
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2583  | https://doi.org/10.1038/s41598-024-53164-3

www.nature.com/scientificreports

Dose‑dependent exposure 
to indoxyl sulfate alters AHR 
signaling, sirtuins gene expression, 
oxidative DNA damage, and bone 
mineral status in rats
Malgorzata Karbowska 1*, Krystyna Pawlak 2, Beata Sieklucka 1, Tomasz Domaniewski 2, 
Urszula Lebkowska 3, Radoslaw Zawadzki 3 & Dariusz Pawlak 1

Indoxyl sulfate (IS), an agonist of aryl hydrocarbon receptors (AhR), can accumulate in patients with 
chronic kidney disease, but its direct effect on bone is not clear. The present study investigated the 
effect of chronic exposure to low (100 mg/kg b.w.; 100 IS) and high (200 mg/kg b.w.; 200 IS) dose of IS 
on bone AhR pathway, sirtuins (SIRTs) expression, oxidative DNA damage and bone mineral status 
in Wistar rats. The accumulation of IS was observed only in trabecular bone tissue in both doses. The 
differences were observed in the bone parameters, depending on the applied IS dose. The exposure 
to 100 IS increased AhR repressor (AhRR)‑CYP1A2 gene expression, which was associated with 
SIRT‑1, SIRT‑3 and SIRT‑7 expression. At the low dose group, the oxidative DNA damage marker was 
unchanged in the bone samples, and it was inversely related to the abovementioned SIRTs expression. 
In contrast, the exposure to 200 IS reduced the expression of AhRR, CYP1A, SIRT‑3 and SIRT‑7 genes 
compared to 100 IS. The level of oxidative DNA damage was higher in trabecular bone in 200 IS group. 
Femoral bone mineral density was decreased, and inverse relations were noticed between the level of 
trabecular oxidative DNA damage and parameters of bone mineral status. In conclusion, IS modulates 
AhR‑depending signaling affecting SIRTs expression, oxidative DNA damage and bone mineral status 
in a dose dependent manner.

Chronic kidney disease (CKD) is a serious global health problem that is associated with abnormalities in bone 
metabolism and bone mineralization called Chronic Kidney Disease Mineral and Bone Disorder (CKD-MBD). 
In the course of CKD-MBD patients suffer from increased number of fractures, osteoporosis and vascular cal-
cification, which in consequence lead to the excess mortality among those  patients1.

Indoxyl sulfate (IS) is one of uremic toxins that is retained during CKD. Recent reports demonstrate its 
harmful effect on, inter alia, cardiovascular and central nervous systems. It also exhibits prooxidative and pro-
inflammatory properties, and has negative influence on bone formation and bone  resorption2. In vitro studies 
indicate that IS modulates the differentiation and activation of osteoblasts and  osteoclasts3, however IS direct 
impact on bone and mineral disorders still remains unclear.

IS is also an agonist of aryl hydrocarbon receptors (AhR), a ligand-activated transcription factor that belongs 
to the Per-Arnt-Sim superfamily of  proteins4. The activation of AhR exerted the negative effect on the geometry 
and biomechanical properties of  bone5,6. Moreover, it was demonstrated that activation of this receptor leads to 
the inhibition of osteoblast proliferation and differentiation. After a ligand is bound to AhR, the receptor trans-
locates into the nucleus and forms an active heterodimer with aryl hydrocarbon receptor nuclear translocator 
(ARNT), which binds to xenobiotic responsive elements (XRE). This leads to induction of target genes, such 
as cytochrome P450 family 1 subfamily A (CYP1A), in order to promote the elimination of the AhR ligand. 
Simultaneously, the expression of AhR gene is activated, resulting in the renewal of AhR protein within the  cell7. 
AhR repressor (AhRR) is another of the key target genes activated in the AhR pathway. AhRR is similar to the 
AhR but it cannot bind ligands, thus it suppresses AhR activity by creating AhRR-ARNT  complex8. This negative 
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regulatory loop and the proteosomal degradation of the AhR protect cells from the consequences of excessive 
stimulation by AhR agonist, ensuring a temporal control of the  signaling7,9.

Sirtuins (SIRTs) are members of class III type nicotinamide adenine dinucleotide dependent histone deacety-
lases that are engaged in various processes like antioxidant defense, DNA damage repair, cellular homeostasis or 
longevity. Recent studies also show their crucial role in skeletal development and maintaining bone  homeostasis10. 
Sirtuin 1 (SIRT-1) is the best studied SIRT, which is connected with differentiation of skeletal stem cells into 
osteoblasts. Decreased expression and activity of SIRT-1 lead to bone mass  reduction11. Moreover, SIRT-1 is a 
negative regulator of Sost gene, which encodes sclerostin—an inhibitor of bone  formation12. In turn, SIRT-2 
exerts anti-inflammatory effect and reduces reactive oxygen species (ROS)  level13. There is a little knowledge 
about its direct impact on bone. In vitro study demonstrated that inhibition of SIRT-2 by AGK2 compound sup-
pressed the differentiation of bone marrow-derived mononuclear cells into  osteoclasts14. Another SIRT—SIRT-3 
reduces oxidative stress damage and weakens cell  senescence15. Animal studies showed that SIRT-3 deficiency 
resulted in osteopenia and osteoblast dysfunction, which was connected with mitochondrial stress, as well as 
decreased bone mass due to an increased number of  osteoclasts16. SIRT-3 negatively regulates osteoclastogenesis 
induced by receptor activator of nuclear factor κB ligand (RANKL)17. In addition, SIRT-7 plays crucial role in 
bone formation by regulating acylation of osterix, transcription factor necessary for the osteoblast differentia-
tion and bone  mineralization18. Available studies demonstrated that deficiency of SIRT-7 is associated with low 
bone  mass19.

Studies conducted by other authors in various experimental models suggested the existence of the interrela-
tionships between AhR and the SIRTs  system20–23. We also noticed that chronic exposure to IS promotes arterial 
thrombosis and simultaneously decreased aortic contents of SIRT-1 and SIRT-324, which leads us to believe that 
there is a link between AhR pathway activation and SIRTs at the tissue level.

Despite increasingly advanced diagnostic techniques, the pathophysiology of CKD-MBD raises many doubts 
due to its complexity. The purpose of the present study was to determine the direct effect of IS, one of the most 
potent protein-bound uremic toxins, on bone. Current knowledge of IS impact on bones comes from CKD 
patients and animals’ studies, which does not allow to observe IS effect solely due to the presence of other toxins 
creating „uremic milieu” that can exert similar effects on bones. Therefore, we planned a unique experimental 
model to evaluate IS level in the bone after chronic administration IS to control group, and its sole impact on AhR 
pathway, SIRTs expression, oxidative DNA damage and bone mineral status. The uptake of IS is closely associ-
ated with organic anion transporters (OATs), specifically isoforms OAT-1 and OAT-3. These transporters are 
responsible for facilitating the movement of IS in various tissues, such as renal proximal tubules and  osteoblasts2. 
Blocking OATs with certain compounds has the potential to retain more IS in the circulatory system, thus help-
ing to remove  IS2. Accordingly, we also decided to evaluate OAT-1 and OAT-3 gene expression in our model.

Methods
Animals and experimental design
Details about the animals’ characteristics, experimental design and applied procedures were described 
 previously24. To investigate the influence on low and high doses of IS, we divided 48 male Wistar Crl:WI (cmdb) 
rats (7 weeks old) into two groups—100 IS group receiving IS in the drinking water in the dose of 100 mg/
kg of b.w./day (n = 16) and 200 IS group receiving IS in the drinking water in the dose of 200 mg/kg of b.w./
day (n = 16). The control group (CON) received pure water (n = 16). The exposure time lasted for 28 days. All 
researchers obtained ethical clearance for conducting experiments on animals from Polish Laboratory Animal 
Science Association (PolLASA). All procedures involving animals were approved by the Institutional Local Eth-
ics Committee of the University of Warmia and Mazury in Olsztyn (Agreement No. 124/2015 and No. 31/2017/
WNP), and conducted by ARRIVE guidelines, and directive 2010/63/EU of the European Parliament and of the 
Council on the protection of animals used for scientific purposes.

Preparation of bone tissue homogenates
The bone tissue was taken from the distal femoral epiphysis (trabecular bone) and femoral diaphysis (cortical 
bone) after 28 days of exposure to IS. The procedure of the preparation of 10% homogenates from bone tissue 
has been described in detail  previously25.

