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Abstract: Activation of mMTORC1 (mechanistic target of rapamycin complex 1) in renal tissue has
been reported in chronic kidney disease (CKD)-induced renal fibrosis. However, the molecular
mechanisms responsible for activating mTORC1 in CKD pathology are not well understood. The
purpose of this study was to identify the uremic toxin involved in mTORC1-induced renal fibrosis.
Among the seven protein-bound uremic toxins, only indoxyl sulfate (IS) caused significant activation
of mMTORC1 in human kidney 2 cells (HK-2 cells). This IS-induced mTORC1 activation was inhibited
in the presence of an organic anion transporter inhibitor, a NADPH oxidase inhibitor, and an
antioxidant. IS also induced epithelial-mesenchymal transition of tubular epithelial cells (HK-2 cells),
differentiation of fibroblasts into myofibroblasts (NRK-49F cells), and inflammatory response of
macrophages (THP-1 cells), which are associated with renal fibrosis, and these effects were inhibited
in the presence of rapamycin (mTORCI inhibitor). In in vivo experiments, IS overload was found to
activate mTORC1 in the mouse kidney. The administration of AST-120 or rapamycin targeted to IS or
mTORC1 ameliorated renal fibrosis in Adenine-induced CKD mice. The findings reported herein
indicate that IS activates mTORC1, which then contributes to renal fibrosis. Therapeutic interventions
targeting IS and mTORC1 could be effective against renal fibrosis in CKD.

Keywords: indoxyl sulfate; chronic kidney disease; renal fibrosis; mTORC1; AST-120

Key Contribution: IS activates mTORC1; which then contributes to renal fibrosis. Therapeutic
interventions targeting IS and mTORCI could be effective against renal fibrosis in CKD.

1. Introduction

Chronic kidney disease (CKD) is associated with progressive renal fibrosis as renal
function declines. A therapeutic strategy targeted to renal fibrosis has become a subject
of interest regarding CKD treatment [1]. The activation of mMTORC1 (mechanistic target
of rapamycin complex 1) in renal tissue was recently reported in renal pathologies such
as diabetic kidney disease (DKD) [2], polycystic kidney disease (ADPKD) [3], and focal
segmental glomerulosclerosis (FSGS) [4]. In addition, it has been reported that the inhi-
bition of mTORC1 activity suppresses renal fibrosis in various animal models of renal
diseases [5-10]. Given the above findings, the regulation of renal mMTORC1 activity could
be a therapeutic target for the treatment of renal fibrosis.
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mTORCI1 acts as a sensor for intracellular nutrition and stress, and is involved in
the maintenance of cellular homeostasis by promoting protein synthesis, mitochondrial
synthesis, lipid synthesis, and inhibition of autophagy [11]. It was also demonstrated that
the constitutive activation of mTORC1, induced by excess energy, persistent oxidative
stress, and fibrosis promoting factor (TGF-§3), contribute to the development of renal
fibrosis [12,13]. However, the mTORC1 activator and its molecular mechanisms under
CKD pathology have still remained unclear.

In CKD, uremic toxins that accumulate in the body due to decreased renal function
have been reported to induce various tissue damage [14]. Among these toxins, protein-
bound uremic toxins such as indoxyl sulfate (IS), p-cresyl sulfate (PCS), phenyl sulfate (PS),
hippuric acid (HA), indole acetic acid (IA), kynurenic acid (KA), and 3-carboxy-4-methyl-
5-propyl-2-furanpropanoic acid (CMPF) are difficult to remove by hemodialysis because
of their strong binding affinity to serum albumin [15]. In fact, recent reports have shown
that these uremic toxins are not only involved in the progression of renal damage [16],
but are also involved in CKD complications such as cardiovascular disease [17], muscle
atrophy and weakness [18], osteoporosis [19], and cognitive decline [20]. The molecular
mechanism responsible for the cellular damage caused by these uremic toxins involves the
overproduction of reactive oxygen species (ROS) through the activation of NADPH oxidase
after they are taken up into various cells via organic anion transporters (OATs) [21,22]. As
mentioned above, ROS functions as an activator of mMTORC1. Therefore, we hypothesized
that the uremic toxin-induced ROS production is responsible for the mTORC1 activation
that is observed in the pathogenesis of CKD. However, the relationship among uremic
toxins, mTORC1 activation, and renal fibrosis remains unclear.

The objective of this study was to identify the uremic toxins that are involved in
mTORC1-induced renal fibrosis. To accomplish this, we first explored the uremic toxins that
are involved in mTORC1 activation using human tubular epithelial cells (HK-2 cells), and
investigated the molecular mechanisms responsible for this. We then examined the issue
of whether the uremic toxin/mTORC1 pathway is involved in epithelial-mesenchymal
transition, differentiation into myofibroblasts, and inflammatory responses using tubular
epithelial cells, renal fibroblasts, and macrophage cell lines. In in vivo experiments, we
investigated the uremic toxin-induced activation of renal mTORC1 using uremic toxin-
overloaded mice. Finally, therapeutic interventions targeting the uremic toxin/mTORC1
pathway were performed using adenine-induced CKD mice.

2. Results
2.1. Effect of Various Uremic Toxins on mTORCI Activity in Renal Tubular Epithelial Cells (HK-2)

We used human kidney 2 cells (HK-2 cells) to investigate the uremic toxin that pro-
motes mTORC1 activation in renal tubular epithelial cells. We determined the pS6/56
which is well-known as a surrogate marker of mTORCI activity by Western blotting analy-
sis [5]. As shown in Figure 1A, mTORC1 activity (pS6/56) in HK-2 cells was significantly
increased when 10% serum from CKD patients was added, as compared to 10% serum
from healthy subjects. These findings suggested that uremic toxins present in the serum
from CKD patients could be involved in mTORC1 activation.

We next evaluated the effects of seven representative uremic toxins (IS, PCS, PS, HA,
IA, KA, and CMPF) on mTORC1 activation in HK-2 cells. As shown in Figure 1B, among the
seven uremic toxins that were examined, only IS was found to activate mTORC1 (pS6/56).
We also found that the IS activation of mMTORC1 was concentration-dependent, starting at
around 0.1 mM, a concentration that was observed in CKD patients (Figure 1C). In fact, we
measured IS concentrations in the serum from healthy subjects as well as the CKD patients
described in Figure 1A, and evaluated the relationship between serum IS concentration
and mTORCT1 activity. As shown in Figure 1D, there was a significant positive correlation
between the serum concentration of IS and mTORC1 activity. These results indicate that,
among the various uremic toxins, IS appears to be the major activator of mTORC1 in
tubular epithelial cells.



