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Indoxyl sulfate (IS) contributes to oxidative stress and endothelial dysfunction in chronic kidney disease patients. However, the role
of mitochondria in IS-induced oxidative stress is not very clear. In this study, we examined whether mitochondria play a pivotal
role in modulating the effects of antioxidants during IS treatment. In the context of human umbilical vein endothelial cells, we
found that IS had a dose-dependent antiproliferative effect. In addition, we used flow cytometry to demonstrate that the level of
reactive oxygen species increased in a dose-dependent manner after treatment with IS. High doses of IS also corresponded to
increased mitochondrial depolarization and decreased mitochondrial DNA copy number and mitochondrial mass. However, these
effects could be reversed by the addition of antioxidants, namely, vitamin C and N-acetylcysteine. Thus, our results suggest that
IS-induced oxidative stress and antiproliferative effect can be attributed to mitochondrial dysfunction and impaired biogenesis and
that these processes can be protected by treatment with antioxidants.

1. Introduction

Indoxyl sulfate (IS) is a uremic toxin associated with vascular
disease and mortality in chronic kidney disease (CKD)
patients [1]. Increased reactive oxygen species (ROS) gener-
ation contributes to tissue dysfunction [2]. Moreover, IS is a
known cause of oxidative stress in endothelial cells [3-5], and
it has been shown to strongly decrease the levels of cellular
antioxidants such as glutathione (GSH) [3] and increase the
production of mitochondrial superoxide [6]. Additionally, IS
has been reported to inhibit nitric oxide generation and cell
proliferation in vascular endothelial cells [4].

Recently, many studies have investigated compounds
that may be capable of regulating IS levels. For example,
Kremezin (AST-120), an oral clinical drug with spherical

adsorptive carbon, was reported to absorb IS in the gut,
decreasing the IS levels in circulation in CKD patients [7];
this improved endothelial function and restored GSH levels
[5]. This research provides evidence of the significant role of
IS modulators in CKD patients.

Since IS is known to induce oxidative stress, it is rea-
sonable to hypothesize that antioxidants could counteract
IS-induced ROS production. Antioxidants such as vitamin
E, vitamin C, and N-acetylcysteine (NAC) were reported
to inhibit IS-induced ROS generation and antiproliferative
effect in human umbilical vein endothelial cells (HUVECs)
[3, 4]. Furthermore, several signaling pathways appear to
be regulated in IS-treated cells. For example, IS inhibits
nitric oxide generation and cell proliferation through ROS-
mediated Nox4 overexpression in HUVECs [4]. In addition,
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IS upregulates intercellular adhesion molecule-1 (ICAM-1)
and monocyte chemotactic protein-1 (MCP-1) expression via
ROS-activated NF-«B signaling [8, 9].

Mitochondria are the major ROS-generating organelles
(10, 11], and mounting evidence shows that mitochondrial
dysfunction may lead to many diseases [12-14]. Although
IS-induced ROS generation and antiproliferative effects were
reported, the role of mitochondria in this process has not
been elucidated yet.

We hypothesized that IS-induced oxidative stress results
in mitochondrial dysfunction and impaired mitochondrial
biogenesis. To address this hypothesis, we assessed cell via-
bility, ROS generation, mitochondrial membrane potential,
mitochondrial DNA copy number, and mitochondrial mass
in IS-treated HUVECs and investigated the effects of antiox-
idants (vitamin C and NAC) on mitochondrial function and
biogenesis.

2. Materials and Methods

2.1. Cell Lines and Chemical Information. HUVECs were
incubated in a humidified atmosphere with 5% CO, at 37°C.
Culture medium was prepared as follows: 400 mL of M199
medium (Gibco, Grand Island, NY), 100 mL of fetal bovine
serum (Sigma-Aldrich, St. Louis, MO), 25000 U/vial heparin
(China Chemical & Pharmaceutical, Tainan, Taiwan), 5 mL
of penicillin/streptomycin (Gibco), and 7.5 mg of endothelial
cell growth supplement (ECGS) (Millipore, Billerica, MA).
IS, ascorbic acid, NAC, crystal violet, and dimethyl sul-
foxide (DMSO) were purchased from Sigma-Aldrich, and
IS, ascorbic acid, and NAC were further reconstituted to
0-250 ug/mL, 200 uM, and 10 mM for use in experiments,
respectively.

