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Background: Neurologic complications, such as cognitive and emotional dysfunction, have frequently been observed in chronic kid-
ney disease (CKD) patients. Previous research shows that uremic toxins play a role in the pathogenesis of CKD-associated cognitive 
impairment. Since astrocytes contribute to the protection and survival of neurons, astrocyte function and brain metabolism may con-
tribute to the pathogenesis of neurodegeneration. Indoxyl sulfate (IS) is the most popular uremic toxin. However, how IS-induced as-
trocyte injury brings about neurologic complications in CKD patients has not been elucidated. 
Methods: The rate of extracellular acidification was measured in astrocytes when IS (0.5–3 mM, 4 or 7 days) treatment was applied. 
The hexokinase 1 (HK1), pyruvate kinase isozyme M2 (PKM2), pyruvate dehydrogenase (PDH), and phosphofructokinase (PFKP) pro-
tein levels were also measured. The activation of the apoptotic pathway was investigated using a confocal microscope, fluores-
cence-activated cell sorting, and cell three-dimensional imaging was used. 
Results: In astrocytes, IS affected glycolysis in not only dose-dependently but also time-dependently. Additionally, HK1, PKM2, PDH, 
and PFKP levels were decreased in IS-treated group when compared to the control. The results were prominent in cases with higher 
doses and longer exposure duration. The apoptotic features after IS treatment were also observed. 
Conclusion: Our results showed that the inhibition of glycolysis by IS in astrocytes leads to cell death via apoptosis. Specifically, long-
term and higher-dose exposures had more serious effects on astrocytes. Our results suggest that the glycolysis pathway and related 
targets could provide a novel approach to cognitive dysfunction in CKD patients. 

Keywords: Astrocytes, Chronic kidney disease, Cognitive impairments, Glycolysis, Indoxyl sulfate  

Indoxyl sulfate induces apoptotic cell death by inhibiting 
glycolysis in human astrocytes
Seung-Hyun Jeong1,*, Samel Park1,2,*, Jae-sung Choi1, Nam-Jun Cho1, Jong-Seok Moon2, Hyo-Wook Gil1

1Department of Internal Medicine, Soonchunhyang University Cheonan Hospital, Cheonan, Republic of Korea
2Department of Integrated Biomedical Science, Soonchunhyang Institute of Medi-bio Science, Soonchunhyang University, Cheonan, Republic of 
Korea

Original Article
Kidney Res Clin Pract 2024;43(6):774-784
pISSN: 2211-9132 • eISSN: 2211-9140
https://doi.org/10.23876/j.krcp.23.005

Received: December 29, 2022; Revised: April 13, 2023; Accepted: April 19, 2023
Correspondence: Hyo-Wook Gil 
Department of Internal Medicine, Soonchunhyang University Cheonan Hospital, 44 Suncheonhyang 4-gil, Dongnam-gu, Cheonan 31151, 
Republic of Korea. E-mail: hwgil@schmc.ac.kr
ORCID: https://orcid.org/0000-0003-2550-2739

*Seung-Hyun Jeong and Samel Park contributed equally to this study as co-first authors.

Introduction 

Chronic kidney disease (CKD) refers to a progressive im-

pairment of renal structures and functions. Some studies 

have reported on the crosstalk between the kidneys and 

other organs [1,2]. CKD adversely affects brain and nervous 

system functions [3,4]. However, there is still no consensus 

on the exact mechanism by which this crosstalk takes place 

between the kidneys and the nervous system [3,4]. 

Indoxyl sulfate (IS) is a protein-bound uremic toxin that 
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hemodialysis cannot eliminate [5]. It causes nephrotoxic-

ity, especially in tubular cells, and inhibits endothelial cell 

proliferation. IS reduction could delay CKD progression. 

Previous clinical studies have produced no conclusive 

evidence showing AST-120 (an oral spherical activated car-

bon) has benefits in delaying CKD progression [6–8]. A re-

cent meta-analysis has shown that tailored AST-120 dosing 

represents an optimal treatment strategy because it lowers 

the rates of composite renal outcomes and end-stage kid-

ney disease [9]. In most studies, the primary outcomes are 

CKD progression and death. The effects of IS reduction on 

other organs, e.g., the brain, are lacking. Recent studies 

suggest that IS affects glial function and neuroinflamma-

tion in CKD [10,11]. Further studies of chronic IS exposure 

on glial cells may reveal potential therapeutic targets for 

cognitive and emotional changes associated with CKD. 

