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Abstract 

Rationale: The dysfunctional gut-kidney axis forms a vicious circle, which eventually becomes a catalyst 

for the progression of chronic kidney disease (CKD) and occurrence of related complications. However, 

the pathogenic factors of CKD-associated intestinal dysfunction and its mechanism remain elusive. 

Methods: We first identified the protein-bound uremic toxin indoxyl sulfate (IS) as a possible 

contributor to intestinal barrier injury. Transepithelial electrical resistance, permeability assay and 

transmission electron microscopy were carried out to evaluate the damaging effect of IS on intestinal 

barrier in intestinal epithelial cells, IS-injected mice and CKD mice. In vitro and in vivo experiments were 

performed to investigate the role of IS in intestinal barrier injury and the underlying mechanism. Finally, 

CKD mice treated with AST-120 (an oral adsorbent for IS) and gene knockout mice were used to verify 

the mechanism and to explore possible interventions for IS-induced intestinal barrier injury. 

Results: Transepithelial electrical resistance and the expressions of tight junction-related genes were 

significantly suppressed by IS in intestinal epithelial cells. In vitro experiments demonstrated that IS 

inhibited the expression of dynamin-related protein 1 (DRP1) and mitophagic flux, whereas DRP1 

overexpression attenuated IS-induced mitophagic inhibition and intestinal epithelial cell damage. 

Furthermore, IS suppressed DRP1 by upregulating the expression of interferon regulatory factor 1 

(IRF1), and IRF1 could directly bind to the promoter region of DRP1. Additionally, the decreased 

expression of DRP1 and autophagosome-encapsulated mitochondria were observed in the intestinal 

tissues of CKD patients. Administration of AST-120 or genetic knockout of IRF1 attenuated IS-induced 

DRP1 reduction, mitophagic impairment and intestinal barrier injury in mice. 

Conclusions: These findings suggest that reducing IS accumulation or targeting the IRF1-DRP1 axis may 

be a promising therapeutic strategy for alleviating CKD-associated intestinal dysfunction. 
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Introduction 

Chronic kidney disease (CKD) affects as much as 
10-15% of the adult population, and accounts for 
approximately 1.5% of deaths worldwide [1-3]. 
Intestinal dysfunction emerges as one of the most 
common complications of CKD, mainly clinically 
manifested by anorexia, vomiting, diarrhea, 
constipation, and mucosal hemorrhage and erosion [1, 

2, 4]. Conversely, intestinal dysfunction aggravates 
renal injury via gut microbiota, uremic toxins and 
systemic inflammation [5]. Previous studies have 
mainly focused on the effect of intestinal dysfunction 
on CKD progression and occurrence of CKD 
complications. However, the mechanisms of another 
aspect of the gut-renal axis, CKD-associated intestinal 

 

Ivyspring  
International Publisher 



Theranostics 2020, Vol. 10, Issue 16 

 

 

http://www.thno.org 

7385 

dysfunction, lack in-depth exploration [6, 7]. Recently, 
treatment intervention for intestinal dysfunction and 
the alteration of intestinal flora have been considered 
an effective avenue to prevent the progression of CKD 
and its complications [1, 2, 4, 5, 7-9]. Therefore, 
investigating the pathogenesis of CKD-associated 
intestinal dysfunction would provide clinical 
implications for the development of novel therapeutic 
strategies targeting the gut-kidney axis [5]. 

Intestinal dysfunction is characterized by 
abnormally increased intestinal permeability, an 
indicator of impaired intestinal barrier [10, 11]. The 
selectively permeable intestinal barrier surface was 
mainly constituted by a layer of intestinal epithelial 
cells (IECs), regulating the passage of ions and small 
molecules while protecting against the luminal 
antigens, toxins and pathogens [10-13]. Thus, the 
damage of IECs leads to a marked loss of barrier 
function [11, 12]. As reported, intestinal barrier 
properties are established by tight junction, adherens 
junction and desmosomes, among which tight 
junction is the most essential structure [10, 12]. 
Defects in tight junction integrity are considered a 
crucial cause of increased permeability and intestinal 
dysfunction, while restoration of epithelial tight 
junction may improve the conditions [11-13]. 
However, the role of tight junction impairment in 
CKD-associated intestinal dysfunction and related 
mechanisms are not fully understood. 

Emerging evidence suggests that uremic toxin, a 
CKD-specific risk factor, was involved in intestinal 
barrier injury [14, 15]. Advanced oxidation protein 
products (AOPPs) were demonstrated to induce IEC 
death through a redox-dependent pathway [14]. An in 
vitro study found disruption of intestinal tight 
junction and barrier function by urea [15]. Although a 
few studies have initially explored the effect of uremic 
toxins on intestinal barrier, their interaction with the 
gut microbiota and possible role in intestinal barrier 
injury are far from being elucidated. In particular, the 
role of protein-bound toxins in CKD-associated 
intestinal dysfunction should be probed deeply, as 
they are derived from utilization of amino acids by 
intestinal bacteria and difficult to be removed by 
routine dialysis. Therefore, in the present study, we 
focused on the contribution of a typical uremic 
protein-bound toxin indoxyl sulfate (IS) to intestinal 
barrier injury. Our findings demonstrate that IS 
induces intestinal barrier injury via inhibiting 
mitophagic flux of IECs. Furthermore, interferon 
regulatory factor 1 (IRF1)-mediated suppression of 
dynamin-related protein 1 (DRP1) contributes to 
IS-induced mitophagy inhibition. 

Results 

Intestinal barrier injury and dysbacteriosis 

were observed in CKD mice 

In a 5/6 nephrectomy mouse model of CKD [16], 
goblet cells reduction, villi necrosis, edema and 
ulceration were observed in intestinal tissues (Figure 
1A). The macroscopic injury score and intestinal 
permeability were much higher in CKD mice than in 
sham mice (Figure 1B and C). Notably, transmission 
electron microscopy (TEM) observation showed 
indistinct tight junction, reduced density and 
widened intercellular space in the intestinal tissues of 
CKD mice (Figure 1D). Meanwhile, the expressions of 
tight junction-related genes (zona occludens 1 (ZO-1), 
Occludin, Claudin-1 and Claudin-2) were also 
significantly decreased in CKD mice (Figure 1E). 
These results collectively suggest intestinal barrier 
injury in CKD mice. Since imbalance of gut flora 
contributes to intestinal barrier injury [6, 17], we 
carried out 16s ribosomal RNA (rRNA) sequencing. 
Venn analysis and Principal Component Analysis 
(PCA) revealed significant changes of Operational 
Taxonomic Unit (OUT) between sham and CKD mice 
(Figure 1F and G), and the alpha diversity comparison 
exhibited lower diversity in CKD mice (Figure 1H), 
indicating dysbacteriosis in CKD mice. Heatmap 
analysis verified multiple alterations of bacterial flora 
at species level, among which Escherichia coli (E. coli) 
population increased while Lactobacillus decreased 
(Figure 1I). 

Indoxyl sulfate induces intestinal epithelial cell 

injury in vitro and in vivo 

Because indole is mainly produced by E. coli 
from tryptophan via tryptophanase, while 
Lactobacillus could competitively inhibit the 
production of indole through metabolizing 
tryptophan into indole-3-aldehyde [18-22], we first 
investigated whether indole could directly induce IEC 
injury. As a result, neither transepithelial electrical 
resistance (TER, the most sensitive measure of 
intestinal barrier), nor the expression of tight junction- 
related genes were repressed by indole in Caco2 cells, 
a colon epithelial cell line. Rather, indole enhanced 
TER and the expressions of Claudin-1 and Claudin-2 
at a concentration of 1 mM (Figure S1A and B), 
indicating harmless influence of indole on IECs. 