Determination of IS in bone homogenates
Concentrations of free form of IS in the bone tissue homogenates were evaluated using high-performance liquid 
chromatography (HPLC) with fluorescence detection according to our  modification24 of the methods previously 
described by Al’Zhabi et al.26. Determination of IS was carried out at temperature of 24 °C. The chromatographic 
equipment was an Agilent 1200 series LC-system (Agilent Technologies, Boblingen, Germany) composed of 
G1322A degasser, G1311A quaternary pump, G1329A autosampler and G1330B thermostat for autosampler, 
HP1046A fluorescence detector (FLD). Deproteinated samples were prepared by adding 0.4 mL acetonitrile 
containing the methyl paraben (1 mg/mL) as internal standard into the 0.1 mL homogenate. The samples were 
vortexed, kept at 4 °C for 1 min, and then centrifuged for 30 min 14,000 g at 4 °C. Further, 1 µL of the super-
natant was injected into high performance liquid chromatography (HPLC) system for analysis. The prepared 
samples were separated on column Phenomenex PEPTIDE 3.6mmXB-C18 4.6 × 250 mm (Phenomenex, Torrance, 
CA, USA). The column effluent was monitored by using programmable FLD. The optimized conditions were 
determined by recording fluorescence spectra with a stop-flow technique. Excitation and emission wavelengths 
were set at 280/375 nm. The output of the detector was connected to a single instrument LC ChemStation. The 
mobile phase was composed of acetate buffer (pH 4.5) containing 90% of acetonitrile and it was pumped at a 
flow-rate of 0.8 mL/min.
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Oxidative status assay in bone homogenates
The levels of 8-hydroxy-2’-deoxyguanosine (8-OHdG) were measured in the femur homogenates with DNA 
damage ELISA kit from Enzo Life Sciences (ELS) AG, Lausen, Switzerland, according to the manufacturer’s 
instructions.

Quantitative real‑time polymerase chain reaction (qRT‑PCR) assay
Total RNA was isolated from femoral bone using Thermo Scientific GeneJET RNA Purification Kit (Thermo 
Scientific, Vilnius, Lithuania) and a quantitative real-time polymerase chain reaction assay was performed as 
previously  described25. Primers were designed using PRIMER-BLAST (http:// www. ncbi. nlm. nih. gov/ tools/ prime 
rblast) software. In the present study, the expression of sirtuins and AhR pathway genes were determined. The 
primer sequences used (50—30 forward, reverse) are included in the Table 1. All results were normalized to the 
endogenous reference glyceraldehyde 3—phosphate dehydrogenase (GADPH). The comparative cycle threshold 
method was used for relative quantification of gene expression.

Bone mineral status determination
Densitometry analysis of left femurs was performed using dual-energy x-ray absorptiometry (DXA) scans (Hori-
zon QDR Series X-ray Bone Densitometer, Hologic Inc., Bedford, MA, USA), and analyzed with the specific 
small animal software. For each scanned femur the results of the bone mineral area (BMA,  cm2), bone mineral 
content (BMC, mg), and areal bone mineral density (BMD, mg/cm2) were obtained. The variation coefficient of 
BMC and BMD measurements were less than 4%.

Statistical analysis
Shapiro–Wilk’s test of normality was used for data distribution analysis. The normally distributed data were 
presented as mean ± SD. The non-Gaussian data were expressed as median (interquartile range; IQR). Compari-
son between parametric data was made by one-way analysis of variance (ANOVA), and significant differences 
between the groups were assessed using Tukey’s post-hoc test at p < 0.05. The Kruskal–Wallis with Dunn’s test 
was used for nonparametric data at p < 0.05. The correlations were calculated by Spearman’s rank correlation 
analysis. p-value < 0.05 was considered statistically significant. Graphic design presentation of results was pre-
pared using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) or Statistica ver.10 computer software 
(StatSoft, Tulsa, OK, USA).

Results
The concentration of IS in bones regions and the expression of IS transporters in bone
As shown in Fig. 1A, chronic exposure to IS in both doses resulted in increased IS levels in trabecular regions of 
bones compared to CON group (p < 0.001). The median concentrations of IS were 2.5 µmol/g (IQR 1.36–9.12) 
in 100 IS group and 2.5 µmol/g (IQR 1.71–9.56) in 200 IS group. There were no differences in IS levels in cortical 
regions of bones (Fig. 1B).The only downward trend was observed in 100 IS group (p = 0.063; Fig. 1B). We did 
not notice any correlation between plasma IS levels and bone IS concentrations.

The expression of organic anion transporters OAT-1 and OAT-3 genes, which represented the transporters 
with high affinity to  IS27 was non-significantly decreased at a lower dose of IS, and was strongly inhibited at a dose 
of 200 mg IS/kg b.w. compared to CON and 100 IS groups (p < 0.001, Fig. 1C,D). Despite such strong inhibition 
of OATs expression in 200 IS group, there was no direct association between plasma IS level and the expression 
of OAT-1 (R = − 0.354, NS) and OAT-3 (R = − 0.293, NS) genes.

Table 1.  Primer sequences used in the Quantitative Real-time Polymerase Chain Reaction (qRT-PCR) assay. 
AhR—aryl hydrocarbon receptor; AhRR—aryl hydrocarbon receptor repressor; ARNT—aryl hydrocarbon 
receptor nuclear translocator; GADPH—glyceraldehyde 3—phosphate dehydrogenase; OAT-1—organic anion 
transporter 1; OAT-3—organic anion transporter 3; SIRT-1—sirtuin 1; SIRT-2—sirtuin 2; SIRT-3—sirtuin 3; 
SIRT-7—sirtuin 7.

50—30 forward, reverse primer sequence Gene

ACA GTT TTC CGG CTT CTT GC, GTT CGC GTC CTT CTT CAT CC AhR

TTC ATT TGT CGT GTC CGC TG, ATG CAA AAC AAG GAG AGC CG AhRR

GCC ACA GGA GCT CTT AGG AA, GCT CGG AAT CGG AAC ATG AC ARNT

AGT TCA GTC CTT CCT CAC AGC, TGA AGG CTG GGA ATC CAT ACA CYP1A1

GAG ATG CTC AAC CTC GTG AA, TTG GGC TCT GTC ACA AGT AG CYP1A2

CTC GCC TTG CTG TGG ACT TC, TGT GAC ACA GAG ATG GCT GG SIRT-1

CCC CAC TGT AAC CAC GTC TG, CTC CCT CAG TGT CCG AGT CT SIRT-2

TGT GGG GTC CGG GAG TAT TA, TGT GTC CTC CAC ATC CAA AGC SIRT-3

GGC CTG GAG ATC CCT GTC TA, ACT GTG GCT ACC TTC TTC GC SIRT-7

ACT GCA TCT TCC TGT ACA CCG, GAG GCA TGG AGG GGT AGA AC OAT-1

ACC CAA ATG GGA AGC CTG AG, GGT CCT CCA ACC AGT ATG CC OAT-3

AAG ATG GTG AAG GTC GGT GT, AGG TCA ATG AAG GGG TCG TT GADPH

http://www.ncbi.nlm.nih.gov/tools/primerblast
http://www.ncbi.nlm.nih.gov/tools/primerblast
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The impact of IS on AhR pathway genes expression in bone
The different effects of IS on the expression of the AhR pathway genes in bone were noticed in experimen-
tal groups (Fig. 2). In 100 IS group, the mRNA level of AhRR was tenfold higher, and CYP1A2 was 1.8-fold 
higher compared to CON group. The administration of high doses of IS resulted in increased expression of AhR 
compared to CON (p = 0.029) and 100 IS (p = 0.043) groups.. While, the expression of AhR repressor (AhRR), 
CYP1A1 and CYP1A2—the key target genes activated by the genomic AhR pathway was significantly inhibited 
in 200 IS group in comparison with 100 IS group (p < 0.001, p < 0.001 and p = 0.005, respectively) .

The analysis of associations existed between AhR pathway genes revealed inverse relations between CYP1A1 
and the expression of OAT-3, ARNT and AhRR in the group exposed to lower IS dose. In turn, the strong positive 
correlation was observed between CYP1A2 and AhRR expression in this group (Table 2, left side). In the 200 IS 
group, a significant positive association was present between OAT-1 and analyzed genes that belong to the AhR 
pathway, except for CYP1A1. Moreover, all these genes were positively related each to others (Table 2, right side).