Astrocytes provide trophic support for neurons and pro-

mote formation and function of synapses [12]. Astrocytes 

are required for neuronal survival, and the loss of normal 

astrocyte function can be a primary contributor to neuro-

degeneration [13]. Several studies report that IS induces 

apoptosis in human astrocytes through oxidative stress. 

Especially, a recent study using next-generation sequenc-

ing in human astrocytes has revealed that IS can induce 

pathways associated with oxidative stress, nuclear factor 

erythroid 2-related factor 2, and mitogen-activated protein 

kinase signaling pathways [14]. This suggests that IS could 

be related to CKD-induced neurodegenerative disease 

[10,14–16]. Furthermore, the mitochondrial central carbon 

metabolism in astrocytes regulates overall brain bioener-

getics, neurotransmitter homeostasis, and redox balances. 

We recently showed that impaired carbon metabolism, 

particularly aerobic glycolysis, may be a novel mechanism 

of Alzheimer’s disease by damaging astrocytes [17,18]. 

However, the effect of IS on astrocyte glycolysis have not 

been studied. Consequently, we investigated whether IS 

inhibits glycolysis and induces apoptosis in astrocytes by 

reducing glycolysis. 

Methods 

Cell cultures 

The astrocytes used in our study are primary cells isolated 

from the human brain cerebral cortex (#1800; ScienCell 

Research Laboratories). The culture method followed the 

manufacturer’s protocol. GlutaMAX media (10569010; Gib-

co) with 1% N-2 supplement (17502048; Gibco), 10% fetal 

bovine serum (26140079; Gibco), and 1% antibiotic (30-

002-CI; Corning) was added and 80% confluence cells were 

cultured in a 100-mm cell culture dish (20100; SPL Life Sci-

ences). Cells were incubated in 5% CO2 at 37 °C conditions. 

Cell viability 

To evaluate the cytotoxicity of IS, we performed a thiazolyl 

blue tetrazolium bromide (MTT) assay. We seeded 5 × 103 

cells per well in a 96-well plate and incubated them for 24 

hours. The IS was diluted and processed by concentrating 

in in a complete media (N-2 supplement with fetal bovine 

serum). After 7 days, the culture medium was removed, 

and 100 μL of MTT (M2128; Sigma-Aldrich) at a concentra-

tion of 0.5 mg/mL was added per well and incubated for 4 

hours. Then, we removed the supernatant and add 100 μL 

of dimethyl sulfoxide to completely dissolve the generated 

formazan. Absorbance was measured at 570 nm using a 

plate reader (Multiskan Go; Thermo Fisher Scientific).  

Annexin V and propidium iodide staining  

We used annexin V propidium iodide kit (556547; BD 

Pharmingen) to evaluate apoptosis/necrosis. For confocal 

imaging, cells were seeded on a sterilized cover glass coat-

ed with 2 μg/cm2 poly-L-lysine solution (P4707; Sigma-Al-

drich). After 24 hours of incubation, the IS was treated by 

diluting each concentration. Seven days later, annexin V 

(Alexa 488-conjugated) and propidium iodide (red-fluores-

cent) were diluted in the binding buffer provided at 1:100, 

treated and incubated at 37 °C in the dark for 15 minutes. 

After that, the staining solution was removed, and it was 

fixed with 4% paraformaldehyde for 5 minutes. Then, it was 

washed with phosphate buffered saline (PBS) and mount-

ed with FluoroShield with DAPI (F6057; Sigma-Aldrich). 

The stained apoptosis/necrosis cells were also imaged with 

a confocal microscope (LSM710; Carl Zeiss). 