Given this result, we further evaluated IS, an 
indole derivative accumulating in the blood with the 
progression of CKD [20]. Then, we found that both 
TER and the expressions of tight junction-related 
genes were significantly suppressed by IS (Figure 2A 
and B). Further, increased intestinal macroscopic 
injury and permeability, accompanied by a higher 
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level of serum IS, were observed in IS-injected mice 
(Figure 2C-F). Accordingly, impaired tight junction in 
epithelial tissues and increased serum inflammatory 
factors were detected in IS-injected mice (Figure 2G-I). 
These results collectively suggest that IS contributes 
to IEC injury. 

Indoxyl sulfate induces intestinal epithelial cell 

damage via inhibiting mitophagic flux 

Interestingly, we observed increased 
autophagosome-encapsulated mitochondria in IECs 
in IS-injected mice by electron microscopy (Figure 
3A). In fact, promoting ROS production is the main 
mechanism of various IS-induced cellular injuries [16, 
23]. Damaged mitochondria are important sources of 
increased ROS, and selective removal of these 
impaired organelles via mitophagy plays a pivotal 

role in maintaining cellular homeostasis [24]. 
Therefore, we speculate that IS may induce intestinal 
epithelial damage by affecting mitophagy. To test this 
hypothesis, we incubated Caco2 cells with IS at 
various concentrations, and found an increased ROS 
production in a dose-dependent manner (Figure 3B). 
After transfection of green fluorescent protein (GFP)- 
LC3 plasmids into Caco2 cells, GFP-LC3 puncta were 
observed in IS-treated cells (Figure 3C). Since 
increased autophagic vacuoles (AVs) are attributed to 
enhanced autophagic flux or impaired AV clearance, 
we next distinguished between these two possibilities. 
Western blot analysis verified that both LC3-II and 
autophagy substrate P62 (also known as 
sequestosome 1, SQSTM1) were upregulated by IS in 
Caco2, HIEC, primary colon epithelial cells and 
intestinal epithelial tissues of mice (Figure 3D, 3E, S2), 

 
Figure 1. Intestinal barrier injury and dysbacteriosis were observed in CKD mice. (A-E) CKD mouse model was constructed, taking sham mice as control. n=8 per 

group. HE staining (A), macroscopic injury score (B, detailed information was shown in Table S5), intestinal permeability (C), transmission electron microscopy (TEM) observation 

of tight junction (D) and qPCR analysis of tight junction-related genes (E) of intestinal tissues from sham and CKD mice. Yellow arrow indicates intestinal mucosal damage in (A) 

and impaired tight junction in (D). (F-I) Fresh fecal samples of sham and CKD mice were collected for 16s ribosomal RNA (rRNA) sequencing and analysis. n=6 per group. Venn 

analysis (F), principal component analysis (G), alpha diversity comparison (H) and heatmap analysis (I) between sham and CKD mice. Data are shown as mean ± SEM and were 

analyzed by two-tailed unpaired Student’s t test (B, C, E). * P<0.05, ** P<0.01, *** P<0.001. 
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indicating a potential inhibitory effect of IS on 
autophagic flux. Meanwhile, IS-induced 
accumulation of LC3-II and P62 was not aggravated 
by Bafilomycin A1 (Baf, an autophagic degradation 
blocker), whereas Rapa (an autophagic inducer)- 
induced LC3-II expression was significantly enhanced 
by IS (Figure 3F and G). Furthermore, yellow dots 
were yielded in IS-treated cells transfected with 
mCherry-GFP-LC3 adenovirus (Figure 3H). These 
findings collectively reveal that IS is a potent 
autophagy inhibitor. 

Synchronously, a decrease in ATP level and loss 
of mitochondrial membrane potential were detected 
in Caco2 cells (Figure S3A-C), indicating that IS 
induced mitochondrial dysfunction. Co-localization 
of mito-tracker and GFP-LC3 puncta, elevated level of 
mitochondrial DNA (mtDNA) copy number and the 
increased expression of cytochrome c oxidase subunit 
IV (COXIV, a mitochondrial marker) were observed in 
IS-treated IECs (Figure 3I, S3D-E). As mitochondrial 
number can be regulated by biogenesis or mitophagy- 
mediated removal [25], we also detected the 
expressions of two biomarkers of mitochondrial 
biogenesis, peroxisome proliferator-activated receptor 
gamma coactivator 1 alpha (PGC1α) and 
mitochondrial transcription factor A (TFAM), and 
found no effect of IS on their expressions (Figure S3E). 
These results suggest that IS might induce IEC injury 

through inhibiting mitophagy. 

Indoxyl sulfate inhibits mitophagy through 

suppressing DRP1 in intestinal epithelial cells 

To investigate the mechanism by which IS 
inhibited mitophagy, the classical mammalian target 
of rapamycin (mTOR) signaling pathway was firstly 
examined in Caco2 cells, but no changes were found 
(Figure S4A). As reported, the impairment of dynamic 
balance of mitochondrial fusion and fission leads to 
impaired mitophagy and mitochondrial function [26]. 
Therefore, we screened the classical genes and 
demonstrated that DRP1 expression was significantly 
inhibited by IS in IECs and intestinal tissues, while the 
expressions of fission 1 (FIS1), mitofusin 1 (MFN1), 
mitofusin 2 (MFN2) and optic atrophy 1 (OPA1) were 
not regulated by IS (Figure 4A-E). Concordantly, 
confocal microscopy showed elongated mitochondria 
in IS-treated cells (Figure S4B), which coincided with 
the mitochondrial fission-promoting effect of DRP1. 
To further investigate the role of DRP1, we treated 
Caco2 cells with Mdivi1, a classic DRP1 inhibitor, in 
the presence or absence of IS. Mdivi1 significantly 
aggravated IS-induced ROS production and 
autophagy inhibition (Figure S5A-C). On the other 
hand, DRP1 overexpression plasmids were 
transfected into Caco2 cells. The overexpressed DRP1 
restrained IS-induced ROS production and, like NAC 

 

 
Figure 2. Indoxyl sulfate (IS), a metabolite of intestinal flora, induces intestinal barrier injury. (A) Caco2 cells were seeded on Millicell Hanging Cell Culture Inserts 

in 24-well plates and cultured for 14 days, and then treated with various concentrations of IS for 24 hours or 500 μM IS for different durations for TER determination. n=3. (B) 

qPCR analysis of the expression of tight junction-related genes in Caco2 cells treated with 500 μM IS for 24 hours. n=3. (C-H) Mice were intraperitoneally injected with IS (100 

mg/kg) daily for 8 weeks. n = 8 per group. HE staining (C) and macroscopic injury score (D, detailed information was shown in Table S5) of intestinal tissues from control and 

IS-injected mice. (E) Serum IS level was determined using HPLC. Relative intestinal permeability (F), TEM observation of tight junction (G), and qPCR analysis of tight 

junction-related genes (H) of intestinal tissues from mice in (C). (I) Serum level of TNF-α, IL-1β and IL-6 from mice in (C) were measured using ELISA kits. Yellow arrow indicates 

intestinal mucosal damage in (C) and impaired tight junction in (G). Data are shown as mean ± SEM and were analyzed by one-way ANOVA (A) or two-tailed unpaired Student’s 

t test (B, D-F, H, I). * P<0.05, ** P<0.01, *** P<0.001. 
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(a ROS scavenger), abated autophagy inhibition 
(Figure S5D-G). Moreover, DRP1 overexpression 
significantly attenuated IS-induced mitophagy 
inhibition and tight junction impairment in Caco2 

cells (Figure 4F-H). These results hint that IS induces 
mitophagic impairment and IEC injury via repressing 
DRP1. 

