significance in 
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organ transplantation. It is present at sites of blood 
vessel wall injury and is an important player in the 
pathogenesis of arteriosclerosis or accelerated graft 
arteriosclerosis [lo, 19, 25, 27, 30, 311. Yet, the effect of 
TGF-P1 on the cellular metabolism of Hcy remains 
unknown. We hypothesized that TGF-P1 influences Hcy 
metabolism by increasing its export from renal proximal 
tubular cells, thus providing a potential link between 
hyperhomocysteinemia and vascular disease morbidity 
and mortality among kidney graft recipients. To test this 
we examined whether TGF-P1 in comparison with other 
mediators (anti-inflammatory IL- 10 or pro-inflamma- 
tory IL-la) modulates the in vitro export of Hcy in 
human renal proximal tubule epithelial cells (huRP- 
TECs). Furthermore, in this study we analyzed whether 
the TGF-Pl plasma level is an independent predictor of 
tHcy plasma concentrations in stable kidney graft 
recipients. 

Patients and methods 

Cell culture 

Human renal proximal tubule epithelial cells (Bio Whittaker- 
Clonetics, Walkersville, Md.) were obtained at second passage and 
were subcultured according to the supplier’s specifications. Renal 
epithelial cell basal medium was enriched with growth factors 
(REGM, Bio Whittaker-Clonetics), and cells were cryopreserved at 
fifth passage. Cryopreserved cells were thawed, seeded in 175 cm2 
cell culture flasks, and cultured in Dulbecco’s modified Eagle 
medium with 10% fetal calf serum (FCS) and 5 ml penicillin- 
streptomycin solution. Cell culture reagents were obtained from 
Life Technologies (Vienna, Austria) if not indicated otherwise. 
Recombinant human IL-la was purchased from R&D Systems 
(Minneapolis, Minn.). Recombinant human IL- 10 and natural 
human TGF-P1 were obtained from Pharma Biotechnologie 
Hannover (Hannover, Germany). 

For the final experiments, 80% confluent cells from one 
175 cm2 cell culture flask were subcultured in six-well plates using 
RPMI 1640 medium with vitamin B12 (0.005 ngiml), folic acid 
(1 ngiml), pyridoxal-HC1 (1 ngiml), 5% FCS, 5 ml penicillin- 
streptomycin, 2 ml fungizone, 5 ml L-glutamine, 500 p1 gentamy- 
cin, and 2500 IU heparin (Immuno, Vienna, Austria). The cells 
were incubated for 72 h in the presence of standard methionine 
concentration (1 5 pg/ml) or a ten-fold increased methionine con- 
centration (150 pg/ml) as well as at different concentrations of 
IL-la (0.1, 1, 10 Ujml), IL-10 (0.2,2,20 U/ml), and TGF-P1 (1, 10, 
100 Ujml) in six experiments, each in duplicate. Control experi- 
ments were performed in the presence of standard methionine 
concentration (15 pg/ml) without mediator. Viability of the cells 
was between 80 and 90% and was independent of the medium used 
for incubation, as screened by trypan-blue exclusion test. 

Patients 

TGF-P1 levels were analyzed in 189 kidney graft recipients with 
stable graft function. TGF-P1 and tHcy concentrations were 
determined in aliquots of plasma samples, which were collected 
simultaneously and stored at -70 “C. The mean age of the 87 
female and 102 male patients was 54.8 k 12.2 years. Their body 

mass index was 25.7 5 3.9 kg/m2. They had been transplanted for 
5.7 i 4.0 years and presented with a serum creatinine concentration 
of 1.7 i 1.1 mg/dl. The estimated creatinine clearance was 
55.7 i20.9 ml/min [7], the mean folate plasma level was 
12.6 i 6.0 nmol/l, and the mean vitamin BI2 plasma level was 
267+ 158 pmol/l. The details of these 189 stable kidney allograft 
recipients have been reported elsewhere [ 181. 

