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inflammatory responses under the stimulation of
uremic toxins
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Abstract

Background: It is unclear to what extent uremic toxins participate in inflammatory responses and the activities of
deiodinases, as well as the effects of deiodinases on inflammatory cytokines.

Materials and methods: Hepatocellular carcinoma cell lines (HepG2) were transfected with small interfering
ribonucleic acid (siRNA) specific for deiodinase type 1 (DIO1) and cultured with or without uremic toxins. The
mRNA expression of DIO1, interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α was detected by quantitative
real-time PCR. The presence of selenoprotein M (SelM) and DIO1 was assessed by western blotting. Sonicate
deiodinase activities in HepG2 cells were measured by a dithiothreitol-stimulated assay. The NF-κB, AP-1 and CREB-1
inflammatory signal pathways were confirmed by EMSA.

Results: After culturing for 24 h, the mRNA expression of DIO1 was significantly decreased by the specific siRNA
(reduced by 76%, P = 0.0002). Uremic toxins significantly increased the mRNA expression (P < 0.01) of IL-1β, IL-6 and
TNF-α and inhibited DIO1 mRNA expression (P < 0.01) compared with controls. Suppression of DIO1 by siRNA
significantly decreased the mRNA expression of IL-1β and IL-6 (P < 0.05) but not TNF-α (P = 0.093). Uremic toxins
and specific siRNA synchronously reduced the protein expression of SelM and DIO1.

Conclusions: Uremic toxins activate the expression of inflammatory cytokines. The major findings of this study
indicate that the uremic toxins, more than inflammatory cytokines, play direct inhibitory roles in DIO1 enzyme
activity, which then provides a negative feedback to the growing accumulation of inflammatory cytokines.
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Introduction
Nonthyroidal illness syndrome (NTIS), also known as eu-
thyroid sick syndrome, refers to the characteristic changes
in thyroid hormone levels, typically decreases in serum
3,5,3’-triiodothyronine (T3) levels and a reduction in the
T3/reverse T3 (rT3) ratio, in critically ill patients. How-
ever, the pathogenesis of these imbalances in endocrine
hormones is not fully understood [1]. The iodothyronine
deiodinases (DIOs) modify the bioactivity of thyroid hor-
mone by controlling the concentrations of thyroxine (T4)
and its active form, T3. In humans, 80-90% of circulating
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T3 is derived from the pro-hormone T4, and the conver-
sion from T4 to T3 is catalyzed by both type 2 deiodinase
(DIO2) and, primarily, by type 1 (DIO1) via outer-ring
deiodination [2]. The third deiodinase, DIO3, prevents T4
activation and terminates T3 actions. DIO1 is susceptible
to inhibitory drugs, as well as changes in the thyroid hor-
mone status. The prompt reduction of circulating T3
levels observed in NTIS must be, at least in part, due to
the decreased peripheral conversion by DIO1 and/or
DIO2 [3].
Available data suggest that interleukin (IL)-1β, IL-6,

and tumor necrosis factor (TNF)-α play roles in the
pathogenesis of NTIS. Serum IL-6 concentrations were
negatively correlated with free T3 (FT3) and positively
with rT3 concentrations [4]. Serum IL-6 is often in-
creased in NTIS, and the serum level of this cytokine is
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inversely correlated with that of T3 in patients with end
stage renal disease (ESRD) [5]. A single intravenous in-
jection of IL-6 to healthy humans results in a transient
decline in serum T3 and an increase in rT3; these
changes mimic NTIS [6]. DIO1 is positively regulated by
T3 and expressed in liver, kidney, thyroid, and pituitary.
However, studies in mouse hepatic cells have shown that
TNF-α, IL-1β, and IL-6 induce increases in DIO1 acti-
vity [7]. The role of DIO1 in NTIS is also being chal-
lenged because of the publication of data in which
DIO1-deficient mice maintained normal T3 levels, which
suggests that the decrease in liver DIO1 could be a
consequence rather than a cause of reduced T3 [8].
Therefore, a better understanding of the mechanisms
underlying altered DIO activities during uremic toxins
exposure and illness is necessary to understand NTIS
and ultimately improve the disease outcome in patients
with chronic kidney disease.
Selenium (Se), which assists cells in resisting oxidative

stress, is an essential trace element for mammals and may
function as a redox regulator. Up-expression of selenopro-
tein M (SelM) in rats enhanced the activity of antioxidant
enzymes such as glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD) [9]. Moreover, SelM knock-
down resulted in increased reactive oxidative stress (ROS),
which further demonstrated the functional importance of
SelM in preventing oxidative stress [10]. The addition of
the antioxidant N-acetyl-cysteine (NAC), which restores
intracellular GSH levels, prevented the IL-6-induced in-
hibitory effects on T3-mediated production, suggesting
that the effect of IL-6 on DIO1 is mediated by oxidative
stress [11]. Although little is known about the role of
DIO2 in NTIS, all three deiodinases requires an endo-
genous cofactor, most likely GSH, which acts as a re-
ducing agent to release iodine from the selenocysteine
residue and regenerate the enzyme. However, little is
known about the relationship between deiodinase and
SelM during oxidative stress and inflammation.
DIO1 is susceptible to inhibitory drugs. It is unclear to