 

 
Figure 3. IS induces intestinal damage via inhibiting mitophagic flux in Caco2 cells. (A) TEM observation of autophagic vacuoles (indicated by yellow arrow) in 

intestinal tissues from control and IS-injected mice. (B) ROS production of Caco2 cells treated with various concentrations of IS for 24 hours. (C) GFP-LC3 plasmids were 
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transfected into Caco2 cells using Lipofectamine 2000. Cells were treated with control or IS for another 24 hours for confocal microscopy observation. (D) Western blot 

analysis of LC3 and P62 expression of cells in (B). (E) Western blot analysis of LC3 and P62 expression in intestinal tissues from control and IS-injected mice. (F, G) Western 

blot analysis of LC3 and P62 expression in Caco2 cells treated with control, Baf, IS or IS+Baf (F); control, Rapa, IS or IS+Rapa (G). (H) Caco2 cells were transfected with 

mCherry-GFP-LC3 adenovirus and treated with control, IS, Rapa or Baf for another 24 hours for confocal microscopy observation and ImageJ analysis. (I) Caco2 cells were 

transfected with GFP-LC3 plasmids, treated with control or IS for 24 hours and stained with mito-tracker for confocal microscopy. Yellow arrow indicates co-localization of 

mito-tracker and GFP-LC3 puncta. The gray scale of bands was quantified using ImageJ software. Scale bar, 10 μm. Data are shown as mean ± SEM and were analyzed by one-way 

ANOVA (B, D, F-H) or two-tailed unpaired Student’s t test (E). n=3. ns: no significance. * P<0.05, ** P<0.01, *** P<0.001. 

 
Figure 4. IS inhibits mitophagy and intestinal function through suppressing DRP1. (A-C) Western blot and qPCR analysis of mitochondrial fission and fusion-related 

proteins in Caco2 (A, C), HIEC and primary colon epithelia cells (B) treated with control or IS for 24 hours. (D, E) qPCR (D) and Western blot (E) analysis of DRP1 expression 

in intestinal tissues from control or IS-injected mice. (F) Caco2 cells were transfected with mCherry-GFP-LC3 in combination with DRP1 overexpression plasmids or vector 
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control, and then treated with control or IS for 24 hours for confocal microscopy and ImageJ analysis. Scale bar, 10 μm. (G) Caco2 cells were transfected with DRP1 

overexpression plasmids or vector control and then treated with control or IS for 24 hours. The expressions of tight junction-related genes were detected using qPCR analysis. 

(H) Caco2 cells were seeded on Millicell Hanging Cell Culture Inserts in 24-well plates and cultured for 14 days, and then transfected with DRP1 overexpression plasmids or 

vector control and treated with control or IS for 24 hours for TER determination. The gray scale of bands was quantified using ImageJ software. Data are shown as mean ± SEM 

and were analyzed by one-way ANOVA (A, B, F-H) or two-tailed unpaired Student’s t test (C-E). n=3. ns: no significance. * P<0.05, ** P<0.01, *** P<0.001. 

 

Indoxyl sulfate inhibits DRP1 through 

enhancing IRF1 expression 

To explore the upstream mediator of DRP1 in 
IS-regulated mitophagy, transcriptional factors with 
potential binding sites in the promoter region of the 
DRP1 gene were predicted using bioinformatics 
(Figure 5A). Subsequent qPCR screening 
demonstrated that Yin-Yang 1 (YY1) and IRF1 were 
upregulated by IS both in vitro and in vivo (Figure S6A 
and B). However, siRNA against YY1 (siYY1) did not 
rescue IS-induced downregulation of DRP1 (Figure 
S6C and D). Additionally, IRF1 protein was induced 
by IS in IECs and intestinal tissues (Figure 5B and C). 
DRP1 expression in Caco2 cells was downregulated 
by IRF1 overexpression (pIRF1) and upregulated by 
IRF1 knockdown (siIRF1) (Figure S6E and F). In vitro, 
knockdown of IRF1 significantly reversed IS-induced 
DRP1 repression, ROS production elevation, 
mitophagy inhibition, TER suppression and 
downregulation of tight junction-related genes 
(Figure 5D-I, S6G). These findings indicate that IS 
inhibits DRP1 by upregulating IRF1 expression. 

Based on the predicted binding sites of IRF1 in 
DRP1 promoter region (Table S1), we hypothesized 
that IRF1 could inhibit DRP1 expression via directly 
binding to its promoter region. As shown in Figure 
6A, pIRF1 significantly suppressed the luciferase 
activity of the recombinant luciferase reporters pGL3- 
DRP1-P1, pGL3-DRP1-P2, pGL3-DRP1-P3 and pGL3- 
DRP1-P4, while it had no effect on pGL3-DRP1-P5 or 
pGL3-DRP1-P6, implying an IRF1 response element 
within the sequence containing -600 to -300 
nucleotides relative to the transcriptional start site. 
According to the bioinformatic prediction (Table S1), 
the binding sites should be the sequence containing 
-508 to -497 (CACAGTGAAACC). As expected, 
mutation of pGL3-DRP1-P4 (-508 ~ -497) abolished IS- 
regulated DRP1 promoter activity (Figure 6B), while 
mutation of pGL3-DRP1-P3 (-728 ~ -717) did not 
(Figure 6C). Further, ChIP assay was performed and 
revealed direct binding of IRF1 to DRP1 promoter 
region (-584 ~ -401), which could be enhanced by IS 
(Figure 6D and E). 

As reported, IRF1 was the downstream gene of 
aryl hydrocarbon receptor (AhR), a canonical receptor 
of IS [27, 28]. Further study demonstrated that siRNA 
against AhR (siAhR) significantly prevented 
IS-induced IRF1 upregulation (Figure 6F and G), 
suggesting that AhR contributes to IS-induced IRF1 
upregulation. 

Intestinal barrier injury, disruption of the 

IRF1-DRP1 axis and mitophagic impairment 

were observed in intestinal tissues of CKD 

patients 

To verify the above possible mechanisms and 
phenomena, the intestinal tissues of 12 CKD patients 
and 12 healthy donors were collected. Hematoxylin 
eosin (HE) staining showed goblet cell reduction, villi 
necrosis, ulceration and fibroplasia in intestinal 
tissues of CKD patients (Figure 7A and B). 
Correspondingly, a higher serum IS level, impaired 
tight junction and autophagosome-encapsulated 
mitochondria were observed in CKD patients (Figure 
7C-E). Of note, immunofluorescence, qPCR and 
Western blot analysis confirmed increased IRF1 and 
decreased DRP1 expression in intestinal epithelial 
tissues of CKD patients (Figure 7F-H). 

Treatment with AST-120 or genetic knockout 

of IRF1 protects against indoxyl 

sulfate-induced DRP1 reduction, mitophagic 

impairment and intestinal barrier injury 

To further confirm the important role of IS and 
the IRF1-DRP1 axis in CKD-associated intestinal 
barrier injury, CKD mice were fed with AST-120, a 
charcoal adsorbent suppressing serum IS 
concentration as previously described [22]. As 
anticipated, intestinal barrier injury, high serum IS 
level, decreased DRP1 expression and mitophagy 
blockade in CKD mice were significantly rescued by 
AST-120 (Figure 8). Moreover, IS-induced intestinal 
barrier injury and DRP1 downregulation were 
significantly alleviated in IRF1-/- mice compared with 
wild type (WT) mice (Figure 9A-H). IS-mediated 
mitophagy inhibition was also restored in IRF1-/- mice 
(Figure 9I and J). These findings collectively suggest 
that IS level reduction by AST-120 oral administration 
in CKD mice or IRF1 gene knockout (KO) in IS- 
injected mice attenuates DRP1 repression, mitophagic 
impairment in IECs and intestinal barrier injury. 