Toxins 2021, 13, 909

30f13

(A) (B) Uremic Toxins (1mM) (C) 1S (mM)
Healthy CKD
Controls Patients Control IS PCS PS HA 1A KA CMPF 0 005 01 05 10
aso| — pS6[ e W o | pse\“ ----l
e SO - - — S5 |- -
25 P<0.01 25, D001 257 - P
~20 8 % 204 - b
) 5 g
© < S 8 < 154 é
28" g5 85 ®
B 510 &0 ©s Q510 ap @
e3 Rz @ » @ ® as
e LY
Los € @ @ Qp 0.5+
° T *T 0w 01 05 1o
) ) . 1 05 1.
& & L eLET L —sw
& P Iox 1S (MM)
S - -
lz}&* d_ Uremic Toxins (1 mM)
I
(D) (E) IS (1 mM)
25 Control (-) Prob DPI AsA Rapa
’ R?=0.6771
, | p<00ot PSE [ - e .
n o oo S6 [—————
© 2 0.
»n & 1.5 1 °® Q' ©
3 ﬁ P <001
[} 5 25
o.% 140 ‘..-"Ooo o %
w o 520
05 O Healthy Controls (n=6) @ §,’ 15 * "
@ CKD Patients (n=16) 83lae P s+ o«
0 : . . g ¥ ¥
0 100 200 300 05
0
Plasma IS (PM) Cor:lrol (!) Pr'ob D;?I A;A Ra'pa
IS (1 mM)

Figure 1. IS activates mTORC1 via the OAT/NADPH oxidase/ROS pathway. (A) mTORC1 activity
(pS6/56) in HK-2 cells was measured after incubation with 10% serum obtained from healthy subjects
or CKD patients for 12 h. (B) The effect of seven uremic toxins (IS, PCS, PS, HA, IA, KA, and CMPF:
1 mM) on mTORC1 activity in HK-2 cells for 12 h. (C) Dose-dependent effect of IS on mTORC1
activity in HK-2 cells for 12 h. (D) Correlation between IS concentration in plasma from healthy
controls (n = 6) or CKD patients (n = 16) and mTORC1 activity in HK-2 cells. (E) Effect of an
organic anion transporter (OAT) inhibitor (probenecid: Prob (0.5 mM)), NADPH oxidase inhibitor
(diphenylene iodonium: DPI (5 uM)), antioxidant (ascorbic acid: AsA (0.5 mM)) or mTORC1 inhibitor
(rapamycin: Rapa (5 nM)) on IS (1 mM)-induced mTORCT1 activity in HK-2 cells. The cells were
exposed to each inhibitor (Prob, DPI, AsA, and Rapa) for 1 hour and then incubated with IS for 12 h.
* p < 0.05 compared with IS in the absence of inhibitor. Data are expressed as the means + SEM
(n=3-4).

2.2. Molecular Mechanism of IS-Induced mTORC1 Activation

We investigated the molecular mechanism of mTORC1 activation induced by IS.
As shown in Figure 1E, IS-induced mTORC1 activation in HK-2 cells was markedly
inhibited in the presence of OATs inhibitor (probenecid), NADPH oxidase inhibitor
(DPI1), and antioxidant (AsA). These results suggest that IS is taken up into cells via
OATs, where it then activates mTORC1 by producing ROS associated with the activation
of NADPH oxidase.

2.3. Involvement of IS-Induced mTORC1 Activation in Fibrotic Responses of Tubular Epithelial
Cells, Renal Fibroblasts, and Macrophages

It has been reported that the epithelial-mesenchymal transition (EMT) of tubular
epithelial cells, the differentiation of fibroblasts to myofibroblasts, and the inflammatory
response of macrophages are involved in the development of renal fibrosis [23]. As shown
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in Figure 2A, in HK-2 cells (human tubular epithelial cells), IS induced the activation
of mTORC]1, caused a decrease in the expression of E-cadherin (epithelial marker), and
increased the expression of x-SMA (mesenchymal marker), and these effects were sup-
pressed by the presence of an mTORCT1 inhibitor (rapamycin). In NRK-49F (rat renal
fibroblast), IS also induced the activation of mTORC1 and increased the expression of
«-SMA and COL1A1 (myofibroblast markers), and these effects were suppressed in the
presence of rapamycin (Figure 2B). In Figure 2C, in differentiated THP-1 (dTHP1: human
monocyte-derived macrophages) cells, IS induced the activation of mTORC1 and increased
the expression of pro-inflammatory cytokines (TNF-oc and IL-6), and these effects were
also suppressed by the presence of rapamycin. These results suggest that IS induces the
epithelial-mesenchymal transition of tubular epithelial cells, myofibroblast differentiation
from fibroblasts, and inflammatory responses in macrophages through mTORCI activation.
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Figure 2. IS induces fibrotic responses of tubular epithelial cells, renal fibroblasts, and macrophages
via mTORC1 signaling. (A) HK-2 cells were exposed to rapamycin (5 nM) for 1 hour and then incu-
bated with IS (1 mM) for 12 h. p-56, S6, E-cadherin, x-SMA, and (3-actin expression were determined
by Western blot analysis. (B) NRK-49F cells were exposed to rapamycin (5 nM) for 1 h and then incu-
bated with IS (1 mM) for 12 h. p-56, S6, x-SMA, COL1A1, and f3-actin expression were determined
by Western blot analysis. (C) Differentiated THP-1 cells were exposed to rapamycin (5 nM) for 1 hour
and then incubated with IS (1 mM) for 1 hour. p-S6 and S6 expression were determined by Western
blot analysis. TNF-«, IL-6 mRNA expressions were determined by quantitative RT-PCR. Data are
expressed as the means + SEM (n = 3). * p < 0.05 compared with control in the absence of rapamycin;

#p <0.05 compared with IS in the absence of rapamycin.
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2.4. Effect of Exogenous IS-Overload on mTORC1 Activity in Renal Tissue of Healthy Mice

To confirm that IS contributes to renal mMTORC1 activity under in vivo conditions, IS
(100 mg/kg/day) was intraperitoneally administered to healthy mice for 3 days (Figure 3A).
Increases in both the plasma and renal levels of IS were observed after IS-overload
(Figure 3B). As shown in Figure 3C, IS-overload significantly increased renal mTORC1
activity. These data suggest that increased renal IS could contribute to renal mTORC1
activation, even under in vivo conditions.
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Figure 3. Effect of exogenous IS-overload on mTORC1 activity in renal tissue of healthy mice. Healthy
mice were administrated with IS (100 mg/kg/day, intraperitoneal administration) for 3 consecutive
days. The control mice were administrated with the same volume of PBS. At three hours after the
final administration, the mice were anesthetized, then blood and kidneys were collected. IS levels in
(A) plasma and (B) kidney were measured by HPLC methods. (C) mTORC1 activity (pS6/56) in the
kidney at three hours after the final IS administration, was determined by Western blotting. Data are
expressed as the means £+ SEM (n = 3).

