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Background and objectives: Recently, we showed that soluble TNF-like weak inducer of apoptosis (S TWEAK) plasma levels
are diminished in hemodialysis patients and had additive effects with IL-6 on survival. Because sSTWEAK plasma level has
been associated with the presence of chronic kidney disease (CKD) and cardiovascular disease, we hypothesized that in
patients with CKD, sTWEAK levels may relate to the increased prevalence of endothelial dysfunction that usually accompa-
nies the decline of estimated GFR (eGFR).

Design, setting, participants, & measurements: We studied 295 patients with different stages of nondiabetic CKD (52% male;
age 47 = 12 yr), testing the association between sTWEAK plasma levels and CKD stage and the relationship between
flow-mediated dilation (FMD) and sTWEAK concentrations. Fifty-five healthy volunteers (51% male; age 47 * 11 yr) served
as matched control subjects.

Results: A gradual decrease in FMD was observed as eGFR decreased. Compared with healthy control subjects, sSTWEAK
plasma levels were diminished in all stages of CKD and correlated strongly with eGFR. FMD levels were associated with
sTWEAK concentrations in univariate analysis. This association persisted after multivariate adjustment for eGFR levels,
high-sensitivity C-reactive protein, diastolic BP, and sTWEAK, all of which were found to be significant and independent
contributors to FMD.

Conclusions: A decline in eGFR is accompanied by gradual reductions in sSTWEAK plasma levels. Because sSTWEAK
strongly and independently correlated with FMD, our study suggests novel links between sTWEAK and endothelial

dysfunction in patients with CKD.
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ndothelial dysfunction (ED) is the initial pathophysio-
E logic step in the progression of vascular damage that

precedes and leads to clinically manifest cardiovascular
diseases (CVD) (1-3). ED is highly prevalent in patients with
moderate to advanced chronic kidney disease (CKD) (4,5) and
is linked to the elevated cardiovascular risk of this patient
population (6,7).

The cause of ED is complex and involves dysregulation of
multiple pathways. One of those could be mediated by the
TNF-like weak inducer of apoptosis (TWEAK, TNFSF12), a
member of the TNF superfamily of cytokines (8). TWEAK is
a type II transmembrane glycoprotein (30 kD) that circulates
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in plasma as a soluble form (sSTWEAK) with a molecular
weight of 18 kD (9,10). TWEAK is widely expressed and can
be found in pancreas, intestine, heart, brain, lung, ovary, the
vasculature, skeletal muscle, liver, and kidney (8,11). Bind-
ing of TWEAK to its receptor, Fnl14 (10), mediates multiple
biologic effects such as cellular growth, proliferation and
migration, osteoclastogenesis, angiogenesis, and apoptosis
(12-15). In addition, TWEAK induces the expression of dif-
ferent cell adhesion molecules and proinflammatory cyto-
kines (16-18) through NF-«B activation.

In previous studies, we observed that plasma sSTWEAK con-
centrations are diminished in patients who undergo hemodial-
ysis (HD) or have carotid atherosclerosis (19,20). We thus sug-
gested that sSTWEAK could be a novel biomarker of CVD;
however, the implications of STWEAK levels in earlier CKD
stages as well as its relation with ED are unknown. In this
article, we investigated sSTWEAK plasma concentrations in 295
patients who had various stages of nondiabetic CKD, and in
whom measurements of flow-mediated dilation (FMD) were
also performed.
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Materials and Methods
Patients

The patients were referrals to the Renal Unit of the Giilhane School of
Medicine Medical Center (Ankara, Turkey) because of suspected or
manifest renal failure. They all received for the first time a diagnosis of
CKD according to their estimated GFR (eGFR) and the presence of
kidney injury as defined by National Kidney Foundation Kidney Dis-
ease Outcomes Quality Initiative (K/DQOI) Guidelines (21). To dimin-
ish any confounders that may influence patients with ED, patients with
previous clinical history of CVD and nephrotic syndrome were not
included. At the same time, smoking. Angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, statins, and supplemental
vitamins were exclusion criteria. In addition, patients with a previous
diagnosis of diabetes, current use of oral antidiabetic medication or
insulin, or a fasting glucose level >126 mg/dl were excluded. Finally,
other exclusion criteria than unwillingness to participate in the study
were applied.