2.2. Cell Viability Assay. Cell viability was measured by
crystal violet assay [15]. Cells were seeded in 96-well plates
(5% 10> cells/well), treated with IS at indicated concentrations
(0, 50, 125, and 250 ug/mL) for 48h, and washed thrice
with phosphate-buffered saline (PBS). Crystal violet reagent
(0.05% in PBS) was added to these cells and the mix was
incubated for 2 h at 37°C; the cells were then washed 10 times
with PBS and air-dried. The cells were incubated with 100 L
of DMSO for 1-2 h to completely dissolve the dye. Finally, the
absorbance of these plates was read at 570 nm on a microplate
reader.

2.3. Intracellular ROS Detection. Intracellular ROS was
detected using 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) [16]. For this purpose, HUVECs (2 x 10° cells)
were incubated with different concentrations of IS (0, 50, 125,
and 250 pg/mL) for 48 h. Cells were then stained with 10 yM
DCFH-DA (Molecular Probes, Life Technologies, Carlsbad,
CA) for 30 min at 37°C and detached with trypsin/EDTA.
Cells were collected in PBS, washed twice by centrifugation
(1500 rpm for 5min), and resuspended in 0.5mL of PBS.
ROS production was measured by flow cytometry utilizing a
fluorescence-activated cell scanner machine (BD Biosciences
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FACScan system). It was expressed as the mean fluorescence
intensity (MFI), which was calculated by CellQuest software.

2.4. Measurement of Mitochondrial Membrane Potential
(MMP). Rhodamine 123 (Invitrogen, Life Technologies,
Carlsbad, CA) was used to measure MMP, as described
previously [17]. In brief, 2 x 10° cells were plated in each
well of six-well plates and they were allowed to attach for 16-
18 h. After being treated with drugs for 48 h, the cells were
harvested by trypsinization, washed in PBS, and resuspended
in 200 ng/mL Rhodamine 123. After incubation for 30 min
at 37°C, the cells were washed three times and resuspended
in 500 mL of PBS. Cytofluorimetric analysis was performed
using a BD Biosciences FACScan system. The fluorescence
intensity of IS-treated cells was adjusted to that of the
untreated control.

2.5. RNA Extraction and Mitochondrial DNA Copy Number.
After drug treatment for 48 h, cellular RNA was extracted
by PureLink RNA Mini Kit (Ambion, Life Technologies,
Carlsbad, CA) and reverse-transcribed to cDNA using
SuperScript First-Strand Synthesis System (Invitrogen, Life
Technologies, Carlsbad, CA). Mitochondrial DNA (mtDNA)
copy number was assessed using real-time polymerase
chain reaction (PCR) and adjusted with nuclear DNA
(B-actin gene) by using primers against MT-NDI1 (for-
ward: 5’ -TGGGTACAATGAGGAGTAGG-3' and reverse: 5'-
GGAGTAATCCAGGTCGGT-3") and actin (forward: 5'-
TCACCCACACTGTGCCCATCTACGA-3' and reverse: 5'-
CAGCGGAACCGCTCATTGCCAATGG-3'), as described
previously [18, 19]. The threshold cycle number (Ct) values of
B-actin and NDI1 genes were calculated using the following
formula: relative copy number (Rc) = 25€t where ACt =
Ct B-actin — Ct NDL

2.6. Mitochondrial Mass. Mitochondrial mass was deter-
mined as described previously with slight modification [20].
In brief, the mitochondria and cytoskeleton (F-actin) were
stained by MitoTracker red (Invitrogen, Life Technologies,
Carlsbad, CA) and phalloidin (Molecular Probes, Life Tech-
nologies, Carlsbad, CA), respectively, and observed using a
fluorescence microscope (Olympus BX-UCDB-2; Olympus
Corporation, Tokyo, Japan). Image area was analyzed by the
Image Pro-Plus version 7.0 (Media Cybernetics, Rockville,
MD) system. Only cells with intact cytoplasmic phalloidin
staining were counted. Mitochondrial mass was calculated as
follows:

. . mitochondrial area
mitochondrial mass = x100. (1)
cytoskeleton area

3. Results

3.1 Cell Viability of IS-Treated HUVECs. The viability of
HUVECs treated with the indicated concentrations of IS
for 48h is shown in Figurel. Cell viability was found to
be inversely correlated with IS dose ranging from 0 to
250 yug/mL. In addition, the antiproliferative effect of IS
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FIGURE 1: Cell viability of IS-treated HUVECs. Cells were treated
with 0, 50, 125, and 250 pg/mL of IS for 48 h and subjected to crystal
violet assay. Data, mean + SD (1 = 12). ** P < 0.0001.

