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Abstract

Emerging evidence in animal models of chronic kidney disease (CKD) implicates Aryl 

Hydrocarbon Receptor (AHR) signaling as a mediator of uremic toxicity. However, details about 

its tissue-specific and time-dependent activation in response to various renal pathologies remain 

poorly defined. Here, a comprehensive analysis of AHR induction was conducted in response to 

discrete models of kidney diseases using a transgenic mouse line expressing the AHR responsive-

promoter tethered to a β-galactosidase reporter gene. Following validation using a canonical AHR 

ligand (a dioxin derivative), the transgenic mice were subjected to adenine-induced and ischemia/

reperfusion-induced injury models representing CKD and acute kidney injury (AKI), respectively, 

in humans. Indoxyl sulfate was artificially increased in mice through the drinking water and by 

inhibiting its excretion into the urine. Adenine-fed mice showed a distinct and significant increase 

in β-galactosidase in the proximal and distal renal tubules, cardiac myocytes, hepatocytes and 
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microvasculature in the cerebral cortex. The pattern of β-galactosidase increase coincided with 

the changes in serum indoxyl sulfate levels. Machine-learning based image quantification revealed 

positive correlations between indoxyl sulfate levels and β-galactosidase expression in various 

tissues. This pattern of β-galactosidase expression was recapitulated in the indoxyl sulfate-specific 

model. The ischemia/reperfusion injury model showed increase in β-galactosidase in renal tubules 

that persisted despite reduction in serum indoxyl sulfate and blood urea nitrogen levels. Thus, our 

results demonstrate a relationship between AHR activation in various tissues of mice with CKD or 

AKI and the levels of indoxyl sulfate. This study demonstrates the use of a reporter gene mouse 

to probe tissue-specific manifestations of uremia in translationally-relevant animal models and 

provide hypothesis-generating insights into the mechanism of uremic toxicity that warrant further 

investigation.
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Introduction:

Chronic kidney disease (CKD) is a progressive disease resulting from irreversible alterations 

of kidney structure and function. Approximately 10% of the adult population in the United 

States and worldwide suffer from CKD, and the incidence of, and mortality due to, CKD is 

increasing1. CKD is characterized by the retention of a heterogeneous mix of metabolites, 

collectively referred to as uremic solutes, which are retained early in the blood of CKD 

patients and persist even after hemodialysis2,3. The systemic complications associated with 

CKD (grouped as uremic manifestations) are in part driven by these compounds called 

uremic toxins/solutes 4,5.

Of these uremic toxins, Indolic solutes (such as indoxyl sulfate (IS)) are particularly 

pathogenic and have protean manifestations in the vascular system such as inducing 

oxidative stress and suppressing fundamental endothelial functions6,7. Our work and that 
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of others, in animal models and humans, implicate indolic uremic solutes contributing 

to the hyperthrombotic CKD milieu by activating Tissue Factor (TF) in the endothelial 

and vascular smooth muscle cells8–11. Indolic solutes have both pro-fibrotic and pro-

inflammatory effects in cardiac tissue12,13 and also linked to toxicity to the microglia14. 

This evidence clearly demonstrates the multi system effects of indolic solutes.

The AHR pathway is emerging as a mediator of toxicity by indolic solutes8. AHR is 

a ligand-activated transcription factor, classically known to mediate effects of exposure 

to environmental toxins such as 2, 3, 7, 8-tetrachlorodibenzodioxin (TCDD)15. AHR 

is not only activated by exogenous chemicals, but also endogenous ligands, such as 

6-formylindole[3, 2,-b]carbazole (FICZ), and kynurenine, and those generated by a 

combination of exogenous (microbiome) and endogenous (liver) metabolism such as IS 
16,17. Research by our group and others showed that indolic solutes activate the AHR 

pathway in cultured cells as demonstrated by its nuclear translocation and induction of cell 

type-specific AHR target genes and followed by degradation of AHR protein8–10.

The AHR has been implicated independently in diseases related to the cardiovascular 

system18,19, and the CNS20. Given its activation in the uremic milieu, it is likely to 

contribute to some of the systemic manifestations of indolic uremic solutes. Despite 

the importance of the AHR pathway in uremic toxicity, there are no studies examining 

the kinetics and tissue-specific pattern of AHR activation in discrete models of renal 

diseases. We set out to examine these specific questions utilizing a transgenic mouse 

(B6.Cg-Tg(DRE-lacZ)2Gswz/J) with a β-galactosidase reporter gene downstream of two 

AHR dioxin response elements (DRE).