Fluorescence-activated cell sorting 

Before fluorescence-activated cell sorting (FACS) analysis, 

cells were trypsinized and immuno-labeled with annexin V 
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and propidium iodide. The cells were incubated in a buffer 

with fluorescent dyes under the manufacturer’s instruc-

tions. Then, they were analyzed using a FACSCalibur flow 

cytometer (BD FACSCanto II; BD Biosciences). The cells 

with fluorescein isothiocyanate (FITC) annexin V positive 

and propidium iodide negative were considered to under-

go apoptosis. 

Glycolysis rate assay 

To evaluate the effect of IS on the glycolytic function of as-

trocytes, we used a direct analysis of the concentration of 

dissociated hydrogen ions by measuring the extracellular 

acidification rate (ECAR) with an Agilent Seahorse XFe/

XF analyzer. The XF Glycolysis Stress Test kit (103020-100; 

Agilent Technologies, Inc.) was used, and all experimental 

procedures followed the manufacturer’s user guide. The 

detailed methods are those referred to in our previous 

study [17,18]. Shortly, cells were seeded at 5 × 103 cells per 

well in the plate included with the kit (102601-100, FluxPak 

mini for XF96 & Xfe96 Analyzers; Agilent Technologies, 

Inc.), and treated with IS by concentration. After 4 or 7 

days, cells were washed twice with PBS, and the culture 

medium was replaced with XF DMEM Base Medium 

(103575-100; Agilent Technologies, Inc.), and incubated 

for 1 hour in a non-CO2 incubator. After that, glucose (final 

concentration, 10 mM), oligomycin (final concentration, 

1 μM), and 2-deoxyglucose (2-DG; final concentration, 50 

mM) were added in cartridge ports A, B, and C, respective-

ly. Then, the hydrated cartridge sensor was installed to the 

cell plate and the assay was performed. 

Western blotting 

To quantify intracellular proteins, we used western blot-

ting. Astrocytes were seeded 5 × 104 per well into a 12-

well plate and incubated at 37 °C and for 24 hours. After 

that, IS was treated for each specified concentration and 

time. Then, the trypsinized cell pellet was lysed with ra-

dioimmunoprecipitation assay (RIPA) lysis and extraction 

buffer (89900; Thermo Fisher Scientific) on ice for 30 min-

utes. After centrifuging at 11,000 rpm for 5 minutes, the 

supernatant was used for immunoblotting. For protein 

quantification, Bradford protein assay (5000006; Bio-Rad 

Laboratories) was used according to the manufacturer’s in-

structions. Then, 30 μg of quantified protein was separated 

by size with an electrophoresis system (1658004; Bio-Rad 

Laboratories) using 10% gel (4561035; Bio-Rad Laborato-

ries). This was then transferred to a polyvinylidene fluoride 

membrane (1620174; Bio-Rad Laboratories) and allowed to 

react in blocking buffer (5% skim milk in TBST) for 1 hour. 

Primary antibodies were added and incubated overnight 

in a cold room. We purchased antibodies for hexokinase 

1 (HK1), pyruvate kinase isozyme M2 (PKM2), pyruvate 

dehydrogenase (PDH), phosphofructokinase (PFKP), and 

lactate dehydrogenase (LDH), which were included in the 

cell signaling glycolysis sampler kit (8337T; Cell Signaling 

Technology). Antibodies for Bcl2 (4223T; Cell Signaling 

Technology), Bax (89477S; Cell Signaling Technology) and 

β-actin (3700S; Cell Signaling Technology) were used. All 

processes were followed manufacturer’s instructions. Af-

ter washing three times with TBST for 5 minutes each, the 

HRP-linked secondary antibodies were diluted 1:2,000 and 

allowed to react for 30 minutes. They then reacted with 

the enhanced chemiluminescence solution (RPN2106; 

GE healthcare) and were detected with an imaging system 

(FUSION Solo S; Vilber). Each membrane was compared 

with β-actin as a control, and ImageJ software was used for 

quantitative analysis. 

Cell three-dimensional imaging 

We imaged morphological changes of astrocytes with a 

three-dimensional (3D) cell imaging machine (3D Explore; 

Nanolive) as in our previous studies [17,18]. Briefly, as-

trocytes were seeded into a FluoroDish (FD35-100; World 

Precision Instruments) and incubated. Except for the IS 

treatment, after 24 hours, the astrocytes were treated with 

IS for 7 days, and those in a control group were incubated 

under the same conditions. Then, 3D images of astrocytes 

from both groups were acquired. 