Discussion 

Intestinal dysfunction emerges as a common 
complication of CKD patients, especially for those 
with end-stage renal disease (ESRD) [2, 4]. However, 
there is still a lack of deep understanding of the 
pathogenesis of CKD-associated intestinal 
dysfunction. In the present study, we demonstrate 
that the uremic solute IS induces IEC injury via 
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interfering mitophagic flux, in which process IS 
inhibits DRP1 expression by upregulating IRF1 
expression. Accordingly, IRF1-DRP1 axis-mediated 
mitophagic inhibition was observed in CKD mice and 

patients. Oral administration of adsorbent AST-120 or 
genetic KO of IRF1 could attenuate IS-induced DRP1 
reduction, mitophagic impairment and intestinal 
barrier injury in mice. 

 

 
Figure 5. IS inhibits DRP1 through enhancing IRF1 expression. (A) Transcriptional factors in DRP1 gene promoter region were predicted using JASPAR, PROMO 

(ALGGEN) and TRANSFAC (gene-regulation) software programs, and 10 common transcriptional factors were found. (B, C) Western blot analysis of IRF1 expression in Caco2 

cells (B) and intestinal tissues from mice (C) treated with control or IS. (D-F) Caco2 cells were transfected with siControl or siIRF1, and then treated with control or IS for 24 
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hours. Cells were harvested for Western blot analysis to detect the expressions of IRF1 and DRP1 (D), flow cytometry to detect ROS production (E), Western blot analysis to 

test for LC3, P62 and COXIV expression (F). (G) Caco2 cells were transfected with mCherry-GFP-LC3 in combination with siIRF1 or control siRNA, and then treated with 

control or IS for 24 hours for confocal microscopy and ImageJ analysis. Scale bar, 10 μm. (H-I) TER determination (H) and qPCR analysis of tight junction-related genes (I) of 

Caco2 cells transfected with siControl or siIRF1, and then treated with control or IS for 24 hours. The gray scale of bands was quantified using ImageJ software. Data are shown 

as mean ± SEM and were analyzed by one-way ANOVA (B, D-I) or two-tailed unpaired Student’s t test (C). n=3. * P<0.05, ** P<0.01, *** P<0.001. 

 
Figure 6. IRF1 suppresses DRP1 transcription through directly binding to its promoter region. (A) Caco2 cells were co-transfected with pRL-TK vector and 

pGL3-basic or recombinant plasmids containing various DRP1 promoter regions, in combination with pControl or pIRF1. Then, cells were harvested for dual-luciferase reporter 

assay. Firefly luciferase activity was normalized against Renilla activity. (B, C) Cells were co-transfected with pRL-TK and pGL3-basic, pGL3-DPR1-P4, pGL3-DPR1-M4, 

pGL3-DPR1-P3 or pGL3-DPR1-M3 (the mutated IRF1 binding sites were underlined) using Lipofectamine 2000, and treated with control or IS for another 24 hours for 

dual-luciferase reporter assay. (D) Cells were treated with control or IS for 24 hours and collected for ChIP assay. DNA was amplified using PCR primers (-584 ~ -401 and -1136 

~ -1020). (E) qPCR analysis of IRF1 antibody-immunoprecipitated DNA in (D). (F, G) Cells were transfected with siAhR or siControl and treated with control or IS for another 
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24 hours. Cells were harvested for Western blot analysis to detect AhR and IRF1 expression (F) and for immunofluorescence confocal microscopy to evaluate the cellular 

localization of AhR (G). Scale bar, 10 μm. The gray scale of bands was quantified using ImageJ software. Data are shown as mean ± SEM and were analyzed by two-tailed unpaired 

Student’s t test (A-C, E) or one-way ANOVA (F). n=3. ns: no significance. * P<0.05, ** P<0.01, *** P<0.001. 

 
Figure 7. Intestinal barrier injury, disruption of the IRF1-DRP1 axis and mitophagic impairment were observed in intestinal tissues of CKD patients. (A, 

B) HE staining (A) and macroscopic injury score (B, detailed information was shown in Table S5) of intestinal tissues from healthy donors and CKD patients at stage 5. n=12 per 

group. Scale bar, 100 μm. (C) Serum IS level of (A) was determined using HPLC. (D, E) TEM observation of tight junction (D) and mitophagy (E) in intestinal tissues from (A). 

(F-H) The expressions of IRF1 and DRP1 in intestinal tissues from (A) were detected using immunofluorescence (F), qPCR (G) and Western blot analysis (H). Scale bar, 10 μm. 

The gray scale of bands was quantified with ImageJ software. Yellow arrow indicates intestinal mucosal damage in (A), impaired tight junction in (D) and mitophagic vacuoles in 

(E). Data are shown as mean ± SEM and were analyzed by two-tailed unpaired Student’s t test (B, C, G, H). ** P<0.01, *** P<0.001. 
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Figure 8. Reducing indoxyl sulfate accumulation with AST-120 alleviated DRP1 reduction, mitophagic impairment and intestinal barrier injury in CKD 

mice. (A-H) CKD mice were treated with or without AST-120. n=8 per group. (A, B) HE staining (A) and macroscopic injury score (B, detailed information was shown in 

Table S5) of intestinal tissues from sham, CKD and AST-120-treated CKD mice. (C) Serum IS level was analyzed using HPLC. (D-F) Relative intestinal permeability (D), TEM 

observation of tight junction (E) and qPCR analysis of tight junction-related genes (F) of intestinal tissues from mice in (A). (G) Serum levels of TNF-α, IL-1β and IL-6 in mice 

in (A) were detected using ELISA kits. (H, I) Immunofluorescence and Western blot analysis of the expressions of IRF1 and DRP1 in intestinal tissues from mice in (A). Scale 

bar, 10 µm. (J) TEM observation of mitophagy in intestinal tissues from mice in (A). Yellow arrow indicates intestinal mucosal damage in (A), impaired tight junction in (E) and 

mitophagic vacuoles in (J). Data are shown as mean ± SEM and were analyzed by one-way ANOVA (B-D, F, G, I). * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 9. Genetic knockout of IRF1 protects against IS-induced DRP1 reduction, mitophagic impairment and intestinal barrier injury. (A-E) Wild type 

(WT) C57BL/6J and IRF1-/- mice were treated with control or IS for 8 weeks. n=8 per group. HE staining (A), macroscopic injury score (B, detailed information was shown in 

Table S5), relative intestinal permeability (C), TEM observation of tight junction (D) and qPCR analysis of tight junction-related genes (E) of intestinal tissues from control and 
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IS-injected WT and IRF1-/- mice. (F) The expressions of IRF1 and DRP1 were determined using immunofluorescence in intestinal tissues from mice in (A). Scale bar, 10 μm. (G-J) 

qPCR and Western blot analysis of DRP1 expression (G, H), Western blot analysis of P62 and LC3 expression (I), and TEM observation of autophagy (J) in intestinal tissues 

from mice in (A). The gray scale of bands was quantified using ImageJ software. Yellow arrow indicates intestinal mucosal damage in (A), impaired tight junction in (D) and 

autophagic vacuoles in (J). Data are shown as mean ± SEM and were analyzed by one-way ANOVA (B, C, E, G, H (right panel), I) or two-tailed unpaired Student’s t test (H, left 

panel). ** P<0.01, *** P<0.001. 