2.5. Therapeutic Intervention Involving Targeting the IS/mTORC1 Pathway in CKD Mice

We next examined the issue of whether therapeutic interventions targeting IS and the
mTORC1 pathways serve to inhibit CKD-associated renal fibrosis. AST-120 suppresses
the absorption of indole, an IS precursor, from the intestinal tract, thereby lowering the IS
levels in the body. As shown in Figure 4A, CKD was induced by feeding 0.2% adenine for
2 weeks, followed by therapeutic intervention with an oral adsorbed charcoal (AST-120) or
an mTORC1 inhibitor (rapamycin) for 3 weeks. As shown in Figure 4B, the increased IS
levels in plasma and renal tissues of the CKD mice was significantly suppressed by the AST-
120 treatment, but not by the rapamycin treatment. In addition, the activation of mTORC1
in the renal tissue of CKD mice was significantly suppressed by AST-120 or the rapamycin
treatment (Figure 4C). In the renal tissues of CKD mice, the down-regulation of E-cadherin,
up-regulation of «-SMA and COL1A1 (Figure 4D), and the up-regulation in the mRNA
expression of inflammatory cytokines (TNF-« and IL-6) (Figure 4E) were observed, and
these changes were significantly suppressed by the administration of AST-120 or rapamyecin.
The fibrotic areas (staining with Picrosirius red) and increased hydroxyproline levels in
the renal tissue in CKD mice were also significantly suppressed by the administration of
AST-120 or rapamycin (Figure 4F). These results indicate that IS contributes to renal fibrosis
by activating mTORCT1 in renal tissue under CKD conditions.
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Figure 4. Therapeutic intervention targeting the IS/mTORC1 pathway in CKD mice. (A) Experimen-
tal protocol for the effect of AST-120 or rapamycin on CKD mice. After randomization at 2 weeks
after feeding a 0.2% adenine-containing diet, the AST-120 group was fed an 8% AST-120 containing
diet and the rapamycin group received rapamycin (1 mg/kg) intraperitoneally daily. (B) Effect of
AST-120 or rapamycin on IS levels in the plasma and kidney of CKD mice. (C) mTORC1 activity
(pS6/56) in the kidney of CKD mice. (D) E-cadherin, x-SMA, COL1A1, and B-actin protein express-



Toxins 2021, 13, 909

7 of 13

ions in the kidney of CKD mice. (E) TNF-«, IL-6 mRNA expression in the kidney of CKD mice.
(F) Representative photomicrographs and quantification of Picrosirius red-stained kidney sections of
CKD mice are shown. Original magnifications: x200. Scale bars represent 100 um. Hydroxyproline
content in the kidney of CKD mice was measured. Data are expressed as the means = SEM (n = 5),
* p < 0.05 compared with control in the absence of rapamycin; # p < 0.05 compared with IS in the
absence of rapamycin.

3. Discussion

Although strategies targeting mTORC1 signaling in CKD treatment are expected,
there are still many unclear points concerning the mTORC1 activator and its molecular
mechanism in cases of CKD pathology. In this study, we found that IS, a protein-bound
uremic toxin, activates mTORC1 via the OAT/NADPH oxidase/ROS pathway in tubu-
lar epithelial cells, suggesting that the IS/mTORC1 pathway might well be involved in
epithelial-mesenchymal transition of tubular epithelial cells, the differentiation of fibrob-
lasts into myofibroblasts and the inflammatory response of macrophages. Therapeutic
interventions targeting IS and mTORCI in a mouse model of CKD were found to suppress
renal fibrosis, suggesting that therapeutic strategies targeting the IS/mTORC1 pathway for
the treatment of renal fibrosis, as observed in CKD, might be useful.

mTORC1 enhances the protein synthesis system after recognizing branched-chain
amino acids (BCAAs) and insulin/insulin-like growth factor 1 (IGF-1) signaling. In CKD,
excessive renal mTORC1 activation induced by hypoxia, oxidative stress, and fibrosis
promoting factor (TGE-3), in addition to the accumulation of glucose or palmitate in renal
tissues, has been reported [12,24-27]. This higher renal mTORC1 activation was reported
to be involved in CKD progression [2—4]. However, the issue of whether protein-bound
uremic toxins, which are associated with renal and life prognosis in CKD patients [28], cause
mTORC1 activation has not been examined in detail. The findings reported in this study
revealed that, among the seven protein-binding uremic toxins, only IS activated mTORC1
using HK-2 cells (Figure 1B). In addition, a significant positive correlation was observed
between mTORCI1 activity and IS levels in the serum from CKD patients (Figure 1D),
indicating that, IS is a factor in the activation of mMTORCI. Interestingly, when IS was added
to cultures of HK-2 cells, mTORC1 was significantly activated when the concentration of
IS was 100 uM or higher (Figure 1C). Furthermore, the concentration of IS in the serum
from the CKD patients ranged from 100 to 300 uM (Figure 1D). In fact, serum IS levels in
uremic patients have been reported to be increased to levels as high as 1 mM [14]. These
findings suggest that mTORC1 activation in the tubular epithelium could readily occur in
CKD patients with higher IS levels in the body:.

Among the seven protein-bound uremic toxins, we found that only IS activated
mTORC1. Regarding the biological activity of IS, it was reported that IS acts as a ligand for
the aromatic hydrocarbon receptor (AhR) [29] and the epidermal growth factor receptor
(EGFR) [30] to produce ROS. IS also activates the renin-angiotensin-aldosterone system
(RAAS), with the production of ROS [31]. In addition, the activation of NADPH oxidase
was found to be involved in these ROS production pathways [29,32,33]. In fact, our
data showed that the IS-induced mTORC1 activation was significantly suppressed in the
presence of an NADPH oxidase inhibitor (DPI) (Figure 1E). Furthermore, among the seven
protein-bound uremic toxins, only IS promoted the production of significant levels of
ROS in HK-2 cells (Figure S1). Therefore, the possibility that AhR, EGFR, and RAAS are
involved in the function of NADPH oxidase and mTORC1 activation cannot be excluded.
However, in our experiments using HK-2 cells, the involvement of AhR appeared to be
minor, because IS-induced ROS production and mTORC1 activation were not inhibited in
the presence of an AhR inhibitor (data not shown). Therefore, further investigations will
be needed to clarify the contribution of EGFR and the RAAS pathway in the IS-induced
activation of mTORC1.

The epithelial-mesenchymal transition (EMT) in tubular epithelial cells, the differenti-
ation of renal fibroblasts into myofibroblasts, and inflammatory response of macrophages
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are all involved in the development of renal fibrosis [23]. Kim et al. previously reported
that IS promotes hypertrophy, apoptosis, TGF-3 production, EMT in tubular cells [34,35].
Milanesi et al. reported that IS induced the production of the monocyte chemotactic factor
(MCP-1) and TGF-f production in fibroblasts [36], and Nakano et al. also demonstrated
that IS contributed to the production of pro-inflammatory cytokines in macrophages and
their differentiation into pro-inflammatory macrophages (M1) [17,37]. Our findings indi-
cate that IS acts in a pro-fibrotic manner via the activation of mTORC1 in tubular epithelial
cells, renal fibroblasts, and macrophages (Figure 2). These in vitro data were confirmed by
the in vivo data showing that AST-120 and the administration of rapamycin suppressed
the decreased expression of E-cadherin, elevated levels of x-SMA and COL1A1, and the
increased expression of inflammatory cytokines (TNF-« and IL-6) in renal tissues, as ob-
served in CKD model mice without affecting renal function. These collective in vitro and
in vivo findings suggest that IS accumulation in renal tissues contributes to renal fibrosis
via the activation of mTORC1 in tubular epithelial cells, renal fibroblasts, and macrophages.