Results 

Indoxyl sulfate induced cytotoxicity in human astrocytes 

We analyzed the morphological changes of cytotoxicity fol-

lowing IS treatment (at 7 days) in human astrocytes using a 

3D cell analyzer. In the IS-treated astrocytes, we observed 

such apoptotic cell morphological changes as blebbing and 
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shrinkage of the cytosolic area as compared to the control 

group (Fig. 1). 

Indoxyl sulfate induced apoptotic cell death in human as-
trocytes 

We performed an MTT assay to evaluate the viability of as-

trocytes as a marker of cytotoxicity by IS. As shown in Fig. 

2, after 4 and 7 days, IS reduced astrocyte cell viability in 

a dose-dependent manner. In order to investigate wheth-

er this decreased cell viability was induced by apoptosis 

as shown in Fig. 1, we did a FACS study. After incubation 

with IS for 4 and 7 days, it was noted that the proportion of 

apoptotic cells had significantly increased (Fig. 3). Apop-

totic cells were more prominent after 7 days of IS incuba-

tion as compared to those after 4 days. This effect was also 

more noticeable at higher IS dose. An immunoblot study 

confirmed that the Bax/Bcl-2 ratio had significantly in-

creased by days 4 and 7 in a dose-dependent manner (Fig. 

4A, B). Astrocytes incubated both with or without IS (0.5 

and 1.0 mM) for 7 days were stained with annexin V, FITC 

(green), and propidium iodide (red). As shown in Fig. 4C, 

astrocytes without IS were not stained by either annexin V 

or propidium iodide. However, cells treated with 0.5 mM of 

IS were partly stained by either of these and those treated 

with 1.0 mM were significantly stained. Thus, we were able 

to readily observe co-staining in these spots. 

Indoxyl sulfate suppresses the activation of glycolysis in 
human astrocytes 

We investigated whether IS could affect glycolytic activity 

in human astrocytes. ECARs were investigated as surro-

gates of glycolysis by quantifying lactate production. The 

ECAR was measured during the sequential addition of glu-

cose (the substrate of glycolysis), oligomycin (a selective 

inhibitor of mitochondrial respiration), and 2-DG (a specif-

ic inhibitor of glycolysis). IS significantly suppressed ECAR 

levels in response to glucose as compared to controls on 

days 4 and 7, and the degree of suppression was dose-de-

pendent (Fig. 5). Decreased adenosine triphosphate (ATP) 

levels were also observed. 

Figure 1. Representative three-dimesional images of human astrocytes. (A) Control and (B) indoxyl sulfate (IS)-treated. The morpho-
logical features of cytotoxicity are shown (white arrows), suggesting that IS induces cytotoxicity in human astrocytes. Scale bars, 20 
μm.

BA Control IS 3 mM
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Figure 2. Indoxyl sulfate (IS) reduced astrocyte viability. The effects of IS on cell viability were dose-dependent. The severity of re-
duced cell viability seemed to be prominent after 7 days (B) compared to 4 days (A). The bar graphs represent the mean ± standard 
error of mean (n = 3) for each group.
*p < 0.05, **p < 0.01.
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Figure 3. Indoxyl sulfate (IS) induced astrocyte apoptosis. Astrocytes were incubated with IS for 4 days (A) or 7 days (B), then were 
harvested and stained with propidium iodide. The surface markers expressed on cells were analyzed using FACS. As a result, the 
proportions of apoptotic cells are depicted following 4 days (A) and 7 days (B) of IS treatment. The increment of apoptotic cells was 
dose-dependent. The bar graphs represent the mean ± standard error of mean (n = 4) for each group.
FITC, fluorescein isothiocyanate.
*p < 0.05, **p < 0.01.
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Figure 4. The activation of the apoptosis pathway was identified by several markers for apoptosis. Astrocytes following 4 or 7 days 
of treatment with indoxyl sulfate (IS) were evaluated to investigate apoptosis markers. This confirms that the Bax/Bcl-2 ratio increased 
after 4 days (A) and 7 days (B) of western blots. (C) Induced expression of annexin V and an increased number of merged spots be-
tween annexin V and PI were detected in confocal microscopy, suggesting that apoptosis was being activated. White arrows represent 
merged spots. The bar graphs represent the mean ± standard error of mean (n = 4) for each group.
PI, propidium iodide.
*p < 0.05, **p < 0.01.
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Figure 5. Indoxyl sulfate (IS) suppressed glycolysis in human astrocytes. An analysis of the extracellular acidification rate (ECAR) 
as a glycolysis marker was conducted with the Seahorse XF analyzer (Agilent Technologies, Inc.). ECAR was measured in both control 
astrocytes (n = 6) and IS-treated astrocytes (n = 8) after 4 days (A–C) and 7 days (D–F) of treatment. Glycolysis in astrocytes was sup-
pressed by IS in a dose-dependent manner.
ATP, adenosine triphosphate.
**p < 0.01, ***p < 0.001.