what extent the uremic toxins play roles in the inflam-
matory responses and deiodinase activities in patients
with chronic renal failure. In this study, by mimicking
the internal environment of patients with chronic renal
failure, we examine the effects of small interfering RNAs
(siRNA) and uremic toxins on the expression and func-
tion of DIO1 and inflammatory cytokines. In this way,
we are able to unveil the interaction among inflamma-
tory cytokines, the activities of DIO1 and their possible
signaling pathways during treatment with uremic toxins.

Materials and methods
HepG2 cell culture
HepG2 cells (human hepatoma) obtained from the Chinese
Academy of Medical Sciences were grown in Dulbecco’s
modified Eagle’s medium (DMEM) + 10% fetal bovine
serum (FBS, v/v) + 100 nmol/l Se containing 100 units/ml
penicillin and 30 μg/ml streptomycin under 5% CO2.

RNA interference of DIO1
For the transfection of siRNAs, HepG2 cells were cultured
and then transfected at a cell confluency of approximately
50% with Lipofectamine 2000, as indicated by the manu-
facturer’s instructions. Six hours after transfection, cells
were collected and processed for quantitative real-time
PCR (qRT-PCR) and fluorescence microscopy to evaluate
the efficiency of siRNA knockdown. The siRNAs for
DIO1 were chemically synthesized by Sangon Biotech,
Shanghai, China. The siRNA sequences used were selec-
ted as follows: DIO1 sequence 1 (Seq1), 5’-GCCACUCU
GAUACCAAGUATT-3’ and 5’-UACUUGGUAUCAGA
GUGGCTT-3’; Seq2, 5’-GCUCUCUGUACCCUGAAA
UTT-3’ and 5’-AUUUCAGGGUACAGAGAGCTT-3’;
Seq3, 5’-GGCUGUGACUUGAUUCAAATT-3’ and 5’-UU
UGAAUCAAGUCACAGCCTT-3’. Sequence 5’-UUCUC
CGAACGUGUCACGUTT-3’ and 5’-ACGUGACACGU
UCGGAGAATT-3’ for negative control FAM. Sequence
for negative control, 5’-UUCUCCGAACGUGUCACGU
TT-3’ and 5’-ACGUGACACGUUCGGAGAATT-3’. 5’-
GUAUGACAACAGCCUCAAGTT-3’ and 5’-CUUGAGG
CUGUUGUCAUACTT-3’ for GAPGH positive control.
After evaluation by qRT-PCR and fluorescence micros-
copy, Seq3 was selected as the final siRNA because of its
optimal interference efficiency above 76%.

Study groups
The study groups were configured as following: Controls,
DMEM+ 10% FBS + 100 nmol/l Se; Toxins, controls +
80 μmol/l urea + 200 μmol/l creatinine + 10 nmol/l uric
acid + 2 pg/ml parathyrin and 20 μmol/l spermidine (final
concentrations); SiRNAs, controls + siRNAs; and the com-
bined toxins and siRNAs group. All cells were cultured
and collected for analysis at 3 h, 6 h, 12 h and 24 h.

RNA extraction and qRT-PCR
Total RNA was isolated from HepG2 cells using an
RNeasy mini kit (Qiagen, Texas, USA) according to the
manufacturer’s specifications. Total RNA from each sam-
ple was reverse-transcribed with random primers using a
StrataScript reverse transcriptase kit (Stratagene, California,
USA) followed by qRT-PCR analysis. The primers for
DIO1 amplification were 5’-TGGTGGTGATGATGGGT
GAG-3’ and 5’-GCATTGCTGGTGCCTATTGTT-3’. The
primers for IL-1β were 5’-ACGAATCTCCGACCACCA
CTA-3’ and 5’-GCACATAAGCCTCGTTATCCC-3’. IL-6
were 5’-TGAGGAGACTTGCCTGGTGAA-3’ and 5’-GC
ATTTGTGGTTGGGTCAGG-3’. The primers for TNF-α
gene amplification were 5’- GGCAGTCAGATCATC
TTCTCGAA-3’ and 5’- TGAAGAGGACCTGGGAGTAG
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ATG-3’. The primers for house-keeping gene GAPDH
amplification were 5’-GGAGTCCACTGGCGTCTTC-3’
and 5’-GCTGATGATCTTGAGGCTGTTG-3’. The qRT-
PCR was performed with Taqman One-step RT-PCR
Master Mix Reagents on an ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Foster city, CA).
The singularity and specificity of amplifications were
evaluated by Dissociation Analysis Software (ABI PRISM
Com., CA, USA). All reactions were performed in tripli-
cate. Relative expression levels and standard deviations
were calculated using the comparative method.
DIO1 activity
To determine the activity of DIO1, HepG2 cells were pre-
pared and assayed, as previously described [12]. Cells were
washed with HBSS and homogenized in buffer containing
250 mmol/l glucose, 20 mmol/l Hepes, 1 mmol/l EDTA,
and 1 mmol/l dithiothreitol by ultrasonication (ten pulses
of 0.5 s at 200 W). The proteins were measured by a mo-
dified Bradford assay (Bio-Rad, Munich, Germany). Sam-
ples were then incubated in a total volume of 200 μl
containing 1 μmol/l rT3, 50 000 cpm/tube [3’,5’-125I]rT3
(labeled using 17 Ci/mg carrier-free 125I from PerkinElmer,
Massachusetts, USA), 0.05 mg microsomal protein/ml,
2 mmol/l EDTA, and 5 mmol/l dithiothreitol and incu-
bated for 30 min at 37°C, followed by trichloroacetic acid
(TCA) precipitation of media and counting of the 125I−