In this study, the CKD model mice were fed 0.2% adenine for a period of 2 weeks and
were then switched to a normal diet to reflect the early stage of CKD (Table S2). Therefore,
in a future study, evaluating the effect of AST-120 and rapamycin in a more severe CKD
model will be needed. We focused on IS as a uremic toxin that the serum level is decreased
by AST-120 administration. However, further studies may be needed to evaluate the other
mechanisms that AST-120 affected. Milanesi et al. have shown that IS contributes to renal
fibrosis by inducing heat shock protein 90 (HSP90) in renal fibroblasts [36]. Therefore,
HSP90 pathway may also be involved in IS-induced mTORC1 activation. In addition, IS
also contributes to the anemia observed in CKD [38]. In our study, the administration of
AST-120 recovered the decrease in red blood cell count and hemoglobin level as observed
in CKD mice (Table S2). These findings suggest that anemia may associated with IS-iduced
mTORCI activation in CKD.

We found that accumulated IS promotes renal fibrosis via mTORC1 under CKD
conditions. These results suggest that targeting IS/mTORC1 could be a useful thera-
peutic strategy for the treatment of CKD. In fact, the use of a low-protein diet [39] and
AST-120 to reduce the accumulation of IS and other uremic toxins has been reported
to delay the progression of renal function decline in CKD patients [40]. In addition,
it has been reported that SGLT2 inhibitors, that have been recently approved for the
treatment of CKD, have a nephroprotective effect by inhibiting mTORC1 by increasing
ketone levels in renal tissue [5]. These findings suggest that the combined use of a
low protein diet, AST-120 and SGLT2 inhibitors in CKD patients with high serum IS
levels may delay the progression of CKD. Although mTORC1 inhibitors (rapamycin
and everolimus, etc.) are attracting attention as a treatment for renal diseases, there
have been some positive or negative clinical outcomes [3,41-43]. Further clinical study
should be needed in the future. From our data, serum IS levels may be a surrogate
marker for mTORC1 activity in CKD patients.

4. Conclusions

Among several uremic toxins, IS was found to be the major contributor to the activa-
tion of renal mMTORC1. Our findings support the possibility of a therapeutic intervention
targeting IS/mTORC1 signaling against renal fibrosis.

5. Materials and Methods
5.1. Chemicals and Materials

Indoxyl sulfate (IS), indole acetic acid (IA), kynurenic acid (KA), 3-carboxy-4-methyl-5-
propyl-2-furanpropanoic acid (CMPF), probenecid (Prob) and diphenylene iodonium (DPI)
were purchased from Sigma-Aldrich (St Louis, MO, USA). Hippuric acid (HA) and ascorbic
acid (AsA) were purchased from Nacalai Tesque (Kyoto, Japan). Phenyl Sulfate (PS) was
purchased from Tokyo Chemical Industry (Tokyo, Japan). Rapamycin was purchased from
LC laboratories (Woburn, MA, USA). p-Cresyl sulfate (PCS) was synthesized according
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to a method reported by Feigenbaum et al. [44], and its purity was confirmed by nuclear
magnetic resonance spectroscopy [45]. AST-120 was provided by Kureha Corporation
(Tokyo, Japan). All methods were performed in accordance with the relevant guidelines
and regulations, and were approved by Kumamoto University.

5.2. Cell Culture

Human renal proximal tubule epithelial cells (HK-2 cells) and rat renal interstitial
fibroblast (NRK-49F cells) were cultured in DMEM/Ham’s F-12 medium (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) with 10% FBS (Capricorn scientific, Ebsdorfer-
grund, Germany) and 1% antibiotic/antifungal mixture solution (100 U/mL penicillin,
100 pug/mL streptomycin, 0.25 ug/mL amphotericin B; Nacalai Tesque, Kyoto, Japan) at
37 °C in an atmosphere containing 5% CO,. Human monocytes (THP-1 cells) were cultured
in RPMI 1640 (Gibco, Grand Island, NY, USA) with 10% FBS and 1% antibiotic/antifungal
mixture solution. THP-1 cells were seeded and differentiated for 48 h by adding 50 nM
phorbol 12-myristate 13-acetate (Sigma-Aldrich, St Louis, MO, USA). These cells were
seeded in 6-well plates in appropriate cell numbers and used for the experiments (see
legends for Figures).

5.3. Cell Experiments with Serum Samples from CKD Patients

Sixteen CKD patients between the ages of 69 and 86 years (mean 81.0 = 1.6 years) who
were undergoing dialysis and who had been admitted to the Department of Nephrology
at the Akebono Clinic in Japan in October 2018 were enrolled in this study. As controls,
healthy volunteers (4 males and 2 females) aged 21-29 years (mean 23.6 £ 0.7 years)
were enrolled. The experimental method was described previously [42]. This study was
conducted in accordance with the Declaration of Helsinki and was approved by the Ethics
Committee of the Faculty of Life Sciences, Kumamoto University (approval number 1578).

5.4. Western Blot Analysis

Western blot analysis was performed as previously described [46]. Blots were trans-
ferred to PVDF membrane (Immobilon-P; Millipore, Billerica, MA, USA) and then incu-
bated with primary antibodies at 4 °C for 24 h. The membrane was then incubated with
horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature.
The intensity of each band was detected using a Vilber-Lourmat FUSION instrument (M&S
Instruments, Osaka, Japan) and quantified using Image] software. Densitometry intensity
was normalized by the expression levels of 3-actin. The primary and secondary antibodies
used in the Western blot analyses were described in Table S1.

5.5. Quantitative RT-PCR

Quantitative RT-PCR was performed [47]. Primers used for mRNA detection are listed
in Table S1. The threshold cycle (Ct) value for each gene was normalized by subtracting
the Ct value calculated for GAPDH. The mRNA expression levels were calculated using
the 2722t method.

5.6. HPLC Analysis

The concentration of IS in plasma and renal tissues were determined using a previously
described HPLC method [48]. HPLC analyses were performed on a Shiseido (Tokyo, Japan)
CAPCELL PAK C18 column (150 x 2.0 mm, 5 um). IS was detected by a fluorescence
monitor with excitation and emission wavelengths set at 280 nm and 375 nm, respectively.