Following this criteria, 295 patients with CKD and a mean age of 47 +
11 yr were included in the study. The clinical characteristics of the
study groups are given in Table 1. Hypertension was defined as systolic
BP (SBP) =140 mmHg or diastolic BP (DBP) =90 mmHg on repeated
measurements or the use of antihypertensive drugs. Sixty-four of the
patients were on antihypertensive therapy (40 patients were treated
with calcium channel antagonists, 10 with B-blocker agents, and seven
with loop diuretics). Patients with stage 5 CKD were required to be
under regular HD for at least 6 mo before inclusion in the study.

The patients were allocated to eGFR levels from stages 1 to 5 as
determined by K/DOQI (Table 1). The calculation was made according
to the simplified version of the Modification of Diet in Renal Disease
(MDRD) formula as defined by Levey et al. (22): [GFR = 186 X protein
catabolic rate” *%* X age %2%% x 1.212 (if black) X 0.742 (if female)].

Fifty-five age-matched (47 = 11 yr) and gender-matched (50% male)
nonsmoker, healthy individuals were enrolled as control subjects.
These control subjects had no history of metabolic or other serious
concomitant diseases, renal dysfunction, or disorders of lipid metabo-
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institutional and national ethical guidelines for human studies. The
ethical committee of Giilhane School of Medicine approved the study.
Informed consent was obtained from each participant.

Laboratory Measurements

The arterial BPs were measured by a physician three times after a
15-min resting period in the morning, and mean values were calculated
for SBP and DBP for all participants. After an overnight fasting (non-
dialysis day for HD patients), the venous blood samples from patients
and control subjects were obtained to calculate the fasting plasma
glucose, serum albumin, total serum cholesterol, triglycerides, and
HDL and LDL cholesterol. Total plasma cholesterol, triglycerides, and
HDL cholesterol were measured by enzymatic colorimetric method
with Olympus AU 600 autoanalyzer using reagents from Olympus
Diagnostics, GmbH (Hamburg, Germany). LDL cholesterol was calcu-
lated by Friedewald’s formula (23). Plasma concentrations of STWEAK
were determined in duplicate with commercially available ELISA kits
(Bender MedSystems, Vienna, Austria). The minimum detectable level
of sSTWEAK was 10 pg/ml. Intra- and interassay coefficients of varia-
tion were 7.9 and 9.2%, respectively. Basal insulin level was measured
by the coated tube method (DPC-USA). An insulin resistance score
Homeostasis Model Assessment-Insulin resistance (HOMA-IR) was
computed by the following formula (24): HOMA-IR = fasting plasma
glucose (mg/dl) X immunoreactive insulin (uIU/ml)/405. For mea-
surement of high-sensitivity C-reactive protein (hsCRP), serum sam-
ples were diluted at a ratio of 1:101 with the diluents solution. Calibra-
tors, kit controls, and serum samples all were added on each microwell
with an incubation period of 30 min. After three washing intervals, 100
ul of enzyme conjugate (peroxidase-labeled anti-CRP) was added on
each microwell for additional 15-min incubation period at room tem-
perature in the dark. The reaction was stopped with a stop solution,
and photometric measurement was performed at the 450-nm wave-
length. The amount of serum samples was calculated as mg/L with a
graphic that was made by noting the absorbance levels of the calibra-

lism. All procedures in this study were carried out in accordance with  tors.
Table 1. Clinical characteristics of study groups
CKD
Characteristic (ioi‘tg%l) Stage .1 Stage 2 . Stage 3 . Stage 4 . Stage 5 .
(=90; (60 to 89; (30 to 59; (15t029;  (<15; HD;
n = 57) n = 61) n = 60) n = 60) n = 57)
Age (yr; mean = SD) 47 =11 46 = 11 49 + 10 45 + 13 47 =12 46 + 12
Male gender (1) 28 31 34 29 32 27
BMI (kg/mz; mean *+ SD) 26.1 2.0 264 +22 26.3 = 3.1 258 2.6 259 + 2.8 252 +27
Cause of CKD (n)
glomerulonephritis 11 13 10 12 9
hypertension 10 9 14 13 11
ADPKD None 4 5 3 4 4
reflux nephropathy 2 1 2 1 3
unknown 30 35 31 30 30
Antihypertensive drugs (1)
calcium-channel blockers 6 7 9 10 8
B blockers None 2 1 2 2 3
loop diuretics 2 1 3 1 0

ADPKD, autosomal dominant polycystic kidney disease; BMI, body mass index.