remaining in the supernatant. Non-specific cell deio-
dination was determined by the addition of 100 μmol/l
propylthiouracil (PTU). All samples were measured in
triplicate.
Western blotting
Cells were harvested with ice-cold PBS and centrifuged
at 14000 × g for 4 min at 4°C. Nuclear and cytosolic ex-
tracts were prepared using a Nuclear and Cytoplasmic
Protein Extraction Kit (Pierce Biotechnology, Rockford,
Illinois) according to the manufacturer’s instructions.
Protein concentrations were measured by using a bicin-
choninic acid protein assay kit (Pierce Biotechnology,
Rockford, Illinois). Protein extractions of 50 μg were re-
solved in 10% SDS-PAGE and transferred onto immuno-
blot polyvinylidene difluoride membranes. Briefly, the
blots were blocked with 5% nonfat milk, washed with
Tris-buffered saline with 0.1% Tween (TBS-T), and incu-
bated overnight at 4°C with primary rabbit antibodies
DIO (1:400) (Santa Cruz Biotechnology, Dallas, Texas),
SelM (1:1000) (Abcam, Cambridge, UK) and β-actin (the
marker of cytoplasm fraction) (1:2000) (Santa Cruz
Biotechnology). Blots were then washed in TBS-T and
incubated with horseradish peroxidase-labeled secondary
goat anti-rabbit (1:2000; Santa Cruz Biotechnology) for 1 h
at room temperature. Western analysis of quantification
was performed with Image J (National Institutes of
Health/USA).

Electrophoretic mobility shift assay (EMSA)
After culturing for 12 h, nuclear extracts were prepared
using nuclei lysis solution, and the EMSA was performed
with the NF-κB Gel Shift Assay System according to the
manufacturer’s instructions. Protein concentrations were
determined using the BioRad protein reagents. The NF-κB
double-stranded consensus oligonucleotide 5’-AGTT
GAGGGGACTTTCCCAGGC-3’ was end-labeled with
Cy5.5-lectin. Unincorporated nucleotides were removed
by passing the reaction mixture through a Sephadex G-25
spin column (Amersham-Pharmacia, Uppsala, Sweden).
Purified Cy5.5-lectin-labeled probe was incubated in 25 μl
total volume binding reaction mixture containing 5 μg
nuclear extracts at room temperature for 30 min. DNA-
protein complexes were separated by electrophoresis
through a 6% non-denaturing acrylamide:bis-acrylamide
(37.5:1) gel in 0.5 × Tris-borate/EDTA (TBE) for 2 h at
150 V. The NF-κB 5’-GCCTGGGAAAGTCCCCTCA
ACT-3’ unlabeled double-stranded consensus oligonuc-
leotide was included in 2-fold molar excess over the
amount of Cy5.5-lectin-labeled NF-κB probe to detect
specific and non-specific DNA-protein interactions. The
composition of the complexes was determined by super-
shift assays. Quantification was performed with Image J
(National Institutes of Health/USA). The double-stranded
consensus oligonucleotide was 5’-CGCTTGATGACT
CAGCCGGAA-3’ for the acute protein (AP)-1 assay, and
the unlabeled double-stranded consensus oligonucleotide
was 5’-TTCCGGCTGAGTTACCAAGCG-3’ for its com-
petition. Sequence 5’-AGAGATTGCCTGACGTCAGA
GAGCTAG-3’ and unlabeled 5’-CTAGCTCTCTGACGT
CAGGCAATCTCT-3’ were used for the cAMP response
element-binding protein (CREB)-1.

Measurement of IL-6 in culture supernatants by ELISA
IL-6 production was measured in culture supernatants
by using a Human IL-6 Quantikine ELISA kit (R&D sys-
tems, Minneapolis, MN) according to the manufacturer’s
instructions. All samples were measured in triplicate.