Results:

We confirmed the hemizygous status of the B6.Cg-Tg(DRE-lacZ)2Gswz/J transgenic mouse 

line using genotyping (Supplementary Table 1) and copy number of the Lacz transgene 
using quantitative real time polymerase chain reaction (qRT-PCR) (Supplementary Figure 

1). The tissues from these mice subjected to adenine-induced CKD, I/R-induced AKI and 

IS-specific model models were examined at different time points (Figure 1).

Validation of the transgenic model

Previously this transgenic mouse was used to demonstrate the teratogenic effects of the AHR 

pathway by exposing pregnant mothers to TCDD21. While those studies provided a proof of 

activation of the transgene, they were performed in fetuses. Given the use of adult mice for 

all our disease models, we first validated this transgenic model in a group of 8–12 weeks old 

mice exposed to TCDD, a potent AHR agonist. Mice treated with vehicle served as controls. 

Activation of the AHR pathway in TCDD-treated mice was demonstrated by a significant 

elevation in β-galactosidase mRNA from the lysates of kidney, liver, and heart (Figure 

2A). Compared to control animals, β-galactosidase mRNA was increased by 22.5% in the 

kidney (p=0.0481,) 26% in liver (p=0.0286), and 29.8% in the heart (p=0.0223) in TCDD-

treated mice. These results demonstrated induction of the AHR pathway. In order to detect 

β-galactosidase protein in different tissues, we performed both β-galactosidase enzyme 

assays and immunohistochemistry using a pre-validated anti-β-galactosidase antibody22. 
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The later method provided a distinct and specific signal and was used for the subsequent 

studies (Supplementary Figure 2).

TCDD-treated mice showed β-galactosidase expression in several organs (Figure 2B) 

including renal tubules (Figure 2B, asterisk). However, a distinct absence of β-galactosidase 

was noted in the glomeruli (Figure 2B, arrowhead). Liver sections of TCDD-treated animals 

showed a uniform β-galactosidase expression in hepatocytes while patchy expression was 

noted in the cardiac myocytes (Figure 2B, arrowheads). AHR activation indicated by β-

galactosidase expression in various tissues upon TCDD treatment validates this model.

AHR activation in an adenine-induced CKD model

We next examined AHR activation in an adenine-induced model, an established model 

of crystal-induced CKD characterized by extensive renal tubular damage, and interstitial 

fibrosis10. Among different animal models of CKD23, we used the adenine-induced CKD 

model due to the presence of several features of uremia in this model. Exposure to a 0.25% 

adenine diet for 2 weeks in mice resulted in a significant increase in blood-urea nitrogen 

(BUN) (Supplementary Figure 3A)10. AHR activation in adenine-induced CKD mice was 

confirmed by a significant upregulation of β-galactosidase mRNA in the kidney (37.5%), 

liver (22.7%), and heart (16.8%) lysates (Figure 3A).

To estimate the extent of AHR activation within different tissues, a customized, color-

based image segmentation pipeline was used to quantify the amount of β-galactosidase 

and was normalized to the tissue area (details in the supplementary method section and 

Supplementary Figure 4A)24. Our results showed a significant increase in β-galactosidase 

in the kidney (10.65-fold) of adenine-treated mice, predominantly expressed in the renal 

tubules and the peri-glomerular region (400x magnification, Supplementary Figure 5). 

A similar increase in β-galactosidase expression was observed in the liver (19.92-fold) 

and heart (7.32-fold) of transgenic mice exposed to adenine diet compared to transgenic 

mice on a normal diet (Figure 3C). For the aorta, the β-galactosidase signal intensity was 

measured specifically in the wall along a line extending from the intima to the adventitia 

(Supplementary Figure 4B). A 1.82-fold increase (p=0.0275) in β-galactosidase expression 

was observed in the aortic wall of adenine-induced CKD mice. Analysis of brain tissue 

revealed microvessels positive for β-galactosidase (Figure 3B). Further quantitation revealed 

an 8-fold increase in the average number of microvessels/mm2 positive for β-galactosidase 

in mice on the adenine diet (8.630±1.692) compared to the normal diet (1.425±1.145, 

p=0.048) (Figure 3C). A correlation analysis was performed to demonstrate the relationship 

between the levels of BUN or IS in CKD model with the extent of AHR activation in the 

tissues of adenine-exposed mice (Table 1). We observed a strong and significant correlation 

between the levels of BUN or IS with β-galactosidase protein expression in the organs. This 

data strengthens the relationship between AHR activation in various tissues with increased 

BUN (reflective of deterioration of renal function) or IS levels in CKD model. Taken 

together, these results demonstrate AHR activation within specific tissues of different organs 

in a CKD model.