1.6

1.4 4 * %

1.2 1

Ho*

1.0 1 T

0.8 1

0.6 4

Relative ROS level

0.4 4

0.2 1

0.0

0 50 125 250
Concentration (pg/mL)

FIGURE 2: ROS generation of IS-treated HUVECs. Quantification
analysis of relative ROS mean intensity of DCFH-DA (% of control).
Cells were treated with 0, 50, 125, and 250 ug/mL of IS for 24 h. Data,
mean = SD (n = 3). "P < 0.01; " P < 0.001 compared to the control.

on HUVECGs significantly increased in a dose-dependent
manner (Figure 1).

3.2. ROS Generation of IS-Treated HUVECs. The mean flu-
orescence intensity of DCFH-DA was used to measure the
relative ROS content (% of control) in IS-treated HUVECs.
The results indicated that increasing doses of IS corresponded
to higher levels of ROS (Figure 2).

3.3. MMP of 1S-Treated HUVECs. The mean fluorescence
intensity of Rhodamine 123 was used to measure the relative
MMP levels (% of control) in IS-treated HUVECs. Figure 3
shows that MMP was reduced in IS-treated HUVECs. How-
ever, the addition of antioxidants such as vitamin C or NAC
was able to counteract the effect of IS with regard to MMP
(Figure 3).
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FIGURE 3: Role of antioxidants in IS-induced mitochondrial depolar-
ization in HUVECs. Quantification analysis of relative MMP mean
intensity (% of control) of Rhodamine 123. Cells were treated with IS
125 ug/mL alone as the positive control, cotreated with IS 125 yg/mL
and vitamin C 200 uM or NAC 10 mM for 48 h. Cells without IS
treatment were regarded as the negative control. Data, mean + SD
(n=2)."P < 0.05 compared to the control.

3.4. Mitochondrial Function in IS-Treated HUVECs. Mito-
chondrial DNA (mtDNA) expression was measured to quan-
tify mitochondrial function in HUVECs treated with IS.
In accordance with our previous findings, we saw that
mtDNA copy number was dramatically reduced in IS-treated
HUVECs, compared to untreated controls. Moreover, these
effects could be reversed by the addition of either vitamin C
or NAC.

3.5. Mitochondrial Biogenesis in IS-Treated HUVECs. We
assessed the effect of IS treatment on mitochondrial biogene-
sis by measuring mitochondrial mass in IS-treated HUVECs.
To this end, we stained the mitochondria, cytoskeletal net-
works, and nuclei by using MitoTracker red, phalloidin, and
DAPI, respectively. Using imaging software, we were able
to quantify the mitochondrial mass relative to that of the
entire cell (Figure 5(b)); increase in the number of loci of red
fluorescent staining indicates increased mitochondrial mass
in the cytoplasm. Our results show that mitochondrial mass
was dramatically reduced in IS-treated HUVECs compared
to controls and that we could counteract these effects with
the addition of vitamin C or NAC.

4. Discussion

IS is a known risk factor for cardiovascular disease in CKD
patients [1, 21]. Findings from the present and previous
studies [3-5] supported the idea that IS can induce antipro-
liferative effects and ROS generation in a dose-dependent
manner. ROS generation was commonly reported, along with
mitochondrial depolarization and apoptosis, for example,
cancer cells treatment with natural products [22-24]. Simi-
larly, we found that IS induced mitochondrial depolarization
and cell death, although the cause of death was not verified
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FIGURE 4: Role of antioxidants in IS-induced mtDNA copy number
changes in HUVECs. Quantification analysis of relative mtDNA
copy number (% of control) was shown. Cells were treated with IS
125 ug/mL alone as the positive control, cotreated with IS 125 yg/mL
and vitamin C 200 uM or NAC 10 mM for 48 h. Cells without IS
treatment were regarded as the negative control. Data, mean + SD
(n=2).""P < 0.005 compared to the IS only. VITC: vitamin C.

to be apoptosis. Moreover, the sensitivity of mitochondria-
based methods for cell viability detection like MTT or MTS
[23, 24] is better than the crystal violet assay used in the
current study. For small dosage effect of IS, the MTT/MTS
assays can be considered.