"dnoi3 jonuod ypm paredwod (gp°0 > ) A[reonsness 4s9) sowery-Any,
189} VAONYV Aem-auQ,

Clin ] Am Soc Nephrol 4: 1716-1723, 2009

([98uer]
1000>  q(ET€OIPID) LT o(LSE0I6ET) FET  o(I8E O3 THL) €9T  o(64F 03 SPT) TTE (829 03 9F1) 846 (€9 03 9z€) GpF  uerpaw ‘qui/3d) YVIMIS
1000>  4(T20107)TS  4(@803TS)TI9  4T801TI69  ((€80329) €L L6 TLFE  (FTCL0SL 06 ([98uex] uerpaw ‘o) AINA
1000> 4(€€103001) 0Tl (8ETO9TD) 0El (81 010TL) 6CL (8ELOIFTL) 06T (€T 081D 0€L (6T M6 T 0el  ([Suer] uerpaw ‘o) QAN

([98uer]

1000> 4(02€010'TT) 09T (08T 0108) 0T q(0TT01G9) 09T 4(0°ST010°S) 00T 400193 TE) 09 (0% 0101)0¢C uerpaw /8w) LIDSY
([98uer] uerpaw

81T°0 (6501 97) €% (€903 87) €% (05 03 927) €% (%S 03 92) 9% (103 1¢) 9% (€601 £2) #% ‘Ip/3w) 10133890 TAH
(ds F ueaw

1€0°0 0T = 021 91 ¥ 921 91 ¥ 6Tl 6L ¥ 0€T 91 ¥ STl L F Tl ‘Ip/Sw) (0138302 1T
([98uer] uerpaw

¥8¢°0 (99103 %21) £6T  (T9T O3 FTI) 9T (89103 20T) 8ET  (6ST 03 90T) ¢FT (641 03 €0T) ZET  (L9T O3 GTT) 8ET ‘Ip/3u) sapradA[SLy,

([98uer] uerpaw
2600 (Gezor6hT) 26T (96T 01 6ST) T6T  (LETOYT4T) €61 (GET 031 0LT) ¥6T  (I€T0309T) €61  (SET 03 6ST) T6T ‘Ip/3u) [0193$9[0YD [RIO],

0£0°0 0€MMTT)ST Feor1D¥1 (1€010T)¥1 (0€0160)F'1 Fzor0D)¥1 (1720 60) €T ([93uer] uerpsw) Y[-VINOH
([98uer] uerpaw
£50°0 (60T 03 89) 98 (901 03 02) 06 (G0T 01 89) 88 (¥01 03 £9) 88 (801 03 0£) T8 (F01 01 99) G8 ‘Ip/Swr) 9soon[3 ewsel]
([98uer] uerpaw
010 (cer1o3g9) 0z  (TS10319) 29  (0€1016%) 0L (86016F) 29 (£'6010°6) 9 (86016F) 89 T/ ) urnsur ewseyJ
([98uer]
1500 (02691012 0€8 (06603014 S€8 (026010°08) SF8 (006030°€2) 0°€8 (0F6010°T4) 028 (0°68 03 0°92) 0°ES uerpaw SHww) Jgd
([98uer]
€080 (F103¢11) €61 (ISTOITIT) TET  (CPTOIOTT) €61 (GPT OIGTT) €61 (ZSTOIGIT) TET  (6ET O3 61T) IET uerpaw ‘SHww) Jgs
([98uer] uerpaw
¥E1°0 COF 0¥ COF 1Y FOF TV COFCH COFTY FOFTY ‘Ip/$) ununqre wnisg
([98uer] uerpaw
100°0> #1076 q(££ 03 61) 1T (86 03 /1) 8¢ q(€60109) 69 4(80T 0188) 26 (621 0186) SIT  ‘;w ¢/'1 1od urwr/w) Y499
(Ls=u w%: 61>) (9 =u w@m 016T) (09 =u w% 010¢) (19=u w% 03} 09) (L6 = m 06=) A V
G 98mg ¥ o8wig ¢ a8mg z 98wi5 1 98eig og =u
mn~ MO.ﬂCOU HQ«@EG&@&
@D