Measurements 

For analysis of tHcy (normal: I 15 pmol/l) and TGF-PI (normal 
range: I .56-3.24 ng/ml) plasma concentrations of the patients, 
citrated blood was drawn in chilled tubes and spun at 4 “C. The 
obtained platelet-poor plasma was stored at -70 “C. The concen- 
tration of tHcy in the cell culture supernatants and in plasma 
samples was determined in duplicate using a modified and opti- 
mized high-performance liquid chromatography method with flu- 
orescence detection after reductive derivatization of Hcy moieties 
as described elsewhere [l]. TGF-P1 levels were analyzed in platelet- 
poor citrated plasma samples by quantitative sandwich enzyme 
immunoassay (Quantikine TGF-PI immunoassay, RD-DB 100 
TGF-PI human ELISA, R&D Systems). Activation of latent TGF- 
81 to immunoreactive TGF-PI was performed according to the 
instructions of the manufacturer. 

Statistics 

Continuous data are given as mean + standard deviation. Com- 
parisons of tHcy levels in cell culture supernatants were performed 
by three-way ANOVA including the factors mediator (IL-la, 
IL-10, or TGF-Pl), concentration of mediator (low, medium, or 
high), methionine (low or high), and interaction terms for the 
aforementioned factors (“mediator x concentration”, “mediator x 
methionine”, “methionine x concentration”, “mediator x concen- 
tration x methionine”). Student’s t-tests were used for comparison 
of independent samples. 

For analysis of the association of TGF-81 plasma levels with 
tHcy plasma concentrations among kidney graft recipients, a 
multiple stepwise linear regression model was constructed. It in- 
cluded age, gender, body mass index, glomerular filtration rate, 
folate plasma level, vitamin B12 plasma level, and MTHFR 
677C > T genotypes as independent variables and tHcy (natural 
logarithm transformed to normalize distribution) as dependent 
variable. All calculations were performed by Statistica for Win- 
dows (release 4.5, Stat Soft 1993). 

Results 

Homocysteine export from huRPTECs 

Hcy export from huRPTECs as determined from 
tHcy concentrations in culture supernatants was 
3.05 & 0.43 pmol/l at standard cell culture conditions 
(without mediators, 15 pg/ml methionine) and increased 
to 8.21 * 0.70 pmol/l in the presence of high methionine 
concentration (without mediators, 150 pg/ml methio- 
nine). The export from huRPTECs under the different 
cell culture conditions (1 5 or 150 pg methionine/ml; low, 
medium, or high concentrations of IL-la, IL-10, or 
TGF-PI) is depicted in Table 1. 
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Table 1 
cells (huRPTEC.7) 

TGF-P1 increases total homocysteine (tHcy) concentrations in culture supernatants of human renal proximal tubule epithelial 

tHcy concentration (pmoljl, mean f SD) 

Concentration of methionine 

15 w/m1 150 pg/ml 

Concentration of mediator 

Low Medium High Low Medium High 

Concentration of mediator 

IL-la 2.97 f 0.43 2.94 k 0.44 3.01 f0.40 7.81 f 0.66 7.98 * 0.53 8.12k0.55 
IL- 10 3.00 f 0.47 2.98 k0.51 2.98 + 0.52 8.04+0.57 8.19 f 0.61 8.09 + 0.73 
TGF-Pl 3.09~t0.61 3.36 f 0.98 3.91 * 0.79a 8.25 f0.58 8.94* 1.36b 9.52* 1.02' 

"P<0.05 vs IL-la and IL-10 
bP < 0.05 vs IL-la 
'P<0.05 vs IL-la and IL-10 

Comparisons of tHcy levels in culture supernatants 
showed that the grouping factors methionine concen- 
tration (low, high; P < O.OOOOOl), mediator (IL-la, 
IL-10, TGF-B1; P <  O.OOOOOl), and mediator con- 
centration (low, medium, high; P<0.005) had a sig- 
nificant influence on tHcy concentrations. There was 
also a significant interaction "mediator x concentra- 
tion" (P < 0.005) pointing to a dose-response relation- 
ship. These effects were due to significantly higher Hcy 
export after exposure of tubule cells to TGF-PI at 
100 U/ml compared to IL-la, or IL-10 in the presence 
of low methionine concentration (P < 0.05, Table 1). 
In experiments with high methionine concentration, 
there was an effect of TGF-P1 at 100 U/ml as well as 
at 10 U/ml (PcO.05, Table 1). There was also a 31% 
increase in Hcy export from huRPTECs exposed to 
TGF-P1 (100 Ujml) in low methionine medium and an 
18% increase in high methionine medium compared to 
tHcy concentrations following exposure of cells to con- 
trol medium without mediators (Fig. 1). 