 
Gut dysbiosis is involved in CKD progression 

and increasingly recognized as a potential therapeutic 
target for CKD patients, but the mechanism of 
intestinal dysfunction in uremic milieus has not been 
fully elucidated [5, 7-9, 17, 20, 21, 29]. In this study, we 
carried out 16s rRNA sequencing and identified an 
increase of E. coli population and a decrease of 
Lactobacillus species. Although different sequencing 
methods were used, previous reports consistently 
found decreased Lactobacillus and increased 
Enterobacteriaceae [17]. Considering that E. coli 
produces indole and Lactobacillus inhibits indole 
production [18, 19, 30], we examined the relationship 
between indole and IEC injury but discovered that 
indole did not contribute to IEC injury, in agreement 
with a previous report [18]. Therefore, we tested an 
indole derivative, IS, and found that IS was able to 
induce IEC injury in vitro and in vivo. Furthermore, 
reducing IS accumulation with the oral adsorbent 
AST-120 alleviated intestinal barrier injury in CKD 
mice. Recent studies identified that IS as a potential 
mediator of gut-kidney-heart/vessel crosstalk, and its 
increase paralleled with renal dysfunction and 
cardiovascular events [6, 7, 16, 17]. Our study 
provides evidence that that gut-derived protein- 
binding toxin IS plays an important role in the vicious 
cycle of dysfunctional gut-kidney axis. 

It is noteworthy that autophagic vacuoles were 
observed in intestinal epithelial tissues of IS-injected 
mice, while mitochondrial function of IECs was 
impaired by IS. Meanwhile, mitophagy was proved to 
protect vital organs by eliminating damaged 
mitochondria, including kidney and colon [24, 31-33]. 
As reported, mitophagy was responsible for 
amelioration of inflammatory bowel disease (IBD) 
and dextran sulfate sodium (DSS)-induced colitis [24, 
34]. However, it is unclear whether mitophagy is 
involved in CKD-associated intestinal dysfunction. 
Previous studies (including ours) indicate that IS 
induces production of ROS in a variety of cells, 
mainly resulting from mitochondria and leading to 
mitochondrial damage in return [16, 20, 23]. An in 
vitro study has found that IS induces ROS production 
and impairs the intactness of the IEC monolayer [35]. 
Thus, mitophagy impairment may be involved in IS- 
induced intestinal dysfunction. 

In this study, despite that the presence of 
mitophagic vacuoles in CKD patients did not mean 
the direct effect of indoxyl sulfate, mitophagic flux 
was significantly inhibited by IS in vitro and in vivo. 

However, canonical autophagy signaling pathway, 
mTOR, was not affected by IS. Reportedly, 
mitochondria are highly plastic organelles that 
constantly change their shape, structure and function 
through fusion and fission, known as mitochondrial 
dynamics [36]. An excess of mitochondrial fission 
contributes to mitochondrial fragmentation, whereas 
enhanced mitochondrial fusion leads to 
mitochondrial hyper-tubulation, both of which 
ultimately result in mitochondrial dysfunction and 
mitophagic impairment [26, 37]. This toxic effect 
could be restored to normal levels after simultaneous 
loss of fission and fusion-related genes, indicating that 
a balance of mitochondrial fission/fusion is 
fundamental to the maintenance of health [38]. 

A pervious report revealed that mitochondrial 
dynamics shifted to fusion in the kidneys of CKD rats 
[39], indicating disturbed mitochondrial dynamics in 
the uremic milieu. Therefore, we screened the 
expressions of mitochondrial dynamics-related genes 
and found that DRP1 expression was suppressed in 
IS-treated IECs, and this was also confirmed in 
intestinal tissues of IS-treated mice and CKD patients. 
DRP1 is a member of the dynamin superfamily of 
GTPases, which is required for mitochondrial fission 
through interacting with mitochondrial outer 
membrane-anchored proteins [40, 41]. It also plays a 
crucial role in the selective removal of mitochondria 
through mitophagy [42]. Although excessive 
overexpression of DRP1 leads to mitochondrial 
fragmentation and cell death, DRP1 gene KO mice is 
embryonic lethal, implicating the necessity of DRP1 in 
maintaining homeostasis [43]. DRP1 loss in neurons, 
hepatocytes or cardiomyocytes decreased mitophagy 
and led to neurodegeneration, liver damage or lethal 
heart failure, respectively [38, 43-47], while 
downregulation of DRP1 attenuated fibroblast 
activation and renal fibrosis, suggesting the organ- 
specific role of DRP1 [48]. Moreover, a review has 
concluded that the differential effects of Mdivi1 on 
cell survival or death could be attributed to the 
different durations of treatment [49]. Most in vitro 
studies on the toxic effect of Mdivi1 were performed 
for more than 16 hours, whereas studies reporting the 
protective effect of Mdivi1 were conducted for a much 
shorter duration (≤ 8 hours, usually ≤ 1 hour), 
suggesting that chronic inhibition of Drp1 might be 
detrimental to cell function and survival [47, 49]. In 
the absence of DRP1, mitophagy is inhibited and 
mitophagy intermediates, containing p62, LC3 and 
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mitochondrial protein, are accumulated in the 
hepatocytes, neurons and cardiomyocytes of the 
corresponding liver-, brain- and heart-specific DRP1 
knockout mice, respectively [38, 44, 45]. Of note, 
mitochondrial enlargement and the increased 
expressions of p62, LC3 and mitochondrial protein in 
DRP1 knockout mice are significantly restored after 
simultaneous loss of DRP1 and OPA1, suggesting that 
DRP1-mediated mitochondrial division leads to 
repression of p62, LC3 and mitochondrial protein [38]. 
The present study demonstrated that overexpression 
of DRP1 restored IS-inhibited mitophagy and 
mitigated IEC injury. Therefore, targeted approaches 
that modulate mitophagy during kidney-gut injury 
might be a promising therapeutic strategy, including 
maintaining the physiologically coordinated DRP1 
expression [31]. 

As a protein-bound uremic toxin, IS cannot 
directly regulate the transcription of DRP1. After 
bioinformatics analysis, screening and validation, we 
found that IRF1 was indispensable for IS-mediated 
DRP1 suppression in vitro and in vivo. IRF1 is a 
transcriptional factor containing a repression domain 
within the C-terminal portion, negatively regulating 
the transcription of its target genes [50]. In this study, 
luciferase assay, ChIP and mutation analysis 
suggested that IRF1 inhibited DRP1 transcription via 
directly binding to its promoter region (-508 ~ -497, 
CACAGTGAAACC). In CKD mice and patients, 
increased IRF1 and decreased DRP1 expression were 
observed. IS-induced DRP1 repression and 
mitophagy blockade were also reversed in IRF1-/- 
mice, further validating the regulation of DRP1 
expression by IRF1. According to a previous study 
[51], IRF1 was lowly expressed in the brain, heart, 
kidney, testis and colon, while DRP1 was highly 
expressed in the brain, testis, kidney, colon and heart. 
Moreover, IRF1 was a tumor suppressor gene, while 
DRP1 promoted cancer survival [50, 52]. These reports 
indicate a negative correlation between IRF1 and 
DRP1. Of interest, mitochondrial fission stabilizes the 
crucial downstream IRF1, while DRP1 contributes to 
mitochondrial fission [36]. Therefore, we hypothesize 
that the IRF1-DRP1 axis may form a feedback loop, 
delicately regulating mitochondrial function to 
achieve a physiological balance. This hypothesis 
needs more experimental confirmation in the future 
study. In addition, as to the upstream of IRF1, 
previous reports have identified IRF1 as the 
downstream gene of AhR, which is the only proven 
endogenous receptor of IS [27, 28]. Suppression of 
AhR attenuated IS-induced IRF1 upregulation, 
indicating an intermediary role of AhR between IS 
and IRF1. 

In conclusion, IS, as a protein-bound uremic 

toxin and metabolite of gut flora, plays a crucial role 
in inducing CKD-associated intestinal barrier injury. 
This effect of IS is mainly due to its inhibition of 
mitophagy in IECs. Intervention strategies to control 
IS level or target IRF1-DRP1 axis-mediated mitophagy 
impairment may alleviate CKD-associated intestinal 
barrier injury. 

Materials and Methods 

Detailed materials and methods can be found in 
Supplementary Materials. 