Clinical Journal of the American Society of Nephrology

1718

sdnoid 03 urpioooe sjuawssasse Tenosea pue A1ojeroqe] ‘g AquL



Clin ] Am Soc Nephrol 4: 1716-1723, 2009

Vascular Assessment

According to the method of Celermajer et al. (25), the endothelium-
dependent vasodilation (FMD) and endothelium-independent vasodi-
lation (nitroglycerine-mediated dilation [NMD]) of the brachial artery
were assessed by using high-resolution ultrasound. Measurements
were made by a single observer using an ATL 5000 ultrasound system
(Advanced Technology Laboratories, Bothell, WA) with a 12-MHz
probe. The nonfistula arm was used in the dialysis group. All vasoac-
tive medications were withheld for 24 h before the procedure. The
participants remained at rest in the supine position for at least 15 min
before the examination started. The participant’s arm was comfortably
immobilized in the extended position to allow consistent recording of
the brachial artery 2 to 4 cm above the antecubital fossa. Three adjacent
measurements of end-diastolic brachial artery diameter were made
from single two-dimensional frames. All ultrasound images were re-
corded on S-VHS videotape for subsequent blinded analysis. A pneu-
matic tourniquet was inflated to 200 mmHg with obliteration of the
radial pulse. After 5 min, the cuff was deflated. Flow measurements
were made 60 s after deflation. After an additional 15 min, measure-
ments were repeated and again 3 min after administration of sublingual
glyceryl trinitrate 400 pg orally. The maximum FMD and NMD dilation
diameters were calculated as the average of the three consecutive
maximum diameter measurements. The FMD and NMD were then
calculated as the percentage change in diameter compared with base-
line resting diameters.

Statistical Analysis

Non-normally distributed variables were expressed as median
(range), and normally distributed variables were expressed as mean *
SD as appropriate. P < 0.05 was considered to be statistically signifi-
cant. Between-group comparisons were assessed for nominal variables
with the y” test. Difference among the groups was analyzed by one-way
ANOVA test followed by post hoc Tukey Kramer test for multiple
comparisons. Spearman rank correlation was used to determine corre-
lations between two variables. Stepwise multivariate regression analy-
sis was used to assess the predictors for FMD levels. All of the statistical
analyses were performed by using SPSS 11.0 (SPSS, Chicago, IL) sta-
tistical package.

Results

The characteristics of the study participants are presented in
Tables 1 and 2. No significant differences between patients and
control subjects were found with regard to age, body mass
index, SBP, DBP, serum albumin, total cholesterol, LDL choles-
terol, HDL cholesterol, or triglyceride levels. All of these pa-
rameters were similar within the various CKD groups.

As expected, groups with stages 1 through 5 CKD had grad-
ually diminished FMD values (P < 0.001; Figure 1A) and in-
creased hsCRP values as compared with control subjects. NMD
levels were similar between patients within stages 1 through 4
CKD and control subjects (Table 2), whereas NMD was lower in
the stage 5 CKD group (P < 0.001). At the same time, across
increasing CKD stages, gradual decreases in sSTWEAK plasma
levels were observed as compared with control subjects (P <
0.001; Table 2, Figure 1B). The lowest sSTWEAK concentration
was found in the stage 5 CKD group.

In univariate analysis, sSTWEAK plasma levels negatively
correlated with hsCRP (p = —0.612; P < 0.001; Figure 2), DBP
(p = —0.131; P = 0.02), and HOMA (p = —0.120; P = 0.04; Table
3), whereas it was positively associated with eGFR (p = 0.704;
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Figure 1. (A and B) Box plots showing the decrease in FMD (A)
or in sSTWEAK (B) in parallel with the reduction in eGFR.