Interestingly, we noticed that plasma IS levels were positively related to bone CYP1A1 expression in CON 
group (R = 0.601, p = 0.017) and 200 IS group (R = 0.538, p = 0.047), whereas trabecular IS concentrations were 
significantly associated with CYP1A2 gene expression only in CON group (R = 0.535, p = 0.033).

The effect of chronic exposure to exogenous IS on SIRTs expression in bone
Among the studied SIRTs, only the expression of the SIRT-2 gene was significantly elevated in rats chronically 
exposed to both doses of IS (p < 0.001) compared to controls. In turn, SIRT-3 and SIRT-7 gene expressions were 
significantly lowered in 200 IS group compared to CON and 100 IS group (p < 0.001, and p < 0.01, respectively). 
We did not notice significant changes in SIRT-1 mRNA levels in both experimental groups (Fig. 3A–D).

The relations between expression of SIRTs, OATs and AhR gene pathway were shown in Table 3. In bone of rats 
exposed to 100 IS, the positive correlations were noticed between OAT-1, CYP1A2, SIRT-1 and SIRT-3. SIRT-1 
gene was strongly associated with SIRT-3 and SIRT-7 expression, and the expression of SIRT-1 and SIRT-3 were 
strongly associated to AhRR gene expression. SIRT-1 also correlated with CYP1A2. In turn, SIRT-2 mRNA level 
was associated with AhR gene expression. Moreover, we observed a tendency to correlation between AhRR and 
SIRT-7 (R = 0.485, p = 0.057), as well as between SIRT-7 and SIRT-2 (R = 0.494, p = 0.050).

Figure 1.  IS levels and the expression of IS transporters (OATs) in bone tissue of rats after chronic exposure to 
IS. Data are shown as the mean ± SD (C,D) or median (A,B) depending on their distribution. CON—control 
group; IS—indoxyl sulfate; 100 IS—group receiving indoxyl sulfate in the dose of 100 mg/kg b.w./day; 200 
IS—group receiving indoxyl sulfate in the dose of 200 mg/kg b.w./day; OAT-1—organic anion transporter 
1; OAT-3—organic anion transporter 3. *** p < 0.001 compared to control; ### p < 0.001 compared to 100-IS 
group.
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In bone of 200 IS rats, SIRT-2 gene expression was strongly associated with SIRT-7, and tendency to rela-
tionship existed between SIRT-2, SIRT-7 and remaining SIRTs. The gene expression of SIRTs, except SIRT-1, 
was associated with OAT-1 expression, and both SIRT-2 and SIRT-7 mRNA levels were strongly and positively 
associated with all genes belonging to AhR pathway (except for CYP1A1). Moreover, SIRT-1 gene was associated 
with AhR and AhRR mRNA levels, whereas SIRT-3 was related only to CYP1A2 expression (Table 3).

In CON group, we only found inverse association between SIRT-7 gene expression and CYP1A2 mRNA 
levels (R = − 0.541, p = 0.030).

Figure 2.  The expression of AhR pathway genes in bone tissue of rats after chronic exposure to IS. Data are 
shown as the mean ± SD. AhR—aryl hydrocarbon receptor; ; AhRR—aryl hydrocarbon receptor repressor; 
ARNT—aryl hydrocarbon receptor nuclear translocator; CON—control group; IS—indoxyl sulfate; 100 IS—
group receiving indoxyl sulfate in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl sulfate in 
the dose of 200 mg/kg b.w./day. * p < 0.05 compared to control; *** p < 0.001 compared to control; # p < 0.05 
compared to 100-IS group; ## p < 0.01 compared to 100 IS group; ### p < 0.001 compared to 100 IS group.

Table 2.  The associations between genes involved in AhR-dependent pathway in bone of healthy rats after 
chronic exposure to indoxyl sulphate. AhR—aryl hydrocarbon receptor; AhRR—aryl hydrocarbon receptor 
repressor; ARNT—aryl hydrocarbon receptor nuclear translocator; 100 IS—group receiving indoxyl sulphate 
in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl sulphate in the dose of 200 mg/kg b.w./day; 
OAT-1—organic anion transporter 1; OAT-3—organic anion transporter 3. Bold values mean that correlation 
was statistically significant. Tendencies  are in italic.

100 IS 200 IS

OAT-1 AhR ARNT AhRR CYP1A1 OAT-1 AhR ARNT AhRR CYP1A2

OAT-1 R = 0.159
NS

R = − 0.049
NS

R = 0.527
p = 0.064

R = − 0.445
NS OAT-1 R = 0.421

NS
R = 0.729
p = 0.001

R = 0.421
NS

R = 0.706
p = 0.002

OAT-3 R = 0.825
p < 0.001

R = 0.462
NS

R = 0.093
NS

R = 0.148
NS

R = − 0.588
p = 0.034 OAT-3 R = 0.446

NS
R = − 0.032
NS

R = 0.538
p = 0.047

R = 0.385
NS

R = 0.068
NS

AhR R = 0.159
NS

R = 0.093
NS

R = − 0.171
NS

R = 0.030
NS AhR R = 0.625

p = 0.013
R = 0.332
NS

R = 0.621
p = 0.013

R = 0.604
p = 0.017

ARNT R = − 0.049
NS

R = 0.093
NS

R = 0.197
NS

R = − 0.438
p = 0.089 ARNT R = 0.729

p = 0.001
R = 0.332
NS

R = 0.288
NS

R = 0.306
NS

AhRR R = 0.527
p = 0.064

R = − 0.171
NS

R = 0.197
NS

R = − 0.359
NS AhRR R = 0.421

NS
R = 0.621
p = 0.013

R = 0.288
NS

R = 0.403
NS

CYP1A2 R = 0.319
NS

R = − 0.124
NS

R = − 0.271
NS

R = 0.694
p = 0.003

R = − 0.144
NS CYP1A2 R = 0.706

p = 0.002
R = 0.604
p = 0.017

R = 0.306
NS

R = 0.403
NS
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The effect of chronic exposure to exogenous IS on level of oxidative DNA damage in trabecu‑
lar and cortical bone tissue
Intracellular free ROS are produced as a result of normal metabolism, but their overproduction can impair DNA. 
The nonspecific DNA repair enzymes excise DNA lesions to release deoxynucleotides, which are enzymati-
cally hydrolyzed to stable deoxynucleotides. Among numerous types of oxidative DNA damage, the formation 
of 8-hydroxy-2’-deoxyguanosine (8-OHdG) is a ubiquitous marker of oxidative DNA  damage27. As shown in 
Fig. 4A, 8-OHdG level in trabecular bone tissue was lower in 100 IS group compared to 200 IS (p = 0.048), and 
it showed a downward trend compared to the control (p = 0.061). The median concentrations of 8-OHdG were 
29.69 ng/mg (IQR 23.13–39.69) in CON group, 22.94 ng/mg (IQR 19.9–28.39) in 100 IS group, and 31.15 ng/mg 
(IQR 18.87–40.6) in 200 IS group. The results showed the absence of any differences between groups in cortical 
8-OHdG levels (Fig. 4B). The median concentrations of 8-OHdG were 47.96 ng/mg (IQR 32.13–73.31) in CON 
group, 44.64 ng/mg (IQR 24.29–60.07) in 100 IS group, and 43.0 ng/mg (IQR 25.86–51.78) in 200 IS group.

In the group of rats administered with lower dose of IS the cortical 8-OHdG level was inversely associated 
with SIRT-1 and SIRT-7 gene expression, whereas 8-OHdG concentration in trabecular bone region positively 
correlated with CYP1A1 gene expression. Moreover, this oxidative DNA damage marker was inversely related 
to ARNT mRNA levels in trabecular bone region (Table 4, left side). In 200 IS rats, the inverse association was 
found between trabecular 8-OHdG levels and AhR, CYP1A2 gene expression, and the tendency to inverse cor-
relation existed between 8-OHdG levels and SIRT-2 (R = − 0.495, p = 0.085), SIRT-7 gene expression (R = − 0.478, 
p = 0.098). In cortical part of bone, we noticed inverse relations between 8-OHdG levels and ARNT as well as 
tendency with SIRT-2 expression (R = − 0.516, p = 0.058).