Statistical analysis
Raw mRNA expression data were computed by 2−△Ct

formula with values normalized to GAPDH [13]. All data
were presented as the mean ± standard deviation (SD) of
triplicate experiments, unless otherwise specified. Data
were analyzed by using Student’s 2-tailed T test or one-
way ANOVA, followed by post-hoc Duncan multiple
range test when F values were significant. SPSS software
version 17.0 for Windows was used for statistical ana-
lysis. A P value less than 0.05 was considered significant.
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Results
Estimating the mRNA expression by qRT-PCR
We evaluated the effects of uremic toxins and specific
siRNA treatment on the temporary mRNA expression of
DIO1 and inflammatory cytokines. The inhibition of
DIO1 by specific siRNA treatment significantly decreased
its mRNA expression compared with controls (P < 0.01)
and uremic toxins (P < 0.05) (Figure 1A). Although the
relative expression level was lower, 10−5 to GAPDH,
uremic toxins markedly downregulated the DIO1 mRNA
expression within the 24 h culture period. Uremic toxins
significantly increased the mRNA expression of IL-1β
(P < 0.05), IL-6 (P < 0.01) and TNF-α (P < 0.01) compared
with controls (Figure 1B, C and D). Specific siRNA treat-
ment for DIO1 notably decreased the mRNA levels of
IL-1β (P < 0.05) and IL-6 (P < 0.05) but not TNF-α
(P = 0.093). The quantitative values of IL-1β and TNF-α
mRNA expression in HepG2 cells cultured with uremic
toxins and specific siRNA were more prominently re-
duced (P < 0.05) than those cultured with only uremic
toxins (P < 0.05), but that of IL-6 was not (P = 0.18). This
result could be explained by the relatively higher mRNA
expression compared with GAPDH (10−3); therefore, spe-
cific siRNA treatment may play a contrasting role to that
of uremic toxins.
Figure 1 Estimating the mRNA expression by quantitative real-time P
cells. Samples were measured in triplicate, and data are shown as the mea
DIO1 activities of HepG2 cells
The deiodinase activities in the presence of dithiothreitol
(DTT) were estimated for the maximal function of
DIO1 in HepG2 cells. As indicated in Figure 2, although
T3 production in the siRNA treatment did not differ
from that in the case of treatment with siRNA and
toxins (P = 0.073), significant decreases in T3 production
were observed in the group treated with uremic toxins
(the DIO1 activities decreased by nearly 27%, P < 0.05)
and group siRNA (the DIO1 activities decreased by
approximately 59%, P < 0.01) compared with controls.
The decrease in DIO1-catalyzed T4-to-T3 conversion in-
duced by siRNA and/or uremic toxins was measured at
12 h into incubation. Consistent with the results of qRT-
PCR mRNA analysis, the specific siRNA treatments
silenced the activities of the corresponding proteins.

Western blotting analysis of DIO1 and SelM expression
At relatively low expression levels, the DIO1 protein
(28 KDa) expression in HepG2 cells was significantly
inhibited by approximately 28% (P < 0.05) after treatment
with uremic toxins and approximately 58% (P < 0.01) after
treatment with the specific siRNA (Figure 3A), compared
with controls. Because all 3 deiodinases and SelM are
selenocysteine-containing, thiol-interacting oxidoreductases,
CR of DIO1 (A), IL-1β (B), IL-6 (C), and TNF-α (D) in cultured HepG2
n ± standard deviation.



Figure 2 Uremic toxins and/or siRNA induced decreases in
DIO1 activities of HepG2 cells cultured for 12 h were paralleled
by the declines in their respective expression of mRNA and
protein (Figure 3). Samples were measured in triplicate, and data
are shown as the mean ± standard deviation.
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these enzymes were speculated to be similarly sensitive to
the redox changes. Therefore, we also evaluated SelM
protein expression by immunoblotting. SelM protein (16.2
KDa) expression was significantly inhibited by appro-
ximately 40% (P < 0.05) after treatment with uremic toxins
and approximately 92% (P < 0.01) after treatments with
the specific siRNA (Figure 3B), compared with controls.
Confocal microscopy studies have indicated that DIO1

is localized in the plasma membrane, with its active
Figure 3 Effects of uremic toxins and specific siRNA treatment on He
Normalized densitometric data of the DIO1 (28 KDa, A) and SelM (16.2 KDa
W1 = toxins, W2 = siRNA, and W3 = toxin + siRNA. Data are shown as the m
center predicted to be in the cytosol. IL-6 can alter
GSH/oxidized GSH shuttling and recycling, which leads
to intracellular GSH depletion as a result of ROS forma-
tion [14]. Because the decreased SelM protein expression
induced by uremic toxins and/or siRNA was paralleled
by the DIO1 activities, which was also confirmed by
western blot, we speculated that the reduction in DIO1
function in HepG2 cells could be due to the inhibition
of GSH by the generation of ROS and subsequent oxida-
tive stress. Therefore, we deduced that, except for the in-
hibitive effects on DIO1 mRNA expression and enzyme
activities by uremic toxins, the subsequently produced
inflammatory cytokines, especially IL-6, may also play
important roles in the suppression of DIO1.