5.7. Animal Experiments

The study was carried out in compliance with the ARRIVE guidelines. The Animal
Care and Use Committee of Kumamoto University approved the protocols for all animal
experiments (A2021-021). ICR mice (male, 5 weeks, Japan SLC, Inc., Shizuoka, Japan)
were maintained in a room under controlled temperature conditions with a 12 h light and
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12 h dark cycle (light 8 am-8 pm) and were freely provided with food and water. CKD
model mice were produced by feeding 0.2 w/w% adenine (FUJIFILM Wako Pure Chemical,
Osaka, Japan) mixed with powder diet (CE-2: CLEA, Tokyo, Japan) to mice for 2 weeks.
After producing the CKD model mice, they were randomized by blood urea nitrogen
(BUN) and body weight and were assigned to AST-120 (charcoal oral absorbent, 8 w/w%
in powder diet) or rapamycin (100 mg/kg/day, dissolved in DMSO, daily administered
intraperitoneally) treatment groups. Control mice and untreated CKD mice received a
normal diet. For IS-overloaded mice, the mice were intraperitoneally administered with an
IS dissolved in saline at 100 mg/kg for 3 days. As a control, saline was intraperitoneally
administered to the control mice for 3 consecutive days.

5.8. Histological Analysis

The kidney tissue was fixed in 10% neutral formalin buffer for 48 h and then embedded
in paraffin. The resulting kidney blocks were cut into 2 pm sections and analyzed for fibrosis
by staining with picrosirius red staining. Images and quantitative analysis were performed
using a Keyence BZ-X710 microscope (Keyence, Osaka, Japan). The quantification of
picrosirius red positive areas was calculated as previously described [49]. The quantification
involved calculations from 10 randomly selected fields from each sample.

5.9. Hydroxyproline Assay
Renal hydroxyproline was measured using the method described previously [50].

5.10. Statistical Analysis

Correlation data were evaluated using Pearson correlation analysis. The means of
the data for the two groups were compared using the Student’s ¢-test. The means of more
than two groups were compared using analysis of variance followed by Tukey’s multiple
comparisons. All data are presented as the mean + SE. p < 0.05 was considered to be a
statistically significant difference.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13120909/s1, Figure S1: ffect of seven uremic toxins on the production of ROS in HK-2
cells. HK-2 cells were starved by incubation in serum-free medium for 2 hours and then treated with
CM-H2DCFDA in PBS for 30 min. After the removal of the D-PBS, the cells were treated with each
uremic toxin (1 mM) and incubated for 90 min. Fluorescence intensity was measured at an excitation
wavelength of 485 nm and at an emission wavelength of 535 nm. Data are expressed as the mean
+ SEM (n = 3)., Table S1: The list of antibodies for Western blotting (upper table) and primers for
quantitative RT-PCR (lower table)., Table S2: Plasma biochemical parameters in CKD mice. BUN, SCr,
RBC, and Hb for control mice and 0.2% adenine-containing diet (CKD) feeding mice without/with
AST-120 or rapamycin treatments.

Author Contributions: Conceptualization, T.N. and H.W.; Data curation, T.N. and H.W.; Formal
analysis, T.N. and H.W.; Funding acquisition, T.N., H.W. and T.M.; Investigation, T.N., K.T., LE,, N.A.
and H.M.; Methodology, T.N., HW. and T.I; Project administration, T.N., HW. and T.M.; Validation,
T.N. and H.W.; Visualization, T.N. and H.-W.; Writing—original draft, TN. and H.-W.; Writing—review
and editing, M.T., KM. and M.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported, in part, by a Grant from JSPS KAKENHI, Grant Numbers
JP16H05114, JP20H03406.

Institutional Review Board Statement: This study was conducted in accordance with the Dec-
laration of Helsinki and was ap-proved by the Ethics Committee of the Faculty of Life Sciences,
Kumamoto University (approval number 1578, Date of Approval: 1 October 2018). This study was
carried out in compliance with the ARRIVE guidelines. The Animal Care and Use Committee of
Kumamoto University approved the protocols for all animal experiments.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/toxins13120909/s1
https://www.mdpi.com/article/10.3390/toxins13120909/s1

Toxins 2021, 13, 909 11 of 13

Data Availability Statement: Data are contained within the article or supplementary material. The
data presented in this study are available in this article.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ruiz-Ortega, M.; Rayego-Mateos, S.; Lamas, S.; Ortiz, A.; Rodrigues-Diez, R.R. Targeting the progression of chronic kidney
disease. Nat. Rev. Nephrol. 2020, 16, 269-288. [CrossRef]

Godel, M.; Hartleben, B.; Herbach, N.; Liu, S.; Zschiedrich, S.; Lu, S.; Debreczeni-Mér, A.; Lindenmeyer, M.T.; Rastaldi, M.P,;
Hartleben, G.; et al. Role of mTOR in podocyte function and diabetic nephropathy in humans and mice. J. Clin. Invest. 2011, 121,
2197-2209. [CrossRef]

Shillingford, ].M.; Murcia, N.S.; Larson, C.H.; Low, S.H.; Hedgepeth, R.; Brown, N.; Flask, C.A.; Novick, A.C.; Goldfarb, D.A.;
Kramer-Zucker, A.; et al. The mTOR pathway is regulated by polycystin-1, and its inhibition reverses renal cystogenesis in
polycystic kidney disease. Proc. Natl. Acad. Sci. USA 2006, 103, 5466-5471. [CrossRef] [PubMed]

Zschiedrich, S.; Bork, T.; Liang, W.; Wanner, N.; Eulenbruch, K.; Munder, S.; Hartleben, B.; Kretz, O.; Gerber, S.; Simons, M.; et al.
Targeting mTOR Signaling Can Prevent the Progression of FSGS. J. Am. Soc. Nephrol. 2017, 28, 2144-2157. [CrossRef]

Tomita, I.; Kume, S.; Sugahara, S.; Osawa, N.; Yamahara, K.; Yasuda-Yamahara, M.; Takeda, N.; Chin-Kanasaki, M.; Kaneko, T.;
Mayoux, E.; et al. SGLT2 Inhibition Mediates Protection from Diabetic Kidney Disease by Promoting Ketone Body-Induced
mTORC]1 Inhibition. Cell Metab. 2020, 32, 404-419.e406. [CrossRef] [PubMed]

Zafar, I; Ravichandran, K.; Belibi, EA.; Doctor, R.B.; Edelstein, C.L. Sirolimus attenuates disease progression in an orthologous
mouse model of human autosomal dominant polycystic kidney disease. Kidney Int. 2010, 78, 754-761. [CrossRef]

Das, R.; Kim, S.J.; Nguyen, N.T.; Kwon, HJ.; Cha, SK.; Park, K.S. Inhibition of the ERK1/2-mTORCI axis ameliorates proteinuria
and the fibrogenic action of transforming growth factor-f in Adriamycin-induced glomerulosclerosis. Kidney Int. 2019, 96,
927-941. [CrossRef]

Li, H; Peng, X.; Wang, Y.; Cao, S.; Xiong, L.; Fan, J.; Zhuang, S.; Yu, X.; Mao, H. Atg5-mediated autophagy deficiency in proximal
tubules promotes cell cycle G2/M arrest and renal fibrosis. Autophagy 2016, 12, 1472-1486. [CrossRef] [PubMed]

Jiang, M.; Wei, Q.; Dong, G.; Komatsu, M.; Su, Y.; Dong, Z. Autophagy in proximal tubules protects against acute kidney injury.
Kidney Int. 2012, 82, 1271-1283. [CrossRef]