Figure 3.  The bone expression of SIRTs genes (A–D). Data are shown as the mean ± SD. CON—control group; 
100 IS—group receiving indoxyl sulfate in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl 
sulfate in the dose of 200 mg/kg b.w./day; SIRT-1—sirtuin 1; SIRT-2—sirtuin 2; SIRT-3—sirtuin 3; SIRT-7—
sirtuin 7. * p < 0.05 compared to control; *** p < 0.001 compared to control; ## p < 0.01 compared to 100 IS 
group; ### p < 0.001 compared to 100 IS group.

Table 3.  The interrelationships between bone expression of SIRTs genes and AhR pathway genes in bone 
of rats after chronic exposure to IS. AhR—aryl hydrocarbon receptor; AhRR—aryl hydrocarbon receptor 
repressor; ARNT—aryl hydrocarbon receptor nuclear translocator; 100 IS—group receiving indoxyl sulphate 
in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl sulphate in the dose of 200 mg/kg b.w./day; 
OAT-1—organic anion transporter 1; SIRT-1—sirtuin 1; SIRT-2—sirtuin 2; SIRT-3—sirtuin 3; SIRT-7—sirtuin 
7. Bold values mean that correlation was statistically significant. Tendencies are in italic.

100 IS 200 IS

SIRT-1 SIRT-2 SIRT-3 SIRT-7 SIRT-1 SIRT-2 SIRT-3 SIRT-7

SIRT-1 R = 0.238
NS

R = 0.691
p = 0.003

R = 0.782
p = 0.0003 SIRT-1 R = 0.444

p = 0.084
R = − 0.047
NS

R = 0.474
p = 0.064

SIRT-2 R = 0.238
NS

R = 0.103
NS

R = 0.494
p = 0.050 SIRT-2 R = 0.444

p = 0.084
R = 0.471
p = 0.066

R = 0.891
p < 0.0001

SIRT-3 R = 0.691
p = 0.003

R = 0.103
NS

R = 0.429
p = 0.087 SIRT-3 R = − 0.047

NS
R = 0.471
p = 0.066

R = 0.568
p = 0.022

OAT-1 R = 0.522
p = 0.067

R = 0.516
p = 0.071

R = 0.571
p = 0.041

R = 0.500
p = 0.082 OAT-1 R = 0.474

p = 0.064
R = 0.892
p < 0.0001

R = 0.567
p = 0.021

R = 0.991
p < 0.0001

AhR R = 0.082
NS

R = 0.529
p = 0.035

R = − 0.215
NS

R = 0.253
NS AhR R = 0.725

p = 0.002
R = 0.721
p = 0.002

R = 0.054
NS

R = 0.625
p = 0.013

ARNT R = 0.285
NS

R = 0.385
NS

R = − 0.018
NS

R = 0.206
NS ARNT R = 0.332

NS
R = 0.765
p = 0.0005

R = 0.397
NS

R = 0.729
p = 0.001

AhRR R = 0.635
p = 0.008

R = 0.368
NS

R = 0.829
p < 0.0001

R = 0.485
p = 0.057 AhRR R = 0.547

p = 0.028
R = 0.503
p = 0.047

R = 0.194
NS

R = 0.421
NS

CYP1A2 R = 0.506
p = 0.045

R = 0.447
p = 0.082

R = 0.450
p = 0.080

R = 0.479
p = 0.060 CYP1A2 R = 0.403

NS
R = 0.632
p = 0.009

R = 0.706
p = 0.002

R = 0.704
p = 0.003
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The effect of chronic exposure to exogenous IS on bone mineral status
As shown in Fig. 5, there were no statistically significant differences between bone mineral area (BMA) [panel A] 
and bone mineral content (BMC) [panel B] between the all analyzed group. The values of bone mineral density 
(BMD) in 200 IS group were decreased compared to controls (p = 0.047) [panel C].

The analysis of relationships between bone mineral status and bone IS levels, activation of AhR pathway, SIRTs 
expression and bone oxidative status revealed that in the group of 100 IS the trabecular level of IS was strongly 
and inversely associated with BMA, BMC and BMD (Fig. 6, panels A–C). In contrary, in group of 200 IS, the 
parameters of bone mineral status, particularly BMC and BMD were inversely associated with trabecular oxida-
tive status, representing by 8-OHdG levels (Fig. 6, panels D–F). There was no direct link between bone mineral 
status and SIRTs expression in both experimental groups, except of the weak association between SIRT-7 and 
bone mineral area (R = 0.490, p = 0.054) in 100 IS group.

Figure 4.  The level of 8-OHdG in trabecular (A) and cortical bone tissue (B) after chronic exposure to IS. 
Data are shown as the median. 8-OHdG—8-hydroxy-2’-deoxyguanosine; CON—control group; 100 IS—group 
receiving indoxyl sulfate in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl sulfate in the dose 
of 200 mg/kg b.w./day; # p < 0.05 compared to 100 IS group.

Table 4.  The relations between the level of 8-OHdG in trabecular and cortical bone tissue, and the expression 
of AhR pathway and sirtuins genes in bone of rats after chronic exposure to IS. 8-OHdG—8-hydroxy-2’-
deoxyguanosine; AhR—aryl hydrocarbon receptor; ARNT—aryl hydrocarbon receptor nuclear translocator; 
100 IS—group receiving indoxyl sulphate in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl 
sulphate in the dose of 200 mg/kg b.w./day; SIRT-1—sirtuin 1; SIRT-2—sirtuin 2; SIRT-3—sirtuin 3; SIRT-7—
sirtuin 7. Bold values mean that correlation was statistically significant. Tendencies are in italic.

100 IS 200 IS

Trabecular
8-OHdG

Cortical
8-OHdG

Trabecular
8-OHdG

Cortical
8-OHdG

AhR R = − 0.121
NS

R = 0.150
NS

R = − 0.629
p = 0.028

R = − 0.390
NS

ARNT R = − 0.676
p = 0.011

R = − 0.461
p = 0.083

R = − 0.022
NS

R = − 0.542
p = 0.044

CYP1A1 R = 0.599
p = 0.031

R = 0.129
NS

R = − 0.330
NS

R = 0.292
NS

CYP1A2 R = 0.253
NS

R = 0.067
NS

R = − 0.560
p = 0.046

R = − 0.051
NS

SIRT-1 R = − 0.412
NS

R = − 0.604
p = 0.017

R = − 0.247
NS

R = − 0.429
NS

SIRT-2 R = − 0.225
NS

R = 0.060
NS

R = − 0.495
p = 0.085

R = − 0.516
p = 0.058

SIRT-3 R = − 0.110
NS

R = − 0.461
p = 0.083

R = − 0.088
NS

R = 0.120
NS

SIRT-7 R = − 0.489
p = 0.079

R = − 0.514
p = 0.049

R = − 0.478
p = 0.098

R = − 0.455
NS

Trabecular
8-OHdG

R = 0.610
p = 0.027

R = 0.168
NS
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Discussion
Although several studies have provided evidence for the various harmful effects of IS on the body, its direct effect 
on bone homeostasis is not clear. To the best of our knowledge, this is the first study, in which we measured the 
levels of IS in in trabecular and cortical bone after chronic exposure of rats to IS. The plasma level of IS reached 
in this model, published in our previous  study24, reflected IS levels observed previously by us and others in CKD 
 patients29,30. This should make the possibility to reliably explore the effect of IS on the processes occurring in the 
bone tissue of CKD patients. Importantly, our model enables us to observe impact of IS solely, by eliminating 
the influence of other toxins creating uremic milieu. Using our model, we prevented interferences from other 
toxins, which is impossible in models of CKD that allows to observe the results of effects of many uremic reten-
tion solutes.

Previously, we showed the significantly increased plasma levels of IS in control group exposed to chronic 
ingestion of IS in the dose of 100 and 200 mg/kg b.w. for examination the effect of this uremic toxin on the 
hemostatic system and arterial  thrombosis24. In the present study, we used the femurs of these rats to investigate 
the effect of chronic exposure to this uremic toxin on IS-mediated signaling in bone, and its significance for bone 
mineralization. We observed the accumulation of IS only in trabecular, more metabolically active bone tissue 

Figure 5.  The bone mineral status of rats after chronic exposure to IS. Data are shown as the mean ± SD. 
BMA—bone mineral area; BMC—bone mineral content; BMD—bone mineral density; CON—control group; 
100 IS—group receiving indoxyl sulfate in the dose of 100 mg/kg b.w./day; 200 IS—group receiving indoxyl 
sulfate in the dose of 200 mg/kg b.w./day; * p < 0.05 compared to control.