TGF-Bl and tHcy plasma concentration 
in renal transplant patients 

The mean TGF-Bl plasma concentration of the entire 
patient group was 2.65 * 1.69 ng/ml. The mean tHcy 
plasma concentration was 17.6 & 9.2 pmol/l. TGF-P1 
levels plotted against tHcy concentrations are shown in 
Fig. 2. There was no independent association of TGF- 
Pl plasma concentrations with tHcy plasma concentra- 
tions. The independent predictors of tHcy among 189 
kidney graft recipients are indicated in Table 2. 

Discussion 

The present study provides evidence that an increased 
TGF-P1 concentration impairs the Hcy metabolism in 

Control 

* 
7 

15 
Methionine (pglml) 

* 
T 

150 

Fig. 1 Export of homocysteine (mean * SD from six experiments, 
each in duplicate) from renal proximal tubule epithelial cells 
(huRPTECs) in the presence of TGF-jl1 (100 Ujml) and under 
control conditions (without mediator) with low (1 5 pg/ml) or high 
(150 pg/ml) methionine concentrations. There was a 31 % increase 
of homocysteine export from huRPTECs exposed to TGF-jl1 
(100 Ujml) in low methionine medium and an 18% increase in high 
methionine medium compared to total homocysteine (tHcy) 
concentrations following exposure of cells to control medium 
without mediator. * P < 0.05 vs control 

the kidney. TGF-P1, but not IL-la or IL-10, increases 
the export of Hcy from renal tubule cells. This obser- 
vation may provide one potential explanation for 
hyperhomocysteinemia of organ transplant patients. 

TGF-P1 is a multifunctional cytokine, acting by both 
autocrine and paracrine mechanisms. It is a stimulator, 
but also an inhibitor, of cellular replication and controls 
the production of extracellular matrix components. It 
exerts pro-inflammatory and anti-inflammatory activi- 
ties and plays a pivotal role within the immune system 
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Fig. 2 Relationship between TGF-Bl and total homocysteine 
(tHcy) plasma concentrations in 189 stable kidney graft recipients 

Table 2 Independent predictors of In homocysteine plasma levels 
in 189 kidney graft recipients (MTHFR5,lO-methylenetetrahy- 
drofolate reductase) 

P-value * 

Glomerular filtration rate 
Folate plasma level 
MTHFR 677TT vs CTjCC genotype 
Gender 
Body mass index 

Vitamin plasma level 
TGF-P1 plasma level 

Age 

< 0.000001 
< 0.000005 
< 0.001 
< 0.001 
< 0.001 
< 0.0001 
< 0.002 
n.s. 

*Forward stepwise regression analysis. The variables are in the 
same order as the entry in the equation 

[4, 51. TGF-P1 is now recognized as a central factor 
contributing to mechanisms ultimately resulting in 
chronic allograft nephropathy [23]. 

The cellular down-stream events following TGF-P1 
receptor triggering have been elucidated in recent years 
[l 11. They are initiated following interaction of TGF-P1 
with high-affinity cell surface receptor types I, 11, and 
111. The type I11 receptor is the main binding site for 
TGF-P. The bound TGF-P is transferred to the signaling 
receptors, types I1 and 111, which contain serine-threo- 
nine kinases in the intracellular domains. Through 
phosphorylation reactions these receptors can activate a 
group of transcription factors called Smads. From the 
ten known Smads (1-10) Smad 2 and 3 are phosphor- 
ylated by active type I TGF-P receptors, Smad 4 is the 
common factor for all the receptor-activated Smads, and 
Smad 6 and 7 are inhibitory factors. When phosphor- 
ylated, Smad 2 and Smad 3 bind to Smad 4. The 
resulting Smad complex then moves into the nucleus to 
interact in a cell-specific manner with various tran- 
scription factors in order to regulate transcription of 
many genes [4]. This effect of TGF-P1 raises the possi- 
bility that the Smad complex regulates the transcription 

of genes involved in Hcy metabolism. On the other 
hand, Hcy export may increase during TGF-/3 1 -medi- 
ated methylation reactions, where S-adenosylmethionine 
serves as a methyl donor, i.e., for tissue repair mecha- 
nisms [15]. However, it should be noted that the afore- 
mentioned mechanisms are hypotheses and need further 
studies to be proven. 