Human samples 

A total of 12 CKD patients at stage 5 (predialysis, 
aged 22-46 years) and 12 healthy controls (aged 24-44 
years) were enrolled in this study (Department of 
Nephrology of Xinqiao Hospital, Chongqing, China). 
Three pieces of human intestinal tissues were 
collected using colonoscopy, and the serum was used 
for IS concentration analysis. Informed written 
consent was obtained from all participants. All 
procedures involving human subjects were approved 
by the Ethics Committee of Xinqiao Hospital of the 
Army Medical University (No. 2018-006-01) and in 
accordance with the guidelines in the Declaration of 
Helsinki. 

Animal study 

IRF1 knockout (IRF1-/-) mice were purchased 
from Jackson Laboratory (Bar Harbor, ME, USA). To 
construct a CKD model, 8-week-old male Balb/c mice 
received electrocoagulation of right 2/3 renal cortex 
first and left total nephrectomy two weeks later, as 
previously described [16]. CKD mice were fed a diet 
containing 5% AST-120 (Kremezin, Kure ha Chemical 
Industry, Tokyo, Japan) for 8 weeks. WT C57BL/6J 
and IRF1-/- mice were intraperitoneally injected with 
IS (100 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) 
daily for 8 weeks. Each group included at least 8 mice. 
All animal procedures were approved by the 
Committee of Ethics on Animal Experiments of the 
Army Medical University. 

Cell culture 

Human colon epithelial cells (Caco2) and small 
intestinal epithelial cells (HIEC) were obtained from 
the American Type Culture Collection of USA 
(Manassas, VA, USA). Primary colon epithelial cells 
were isolated and cultured as previously described 
[53, 54]. 

16s rRNA sequencing 

Fresh fecal samples of sham and CKD mice were 
collected for 16s rRNA sequencing and analysis using 
Illumina (HiSeq 2500) plateform (Illumina, Inc, San 
Diego, CA), as previously described [55]. 
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High pressure liquid chromatography (HPLC) 

Blood samples of patients and mice were 
centrifuged for 10 minutes (min) at 3000 rpm. Serum 
IS was measured using HPLC as previously described 
[16]. 

Enzyme-linked immunosorbent assay (ELISA) 

Serum TNF-α, IL-1β and IL-6 in mice were 
measured using the corresponding ELISA kits (Boster 
Biological Technology, Wuhan, China) according to 
the manufacturer’s protocol. 

In vivo intestinal permeability assay 

Mice were gavaged with 400 μg/g bodyweight 
FITC-dextran (4 kDa, Sigma-aldrich), and intestinal 
permeability was assessed as previously reported 
[56]. 

Transepithelial electrical resistance (TER) 

determination  

Cells were seeded on Millicell Hanging Cell 
Culture Inserts (Millipore, Billerica, MA, USA) for 
TER determination using an epithelial voltohmmeter 
Millicell ERS-2 (Merck Millipore, Billerica, MA, USA). 

Reverse transcription and quantitative PCR 

(qPCR) 

Total RNA was extracted using Trizol reagent 
(Invitrogen, Carlsbad, CA, USA), and qPCR was 
performed by using SYBR Green qPCR kit (Takara, 
Dalian, China), as previously described [57]. The 
mouse and human primers for qPCR are listed in 
Tables S2 and S3. 

Western blot analysis 

Total protein was extracted using a cell lysis 
buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS 
(Beyotime, Shanghai, China) supplemented with each 
protease and phosphatase inhibitor cocktail tablet 
(Roche Diagnostics GmbH, Mannheim, Germany) per 
10 ml solution. Western blot was performed as 
previously described [57]. Primary antibodies against 
IRF1 (sc-514544x) and β-actin (sc-47778) were 
purchased from Santa Cruz Biotechnology (Dallas, 
TX, USA). The antibodies against P62 (5114), p-mTOR 
(5536), t-mTOR (2983), p-p70S6K (9234), p-4EBP1 
(2855), PINK1 (6946) and Parkin (4211) were obtained 
from Cell Signaling Technology (CST, Danvers, MA, 
USA). The antibodies against DRP1 (ab56788), MFN1 
(ab57602), MFN2 (ab50838), OPA1 (ab90857), FIS1 
(ab71498), AhR (ab2769), COXIV (ab14744), PGC1α 
(ab54481) and TFAM (ab131607) were purchased from 
Abcam (Cambridge, MA, USA). LC3 antibody (L7543) 
was purchased from Sigma-Aldrich. 

ATP measurement 

ATP level was measured using a luminescent 
ATP determination kit (A22066, Invitrogen, Carlsbad, 
CA, USA) containing 0.5 mM D-luciferin, 1.25 µg/mL 
firefly luciferase, 25 mM Tricine buffer, 5 mM MgSO4, 
100 µM EDTA, 1 mM DTT and 5 mM ATP solution, 
and normalized to protein content, according to the 
manufacturer’s protocol. 

ROS detection 

Caco2 cells were incubated with CM-H2DCF-DA 
for 20 min, and analyzed using an Accuri C6 flow 
cytometer (BD Biosciences, San Jose, CA, USA). 

Mitochondrial membrane potential analysis 

Cells were incubated with JC-1, and imaged 
using a laser scanning confocal microscope (Zeiss, 
LSM780, Germany) or harvested for C6 flow 
cytometry analysis (BD Biosciences, San Jose, CA, 
USA). 

Transmission electron microscopy 

Cells and intestinal tissues were imaged by TEM 
(JEM-1400PLUS, Japan) as previously described [33]. 

Immunofluorescence 

Cells or intestinal tissues were incubated with 
antibodies, and then treated with Cy3 or 
FITC-conjugated secondary antibody and DAPI for 
laser scanning confocal microscopy (Zesis) 
observation. 

GFP-LC3 puncta detection, mito-tracker 

staining and mCherry-GFP-LC3 assay 

Cells were transfected with GFP-LC3 plasmids 
(Beyotime) or mCherry-GFP-LC3 adenovirus (Hanbio 
Co.LTD, Shanghai, China), according to the 
manufacturer’s protocol. Then, cells were stained 
with mito-tracker Red CMXRos (Thermo Fisher 
Scientific, Waltham, MA, USA) and examined with a 
laser scanning confocal microscope (Zesis). 

Overexpression and downregulation of target 

genes 

The constructed overexpression plasmids or 
siRNAs (primers are shown in supplementary 
methods) were separately transfected into Caco2 cells 
using Lipofectamine 2000 (Invitrogen). 

Construction of reporter plasmids, point 

mutation and dual-luciferase reporter assay 

The recombinant plasmids (the primers are listed 
in Table S4) and pGL3-basic were co-transfected with 
pRL-TK vector (Promega, Madison, WI, USA) into 
Caco2 cells for luciferase activity assay using a 
dual-luciferase reporter assay system (Promega). 
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Chromatin immunoprecipitation (ChIP) assay 

ChIP was performed using a ChIP kit (Millipore) 
as previously described [57]. Briefly, the sonicated 
DNA was immunoprecipitated with an anti-IRF1 
antibody (Santa Cruz Biotechnology), and then 
amplified by PCR and qPCR using primers which are 
listed in Table S3. 

Statistical analysis 

Data are presented as mean ± SEM unless 
otherwise stated. Comparisons between two groups 
were analyzed by two-tailed unpaired Student’s t test. 
Comparisons among multiple groups were tested by 
one-way analysis of variance (ANOVA). Statistical 
analyses were performed using GraphPad Prism 8. P 
< 0.05 was considered statistically significant. 