Walker et al. Page 4

Kidney Int. Author manuscript; available in PMC 2022 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tissue specific activation of AHR in an Indoxyl Sulfate-specific model

To examine whether IS can recapitulate the pattern of AHR activation observed with 

adenine-induced CKD model, we used an IS-specific model as described previously25. This 

model is characterized by an increase in IS to a level similar to ESRD patients without 

alteration of renal function25.

AHR activation in various tissues in response to IS was confirmed by qRT-PCR, which 

showed significant increases in β-galactosidase mRNA in the liver, kidney, and heart 

(Figure 4A). Our quantitative analysis of different tissues revealed a significant increase 

in β-galactosidase protein expression by 8.76-fold in the kidneys, 14.21-fold in the liver 

and 6.37-fold in the heart (Figure 4C). Similarly to the adenine-induced CKD model, the IS-

specific model also showed 26–30% (p=0.0286) increase in the β-galactosidase expression 

in the intima and media of aorta of IS-treated animals compared to controls (Figure 4C). 

There was a trend towards an increased number of β-galactosidase positive microvessels of 

CNS in mice treated with IS compared to controls (Figure 4B, arrow, 4C).

We further probed the level of AHR activation in kidneys using cell-type specific 

markers for both proximal (aquaporin-1) and distal (uromodulin) tubules, and endothelial 

cells (CD31) (Supplementary Figure 6). Staining of consecutive kidney sections with 

β-galactosidase and the above markers showed the presence of β-galactosidase stain in 

the tubules positive for Aquaporin 1 or Uromodulin suggesting AHR activation in both 

proximal and distal renal tubules. Similar to the adenine-induced CKD model, the β-

galactosidase signal was not observed in the glomeruli, but rather in the peri-glomerular 

region (Supplementary Figure 5). The endothelial cells of the arterioles within the kidneys 

stained with CD31 also were positive for β-galactosidase corroborating the findings in 

aortas of adenine- and IS-exposed mice (Supplementary Figure 6). A similar analysis in 

the adenine-induced CKD model could not be performed due to distorted tubules and 

extensive renal damage at the time of harvest. These results confirmed IS as an activator 

of the AHR pathway in various organs and could explain AHR activation observed in the 

adenine-induced CKD model.

Temporal activation of AHR in an I/R-induced AKI model

Since indolic solutes are also elevated in acute kidney injury (AKI) in patients26, we 

examined the AHR activation in an established mouse model of AKI, ischemic reperfusion 

injury (I/R). Since I/R models are known to have a distinct predilection for males27, 

this experiment was conducted in a group of male transgenic mice. I/R injury rapidly 

increased BUN at 24 and 48 hours post-surgery, and as expected, it decreased by 96 hours 

(Supplementary Figure 3C).

The kidneys of I/R experimental mice showed a significant increase in β-galactosidase 
mRNA by 34.3% (p=0.0301) and 29.0% (p=0.0328) at 24 hours and 48 hours post-I/R injury 

respectively (Figure 5A, left). Similarly, increased β-galactosidase mRNA was observed 

in the liver (Figure 5A, right). β-galactosidase mRNA was significantly increased 25.7% 

(p=0.0438) at 24 hours post-surgery and 27.0% (p=0.0435) at 48 hours post-surgery in 

Walker et al. Page 5

Kidney Int. Author manuscript; available in PMC 2022 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kidney and liver, respectively. In contrast, no change in β-galactosidase mRNA was observed 

in the heart or CNS of I/R-mice.

In the same vein, I/R injury resulted in a significant 9.91-fold (p=0.0079) and 14.27-fold 

(p=0.0195) increase in β-galactosidase protein expression in the tubules and hepatocytes, 

respectively, at 24 hours post-surgery (Figure 5B, 5E), which persisted up to 96 hours post 

I/R injury (Figure 5C–5E). The above results suggest that AKI-induced AHR activation is 

localized in kidney and liver and persisted despite a decrease in BUN and IS levels.