Indoxyl sulfate reduces the expression of glycolytic en-
zymes in human astrocytes 

Next, we investigated whether IS could regulate enzyme ex-

pression in the glycolysis pathway. On day 4, IS decreased 

the PDH and PFKP protein levels as compared to the con-

trol, but the PKM2 seemed to increase slightly (Fig. 6A, B). 

After 7 days of IS treatment, HK1, PKM2, PDH, and PFKP 

protein levels were decreased as compared to the control 

(Fig. 6C, D). These results suggest that glycolysis inhibition 

in human astrocytes is associated with the exposure time 

and dose of IS.  

Discussion 

Our study showed that long-term exposure to uremic tox-

ins suppresses glycolysis in astrocytes. Our results also sug-

gest that the inhibition of glycolysis by IS in astrocytes leads 

to cell death via apoptosis. IS affects glycolysis in astrocytes 

not only dose-dependently, but also time-dependently. 

Specifically, long-term and higher-dose exposures had 

more serious effects on astrocytes. Because CKD patients 

are inevitably subjected to long-term exposure to uremic 

toxins during their disease progression, even slight increas-

es in concentration of uremic toxins can inhibit glycolysis 

and reduce the activity of astrocytes. 

Neurologic disorders, such as Alzheimer’s and Parkin-

son’s disease, are associated with impaired brain energy 

metabolism [19,20]. The significance of aerobic glycolysis 

in astrocytes has been extensively documented in metabol-

ic brain diseases, particularly in Alzheimer disease, where 

it is known to play a crucial role in its pathogenesis [21,22]. 

Because of role of glucose as the main energy source in 

astrocytes, it plays a crucial role in the central nerve system 

by regulating synaptic activity and intellectual disability [7], 

with glycolysis and lactate production being metabolic fea-

tures of astrocytes [23,24]. Indeed, we observed an associa-

tion between memory impairment and suppressed glucose 

uptake in the human brain, which we demonstrated with 

an F-18 fluorodeoxyglucose positron emission tomography 

scan [25]. In contrast, neurons meet their energy demands 

predominantly by oxidative phosphorylation [26,27]. Thus, 
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Figure 6. Indoxyl sulfate (IS) suppressed glycolytic enzyme expression. The expression of proteins involved in glycolytic pathways 
was investigated using western blots. (A, B) After 4 days, PFKP and PDH protein expressions were suppressed in IS-treated astrocytes. 
(C, D) After 7 days, HK1, PKM2, PDH, PFKP, and LDHA protein expressions were suppressed in IS-treated astrocytes. The bar graphs 
represent the mean ± standard error of mean (n = 3) for each group.
HK1, hexokinase 1; LDHA, lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PKM2, pyruvate kinase isozyme M2, PFKP, phos-
phofructokinase *p < 0.05, **p < 0.01.
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aerobic glycolysis, an energy-producing pathway that uses 

glucose as metabolic substrates under conditions of suffi-

cient oxygen supply, is essential for memory formation and 

consolidation [26]. However, whether impaired energy pro-

duction in the brain contributes to cognitive dysfunction in 

patients with CKD remains unclear. 