Andrikopoulos, P.; Kieswich, J.; Pacheco, S.; Nadarajah, L.; Harwood, S.M.; O'Riordan, C.E.; Thiemermann, C.; Yaqoob, M.M. The
MEK Inhibitor Trametinib Ameliorates Kidney Fibrosis by Suppressing ERK1/2 and mTORC1 Signaling. J. Am. Soc. Nephrol.
2019, 30, 33-49. [CrossRef]

Padovano, V.; Podrini, C.; Boletta, A.; Caplan, M.]. Metabolism and mitochondria in polycystic kidney disease research and
therapy. Nat. Rev. Nephrol. 2018, 14, 678-687. [CrossRef] [PubMed]

Jiang, L.; Xu, L.; Mao, J.; Li, J.; Fang, L.; Zhou, Y.; Liu, W.; He, W.; Zhao, A.Z.; Yang, J.; et al. Rheb/mTORC1 signaling promotes
kidney fibroblast activation and fibrosis. J. Am. Soc. Nephrol. 2013, 24, 1114-1126. [CrossRef] [PubMed]

Yoshida, S.; Hong, S.; Suzuki, T.; Nada, S.; Mannan, A.M.; Wang, J.; Okada, M.; Guan, K.L.; Inoki, K. Redox regulates mammalian
target of rapamycin complex 1 (mTORC1) activity by modulating the TSC1/TSC2-Rheb GTPase pathway. J. Biol. Chem. 2011, 286,
32651-32660. [CrossRef] [PubMed]

Vanholder, R.; Schepers, E.; Pletinck, A.; Nagler, E.V.; Glorieux, G. The uremic toxicity of indoxyl sulfate and p-cresyl sulfate: A
systematic review. J. Am. Soc. Nephrol. 2014, 25, 1897-1907. [CrossRef]

Sakai, T.; Takadate, A.; Otagiri, M. Characterization of binding site of uremic toxins on human serum albumin. Biol. Pharm. Bull.
1995, 18, 1755-1761. [CrossRef]

Wu, LW,; Hsu, KH,; Lee, C.C; Sun, C.Y,; Hsu, H.J.; Tsai, C.J.; Tzen, C.Y.; Wang, Y.C.; Lin, C.Y.; Wu, M.S. p-Cresyl sulphate and
indoxyl sulphate predict progression of chronic kidney disease. Nephrol. Dial. Transplant. 2011, 26, 938-947. [CrossRef] [PubMed]
Nakano, T.; Katsuki, S.; Chen, M.; Decano, J.L.; Halu, A.; Lee, L.H.; Pestana, D.V.S.;, Kum, A.S.T.; Kuromoto, RK.;
Golden, W.S.; et al. Uremic Toxin Indoxyl Sulfate Promotes Proinflammatory Macrophage Activation Via the Interplay of
OATP2B1 and DIl4-Notch Signaling. Circulation 2019, 139, 78-96. [CrossRef] [PubMed]

Enoki, Y.; Watanabe, H.; Arake, R.; Fujimura, R.; Ishiodori, K.; Imafuku, T.; Nishida, K.; Sugimoto, R.; Nagao, S.;
Miyamura, S.; et al. Potential therapeutic interventions for chronic kidney disease-associated sarcopenia via indoxyl
sulfate-induced mitochondrial dysfunction. J. Cachexia Sarcopenia Muscle 2017, 8, 735-747. [CrossRef]

Watanabe, K.; Tominari, T.; Hirata, M.; Matsumoto, C.; Hirata, J.; Murphy, G.; Nagase, H.; Miyaura, C.; Inada, M. Indoxyl sulfate,
a uremic toxin in chronic kidney disease, suppresses both bone formation and bone resorption. FEBS Open Bio. 2017, 7, 1178-1185.
[CrossRef] [PubMed]

Bobot, M.; Thomas, L.; Moyon, A.; Fernandez, S.; McKay, N.; Balasse, L.; Garrigue, P.; Brige, P.; Chopinet, S.; Poitevin, S.; et al.
Uremic Toxic Blood-Brain Barrier Disruption Mediated by AhR Activation Leads to Cognitive Impairment during Experimental
Renal Dysfunction. J. Am. Soc. Nephrol. 2020, 31, 1509-1521. [CrossRef]


http://doi.org/10.1038/s41581-019-0248-y
http://doi.org/10.1172/JCI44774
http://doi.org/10.1073/pnas.0509694103
http://www.ncbi.nlm.nih.gov/pubmed/16567633
http://doi.org/10.1681/ASN.2016050519
http://doi.org/10.1016/j.cmet.2020.06.020
http://www.ncbi.nlm.nih.gov/pubmed/32726607
http://doi.org/10.1038/ki.2010.250
http://doi.org/10.1016/j.kint.2019.05.006
http://doi.org/10.1080/15548627.2016.1190071
http://www.ncbi.nlm.nih.gov/pubmed/27304991
http://doi.org/10.1038/ki.2012.261
http://doi.org/10.1681/ASN.2018020209
http://doi.org/10.1038/s41581-018-0051-1
http://www.ncbi.nlm.nih.gov/pubmed/30120380
http://doi.org/10.1681/ASN.2012050476
http://www.ncbi.nlm.nih.gov/pubmed/23661807
http://doi.org/10.1074/jbc.M111.238014
http://www.ncbi.nlm.nih.gov/pubmed/21784859
http://doi.org/10.1681/ASN.2013101062
http://doi.org/10.1248/bpb.18.1755
http://doi.org/10.1093/ndt/gfq580
http://www.ncbi.nlm.nih.gov/pubmed/20884620
http://doi.org/10.1161/CIRCULATIONAHA.118.034588
http://www.ncbi.nlm.nih.gov/pubmed/30586693
http://doi.org/10.1002/jcsm.12202
http://doi.org/10.1002/2211-5463.12258
http://www.ncbi.nlm.nih.gov/pubmed/28781957
http://doi.org/10.1681/ASN.2019070728

Toxins 2021, 13, 909 12 of 13

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tanaka, S.; Watanabe, H.; Nakano, T.; Imafuku, T.; Kato, H.; Tokumaru, K.; Arimura, N.; Enoki, Y.; Maeda, H.; Tanaka, M.; et al. Indoxyl
Sulfate Contributes to Adipose Tissue Inflammation through the Activation of NADPH Oxidase. Toxins 2020, 12, 502. [CrossRef]
[PubMed]

Enoki, Y.; Watanabe, H.; Arake, R.; Sugimoto, R.; Imafuku, T.; Tominaga, Y.; Ishima, Y.; Kotani, S.; Nakajima, M.; Tanaka, M.; et al.
Indoxyl sulfate potentiates skeletal muscle atrophy by inducing the oxidative stress-mediated expression of myostatin and atrogin-1.
Sci. Rep. 2016, 6, 32084. [CrossRef]

Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 2011, 7, 684-696. [CrossRef]