Inflammatory signal pathways by EMSA
For DNA binding activities that were unclear, extracts
were evaluated by EMSA, and we observed that the
uremic toxins and/or specific siRNA treatments inacti-
vated the inflammatory signals involving NF-κB, AP-1
and CREB-1 pathways. In contrast to controls, there was
a prominent activation of NF-κB in HepG2 cells cul-
tured with uremic toxins (P < 0.05) and inhibition in
cells with specific siRNA treatment (P < 0.05, Figure 4A).
The NF-κB/DNA complex was displaced by an excess of
unlabeled NF-κB, and not by Cy5.5-lectin-labeled NF-κB
probe, demonstrating the specificity of the NF-κB/DNA
binding complex.
pG2 cells cultured for 12 h (n = 4 in each group) by western blot.
, B) bands obtained from the protein extractions. W0 = controls,
ean ± standard deviation.



Figure 4 Effects of uremic toxins and specific siRNA treatment on NF-κB (A), AP-1 (B) and CREB-1 (C) activation by EMSA in HepG2 cells
cultured for 12 h (n = 4 in each group). Normalized densitometric data of the NF-κB, AP-1, and CREB-1 bands obtained from the extracts of
proteins with unclear interactions. N = negative control, A = controls, B = toxins, C = siRNA, and D = toxin + siRNA. Data are shown as the
mean ± standard deviation.
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Inflammatory cytokines such as IL-1 and TNF-α were
not only regulated by NF-κВ but also by activator pro-
tein AP-1 [15]. Additionally, CREB is a known inducer
of DIO1, DIO2 and DIO3 gene transcription [16,17].
Therefore, we speculated that AP-1 and CREB pathways
are also involved in the inflammatory responses. Com-
pared with controls, specific siRNA treatment reduced
AP-1 signals by approximately 28% (P < 0.05, Figure 4B)
and approximately 32% for CREB-1 (P < 0.05, Figure 4C).
Interestingly, paralleled by the mRNA expression of
inflammatory cytokines and confirmed by qRT-PCR,
uremic toxins significantly increased the production of
AP-1 protein (P < 0.05), but not CREB-1 (P = 0.38).
ELISA screening for IL-6
Concentrations of IL-6 in culture supernatants, mea-
sured by ELISA, increased time-dependently during the
12 h culturing period. In contrast to the stimulated se-
cretion of IL-6 due to uremic toxins (P < 0.05 versus
controls), specific DIO1 siRNA treatment (P < 0.01 ver-
sus controls) depressed the production of IL-6 in HepG2
cells (Figure 5). Interestingly, there is no distinct differ-
ence in IL-6 production between cells cultured with
uremic toxins and those cultured with uremic toxins
and specific siRNA (P = 0.13). This phenomenon was ob-
served previously in the quantitative analysis of IL-6
mRNA expression, which has been interpreted by the



Figure 5 ELISA quantification of IL-6 concentrations in culture
supernatants of HepG2 cells. Data are shown as mean values, and
all samples were measured in triplicate.

Figure 6 The simplified possible pathogenesis between
inflammation and oxidative stress in patients with chronic
kidney disease (CKD). AGEs: advanced glycation end products,
AOPP: advanced oxidation protein products, NADPH: nicotinamide
adenine dinucleotide phosphate.

Figure 7 Proposed mechanisms of the interaction between
inflammatory cytokines, oxidative stress and deiodinase
activities in patients with chronic renal failure. (+): promoting
effect, (-): inhibitory effect.
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limited siRNA effects in the face of eminent activation
by uremic toxins. The stimulation of IL-6 by uremic
toxins and the inhibitory effects induced by specific
siRNA were consistent with the results from EMSA,
which further confirmed that the uremic toxins play
pivotal roles in the inflammatory responses of patients
with chronic renal failure.

Discussion
IL-6 decreases hepatocyte thyroxine deiodinase expres-
sion and inhibits thyroid function through the binding
of IL-6 and soluble IL-6 receptor (sIL-6R) complex to
gp130 [18]. The infusion of recombinant TNF-α in hu-
man also produced a significant decrease in serum T3
[19]. Cytokines inhibit the mRNA expression and func-
tion of DIO1 in HepG2 cells, and studies of rat he-
patocyte cells has indicated that IL-1 and IL-6 impair
T3-mediated induction of DIO1 expression by a me-
chanism involving thyroid hormone receptor interaction
[20,21]. Blocking with IL-6, however, failed to induce the
euthyroid sick syndrome (also called NTIS) in animal
models [22]. In an experimental IL-6 knock-out mouse
study, a less distinct decrease in T3 levels and alterna-
tion of liver D1 activity were found after administration
of lipopolysaccharide (LPS), which prompted questions
regarding the clinical findings [23].
Therefore, it is necessary to observe the exact mecha-