Current clinical and animal studies suggest that CKD 

leads to cognitive impairment and emotional changes 

[3,11,28]. Previous studies have shown that IS may play a 

key role in the neurologic consequence of kidney failure 

[11,29]. The mechanism of how IS affects astrocytes has 

not been fully demonstrated. A previous study has shown 

that IS induces human astrocytic apoptosis under oxidative 

stress by inhibition of the mitogen-activated protein kinase 

pathway [14]. A damaged blood-brain barrier is associated 

with cognitive dysfunction [30]. In our recent work, we ob-

served blood-brain barrier disruption in a rat CKD model 

[31]. Aryl hydrocarbon receptor activation by IS is associat-

ed with blood-brain barrier disruption, leading to cognitive 

impairment in animal CKD models [15]. 

Sato et al. [32] have demonstrated that exposure to IS can 

inhibit glycolytic activity in C2C12 myotube cells, which 

can be partially restored after 24 hours. They suggested 

that this compensatory regulation of glycolysis resulted 

in an excess antioxidative response, such as the pentose 

phosphate pathway [32]. In contrast, our study found that 

a 4-day exposure to IS suppressed PDH, while a 7-day ex-

posure suppressed further steps in the glycolysis pathway, 

suggesting a more severe inhibition of glycolysis with pro-

longed exposure duration. The PDH complex irreversibly 

converts pyruvate and oxidized nicotinamide adenine di-

nucleotide (NAD+) into acetyl-CoA, nicotinamide adenine 

dinucleotide-reduced (NADH), and carbon dioxide [33]. 

PDH activity must be finely regulated to maintain cellular 

energy homeostasis and to supply the necessary carbon 

for biosynthetic pathways that cross the citric acid cycle 

[33]. Symptoms of PDH deficiency include lactic acidosis, 

elevated pyruvate levels, and ataxia, along with develop-

mental delay, psychomotor retardation, and decreased 

cognitive capacity in long-lived patients [34]. Prolonged 

exposure to IS (7 days vs. 4 days) also suppressed glycolysis 

more acutely, suggesting that prolonged IS exposure inhib-

its astrocyte function more strongly. This may be a novel 

mechanism for cognitive impairment of CKD patients, in 

which the cognitive function slowly and chronically de-

clines. 

Our study has two other clinical implications. First, it 

can be presumed that long-term exposure to uremic tox-

ins induces brain energy deficiency, leading to cognitive 

impairment. Thus, improving brain metabolism could be 

a novel therapeutic option. Glucagon-like peptide-1 (GLP-

1) is an intestinal L-cell-derived incretin hormone that 

stimulates insulin secretion in the beta cells and inhibits 

alpha cell glucagon secretion of the pancreatic islets [35]. 

GLP-1 receptor agonist is associated with a lower risk of 

kidney and cardiovascular outcomes in type-2 diabetes 

[36,37]. Moreover, GLP-1 agonist improves cognition in 

4-month-old five mice with familial Alzheimer disease mu-

tation mice by enhancing aerobic glycolysis and reducing 

oxidative phosphorylation levels and oxidative stress in the 

brain [38]. We hope that further study could reveal whether 

enhancing glycolysis may improve cognition in CKD. Sec-

ond, astrocytes contribute to the protection and survival of 

neurons. The study of astrocytes is particularly important, 

given the coexistence of neuronal and astrocytic apoptosis 

in damaged brains suffering from ischemia and neurode-

generative diseases [39]. IS is associated with glial cell neu-

roinflammation [10,40], and our study demonstrates that IS 

induces apoptosis in astrocytes. Further studies are needed 

to reveal the functions and interactions between glial cells 

and astrocytes in uremic conditions and their role in neu-

rologic complications in CKD patients.  

In conclusion, our study shows that prolonged exposure 

to IS significantly suppresses glycolysis in astrocytes, which 

culminates in apoptosis. This could be a novel therapeutic 

target and further studies are needed to estimate whether 

improvement in brain metabolism could prevent neuro-

logic complications in CKD patients. 
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