P < 0.001), EMD (p = 0.590; P < 0.001; Figure 3), and NMD (p =
0.232; P < 0.001).

To clarify whether sSTWEAK is an independent predictor of
ED in these patients, we performed a multiple regression
model. Variables that were expected to influence FMD (gender,
age, total cholesterol, DBP, eGFR, HOMA, and hsCRP) as well
as sSTWEAK were included in the multivariate analysis. In such
model, eGFR levels, hsCRP, DBP, and sTWEAK were signifi-
cantly associated with FMD levels (Table 4).

Discussion

In this study, we investigated STWEAK plasma levels across
various CKD stages. We could observe a gradual decrease in
sTWEAK values concomitant with eGFR decline. At the same
time, we showed for the first time an independent relationship
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Figure 2. Scatter plot showing the significant negative relation-

ship between sSTWEAK plasma levels and hsCRP concentra-
tions.

Table 3. Spearman rank correlations between sTWEAK
levels and selected parameters in patients with CKD

Parameter p p
Age 0.002 0.975
BMI 0.197 0.001
eGFR (ml/min per 1.73 m?) 0.704  <0.001
Serum albumin (g/dl) 0.114 0.061
SBP (mmHg) 0.032 0.583
DBP (mmHg) —0.131 0.025
Plasma insulin (wIU/ml) —0.100 0.086
Plasma glucose (mg/dl) —0.085 0.147
HOMA-IR —0.120 0.039
Total cholesterol (mg/dl) 0.074 0.206
Triglycerides (mg/dl) 0.018 0.758
LDL cholesterol (mg/dl) 0.090 0.121
HDL cholesterol (mg/dl) 0.045 0.443
hsCRP (mg/L) —-0.612 <0.001
NMD (%) 0232  <0.001
FMD (%) 0.590 <0.001

between sTWEAK levels and ED in 295 patients with CKD.
These results therefore agree with previous reports on diminu-
tion in sSTWEAK plasma levels in patients with CKD (26) and in
HD patients (19).

In accordance with previous reports (19,20), sSTWEAK was
inversely associated with the inflammatory biomarker CRP;
however, sSTWEAK did not relate to lipid profile or glucose/
insulin concentrations, which seems to be in contradiction to
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Figure 3. Scatter plot showing the significant positive relation-
ship between sTWEAK plasma levels and FMD.

previous studies (20-26). Nonetheless, those studies cannot be
extrapolated directly to our data, because we included young
patients with CKD, who were free from both diabetes and
cardiovascular history. The observed significant inverse asso-
ciation between HOMA-IR and sTWEAK may indicate, how-
ever, some indirect relation to insulin resistance.

The main finding in our study is the independent association
between sSTWEAK and ED. The process by which ED is asso-
ciated with sSTWEAK plasma levels is still poorly characterized
but could be related with the expression of TWEAK or its
receptor, Fnl4, by endothelial cells (27,28). In this context,
expression and release of other members of the TNF superfam-
ily are abnormal in patients with ED. Soluble Fas ligand plasma
levels are diminished in patients with carotid atherosclerosis
(29) and in individuals at high cardiovascular risk (30). Further-
more, forearm vasodilator responses to reactive hyperemia are
associated with soluble Fas ligand concentration in patients
with coronary artery disease (31). Altogether, these data may
therefore indicate that members of the TNF superfamily could
be directly related with ED.

The mechanisms that lead to lower sTWEAK levels are
poorly understood. A pathologic role of TWEAK has been
demonstrated in animal models of kidney injury (32,33). In this
regard, TWEAK is expressed in several tissues, but the expres-
sion of its receptor, Fn14, is relatively low in the kidney (33) and
undetectable in the arterial wall (34). Under pathologic condi-
tions, Fn14 expression is increased, and cells, including vascu-
lar cells, could be sensitized to TWEAK, leading to injurious
actions such as apoptosis and production of proinflammatory
mediators (33,34). In such scenario, unknown mechanisms may
lead to low TWEAK concentrations to try unsuccessfully to
limit tissue injury: Low levels of STWEAK in patients with CKD
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Table 4. Multivariable regression analysis of predictors of FMD in patients with CKD