nisms of interaction between inflammatory cytokines and
DIOs from a new perspective in which we discuss the
relationship inversely from DIOs to cytokines by gene
silencing of deiodinase. Moreover, the effects of uremic
toxins per se on inflammatory responses and DIO acti-
vities in critical illness have not been previously investi-
gated. Confirmed by qRT-PCR, DTT estimation of DIO1
activities, western blot, EMSA and ELISA assays, we
concluded that the specific siRNA treatment not only de-
creased the DIO1 mRNA expression and enzyme activities
but also played an inhibitory role in the production of
inflammatory cytokines in cultured HepG2 cells. The
major finding of the present study is that the uremic
toxins per se, more than inflammatory cytokines, play a
pivotal role in the inhibition of DIO1 activity.
Oxidative stress due to augmented ROS or reactive

nitrogen species generation is characteristic of critical
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diseases associated with NTIS. The patients usually dis-
play decreased plasma and intracellular levels of antioxi-
dant scavenging molecules, such as GSH, as well as
reduced activity of the antioxidant enzymatic system in-
volving ROS detoxification [24]. By increasing intracellu-
lar GSH concentrations, NAC completely diminished
the inhibitory effect of IL-6 on D1 and D2-mediated T4
to T3 conversion [11]. The effects of selenium deficiency
on hepatic and thyroidal DIO1 and selenium-dependent
glutathione peroxidase (GSH-Px) activities have been
studied in weanling rats. In selenium-deficient rats, he-
patic DIO1 activity was reduced to 11%. Their hepatic
and GSH-Px activities were also reduced [25]. Con-
firmed by qRT-PCR, DTT estimation of DIO1 activities
and western blot analyses, uremic toxins and specific
siRNA synchronously reduced the protein expression of
SelM and DIO1, which further verified the role of in-
flammatory cytokines in decreasing deiodinase activities.
NF-κВ activation is a major pathway involved in the

process of inflammation where IL-1 and TNF-α is pivotal
players. Activation of NF-κВ promotes the release of in-
flammatory mediators including IL-1, IL-6 and TNF-α
[26]. TNF-α activates NF-κB pathways, and then inhibits
DIO1 mRNA and enzyme activity in HepG2 cells [27]. In-
flammatory cytokines such as IL-1 and TNF-α were not
only regulated by NF-κВ but also by both activator protein
AP-1 [15] and CREB, a known inducer of DIOs gene tran-
scription [17]. The present EMSA results suggest that
uremic toxins promoted the NF-κВ, AP-1 and CREB pro-
tein expression, most likely by increasing the production
of inflammatory cytokines.
Although the exact mechanisms of inflammation and

oxidative stress have not been accurately elucidated in
CKD patients, a number of the following factors appear to
be involved, including uremic toxins [28], rennin-angio-
tensin system [29], hypertension [30], underlying diseases
(diabetes and autoimmune diseases, etc.) [31], infection,
iron overload [32], and antioxidant deficiency [33], etc.
Oxidative stress can provoke inflammation by activating
NF-κB and causing the subsequent generation of pro-
inflammatory cytokines (Figure 6) [34]. The production
and release of reactive oxygen or nitrogen species and
chlorine by the activated immune cells, in turn, promotes
oxidative stress [35]. However, the effects of uremic
toxins per se on deiodinase activities and inflammatory
responses, as well as the converse effect of deiodinases
on inflammatory cytokines, have not been previously
investigated.
As indicated in Figure 7, inflammatory cytokines,

uremic toxins, and oxidative stress play an inhibitory
role in the activation of deiodinases. The present fin-
dings provide a possible mechanistic explanation for the
decreased enzyme activities and increased inflammatory
cytokines observed in the mimicked circumstances of
chronic renal failure. The suppression of deiodinase ac-
tivities conversely resulted in a strong inhibitory effect
on the production of inflammatory mediators, providing
negative feedback to avoid the cascading effect and to
establish a new balance in the internal environment of
patients with chronic renal failure.
There are several limitations in the present study. First,

siRNA for DIO1 was transient, and vector-transfected
siRNA should be investigated for a longer period in
in vivo animal experiments. Second, there are three types
of deiodinases, therefore, siRNA for DIO2 and/or DIO3
should be investigated. Third, the concentrations of
uremic toxins in culture medium for HepG2 cells were an
arbitrary simplex.

Conclusions
The major findings of the present study are that the
uremic toxins, more than inflammatory cytokines, play
inhibitory roles in DIO1 enzyme activity, which then
provides negative feedback to the growing concentra-
tions of inflammatory cytokines.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
GX carried out the molecular biological studies and participated in drafting
the manuscript. WT carried out the immunoassays. SQ participated in the
design of the study and performed the statistical analysis. All authors read
and approved the final manuscript.