Abbreviations 

CKD, chronic kidney disease; IS, Indoxyl sulfate; 
rRNA, ribosomal RNA; DRP1, dynamin-related 
protein 1; IRF1, Interferon regulatory factor 1; Rapa, 
Rapamycin; TEM, transmission electron microscope; 
E. coli, Escherichia coli; TER, transepithelial electrical 
resistance; AVs, autophagic vacuoles; GFP, Green 
fluorescent protein; SQSTM1/P62, sequestosome 1; 
Baf, Bafilomycin A1; FIS1, fission 1; MFN1, mitofusin 
1; MFN2, mitofusin 2; OPA1, optic atrophy 1; YY1, 
Yin-Yang 1; AhR, aryl hydrocarbon receptor; WT, 
wild type; KO, knockout; HE, hematoxylin eosin; 
qPCR, quantitative PCR; ChIP, Chromatin 
immunoprecipitation. 

Supplementary Material  

Supplementary figures and tables. 
http://www.thno.org/v10p7384s1.pdf  

Acknowledgements 

The Natural Science Foundation of China (Nos. 
81800468 and 81873605), and Personnel Training 
Program for Clinical Medicine Research of Army 
Medical University (2018XLC1007) and Frontier 
Special Project of Xinqiao Hospital (2018YQYLY004). 

Author contributions 

Y. Huang performed the experiments, analyzed 
the data and drafted the manuscript. J. Zhou, S. Wang, 

J. Xiong, Y. Chen, Y. Liu took part in the in vitro 
studies. T. Xiao, Y. Li, T. He, Y. Li and X. Bi 

contributed to the in vivo experiments. K. Yang, W. 
Han, Y. Qiao and Y. Yu participated in data analysis. 
J. Zhao designed the study, supervised the 
experiments and revised the manuscript. 

Competing Interests 

The authors have declared that no competing 
interest exists. 

References 
1. Levin A, Tonelli M, Bonventre J, Coresh J, Donner JA, Fogo AB, et al. Global 

kidney health 2017 and beyond: a roadmap for closing gaps in care, research, 
and policy. Lancet. 2017; 390: 1888-917. 

2. Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney disease. 
Lancet. 2017; 389: 1238-52. 

3. Chen W, Yuan H, Cao W, Wang T, Chen W, Yu H, et al. Blocking interleukin-6 
trans-signaling protects against renal fibrosis by suppressing STAT3 
activation. Theranostics. 2019; 9: 3980-91. 

4. Mishima E, Fukuda S, Shima H, Hirayama A, Akiyama Y, Takeuchi Y, et al. 
Alteration of the intestinal environment by lubiprostone is associated with 
amelioration of adenine-induced CKD. J Am Soc Nephrol. 2015; 26: 1787-94. 

5. Briskey D, Tucker P, Johnson DW, Coombes JS. The role of the gastrointestinal 
tract and microbiota on uremic toxins and chronic kidney disease 
development. Clin Exp Nephrol. 2017; 21: 7-15. 

6. Onal EM, Afsar B, Covic A, Vaziri ND, Kanbay M. Gut microbiota and 
inflammation in chronic kidney disease and their roles in the development of 
cardiovascular disease. Hypertens Res. 2019; 42: 123-40. 

7. Meijers B, Evenepoel P, Anders HJ. Intestinal microbiome and fitness in 
kidney disease. Nat Rev Nephrol. 2019; 15: 531-45. 

8. Wu IW, Gao SS, Chou HC, Yang HY, Chang LC, Kuo YL, et al. Integrative 
metagenomic and metabolomic analyses reveal severity-specific signatures of 
gut microbiota in chronic kidney disease. Theranostics. 2020; 10: 5398-411. 

9. Wang YF, Zheng LJ, Liu Y, Ye YB, Luo S, Lu GM, et al. The gut 
microbiota-inflammation-brain axis in end-stage renal disease: perspectives 
from default mode network. Theranostics. 2019; 9: 8171-81. 

10. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function 
and immune homeostasis. Nat Rev Immunol. 2014; 14: 141-53. 

11. Motta JP, Bermudez-Humaran LG, Deraison C, Martin L, Rolland C, Rousset 
P, et al. Food-grade bacteria expressing elafin protect against inflammation 
and restore colon homeostasis. Science translational medicine. 2012; 4: 
158ra44. 

12. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev 
Immunol. 2009; 9: 799-809. 

13. Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J. Restoration of barrier 
function in injured intestinal mucosa. Physiol Rev. 2007; 87: 545-64. 

14. Xie F, Sun S, Xu A, Zheng S, Xue M, Wu P, et al. Advanced oxidation protein 
products induce intestine epithelial cell death through a redox-dependent, 
c-jun N-terminal kinase and poly (ADP-ribose) polymerase-1-mediated 
pathway. Cell Death Dis. 2014; 5: e1006. 

15. Vaziri ND, Yuan J, Norris K. Role of urea in intestinal barrier dysfunction and 
disruption of epithelial tight junction in chronic kidney disease. Am J Nephrol. 
2013; 37: 1-6. 

16. Yang K, Wang C, Nie L, Zhao X, Gu J, Guan X, et al. Klotho Protects Against 
Indoxyl Sulphate-Induced Myocardial Hypertrophy. J Am Soc Nephrol. 2015; 
26: 2434-46. 

17. Yang T, Richards EM, Pepine CJ, Raizada MK. The gut microbiota and the 
brain-gut-kidney axis in hypertension and chronic kidney disease. Nat Rev 
Nephrol. 2018; 14: 442-56. 

18. Bansal T, Alaniz RC, Wood TK, Jayaraman A. The bacterial signal indole 
increases epithelial-cell tight-junction resistance and attenuates indicators of 
inflammation. Proc Natl Acad Sci U S A. 2010; 107: 228-33. 

19. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al. 
Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor 
and balance mucosal reactivity via interleukin-22. Immunity. 2013; 39: 372-85. 

20. Ellis RJ, Small DM, Vesey DA, Johnson DW, Francis R, Vitetta L, et al. Indoxyl 
sulphate and kidney disease: Causes, consequences and interventions. 
Nephrology (Carlton). 2016; 21: 170-7. 

21. Leong SC, Sirich TL. Indoxyl sulfate-Review of toxicity and therapeutic 
strategies. Toxins (Basel). 2016; 8: 358. 

22. Asai M, Kumakura S, Kikuchi M. Review of the efficacy of AST-120 
(KREMEZIN((R))) on renal function in chronic kidney disease patients. Ren 
Fail. 2019; 41: 47-56. 

23. Chu S, Mao X, Guo H, Wang L, Li Z, Zhang Y, et al. Indoxyl sulfate potentiates 
endothelial dysfunction via reciprocal role for reactive oxygen species and 
RhoA/ROCK signaling in 5/6 nephrectomized rats. Free Radic Res. 2017; 51: 
237-52. 

24. Guo W, Sun Y, Liu W, Wu X, Guo L, Cai P, et al. Small molecule-driven 
mitophagy-mediated NLRP3 inflammasome inhibition is responsible for the 
prevention of colitis-associated cancer. Autophagy. 2014; 10: 972-85. 

25. Zuo W, Liu Z, Yan F, Mei D, Hu X, Zhang B. Hyperglycemia abolished 
Drp-1-mediated mitophagy at the early stage of cerebral ischemia. Eur J 
Pharmacol. 2019; 843: 34-44. 

26. Toyama EQ, Herzig S, Courchet J, Lewis TL, Jr., Loson OC, Hellberg K, et al. 
Metabolism. AMP-activated protein kinase mediates mitochondrial fission in 
response to energy stress. Science. 2016; 351: 275-81. 



Theranostics 2020, Vol. 10, Issue 16 

 

 

http://www.thno.org 

7400 

27. Shen M, Bunaciu RP, Congleton J, Jensen HA, Sayam LG, Varner JD, et al. 
Interferon regulatory factor-1 binds c-Cbl, enhances mitogen activated protein 
kinase signaling and promotes retinoic acid-induced differentiation of HL-60 
human myelo-monoblastic leukemia cells. Leuk Lymphoma. 2011; 52: 2372-9. 