Kogot-Levin, A.; Hinden, L.; Riahi, Y.; Israeli, T.; Tirosh, B.; Cerasi, E.; Mizrachi, E.B.; Tam, J.; Mosenzon, O.; Leibowitz, G.
Proximal Tubule mTORC1 Is a Central Player in the Pathophysiology of Diabetic Nephropathy and Its Correction by SGLT2
Inhibitors. Cell Rep. 2020, 32, 107954. [CrossRef]

Yasuda, M.; Tanaka, Y.; Kume, S.; Morita, Y.; Chin-Kanasaki, M.; Araki, H; Isshiki, K.; Araki, S.; Koya, D.; Haneda, M.; et al. Fatty
acids are novel nutrient factors to regulate mTORC]1 lysosomal localization and apoptosis in podocytes. Biochim. Biophys. Acta
2014, 1842, 1097-1108. [CrossRef]

Kuwagata, S.; Kume, S.; Chin-Kanasaki, M.; Araki, H.; Araki, S.; Nakazawa, J.; Sugaya, T.; Koya, D.; Haneda, M,;
Maegawa, H.; et al. MicroRNA148b-3p inhibits mTORC1-dependent apoptosis in diabetes by repressing TNFR2 in proximal
tubular cells. Kidney Int. 2016, 90, 1211-1225. [CrossRef] [PubMed]

Kumar, V.; Kurth, T.; Zheleznova, N.N.; Yang, C.; Cowley, AW.,, Jr. NOX4/H(2)O(2)/mTORC1 Pathway in Salt-Induced
Hypertension and Kidney Injury. Hypertension 2020, 76, 133-143. [CrossRef]

Poesen, R.; Viaene, L.; Verbeke, K.; Claes, K.; Bammens, B.; Sprangers, B.; Naesens, M.; Vanrenterghem, Y.; Kuypers, D.;
Evenepoel, P; et al. Renal clearance and intestinal generation of p-cresyl sulfate and indoxyl sulfate in CKD. Clin. ]. Am. Soc.
Nephrol. 2013, 8, 1508-1514. [CrossRef] [PubMed]

Nakagawa, K.; Itoya, M.; Takemoto, N.; Matsuura, Y.; Tawa, M.; Matsumura, Y.; Ohkita, M. Indoxyl sulfate induces ROS
production via the aryl hydrocarbon receptor-NADPH oxidase pathway and inactivates NO in vascular tissues. Life Sci. 2021,
265,118807. [CrossRef] [PubMed]

Jansen, J.; Jansen, K.; Neven, E.; Poesen, R.; Othman, A.; van Mil, A_; Sluijter, J.; Sastre Torano, J.; Zaal, E.A.; Berkers, C.R.; et al.
Remote sensing and signaling in kidney proximal tubules stimulates gut microbiome-derived organic anion secretion. Proc. Natl.
Acad. Sci. USA 2019, 116, 16105-16110. [CrossRef]

Kadowaki, D.; Anraku, M.; Sakaya, M.; Hirata, S.; Maruyama, T.; Otagiri, M. Olmesartan protects endothelial cells against
oxidative stress-mediated cellular injury. Clin. Exp. Nephrol. 2015, 19, 1007-1014. [CrossRef]

Poursaitidis, I.; Wang, X.; Crighton, T.; Labuschagne, C.; Mason, D.; Cramer, S.L.; Triplett, K.; Roy, R.; Pardo, O.E.; Seckl, ML].; et al.
Oncogene-Selective Sensitivity to Synchronous Cell Death following Modulation of the Amino Acid Nutrient Cystine. Cell Rep. 2017,
18, 2547-2556. [CrossRef]

Ilatovskaya, D.V,; Blass, G.; Palygin, O.; Levchenko, V.; Pavlov, T.S.; Grzybowski, M.N.; Winsor, K.; Shuyskiy, L.S.; Geurts, A.M.;
Cowley, AW, Jr.; et al. A NOX4/TRPC6 Pathway in Podocyte Calcium Regulation and Renal Damage in Diabetic Kidney Disease.
J. Am. Soc. Nephrol. 2018, 29, 1917-1927. [CrossRef] [PubMed]

Kim, S.H.; Yu, M.A,; Ryu, ES,; Jang, Y.H.; Kang, D.H. Indoxyl sulfate-induced epithelial-to-mesenchymal transition and apoptosis
of renal tubular cells as novel mechanisms of progression of renal disease. Lab. Investig. 2012, 92, 488-498. [CrossRef]

Ellis, R.J.; Small, D.M.; Ng, K.L.; Vesey, D.A.; Vitetta, L.; Francis, R.S.; Gobe, G.C.; Morais, C. Indoxyl Sulfate Induces Apoptosis
and Hypertrophy in Human Kidney Proximal Tubular Cells. Toxicol. Pathol. 2018, 46, 449-459. [CrossRef] [PubMed]

Milanesi, S.; Garibaldi, S.; Saio, M.; Ghigliotti, G.; Picciotto, D.; Ameri, P.; Garibotto, G.; Barisione, C.; Verzola, D. Indoxyl Sulfate
Induces Renal Fibroblast Activation through a Targetable Heat Shock Protein 90-Dependent Pathway. Oxid. Med. Cell. Longev.
2019, 2019, 2050183. [CrossRef] [PubMed]

Lv, J.; Chen, J.; Wang, M.; Yan, E. Klotho alleviates indoxyl sulfate-induced heart failure and kidney damage by promoting M2
macrophage polarization. Aging (Albany NY) 2020, 12, 9139-9150. [CrossRef]

Hamza, E.; Metzinger, L.; Metzinger-Le Meuth, V. Uremic Toxins Affect Erythropoiesis during the Course of Chronic Kidney
Disease: A Review. Cells 2020, 9, 2039. [CrossRef] [PubMed]

Rhee, C.M.; Ahmadi, S.F,; Kovesdy, C.P; Kalantar-Zadeh, K. Low-protein diet for conservative management of chronic kidney
disease: A systematic review and meta-analysis of controlled trials. J. Cachexia Sarcopenia Muscle 2018, 9, 235-245. [CrossRef]
Akizawa, T.; Asano, Y.; Morita, S.; Wakita, T.; Onishi, Y.; Fukuhara, S.; Gejyo, F.; Matsuo, S.; Yorioka, N.; Kurokawa, K. Effect of a
carbonaceous oral adsorbent on the progression of CKD: A multicenter, randomized, controlled trial. Am. J. Kidney Dis. 2009, 54,
459-467. [CrossRef] [PubMed]

Braun, W.E.; Schold, ].D.; Stephany, B.R.; Spirko, R.A.; Herts, B.R. Low-dose rapamycin (sirolimus) effects in autosomal dominant
polycystic kidney disease: An open-label randomized controlled pilot study. Clin. J. Am. Soc. Nephrol. 2014, 9, 881-888. [CrossRef]
[PubMed]

Walz, G.; Budde, K.; Mannaa, M.; Niirnberger, J.; Wanner, C.; Sommerer, C.; Kunzendorf, U.; Banas, B.; Horl, WH.;
Obermiiller, N.; et al. Everolimus in patients with autosomal dominant polycystic kidney disease. N. Engl. J. Med. 2010, 363,
830-840. [CrossRef]