Vitamin C [25] and NAC [26] are both well-known
scavengers of free radicals. Interestingly, oxidative stress
associated with other ROS-generating drugs such as imida-
cloprid [27] and melamine [28] was shown to be thwarted
by treatment with vitamin C. In addition, liver carcinogen-
esis induced by diethylnitrosamine was mediated by ROS
generation and was reversed by NAC in animal models
[29]. Furthermore, pretreatment with NAC partly rescued IS-
induced antiproliferative effects and nitric oxide generation
in HUVEGCs at 48h IS treatment [5]. In our study, we
focused on the effect of IS on mitochondrial dysfunction and
found that both vitamin C and NAC significantly protected
HUVECs from IS-induced mitochondrial dysfunction.

The ROS production of HUVECs stimulated by IS was
dose dependent. However, IS could activate NADPH oxidase
(NOX) to increase ROS production [3]. It could also relate
to mitochondria dysfunction. Accordingly, the origin of
ROS production (NOX or mitochondria) after adding IS
to HUVECs remains unclear. Using NOX inhibitors [3] or
p22phox siRNA [30] for NOX and monitoring cytochrome
C oxidase activity may further address this issue.

Many researchers have quantified mitochondrial bio-
genesis in terms of mitochondrial DNA copy number and
mitochondrial mass. For example, knockdown of manganese
superoxide dismutase (MnSOD) was reported to increase
mtDNA copy number and mitochondrial mass in normal
rat kidney cells [31], and overexpression of mitochondrial
transcription factor A (TFAM) increased mtDNA copy num-
ber and preserved transformation-induced oxidative stress
in lymphoblastoid cells [32]. Here, we have shown that IS
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FIGURE 5: Role of antioxidants in IS-induced mitochondrial mass
changes in HUVECs. Cells were treated with IS 125 ug/mL alone
as the positive control, cotreated with IS 125 yg/mL and vitamin C
200 uM or NAC 10 mM for 48 h. Cells without IS treatment were
regarded as the negative control. The fluorescent dyes and colors
were MitoTracker (red), phalloidin (green), and Hoechst 33258
(blue). (a) Representative confocal microscopy. (b) Quantification
analysis of relative mitochondrial mass (% of control). Data, mean +
SD (n =2). “P < 0.01 compared to the IS only.

reduced mtDNA copy number and mitochondrial mass in
HUVECs and that these results could be reversed with the
addition of vitamin C and NAC. However, some valuable
assays including mtDNA deletion assay [33, 34], may offer
complementary information on how much effect that IS had
on mtDNA reduction. Moreover, the possible presence of the
large mtDNA deletions may partly explain that IS-induced
marked reduction of PCR-based mtDNA copy number to
low level (Figure 4) while the IS-induced mitochondrial mass
seems to maintain stable level (Figure 5).

Other antioxidants may have the potential to improve
mitochondrial function and biogenesis. For example, red
wine polyphenols such as resveratrol enhance mitochondrial
biogenesis in coronary arterial endothelial cells via sirtuin 1
activation [20]. Interestingly, other members of the sirtuin
family are linked to ROS generation [35]; sirtuin 2 over-
expression induced ROS generation in non-small-cell lung
cancer [36], and sirtuin 2 was reported to induce alveolar
mitochondrial biogenesis in the animal model of Staphylo-
coccus aureus pneumonia [37]. These findings indicate the
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potential roles of ROS-signaling proteins in the regulation of
mitochondrial biogenesis.

Recently, many mitochondrial biogenesis-related tran-
scription factors have been identified. These include perox-
isome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1a; PPARGCIA) [38], mitochondrial transcrip-
tion factors A (TFAM), Bl (TFBIM), and B2 (TFB2M) [39],
nuclear respiratory factor 1 (NRF1) [40], nuclear factor,
erythroid 2-like 2 (NRF2; NFE2L2) [37], and estrogen-related
receptor-a (ESRRA) [41]. Further research is necessary to
examine alterations in the expression of these transcription
factors in IS-treated cells. This will offer better understanding
of the molecular networks that are involved in helping human
endothelial cells cope with IS-mediated injuries.
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