Figure 6.  The effect of bone IS and bone oxidative status on mineral parameters of femurs in rats exposed to 
lower (A–C) and higher (D–F) dose of exogenous IS. 8-OHdG—8-hydroxy-2’-deoxyguanosine; BMA—bone 
mineral area; BMC—bone mineral content; BMD—bone mineral density; IS—indoxyl sulfate.
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of these rats. Interestingly, the levels of IS in this bone region were not dependent on the dose used (Fig. 1A). 
Because OATs mediate IS uptake into bone  cells31,32, we measured the expression of OAT-1 and -3, which are 
known to be transporters with high affinity to  IS27 in bone of studied rats. Obtained results showed practically 
inhibition of both transporters in 200 IS group (Fig. 1C,D). Similarly to our results, the reduced renal mRNA and 
protein expression of OAT-1/3 was previously found in rat adenine-induced CKD  model33,34, suggesting that rats 
with renal failure can be regarded as „OAT-1/3 down-regulation model”. However, the kidney function of our 
animals that received IS was only slightly reduced compared to  controls24, so we think that the high circulating 
IS could be rather responsible for such significant OATs suppression in our model. This is in agreement with the 
previous study of Enomoto et al.27, who examined the interactions of IS with OATs, using proximal tubule cells 
stably expressing these transporters.

AhR is a cytoplasmic receptor of several exogenous and endogenous molecules that can control bone homeo-
stasis. It has been shown that the exposure to dioxin, which is the most widely known exogenous AhR ligand, 
resulted in imbalance of bone remodeling and mechanically weaker  bones35. CKD is characterized by the 
accumulation of a mixture of uremic toxins, and IS, which belongs to tryptophan metabolites, represents both 
important uremic toxin and potent AhR  ligand36,37. In the present study, we measured the expression of AhR 
pathway genes in bone of rats after chronic exposure to IS (Fig. 2), and we analyzed the associations between 
their expression (Table 2). We observed the dose-dependent differences in the activation of AhR pathway. The 
exposure to IS in the lower dose (100 IS) strongly increased AhRR gene expression, but practically did not affect 
CYP1A1 mRNA level. This is in line with observation of Schanz et al.38 that cells that highly express the AhRR 
display only mild CYP1A1 expression. Typically, once induced AhRR competes with the AhR for dimerization 
with ARNT, and AhRR-ARNT complex binds XRE but does not initiate transcription of AhR-target  genes39. 
Interestingly, we noticed the increased CYP1A2 gene expression, which was strongly AhRR-dependent. In con-
trast to CYP1A1, which is a readily inducible AhR target gene encoding an important xenobiotic metabolizing 
enzyme, CYP1A2 is usually expressed constitutively and metabolizes some endogenous  substances40. Thus, the 
elevated mRNA level of CYP1A2 in rats exposed to 100 IS may indirectly indicate an active metabolism of IS, 
and therefore manifest the protective properties of CYP1A2 in this group.

The rats treated with higher dose of IS (200 IS) revealed the significant decrease in the expression of AhRR 
and both CYP1A genes, whereas the expression of AhR-ARNT complex tended to increase. In this group, AhR 
mRNA (but not AhRR) was directly associated with CYP1A2 gene expression, and AhR-ARNT-AhRR-CYP1A2 
axis was positively linked with OAT-1 gene expression. These results suggest that higher dose chronically admin-
istered IS can disrupt the classical negative regulatory loop, in which AhR ligand could be rapidly degraded. 
As a consequence, the persistent overstimulation of AhR can be harmful for physiological processes in bone of 
these animals, as have been previously described by us and other  authors41,42. Another interesting observation 
resulting from this study was that plasma and bone IS can diversely regulate CYP1A genes expression, as plasma 
IS levels were related to CYP1A1, whereas trabecular IS concentrations affected CYP1A2 gene expression in 
each of the studied group.

SIRTs are NAD + cofactor-dependent histone deacetylases (class III–HDAC), which take part in many pro-
cesses regulating biological functions of cells, like cell cycle, cellular metabolism, mitochondrial function, protec-
tion against oxidative stress and  inflammation43,44. SIRTs are present in many different organs including bones, 
but until now, little is known about the role of SIRTs in maintaining bone  health11,45. We measured the expression 
of four SIRTs in bone of rats exposed to IS, namely SIRT-1, SIRT-2, SIRT-3 and SIRT-7. These SIRTs differ from 
each other in subcellular localization and function: SIRT-1 and SIRT-7 are nuclear SIRTs, and they are responsible 
for modulation of gene expression and DNA  repair46,47, SIRT-2 is mostly found in the cytoplasm, and it plays an 
essential role in oxidative stress  protection13, whereas SIRT-3 is located in the mitochondria and contribute to 
the regulation of ATP production, antioxidant defenses and energy  metabolism48. However, there are data that 
SIRT-1, -2 and -3 can migrate between  organelles43.

In 100 IS group we observed increased expression of SIRT-2, and slight but not significant elevation of the 
rest of SIRTs, which were related to CYP1A2 gene expression, and majority of them (except for SIRT-2) were 
also associated with AhRR mRNA levels. The exposure of animals to higher dose of IS resulting in diverse 
regulation of SIRTs expression. While SIRT-3 and SIRT-7 mRNA levels were significantly reduced in this group 
compared to 100 IS and controls, SIRT-1 expression remained constant, and SIRT-2 gradually increased (Fig. 3). 
Interestingly, the disrupted association between CYP1A2 and AhRR resulted in reduced expression of SIRT-3 
and SIRT-7, whereas the direct relation between CYP1A2 and AhR augmented expression of SIRT-1, and par-
ticularly SIRT-2 gene.

In the available literature, there are no data so far on the regulation of SIRTs by IS-dependent components of 
the AhR pathway in bone. Nonetheless, the previous study of Szychowski et al.20 showed that exposure of mouse 
neurons to triclosan increased the expression of the SIRT-1 and SIRT-3 proteins in response to AhR stimulation. 
On the other hand, Diani-Moore et al.21 found that SIRT-1 activity in cultured hepatocytes of chicken embryos 
was reduced as a result of activation of the AhR receptor by dioxin. Similarly, the activation of AhR decreased 
SIRT-3 activity in transgenic mice with constitutively active  AhR22. Koizumi et al.23 proved that IS-AhR pathway 
reduced NAD + content and SIRT-1 activity in human umbilical vein endothelial cells (HUVECs), inducing 
endothelial senescence. In our previous study, performed on these same animals, we show for the first time that 
chronic exposure to IS led to reduced aortic contents of SIRT-1 and SIRT-324. Thus, the results of the present 
and previous studies indicated the existence of interaction between AhR and SIRTs, which seem to be depend 
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on the type, concentration and duration of exposure to the used AhR agonist, as well as the subcellular localiza-
tion of the SIRTs.

Recently, the abundant evidence shows that CKD is pro-oxidative  state49 and the excessive generation of 
ROS are considered to be major mediators of numerous physiological complications in CKD patients, includ-
ing CKD-MBD  development50. Among the various metabolites that accumulate in the plasma of CKD patients, 
IS—a typical uremic solute, has been shown as an inducer of oxidative stress, modifying the balance between 
pro- and antioxidant mechanisms both in vitro  condition51–53, and in patients with  CKD30. Although most litera-
ture reports emphasize the pro-oxidative nature of IS, it has been also reported that IS can balance the oxidative 
stress in CKD, based on its physiological concentration in  serum54,55. In the presence of concentrations of less 
than 10 µM in HUVECs, IS showed radical scavenging ability against superoxide generation in lipopolysaccha-
ride-stimulated  neutrophils54. It has been also shown that IS serves as an endogenous antioxidant to eliminate 
superoxides in the blood, protecting endothelial cells from oxidative damage under physiological  conditions55.