Relationship between kinetics of AHR activation and uremic solutes

Since CKD and AKI in humans are characterized by increased levels of uremic toxins5,28, 

we posited that the AHR activation in tissues is likely to coincide with the increase in the 

levels of uremic solutes. We examined specifically IS and kynurenine, in plasma, which 

are known to activate AHR signaling8,9. Plasma IS increased 4.79-fold in adenine-induced 

mice compared to mice on a normal diet (p=0.0286) (Figure 6A). A similar trend was 

observed with kynurenine (p=0.0286) (Figure 6A). In the IS-specific model, plasma IS 

levels increased 18.03-fold compared to control mice (Figure 6B, right). Plasma levels of 

kynurenine remained similar between the two groups (Figure 6B). The rise in IS coincided 

with the increased β-galactosidase protein expression in various organs in both these models 

(Figures 2 and 3). In the I/R model, the levels of IS significantly increased 1.76-fold 24 

hours post-surgery (p=0.043) then rapidly declined (Figure 6C). There were no differences 

at any time point in levels of plasma kynurenine (Figure 6C). β-galactosidase expression 

persisted even with normalization of IS levels.

Discussion:

In this study, we demonstrated tissue-specific activation of the AHR pathway in response 

to discrete rodent models of kidney diseases. The choice of models was driven by the 

hypothesis that focuses on AHR activation by indolic uremic solutes. Among various models 

of CKD23, we employed the adenine model since it is known to increase IS to a level 

corresponding to ESRD patients25. The time points selected for different models were driven 

by the prospects of obtaining a signal for β-galactosidase given the low transgene activity 

in this model21. For example, the adenine-induced model results in persistent accumulation 

of uremic toxins over a two week period after exposure to a 0.25% adenine diet29. The 

IS-specific model results in increased levels of IS analogous to different stages of CKD10. 

For both these models, AHR expression was examined at two time points. In general, AKI 

in humans and rodents results in compromised renal function and accumulation of indolic 

uremic solutes that improves with the recovery of renal function26. Therefore, we performed 

the kinetic analysis of AHR activation in organs at three different time points in the I/R 

injury model.

The data obtained by this investigation provides hypothesis-generating insights into uremic 

toxicity. Adenine and IS-exposure increased AHR activity in the proximal and distal renal 

tubules. AHR signaling regulates fundamental cellular processes such as apoptosis, cell 

proliferation and cell cycle by regulating BCL2, FasR and cell cycle kinases30,31. With the 

renal insult, tubular cell proliferation and survival are pivotal to maintain the functional 
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renal tubular mass. Our results showing AHR activation in renal tubules by IS warrant 

further studies to examine the role of AHR in progressive tubular damage. Interestingly, 

adenine- and IS- exposed kidneys showed AHR activation in the peri-glomerular region 

(Supplementary Figure 5). While it is difficult to precisely discern the cell-type involved, 

the presence of an AHR signal in the peri-glomerular region is intriguing. Renal fibrosis 

involves different compartments such as the tubulointerstitial and peri-glomerular regions. 

AHR signaling has been implicated in the fibrosis of different organs. The AHR interacts 

with the p65-subunit of nuclear factor (NF)-κB transcription factors and also changes the 

chemokine profile through an AHR-IL-22 axis, altering fibrosis in the lung in cystic fibrosis 
32–34. In fact, ARNT, a transcriptional co-activator of AHR, has been implicated in renal 

fibrosis and sought as a therapeutic target in CKD35. A possible connection between AHR 

and renal fibrosis is further supported by the reports that link the indolic solutes to renal 

fibrosis36, which may be mediated through AHR signaling. Taken together, further studies 

are needed to investigate the role of AHR signaling in the kidneys, especially since AHR 

perturbations have different effects in various organs.

AHR signaling is the main regulator of cytochrome P450 (CYP450). There are over 200 

P450 proteins, of which AHR signaling regulates three members CYP1A1, CYP1A2, and 

CYP1B1, which are the AHR ligand metabolizing P450s37. AHR can potentially alter 

the pharmacokinetics of drugs metabolized specifically by the CYP1 family. Also, AHR 

activation can alter the pharmacokinetics of drugs through other mechanisms. For example, 

Santana et al demonstrated that IS, through AHR activation, regulates the transporter protein 

such as P-glycoprotein to influence the blood levels of immunosuppressive medications38. 