Acknowledgements
The research was supported by the National Natural Science Foundation of
China (No. 81360122/H0518). No conflict of interests is declared.

Received: 17 July 2014 Accepted: 23 August 2014
Published: 31 August 2014

References
1. Xu G, Yan W, Li J: An update for the controversies and hypotheses of

regulating nonthyroidal illness syndrome in chronic kidney diseases. Clin
Exp Nephrol 2014. Apr 22 Epub ahead of print, doi:10.1007/s10157-014-0974-1.

2. Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR: Biochemistry,
cellular and molecular biology, and physiological roles of the
iodothyronine selenodeiodinases. Endocr Rev 2002, 23:38–89.

3. Wajner SM, Maia AL: New Insights toward the Acute Non-Thyroidal Illness
Syndrome. Front Endocrinol (Lausanne) 2012, 3:8.

4. Zoccali C, Tripepi G, Cutrupi S, Pizzini P, Mallamaci F: Low triiodothyronine:
a new facet of inflammation in end-stage renal disease. J Am Soc Nephrol
2005, 16:2789–2795.

5. Boelen A, Platvoet-Ter Schiphorst MC, Wiersinga WM: Association between
serum interleukin-6 and serum 3,5,3’-triiodothyronine in nonthyroidal
illness. J Clin Endocrinol Metab 1993, 77:1695–1699.

6. Torpy DJ, Tsigos C, Lotsikas AJ, Defensor R, Chrousos GP, Papanicolaou DA:
Acute and delayed effects of a single-dose injection of interleukin-6 on
thyroid function in healthy humans. Metabolism 1998, 47:1289–1293.

7. Davies PH, Sheppard MC, Franklyn JA: Inflammatory cytokines and type I
5’-deiodinase expression in F1 rat liver cells. Mol Cell Endocrinol 1997,
129:191–198.

8. Debaveye Y, Ellger B, Mebis L, Darras VM, Van den Berghe G: Regulation of
tissue iodothyronine deiodinase activity in a model of prolonged critical
illness. Thyroid 2008, 18:551–5560.

9. Hwang DY, Sin JS, Kim MS, Yim SY, Kim YK, Kim CK: Overexpression of
human selenoprotein M differentially regulates the concentrations of
antioxidants and H2O2, the activity of antioxidant enzymes, and the



Xu et al. Journal of Translational Medicine 2014, 12:239 Page 9 of 9
http://www.translational-medicine.com/content/12/1/239
composition of white blood cells in a transgenic rat. Int J Mol Med 2008,
21:169–179.

10. Reeves MA, Bellinger FP, Berry MJ: The neuroprotective functions of
selenoprotein M and its role in cytosolic calcium regulation. Antioxid
Redox Signal 2010, 12:809–818.

11. Wajner SM, Goemann IM, Bueno AL, Larsen PR, Maia AL: IL-6 promotes
nonthyroidal illness syndrome by blocking thyroxine activation while
promoting thyroid hormone inactivation in human cells. J Clin Invest
2011, 121:1834–1845.

12. Darras VM, Visser TJ, Berghman LR, Kühn ER: Ontogeny of type I and type
III deiodinase activities in embryonic and posthatch chicks: relationship
with changes in plasma triiodothyronine and growth hormone levels.
Comp Biochem Physiol Comp Physiol 1992, 103:131–136.

13. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) Method. Methods
2001, 25(4):402–408.

14. Haddad JJ, Land SC: Redox/ROS regulation of lipopolysaccharide-induced
mitogen-activated protein kinase (MAPK) activation and MAPK-mediated
TNF-alpha biosynthesis. Br J Pharmacol 2002, 135:520–536.

15. Su YW, Chiou WF, Chao SH, Lee MH, Chen CC, Tsai YC: Ligustilide prevents
LPS-induced iNOS expression in RAW 264.7 macrophages by preventing
ROS production and down-regulating the MAPK, NF-κB and AP-1
signaling pathways. Int Immunopharmacol 2011, 11:1166–1172.

16. Lamirand A, Pallud-Mothré S, Ramaugé M, Pierre M, Courtin F: Oxidative
stress regulates type 3 deiodinase and type 2 deiodinase in cultured rat
astrocytes. Endocrinology 2008, 149:3713–3721.

17. Dimova EY, Samoylenko A, Kietzmann T: FOXO4 induces human plasminogen
activator inhibitor-1 gene expression via an indirect mechanism by
modulating HIF-1alpha and CREB levels. Antioxid Redox Signal 2010,
13:413–424.

18. Hamilton TA, Ohmori Y, Tebo JM, Kishore R: Regulation of macrophage
gene expression by pro- and anti-inflammatory cytokines. Pathobiology
1999, 67:241–244.

19. van der Poll T, Romijn JA, Wiersinga WM, Sauerwein HP: Tumor necrosis
factor: a putative mediator of the sick euthyroid syndrome in man. J Clin
Endocrinol Metab 1990, 71:1567–1572.