The data in the literature on the effects of cyclospo- 
rin A on TGF-P1 are controversial. Nevertheless, in 
several studies cyclosporin A was shown to increase the 
abundance of TGF-/?I in humans [28, 29, 32, 331. Be- 
cause TGF-P1 can enhance extracellular matrix accu- 
mulation as well as endothelin production, Khanna et al. 
proposed a mechanism that links the beneficial (immu- 
nosuppression) and the harmful (fibrosis, hypertension) 
consequences of cyclosporin A usage via TGF-P1 [24]. 
Several authors showed that the use of cyclosporin A 
may be associated with hyperhomocysteinemia 12, 3, 8, 
91. With regard to elevated tHcy plasma concentrations, 
a recent US American-Austrian collaboration clearly 
showed that cyclosporine use is not independently 
associated with tHcy plasma concentrations [35]. In 
addition, cyclosporin A did not impair Hcy metabolism 
of renal tubule cells in vitro [211. However, these studies 
do not exclude the possibility of a tissue- or cell-specific 
interaction of cyclosporin A and Hcy metabolism via 

In the present (Table 1, Fig. 1) and a previous study 
[21], an increased concentration of methionine resulted 
in an enhanced release of Hcy from huRPTECs. The 
novel concept shown in our experiments is that TGF-PI 
displayed a dose-dependent tHcy-elevating effect, both 
with low and high methionine concentrations (Table 1). 
By contrast, IL-lc( or IL-10 showed no effect on tHcy 
export from huRPTECs. 

In our study we found no association of TGF-fil and 
tHcy plasma levels in kidney graft recipients. This could 
be due to the fact that measurement of TGF-P1 plasma 
levels is cumbersome and has led to controversial find- 
ings in the past [20]. There is also controversy regarding 
the validity of TGF-P1 plasma levels in the transplant 
patient [23]. These discrepancies most likely are due to 
release of TGF-P1 from platelets in serum during clot- 
ting and to the presence of TGF-P1-binding proteins in 
blood. In our study, the platelet-poor plasma from hu- 
man renal transplant recipients was used for analysis of 
tHcy and TGF-PI, and TGF-PI was activated to 
immunoreactive TFG-Pl prior to analysis [26]. The lack 
of correlation of tHcy with TFG-11 plasma concentra- 
tions in 189 kidney graft recipients does not yet support 
the concept of a tHcy plasma level-elevating effect of 
TGF-81 in vivo. However, measurement of TGF-P1 
plasma levels or other inflammatory mediators does not 
always reflect the situation at the cellular level. This is 
due to the high endogenous clearance of cytokines and 
circulating inhibitors of cytokines, which can interfere 

TGF-P1. 
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with measurements in plasma and mask an increased 
activity at the site of tissue injury. Therefore, the absence 
of an independent effect of TGF-P1 plasma levels on 
tHcy plasma concentrations among kidney graft recipi- 
ents in our analysis does not necessarily preclude an 
effect of TGF-P1 in Hcy-metabolizing tissues. There 
may also be an effect of genetic TGF-P polymorphisms 
on this potential relationship [36],  which, however, was 
not examined in this study. 

In summary, we demonstrated for the first time that 
the production or release of Hcy from huRPTECs is 
enhanced by TGF-P1, whereas IL- 1 CI and IL- 10 had no 
effect. Thus, hyperhomocysteinemia observed in renal 
transplant recipients may be related to the increased 
abundance of TGF-61 in organ transplants. Studies are 
underway to assess whether nutritional or pharmaco- 
logical intervention can compensate for this effect of 
TGF-P1 . 
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