To address whether AhR induction by IS at bone level may led to generation of oxidative stress, we measured 
8-OHdG, which is recognized marker of oxidative DNA  damage28 in homogenates from both bone regions. 
As has been presented on Fig. 4, the levels of 8-OHdG was decreased in trabecular bone tissue in 100 IS group 
compared to 200 IS group, and tended to be lower even in comparison with controls. The association observed 
between 8-OHdG and CYP1A1 (but not CYP1A2) in this group confirmed that CYP1A1 activation is respon-
sible for ROS  generation56,57. In contrast, the inverse association was observed between trabecular 8-OHdG 
concentration and AhR-CYP1A2 axis in rats received the higher dose of IS. These results suggest that in bone 
of animals exposed to lower dose of IS, the negative regulatory loop between ARNT-AhRR is able to protect 
the cells against CYP1A1-dependent ROS generation. On the other hand, a protective effect of CYP1A2 on 
ROS formation has been  demonstrated58. In the current study, we observed the inverse associations between 
8-OHdG levels and SIRTs expression, which were particularly seen in cortical bone (Table 4), where the increase 
in the oxidative DNA damage marker was not observed (Fig. 4B). As has been reviewed by Singh et al.59, SIRTs 
constitute an integral part of cellular defense against ROS formation, and each of them has a distinct subcellular 
localization, which allows rapidly sensing and responding to changes in subcellular ROS within the cellular 
organelles, like mitochondria, nucleus, and cytoplasm. In 100 IS group, we noticed the strong relations between 
nuclear SIRT-1 and SIRT-7, as well as between them and mitochondrial SIRT-3, suggesting that these SIRTs may 
interact closely to coregulate the levels of oxidative DNA damage In 200 IS group, the strong association was 
only seen between SIRT-2 and SIRT-7, and these SIRTs seem to be the major contributors of protection against 
oxidative DNA damage in both bone regions (Table 4, right side). Based on the above results, we created work-
ing hypothesis that after exposure to low dose of IS, the protective capacity of CYP1A2-SIRTs axis might exceed 
CYP1A1-dependent ROS production. However, after exposure to higher dose of IS, in the conditions of continual 
IS-mediated AhR activation, this protective mechanism can be disrupted, leading to increased oxidative DNA 
damage in trabecular bone region.

The last aim of the present study was to establish, if this specific intracellular target of IS could have the physi-
ological relevance in relation to bone health in CKD. Osteoporosis and reduced bone mineral density (BMD) 
are the common complications related to  uremia60. BMD measurements by Dual energy X-ray absorptiometry 
(DXA) are currently recommended for assessment of bone status in the CKD population by Kidney Disease 
Improving Global Outcomes (KDIGO) guidelines, as low BMD can predict fracture  risk61. In the present study, 
the parameters of femoral mineral status, like bone mineral area (BMA) and bone mineral content (BMC) were 
unchanged in all studied groups, but BMD values of rats exposed to the higher dose of IS were reduced compared 
to healthy animals (Fig. 5). Interestingly, there was no clear, direct association between the parameters of bone 
mineral status and SIRTs, as well as AhR pathway gene expression in rats receiving IS. However, the strong, 
negative impact of IS content in trabecular bone was noticed in relation to BMA, BMC and BMD values in 100 
IS group (Fig. 6A–C). In rats exposed to IS at the dose of 200 mg/kg b.w., the level of oxidative DNA damage 
was inversely associated with these parameters, especially with BMD (Fig. 6D–F). These results showed that 
even a little content of IS in bone tissue, through activation of AhR system in situ, is able unfavorable affecting 
bone mineral status. Moreover, these results confirmed our hypothesis that protective effect of AhR-dependent 
induction of SIRTs expression after exposure to low dose of IS can effectively balance oxidative DNA damage, 
counteracting BMD reduction.

Conclusions
Recently, some studies suggested that IS and other uremic toxins may contribute to the loss of bone quantity and 
quality in  CKD36 but majority of these works were conducted in bone cell culture models with high micromolar 
IS concentration, or in animal CKD models, so their physiological relevance remain uncertain. In contrast, our 
data clearly demonstrate that chronic exposure of control group to IS can modulate AhR-depending biological 
signaling at bone level, affecting SIRTs expression, oxidative DNA damage level and bone mineral status. The 
results presented here describe for the first time a specific, dose-dependent intracellular target of IS in bone, on 
the basis of which we propose the mechanism (Fig. 7), showing both protective, as well as detrimental nature 
of IS in CKD-related osteoporosis. Because the patients with CKD are continuously exposed to high IS  levels30, 
it would be expected that their bone AhR should be fully and sustained activated, that might predispose these 
patients to bone loss and risk of fracture.



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2583  | https://doi.org/10.1038/s41598-024-53164-3

www.nature.com/scientificreports/

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 3 July 2023; Accepted: 29 January 2024

References
 1. Cozzolino, M. et al. Is chronic kidney disease-mineral bone disorder (CKD-MBD) really a syndrome?. Nephrol. Dial. Transpl. 29, 

1815–1820. https:// doi. org/ 10. 1093/ ndt/ gft514 (2014).
 2. Karbowska, M., Kaminski, T. & Pawlak, D. Methods of reducing the level of indoxyl sulfate—One of the most potent protein-bound 

uremic toxins. Toxin Rev. 35, 171–179. https:// doi. org/ 10. 1080/ 15569 543. 2016. 12224 42 (2016).
 3. Watanabe, K. et al. Indoxyl sulfate, a uremic toxin in chronic kidney disease, suppresses both bone formation and bone resorption. 

FEBS Open Biol. 7, 1178–1185. https:// doi. org/ 10. 1002/ 2211- 5463. 12258 (2017).
 4. Kaminski, T., Michalowska, M. & Pawlak, D. Aryl hydrocarbon receptor (AhR) and its endogenous agonist—Indoxyl sulfate in 

chronic kidney disease. Postepy High Med. Dosw. 71, 624–632. https:// doi. org/ 10. 5604/ 01. 3001. 0010. 3843 (2017).
 5. Jamsa, T., Viluksela, M., Tuomisto, J., Tuomisto, J. & Tuukkanen, J. Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on bone in two 

rat strains with different aryl hydrocarbon receptor structures. J. Bone Miner. Res. 10, 1812–1820. https:// doi. org/ 10. 1359/ jbmr. 
2001. 16. 10. 1812 (2001).

 6. Agas, D., Sabbieti, M. G. & Marchetti, L. Endocrine disruptors and bone metabolism. Arch. Toxicol. 4, 735–751 (2013).
 7. Larigot, L., Juricek, L., Dairou, J. & Coumoul, X. AhR signaling pathways and regulatory functions. Biochim. Open. 7, 1–9. https:// 

doi. org/ 10. 1016/j. biopen. 2018. 05. 001 (2018).
 8. Baba, T. et al. Structure and expression of the Ah receptor repressor gene. J. Biol. Chem. 276, 33101–33110. https:// doi. org/ 10. 

1074/ jbc. M0114 97200 (2001).
 9. Hahn, M. E., Allan, L. L. & Sherr, D. H. Regulation of constitutive and inducible AHR signaling: Complex interactions involving 

the AHR repressor. Biochem. Pharmacol. 77, 485–497 (2009).
 10. Li, Q., Cheng, J. C., Jiang, Q. & Lee, W. Y. Role of sirtuins in bone biology: Potential implications for novel therapeutic strategies 

for osteoporosis. Aging Cell 20, 1. https:// doi. org/ 10. 1111/ acel. 13301 (2021).

Figure 7.  The proposed mechanism of both protective (left side) as well as detrimental (right side) action of IS 
in CKD-related osteoporosis. AhR—aryl hydrocarbon receptor; AhRR—aryl hydrocarbon receptor repressor; 
ARNT—aryl hydrocarbon receptor nuclear translocator; BMD—bone mineral density; SIRT-1—sirtuin 1; 
SIRT-2—sirtuin 2; SIRT-3—sirtuin 3; SIRT-7—sirtuin 7. Legend: The low dose of IS, trough the activation of 
AhR/AhRR/CYP1A2 axis and SIRTs expression, can effectively balance the oxidative DNA damage in bone 
tissue, maintaining proper bone mineral status. At the high dose of IS this protective mechanism is interrupted, 
resulting in increase of bone oxidative DNA damage that leads to reduced BMD.

https://doi.org/10.1093/ndt/gft514
https://doi.org/10.1080/15569543.2016.1222442
https://doi.org/10.1002/2211-5463.12258
https://doi.org/10.5604/01.3001.0010.3843
https://doi.org/10.1359/jbmr.2001.16.10.1812
https://doi.org/10.1359/jbmr.2001.16.10.1812
https://doi.org/10.1016/j.biopen.2018.05.001
https://doi.org/10.1016/j.biopen.2018.05.001
https://doi.org/10.1074/jbc.M011497200
https://doi.org/10.1074/jbc.M011497200
https://doi.org/10.1111/acel.13301


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:2583  | https://doi.org/10.1038/s41598-024-53164-3

www.nature.com/scientificreports/

 11. Zainabadi, K., Liu, C. J., Caldwell, A. L. M. & Guarente, L. SIRT1 is a positive regulator of in vivo bone mass and a therapeutic 
target for osteoporosis. PLoS One 12, 9. https:// doi. org/ 10. 1371/ journ al. pone. 01852 36 (2017).