20. Yu J, Koenig RJ: Regulation of hepatocyte thyroxine 5’-deiodinase by T3
and nuclear receptor coactivators as a model of the sick euthyroid
syndrome. J Biol Chem 2000, 275:38296–38301.

21. Chen YF, Weltman NY, Li X, Youmans S, Krause D, Gerdes AM:
Improvement of left ventricular remodeling after myocardial infarction
with eight weeks L-thyroxine treatment in rats. J Transl Med 2013, 11:40.

22. Boelen A, Platvoet-ter Schiphorst MC, Wiersinga WM: Immunoneutralization
of interleukin-1, tumor necrosis factor, interleukin-6 or interferon does not
prevent the LPS-induced sick euthyroid syndrome in mice. J Endocrinol
1997, 153:115–122.

23. Boelen A, Maas MA, Lowik CW, Platvoet MC, Wiersinga WM: Induced illness
in interleukin-6 (IL-6) knock-out mice: a causal role of IL-6 in the
development of the low 3,5,3′-triiodothyronine syndrome. Endocrinology
1996, 137:5250–5254.

24. Abilés J, de la Cruz AP, Castaño J, Rodríguez-Elvira M, Aguayo E, Moreno-
Torres R: Oxidative stress is increased in critically ill patients according to
antioxidant vitamins intake, independent of severity: a cohort study.
Crit Care 2006, 10:R146.

25. Beech SG, Walker SW, Beckett GJ, Arthur JR, Nicol F, Lee D: Effect of
selenium depletion on thyroidal type-I iodothyronine deiodinase activity
in isolated human thyrocytes and rat thyroid and liver. Analyst 1995,
120:827–831.

26. Wellen KE, Hotamisligil GS: Inflammation, stress, and diabetes. J Clin Invest
2005, 115:1111–1119.

27. Nagaya T, Fujieda M, Otsuka G, Yang JP, Okamoto T, Seo H: A potential role
of activated NF-kappa B in the pathogenesis of euthyroid sick syndrome.
J Clin Invest 2000, 106:393–402.

28. Vaziri ND, Oveisi F, Ding Y: Role of increased oxygen free radical activity in
the pathogenesis of uremic hypertension. Kidney Int 1998, 53:1748–1754.

29. Kim CH, Vaziri ND: Hypertension promotes integrin expression and
reactive oxygen species generation by circulating leukocytes. Kidney Int
2005, 67:1462–1470.

30. Manning RD Jr, Tian N, Meng S: Oxidative stress and antioxidant
treatment in hypertension and the associated renal damage. Am J
Nephrol 2005, 25:311–317.
31. Usharani P, Fatima N, Muralidhar N: Effects of Phyllanthus emblica extract
on endothelial dysfunction and biomarkers of oxidative stress in
patients with type 2 diabetes mellitus: a randomized, double-blind,
controlled study. Diabetes Metab Syndr Obes 2013, 6:275–284.

32. Lim CS, Vaziri ND: Iron and oxidative stress in renal insufficiency. Am J
Nephrol 2004, 24:569–575.

33. Galli F, Ghibelli L, Buoncristiani U, Bordoni V, D’Intini V, Benedetti S:
Mononuclear leukocyte apoptosis in haemodialysis patients: the role of
cell thiols and vitamin E. Nephrol Dial Transplant 2003, 18:1592–1600.

34. Stenvinkel P, Ketteler M, Johnson RJ, Lindholm B, Pecoits-Filho R, Riella M:
IL-10, IL-6, and TNF-alpha: central factors in the altered cytokine
network of uremia–the good, the bad, and the ugly. Kidney Int 2005,
67:1216–1233.

35. Sela S, Shurtz-Swirski R, Cohen-Mazor M, Mazor R, Chezar J, Shapiro G:
Primed peripheral polymorphonuclear leukocyte: a culprit underlying
chronic low-grade inflammation and systemic oxidative stress in chronic
kidney disease. J Am Soc Nephrol 2005, 16:2431–2438.

doi:10.1186/s12967-014-0239-5
Cite this article as: Xu et al.: The relationship between deiodinase
activity and inflammatory responses under the stimulation of uremic
toxins. Journal of Translational Medicine 2014 12:239.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Materials and methods
	Results
	Conclusions

	Introduction
	Materials and methods
	HepG2 cell culture
	RNA interference of DIO1
	Study groups
	RNA extraction and qRT-PCR
	DIO1 activity
	Western blotting
	Electrophoretic mobility shift assay (EMSA)
	Measurement of IL-6 in culture supernatants by ELISA
	Statistical analysis

	Results
	Estimating the mRNA expression by qRT-PCR
	DIO1 activities of HepG2 cells
	Western blotting analysis of DIO1 and SelM expression
	Inflammatory signal pathways by EMSA
	ELISA screening for IL-6

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