Parameter Estimate SE B P
Intercept 3.79 0.966 <0.001
eGFR (ml/min) 1.59E-02 0.003 0.435 <0.001
hsCRP (mg/L) —4.4E-02 0.011 —0.281 <0.001
DBP (mmHg) 3.07E-02 0.010 0.109 0.003
sTWEAK (pg/ml) 1.68E-03 0.001 0.134 0.010

Variables that are known to influence FMD levels (age, gender, total cholesterol, eGFR, hsCRP, and DBP) as well as
sTWEAK were included in the models. Whole-model adjusted r? = 0.62.

may be a compensatory mechanism to protect from the conse-
quences of Fnl4 activation (9). In this sense, it was recently
reported that both CD163 (a TWEAK scavenger receptor) and
sTWEAK are expressed in an opposite trend in human carotid
atherosclerotic plaques (35). Moreover, CD163-expressing mac-
rophages can bind and internalize sSTWEAK in vitro (35). The
reduction of sSTWEAK in patients with CKD could be related
with the presence of its scavenger receptor CD163, which is
upregulated in patients with stage 5 CKD (36). This increment
could facilitate TWEAK degradation by inflammatory macro-
phages, leading to low TWEAK levels (37). In this context, low
TWEAK levels may relate to the degree of macrophage activa-
tion.

A second possibility is that a defective shedding of TWEAK
is responsible for the diminution of STWEAK plasma levels
observed in our study. As an example, previous studies dem-
onstrated that LEu554Phe polymorphisms in the E-selectin
gene display a more severe degree of atherosclerosis (38). An
inverse relationship between carotid intima-media thickness,
plasma E selectin, and cardiovascular mortality in patients with
ESRD has also been described (39,40). Such an association is in
keeping with the functional effect of this polymorphism, which
favors E-selectin anchoring to the endothelium surface, thereby
limiting the shedding of E-selectin into the bloodstream (38).

Finally, different effects of TWEAK in cardiovascular dis-
eases have been suggested (41). Augmented circulating
TWEAK levels in mice through genetic approaches resulted in
the development of dilated cardiomyopathy, with subsequent
cardiac dysfunction and early mortality, a process dependent
on the Fnl4 cellular receptor (42). The interaction between
TWEAK and Fnl14 also has several potential proatherogenic
effects in cultured cells, which may be important in the patho-
genesis of atherosclerosis. TWEAK through Fnl4 can induce
intercellular adhesion molecule 1 and E-selectin expression in
human umbilical vein endothelial cells in culture (27). Stimu-
lation of human umbilical vein endothelial cells with TWEAK
also induces the secretion of proinflammatory cytokines and
chemokines such as IL-8 and monocyte chemoattractant protein
1 (27), increasing the inflammatory response. In addition,
TWEAK augments vascular smooth muscle cell proliferation
(13) and induces metalloproteinase activity (16), favoring ath-
erosclerotic plaque destabilization. Finally, TWEAK and Fnl14
are expressed in human carotid atherosclerotic plaques (43).

Some limitations of this study should be considered. First,

our observation was cross-sectional in nature. Second, because
patients with diabetes were excluded, this may limit the value
of the observed results, which may not be able to be extrapo-
lated to patients with diabetes. Third, we found surprisingly
strong associations between the investigated factors, possibly
as a result of the strict inclusion criteria of our patient material
and meaning that the results may be hard to transfer to more
heterogeneous populations; however, our data are in agree-
ment with the present understanding of the sSTWEAK patho-
physiology in CKD (19,20). Finally, by assessing GFR indirectly,
we may have limited the power of the study to show the true
extent of progression to stage 5 CKD.

Conclusions

This study demonstrates that sSTWEAK plasma concentra-
tions are negatively associated with GFR decline. Finally, we
report an association between sSTWEAK and functional changes
in FMD in patients with CKD, independent of inflammation
and BP, suggesting that this protein may play a previously
unrecognized role in the ED of uremia.
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