Serra, A.L.; Poster, D.; Kistler, A.D.; Krauer, F.; Raina, S.; Young, J.; Rentsch, K.M.; Spanaus, K.S.; Senn, O.; Kristanto, P; et al.
Sirolimus and kidney growth in autosomal dominant polycystic kidney disease. N. Engl. ]. Med. 2010, 363, 820-829. [CrossRef]


http://doi.org/10.3390/toxins12080502
http://www.ncbi.nlm.nih.gov/pubmed/32764271
http://doi.org/10.1038/srep32084
http://doi.org/10.1038/nrneph.2011.149
http://doi.org/10.1016/j.celrep.2020.107954
http://doi.org/10.1016/j.bbadis.2014.04.001
http://doi.org/10.1016/j.kint.2016.06.036
http://www.ncbi.nlm.nih.gov/pubmed/27591086
http://doi.org/10.1161/HYPERTENSIONAHA.120.15058
http://doi.org/10.2215/CJN.00300113
http://www.ncbi.nlm.nih.gov/pubmed/23813557
http://doi.org/10.1016/j.lfs.2020.118807
http://www.ncbi.nlm.nih.gov/pubmed/33232689
http://doi.org/10.1073/pnas.1821809116
http://doi.org/10.1007/s10157-015-1111-5
http://doi.org/10.1016/j.celrep.2017.02.054
http://doi.org/10.1681/ASN.2018030280
http://www.ncbi.nlm.nih.gov/pubmed/29793963
http://doi.org/10.1038/labinvest.2011.194
http://doi.org/10.1177/0192623318768171
http://www.ncbi.nlm.nih.gov/pubmed/29683083
http://doi.org/10.1155/2019/2050183
http://www.ncbi.nlm.nih.gov/pubmed/31178953
http://doi.org/10.18632/aging.103183
http://doi.org/10.3390/cells9092039
http://www.ncbi.nlm.nih.gov/pubmed/32899941
http://doi.org/10.1002/jcsm.12264
http://doi.org/10.1053/j.ajkd.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19615804
http://doi.org/10.2215/CJN.02650313
http://www.ncbi.nlm.nih.gov/pubmed/24721888
http://doi.org/10.1056/NEJMoa1003491
http://doi.org/10.1056/NEJMoa0907419

Toxins 2021, 13, 909 13 of 13

44.

45.

46.

47.

48.

49.

50.

Feigenbaum, J.; Neuberg, C.A. Simplified Method for the Preparation of Aromatic Sulfuric Acid Esters. . Am. Chem. Soc. 1941, 63,
3529-3530. [CrossRef]

Watanabe, H.; Miyamoto, Y.; Honda, D.; Tanaka, H.; Wu, Q.; Endo, M.; Noguchi, T.; Kadowaki, D.; Ishima, Y.; Kotani, S.; et al.
p-Cresyl sulfate causes renal tubular cell damage by inducing oxidative stress by activation of NADPH oxidase. Kidney Int. 2013,
83, 582-592. [CrossRef]

Kato, H.; Watanabe, H.; Imafuku, T.; Arimura, N.; Fujita, I.; Noguchi, I.; Tanaka, S.; Nakano, T.; Tokumaru, K.; Enoki, Y.; et al.
Advanced oxidation protein products contribute to chronic kidney disease-induced muscle atrophy by inducing oxidative stress
via CD36/NADPH oxidase pathway. J. Cachexia Sarcopenia Muscle 2021. [CrossRef] [PubMed]

Watanabe, H.; Fujimura, R.; Hiramoto, Y.; Murata, R.; Nishida, K,; Bi, J.; Imafuku, T.; Komori, H.; Maeda, H.; Mukunoki, A.; et al.
An acute phase protein o(1)-acid glycoprotein mitigates AKI and its progression to CKD through its anti-inflammatory action.
Sci. Rep. 2021, 11, 7953. [CrossRef] [PubMed]

Watanabe, H.; Noguchi, T.; Miyamoto, Y.; Kadowaki, D.; Kotani, S.; Nakajima, M.; Miyamura, S.; Ishima, Y.; Otagiri, M.;
Maruyama, T. Interaction between two sulfate-conjugated uremic toxins, p-cresyl sulfate and indoxyl sulfate, during binding
with human serum albumin. Drug Metab. Dispos. 2012, 40, 1423-1428. [CrossRef] [PubMed]

Nishida, K.; Watanabe, H.; Murata, R.; Tokumaru, K.; Fujimura, R.; Oshiro, S.; Nagasaki, T.; Miyahisa, M.; Hiramoto, Y.;
Nosaki, H.; et al. Recombinant Long-Acting Thioredoxin Ameliorates AKI to CKD Transition via Modulating Renal Oxidative
Stress and Inflammation. Int. J. Mol. Sci. 2021, 22, 5600. [CrossRef] [PubMed]

Oshiro, S.; Ishima, Y.; Maeda, H.; Honda, N.; Bi, J.; Kinoshita, R.; Ikeda, M.; Iwao, Y.; Imafuku, T.; Nishida, K.; et al. Dual
Therapeutic Effects of an Albumin-Based Nitric Oxide Donor on 2 Experimental Models of Chronic Kidney Disease. ]. Pharm. Sci.
2018, 107, 848-855. [CrossRef]


http://doi.org/10.1021/ja01857a508
http://doi.org/10.1038/ki.2012.448
http://doi.org/10.1002/jcsm.12786
http://www.ncbi.nlm.nih.gov/pubmed/34599649
http://doi.org/10.1038/s41598-021-87217-8
http://www.ncbi.nlm.nih.gov/pubmed/33846468
http://doi.org/10.1124/dmd.112.045617
http://www.ncbi.nlm.nih.gov/pubmed/22513409
http://doi.org/10.3390/ijms22115600
http://www.ncbi.nlm.nih.gov/pubmed/34070521
http://doi.org/10.1016/j.xphs.2017.10.023

	Introduction 
	Results 
	Effect of Various Uremic Toxins on mTORC1 Activity in Renal Tubular Epithelial Cells (HK-2) 
	Molecular Mechanism of IS-Induced mTORC1 Activation 
	Involvement of IS-Induced mTORC1 Activation in Fibrotic Responses of Tubular Epithelial Cells, Renal Fibroblasts, and Macrophages 
	Effect of Exogenous IS-Overload on mTORC1 Activity in Renal Tissue of Healthy Mice 
	Therapeutic Intervention Involving Targeting the IS/mTORC1 Pathway in CKD Mice 

	Discussion 
	Conclusions 
	Materials and Methods 
	Chemicals and Materials 
	Cell Culture 
	Cell Experiments with Serum Samples from CKD Patients 
	Western Blot Analysis 
	Quantitative RT-PCR 
	HPLC Analysis 
	Animal Experiments 
	Histological Analysis 
	Hydroxyproline Assay 
	Statistical Analysis 

	References