 12. Cohen-Kfir, E. et al. Sirt1 is a regulator of bone mass and a repressor of Sost encoding for sclerostin, a bone formation inhibitor. 
Endocrinology. 152, 4514–4524. https:// doi. org/ 10. 1210/ en. 2011- 1128 (2011).

 13. Gomes, P., Fleming Outeiro, T. & Cavadas, C. Emerging role of Sirtuin 2 in the regulation of mammalian metabolism. Trends 
Pharmacol. Sci. 36, 756–768. https:// doi. org/ 10. 1016/j. tips. 2015. 08. 001 (2015).

 14. Jing, Y. et al. SIRT2 deficiency prevents age-related bone loss in rats by inhibiting osteoclastogenesis. Cell Mol. Biol. 65, 66–71. 
https:// doi. org/ 10. 14715/ cmb/ 2019. 65.7. 12 (2019).

 15. Ma, C. et al. Sirt3 Attenuates oxidative stress damage and rescues cellular senescence in rat bone marrow mesenchymal stem cells 
by targeting superoxide dismutase 2. Front. Cell Dev. Biol. 8, 599376. https:// doi. org/ 10. 3389/ fcell. 2020. 599376 (2020).

 16. Huh, J. E. et al. Sirtuin 3 (SIRT3) maintains bone homeostasis by regulating AMPK-PGC-1β axis in mice. Sci. Rep. 6, 22511. https:// 
doi. org/ 10. 1038/ srep2 2511 (2016).

 17. Gao, J. et al. SIRT3/SOD2 maintains osteoblast differentiation and bone formation by regulating mitochondrial stress. Cell Death 
Differ. 25, 229–240. https:// doi. org/ 10. 1038/ cdd. 2017. 144 (2018).

 18. Fukuda, M. et al. SIRT7 has a critical role in bone formation by regulating lysine acylation of SP7/Osterix. Nat. Commun. 9, 2833. 
https:// doi. org/ 10. 1038/ s41467- 018- 05187-4 (2018).

 19. Chen, E. et al. Knockdown of SIRT7 enhances the osteogenic differentiation of human bone marrow mesenchymal stem cells partly 
via activation of the Wnt/β-catenin signaling pathway. Cell Death Dis 8, e3042. https:// doi. org/ 10. 1038/ cddis. 2017. 429 (2017).

 20. Szychowski, K. A., Skora, B. & Wójtowicz, A. K. Involvement of sirtuins (Sirt1 and Sirt3) and aryl hydrocarbon receptor (AhR) in 
the effects of triclosan (TCS) on production of neurosteroids in primary mouse cortical neurons cultures. Pestic Biochem. Physiol. 
184, 105131. https:// doi. org/ 10. 1016/j. pestbp. 2022. 105131 (2022).

 21. Diani-Moore, S. et al. Identification of the aryl hydrocarbon receptor target gene TiPARP as a mediator of suppression of hepatic 
gluconeogenesis by 2,3,7,8- tetrachlorodibenzo-p-dioxin and of nicotinamide as a corrective agent for this effect. J. Biol. Chem. 
285, 38801–38810 (2010).

 22. He, J. et al. Activation of the aryl hydrocarbon receptor sensitizes mice to nonalcoholic steatohepatitis by deactivating mitochondrial 
sirtuin deacetylase Sirt3. Mol. Cell Biol. 33, 2047–2055 (2013).

 23. Koizumi, M. et al. Aryl hydrocarbon receptor mediates indoxyl sulfate-induced cellular senescence in human umbilical vein 
endothelial cells. J. Atheroscler. Thromb. 21, 904–916 (2014).

 24. Karbowska, M. et al. Indoxyl sulfate promotes arterial thrombosis in rat model via increased levels of complex TF/VII, PAI-1, 
platelet activation as well as decreased contents of SIRT1 and SIRT3. Front. Physiol. 9, 1623. https:// doi. org/ 10. 3389/ fphys. 2018. 
01623 (2018).

 25. Znorko, B. et al. RANKL/OPG system regulation by endogenous PTH and PTH1R/ATF4 axis in bone: Implications for bone 
accrual and strength in growing rats with mild uremia. Cytokine 106, 19–28. https:// doi. org/ 10. 1016/j. cyto. 2018. 03. 002 (2018).

 26. Al Zaabi, M., Ali, N. & Al Toubi, M. HPLC–fluorescence method for measurement of the uremic toxin indoxyl sulfate in plasma. 
J. Chromatogr. Sci. 51, 40–43. https:// doi. org/ 10. 1093/ chrom sci/ bms103 (2013).

 27. Enomoto, A. et al. Interactions of human organic anion as well as cation transporters with indoxyl sulfate. Eur. J. Pharmacol. 466, 
13–20 (2003).

 28. Valavanidis, A., Vlachogianni, T. & Fiotakis, C. 8-hydroxy-2’ -deoxyguanosine (8-OHdG): A critical biomarker of oxidative stress 
and carcinogenesis. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 27, 120–139 (2009).

 29. Niwa, T. & Ise, M. Indoxyl sulfate, a circulating uremic toxin, stimulates the progression of glomerular sclerosis. J. Lab. Clin. Med. 
124, 96–104 (1994).

 30. Kaminski, T. W., Pawlak, K., Karbowska, M., Mysliwiec, M. & Pawlak, D. Indoxyl sulfate—The uremic toxin linking hemostatic 
system disturbances with the prevalence of cardiovascular disease in patients with chronic kidney disease. BMC Nephrol. 18, 35. 
https:// doi. org/ 10. 1186/ s12882- 017- 0457-1 (2017).

 31. Kim, Y. H., Kwak, K. A., Gil, H. W., Song, H. Y. & Hong, S. Y. Indoxyl sulfate promotes apoptosis in cultured osteoblast cells. BMC 
Pharmacol. Toxicol. 1, 14–60 (2013).

 32. Iwasaki, Y. et al. Administration of oral charcoal adsorbent (AST-120) suppresses low-turnover bone progression in uraemic rats. 
Nephrol. Dial Transpl. 21, 2768–2774 (2006).

 33. Komazawa, H. et al. Renal uptake of substrates for organic anion transporters Oat1 and Oat3 and organic cation transporters Oct1 
and Oct2 is altered in rats with adenine-induced chronic renal failure. J. Pharm. Sci. 102, 1086–1094. https:// doi. org/ 10. 1002/ jps. 
23433 (2013).

 34. Taniguchi, T. et al. Hypouricemic agents reduce indoxyl sulfate excretion by inhibiting the renal transporters OAT1/3 and ABCG2. 
Sci. Rep. 11, 7232. https:// doi. org/ 10. 1038/ s41598- 021- 86662-9 (2021).

 35. Herlin, M. et al. New insights to the role of aryl hydrocarbon receptor in bone phenotype and in dioxin-induced modulation of 
bone microarchitecture and material properties. Toxicol. Appl. Pharmacol. 273, 219–226 (2013).

 36. Liu, W. C. et al. Clin Chim Acta. 484, 197–206. https:// doi. org/ 10. 1016/j. cca. 2018. 05. 057 (2018).
 37. Schroeder, J. C. et al. The uremic toxin 3-indoxyl sulfate is a potent endogenous agonist for the human aryl hydrocarbon receptor. 

Biochemistry 49, 393–400 (2010).
 38. Schanz, O. et al. Dietary AhR ligands regulate AhRR expression in intestinal immune cells and intestinal microbiota composition. 

Int. J. Mol. Sci. 21, 3189. https:// doi. org/ 10. 3390/ ijms2 10931 89 (2020).
 39. MacPherson, L. et al. Aryl hydrocarbon receptor repressor and TiPARP (ARTD14) use similar, but also distinct mechanisms to 

repress aryl hydrocarbon receptor signaling. Int. J. Mol. Sci. 15, 7939–7957 (2014).
 40. Zhou, S. F., Wang, B., Yang, L. P. & Liu, J. P. Structure, function, regulation and polymorphism and the clinical significance of 

human cytochrome P450 1 A2. Drug. Metab. Rev. 42, 268–354 (2010).
 41. Kalaska, B. et al. Elevated levels of peripheral kynurenine decrease bone strength in rats with chronic kidney disease. Front. Physiol. 