28. Schroeder JC, Dinatale BC, Murray IA, Flaveny CA, Liu Q, Laurenzana EM, et 
al. The uremic toxin 3-indoxyl sulfate is a potent endogenous agonist for the 
human aryl hydrocarbon receptor. Biochemistry. 2010; 49: 393-400. 

29. Zhang LS, Davies SS. Microbial metabolism of dietary components to 
bioactive metabolites: opportunities for new therapeutic interventions. 
Genome med. 2016; 8: 46. 

30. Jaglin M, Rhimi M, Philippe C, Pons N, Bruneau A, Goustard B, et al. Indole, a 
signaling molecule produced by the gut microbiota, negatively impacts 
emotional behaviors in rats. Front Neurosci. 2018; 12: 216. 

31. Parikh SM, Yang Y, He L, Tang C, Zhan M, Dong Z. Mitochondrial function 
and disturbances in the septic kidney. Semin Nephrol. 2015; 35: 108-19. 

32. Novak EA, Mollen KP. Mitochondrial dysfunction in inflammatory bowel 
disease. Front Cell Dev Biol. 2015; 3: 62. 

33. Huang Y, Zhou J, Luo S, Wang Y, He J, Luo P, et al. Identification of a 
fluorescent small-molecule enhancer for therapeutic autophagy in colorectal 
cancer by targeting mitochondrial protein translocase TIM44. Gut. 2018; 67: 
307-19. 

34. Liu B, Gulati AS, Cantillana V, Henry SC, Schmidt EA, Daniell X, et al. 
Irgm1-deficient mice exhibit Paneth cell abnormalities and increased 
susceptibility to acute intestinal inflammation. Am J Physiol Gastrointest Liver 
Physiol. 2013; 305: G573-84. 

35. Adesso S, Ruocco M, Rapa SF, Piaz FD, Raffaele Di Iorio B, Popolo A, et al. 
Effect of indoxyl sulfate on the repair and intactness of intestinal epithelial 
cells: Role of reactive oxygen species' release. Int J Mol Sci. 2019; 20: 280 

36. Gao Z, Li Y, Wang F, Huang T, Fan K, Zhang Y, et al. Mitochondrial dynamics 
controls anti-tumour innate immunity by regulating CHIP-IRF1 axis stability. 
Nat Commun. 2017; 8: 1805. 

37. Galvan DL, Green NH, Danesh FR. The hallmarks of mitochondrial 
dysfunction in chronic kidney disease. Kidney Int. 2017; 92: 1051-7. 

38. Yamada T, Murata D, Adachi Y, Itoh K, Kameoka S, Igarashi A, et al. 
Mitochondrial stasis reveals p62-mediated ubiquitination in 
Parkin-independent mitophagy and mitigates nonalcoholic fatty liver disease. 
Cell Metab. 2018; 28: 588-604 e5. 

39. Aparicio-Trejo OE, Tapia E, Molina-Jijon E, Medina-Campos ON, 
Macias-Ruvalcaba NA, Leon-Contreras JC, et al. Curcumin prevents 
mitochondrial dynamics disturbances in early 5/6 nephrectomy: Relation to 
oxidative stress and mitochondrial bioenergetics. BioFactors. 2017; 43: 293-310. 

40. Lee Y, Lee HY, Hanna RA, Gustafsson AB. Mitochondrial autophagy by Bnip3 
involves Drp1-mediated mitochondrial fission and recruitment of Parkin in 
cardiac myocytes. Am J Physiol Heart Circ Physiol. 2011; 301: H1924-31. 

41. Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol. 
2011; 12: 9-14. 

42. Ikeda Y, Shirakabe A, Maejima Y, Zhai P, Sciarretta S, Toli J, et al. Endogenous 
Drp1 mediates mitochondrial autophagy and protects the heart against energy 
stress. Circ Res. 2015; 116: 264-78. 

43. Ishihara N, Nomura M, Jofuku A, Kato H, Suzuki SO, Masuda K, et al. 
Mitochondrial fission factor Drp1 is essential for embryonic development and 
synapse formation in mice. Nat Cell Biol. 2009; 11: 958-66. 

44. Kageyama Y, Hoshijima M, Seo K, Bedja D, Sysa-Shah P, Andrabi SA, et al. 
Parkin-independent mitophagy requires Drp1 and maintains the integrity of 
mammalian heart and brain. Embo J. 2014; 33: 2798-813. 

45. Kageyama Y, Zhang Z, Roda R, Fukaya M, Wakabayashi J, Wakabayashi N, et 
al. Mitochondrial division ensures the survival of postmitotic neurons by 
suppressing oxidative damage. J Cell Biol. 2012; 197: 535-51. 

46. Song M, Mihara K, Chen Y, Scorrano L, Dorn GW, 2nd. Mitochondrial fission 
and fusion factors reciprocally orchestrate mitophagic culling in mouse hearts 
and cultured fibroblasts. Cell Metab. 2015; 21: 273-86. 

47. Shirakabe A, Zhai P, Ikeda Y, Saito T, Maejima Y, Hsu CP, et al. 
Drp1-dependent mitochondrial autophagy plays a protective role against 
pressure overload-induced mitochondrial dysfunction and heart failure. 
Circulation. 2016; 133: 1249-63. 

48. Wang Y, Lu M, Xiong L, Fan J, Zhou Y, Li H, et al. Drp1-mediated 
mitochondrial fission promotes renal fibroblast activation and fibrogenesis. 
Cell Death Dis. 2020; 11: 29. 

49. Rosdah AA, J KH, Delbridge LM, Dusting GJ, Lim SY. Mitochondrial fission - 
a drug target for cytoprotection or cytodestruction? Pharmacol Res Perspect. 
2016; 4: e00235. 

50. Eckert M, Meek SE, Ball KL. A novel repressor domain is required for maximal 
growth inhibition by the IRF-1 tumor suppressor. J Biol Chem. 2006; 281: 
23092-102. 

51. Fagerberg L, Hallstrom BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J, et 
al. Analysis of the human tissue-specific expression by genome-wide 
integration of transcriptomics and antibody-based proteomics. Mol Cell 
Proteomics. 2014; 13: 397-406. 

52. Huang Q, Zhan L, Cao H, Li J, Lyu Y, Guo X, et al. Increased mitochondrial 
fission promotes autophagy and hepatocellular carcinoma cell survival 
through the ROS-modulated coordinated regulation of the NFKB and TP53 
pathways. Autophagy. 2016; 12: 999-1014. 

53. Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids 
activate GPR41 and GPR43 on intestinal epithelial cells to promote 
inflammatory responses in mice. Gastroenterology. 2013; 145: 396-406 e1-10. 

54. Sato T, Clevers H. Primary mouse small intestinal epithelial cell cultures. 
Methods Mol Biol. 2013; 945: 319-28. 

55. Zhao L, Huang Y, Lu L, Yang W, Huang T, Lin Z, et al. Saturated long-chain 
fatty acid-producing bacteria contribute to enhanced colonic motility in rats. 
Microbiome. 2018; 6: 107. 

56. Lee JS, Tato CM, Joyce-Shaikh B, Gulen MF, Cayatte C, Chen Y, et al. 
Interleukin-23-Independent IL-17 Production Regulates Intestinal Epithelial 
Permeability. Immunity. 2015; 43: 727-38. 

57. Huang Y, Zhou J, Huang Y, He J, Wang Y, Yang C, et al. SARI, a novel target 
gene of glucocorticoid receptor, plays an important role in 
dexamethasone-mediated killing of B lymphoma cells. Cancer Lett. 2016; 373: 
57-66. 