8, 836. https:// doi. org/ 10. 3389/ fphys. 2017. 00836 (2017).
 42. Opitz, C. A. et al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 478, 197–203 (2011).
 43. Zietara, P., Dziewięcka, M. & Augustyniak, M. Why is longevity still a scientific mystery? Sirtuins-past, present and future. Int J 

Mol Sci. 24, 728. https:// doi. org/ 10. 3390/ ijms2 40107 28 (2022).
 44. Wang, Y. et al. An overview of sirtuins as potential therapeutic target: Structure, function and modulators. Eur. J. Med. Chem. 161, 

48–77. https:// doi. org/ 10. 1016/j. ejmech. 2018. 10. 028 (2019).
 45. Almeida, M. & Porter, R. M. Sirtuins and FoxOs in osteoporosis and osteoarthritis. Bone 121, 284–292. https:// doi. org/ 10. 1016/j. 

bone. 2019. 01. 018 (2019).
 46. Bai, W. & Zhang, X. Nucleus or cytoplasm? The mysterious case of SIRT1’s subcellular localization. Cell Cycle. 15, 3337–3338. 

https:// doi. org/ 10. 1080/ 15384 101. 2016. 12371 70 (2016).
 47. Li, L. et al. SIRT7 is a histone desuccinylase that functionally links to chromatin compaction and genome stability. Nat. Commun. 

7, 12235. https:// doi. org/ 10. 1038/ ncomm s12235 (2016).
 48. He, L., Wang, J., Yang, Y., Li, J. & Tu, H. Mitochondrial Sirtuins in Parkinson’s disease. Neurochem. Res. 47, 1491–1502. https:// doi. 

org/ 10. 1007/ s11064- 022- 03560-w (2022).
 49. Small, D. M., Coombes, J. S., Bennett, N., Johnson, D. W. & Gobe, G. C. Oxidative stress, anti-oxidant therapies and chronic kidney 

disease. Nephrol. (Carlton) 17, 311–321. https:// doi. org/ 10. 1111/j. 1440- 1797. 2012. 01572.x (2012).

https://doi.org/10.1371/journal.pone.0185236
https://doi.org/10.1210/en.2011-1128
https://doi.org/10.1016/j.tips.2015.08.001
https://doi.org/10.14715/cmb/2019.65.7.12
https://doi.org/10.3389/fcell.2020.599376
https://doi.org/10.1038/srep22511
https://doi.org/10.1038/srep22511
https://doi.org/10.1038/cdd.2017.144
https://doi.org/10.1038/s41467-018-05187-4
https://doi.org/10.1038/cddis.2017.429
https://doi.org/10.1016/j.pestbp.2022.105131
https://doi.org/10.3389/fphys.2018.01623
https://doi.org/10.3389/fphys.2018.01623
https://doi.org/10.1016/j.cyto.2018.03.002
https://doi.org/10.1093/chromsci/bms103
https://doi.org/10.1186/s12882-017-0457-1
https://doi.org/10.1002/jps.23433
https://doi.org/10.1002/jps.23433
https://doi.org/10.1038/s41598-021-86662-9
https://doi.org/10.1016/j.cca.2018.05.057
https://doi.org/10.3390/ijms21093189
https://doi.org/10.3389/fphys.2017.00836
https://doi.org/10.3390/ijms24010728
https://doi.org/10.1016/j.ejmech.2018.10.028
https://doi.org/10.1016/j.bone.2019.01.018
https://doi.org/10.1016/j.bone.2019.01.018
https://doi.org/10.1080/15384101.2016.1237170
https://doi.org/10.1038/ncomms12235
https://doi.org/10.1007/s11064-022-03560-w
https://doi.org/10.1007/s11064-022-03560-w
https://doi.org/10.1111/j.1440-1797.2012.01572.x


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2583  | https://doi.org/10.1038/s41598-024-53164-3

www.nature.com/scientificreports/

 50. Tanaka, H., Komaba, H., Koizumi, M., Kakuta, T. & Fukagawa, M. Role of uremic toxins and oxidative stress in the development 
of chronic kidney disease-mineral and bone disorder. J. Ren. Nutr. 22, 98–101 (2012).

 51. Dou, L. et al. The uremic solute indoxyl sulfate induces oxidative stress in endothelial cells. J. Thromb. Haemost 5, 1302–1308 
(2007).

 52. Stockler-Pinto, M. B. et al. The uremic toxin indoxyl sulfate exacerbates reactive oxygen species production and inflammation in 
3T3-L1 adipose cells. Free Radic. Res. 50, 337–344 (2016).

 53. Alvarenga, L. et al. Effects of resveratrol on inflammation and oxidative stress induced by the uremic toxin indoxyl sulfate in 
Murine macrophage-like RAW 2647. Biochimie 213, 1. https:// doi. org/ 10. 1016/j. biochi. 2023. 05. 001 (2023).

 54. Miyamoto, Y. et al. The uremic solute indoxyl sulfate acts as an antioxidant against superoxide anion radicals under normal-
physiological conditions. FEBS Lett. 584, 2816–2820 (2010).

 55. Miyamoto, Y., Watanabe, H., Otagiri, M. & Maruyama, T. New insight into the redox properties of uremic solute indoxyl sulfate 
as a pro- and anti-oxidant. Ther. Apher. Dial. 15, 129–131 (2011).

 56. Watanabe, I. et al. Activation of aryl hydrocarbon receptor mediates indoxyl sulfate-induced monocyte chemoattractant protein-1 
expression in human umbilical vein endothelial cells. Circ. J. 77, 224–230 (2013).

 57. Kopf, P. G. & Walker, M. K. 2,3,7,8-tetrachlorodibenzo-p-dioxin increases reactive oxygen species production in human endothelial 
cells via induction of cytochrome P4501A1. Toxicol. Appl. Pharmacol. 245, 91–99 (2010).

 58. Shertzer, H. G. et al. Cyp1a2 protects against reactive oxygen production in mouse liver microsomes. Free Radic. Biol. Med. 36, 
605–617 (2004).

 59. Singh, C. K. et al. The role of sirtuins in antioxidant and redox signaling. Antioxid. Redox. Signal. 28, 643–661. https:// doi. org/ 10. 
1089/ ars. 2017. 7290 (2018).

 60. Evenepoel, P. et al. European consensus statement on the diagnosis and management of osteoporosis inchronic kidney disease 
stages G4–G5D. Nephrol. Dial. Transpl. 36, 42–59. https:// doi. org/ 10. 1093/ ndt/ gfaa1 92 (2021).

 61. Kettele, M. et al. Executive summary of the 2017 KDIGO chronic kidney disease-mineral and bone disorder (CKDMBD) guideline 
update: what’s changed and why it matters. Kid. Int. 92, 26–36 (2017).

Acknowledgements
This work was supported by Polish National Science Centre (Grant No. 2017/27/N/NZ4/00033).

Author contributions
K.M., P.K. and P.D. conceived and designed the experiments and wrote the paper. K.M., S.B., D.T., L.U., Z.R. 
and D.P. performed the experiments. K.M., P.K. and P.D. analyzed the data. All authors read and approved the 
final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1016/j.biochi.2023.05.001
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1093/ndt/gfaa192
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dose-dependent exposure to indoxyl sulfate alters AHR signaling, sirtuins gene expression, oxidative DNA damage, and bone mineral status in rats
	Methods
	Animals and experimental design
	Preparation of bone tissue homogenates
	Determination of IS in bone homogenates
	Oxidative status assay in bone homogenates
	Quantitative real-time polymerase chain reaction (qRT-PCR) assay
	Bone mineral status determination
	Statistical analysis

	Results
	The concentration of IS in bones regions and the expression of IS transporters in bone
	The impact of IS on AhR pathway genes expression in bone
	The effect of chronic exposure to exogenous IS on SIRTs expression in bone
	The effect of chronic exposure to exogenous IS on level of oxidative DNA damage in trabecular and cortical bone tissue
	The effect of chronic exposure to exogenous IS on bone mineral status

	Discussion
	Conclusions
	References
	Acknowledgements