The effect of AHR activation on the pharmacokinetics of drugs remains an underexplored 

area and is relevant given polypharmacy in patients of CKD.

Cardiovascular disease constitute a major cause of mortality in the patients of CKD. 

The current results showing AHR activation in cardiac myocyte and vasculature have 

pathogenic implications. In a zebrafish model, AHR activation in cardiac myocyte exhibited 

a phenotype similar to congestive heart failure as well as reduced peripheral blood flow39. 

The relevance of these findings to CKD patients is important since CKD patients develop 

congestive heart failure with low ejection fraction and with preserved ejection fraction 

(HEpEF)40. CKD patients are at a higher risk of atherothrombotic vascular disease. 

AHR activation in aorta potentiall has functional consequences given its known role in 

atherosclerosis 41,42 and that accelerated atherosclerosis is a known manifestation of uremia 
43,44. While previous studies had demonstrated the presence of AHR protein in the vessel 

wall or AHR activation in cultured endothelial and vascular smooth muscle cells, there 

was no direct in vivo evidence of cell-type specific activtion of AHR in vasculature in 

response to kidney disease models. In that regards, the current work supports the previous 

studies9,11,25, and provides an in vivo proof of AHR activation in the vessel wall in different 

models of CKD. It is noteworthy that AHR activation in vessel walls is associated with 

increased stiffness and an aging phenotype45. A similar phenomenon was observed by Nath 

et al in a mouse model of arteriovenous fistula in the uremic milieu46 raising a possiblity of 

influence of AHR pathway in dialysis access malfunction.
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CKD patients of all stages are at an increased risk of cognitive decline47. In hemodialysis 

patients, the prevalence of cognitive impairment has been estimated at 30%–60%, at least 

twice that observed in age-matched controls48,49. While several factors are considered 

including white matter lesions, silent infarcts and microbleeds47, fundamental to all these 

pathological manifestations is vascular injury. Our observations of AHR activation in the 

endothelial cells of cerebral microvasculature in both the adenine-induced CKD and IS-

specific model opens possible areas of investigation in the fundamentals of endothelial 

biology in CNS in the uremic milieu and AHR signaling.

AKI is considered to be a self-limiting event. However, emerging epidemiological studies 

showed profound long-term effects of a single episode of AKI50. For example, Ishani et al 

reported that the AKI was associated with a risk of ESRD that was 13 times higher than the 

patients without AKI, and the risk of ESRD was 40 times higher if the patients had AKI and 

pre- existing CKD. Our results in I/R model showed persistance activation of AHR signaling 

in the renal tubules even after reduction in the levels of BUN and IS (Figure 5 and 6, 

Supplementary Figure 3C). There can be alternative explanations for this phenomenon, such 

as involvement of other uremic solutes or increase in the inflammatory cytokines released 

during AKI known to activate AHR pathway. Irrespecitve of mechanism, it is conceivable 

that the persistant AHR activity may have untoward effect on survival of renal tubules.

A growing body of literature has shown that among different uremic solutes, tryptophan 

metabolites (such as IS) activate AHR signaling. Our results demonstrate AHR activation 

in several organs in the uremic milieu with a tissue-specific pattern, which may potentially 

explain some of the systemic manifestations of uremic toxicity. By illustrating the use of an 

in vivo tool, this study paves the way to targetable pathway.

Methods:

Animal Ethics:

Animals were maintained under the supervision of the Boston University Animal Core 

Facility following the Institutional Animal Care and Use Committee (IACUC) protocol 

number AN-15449.2016.03. Animals were caged in conventional housing with 3 males per 

cage and 5 females per cage.

Overview of Transgenic Mouse:

B6.Cg-Tg(DRE-lacZ)2Gswz/J mice (stock # 006229) were purchased from Jackson 

Laboratory, and housed and bred at the Boston University Animal Core Facility. This mouse 

line was originally donated by Dr. Thomas A. Gasiewicz, University of Rochester, School of 

Medicine and Dentistry. The mouse contains a lacZ reporter gene downstream of two dioxin 

response elements and chicken ovalbumin TATA box as previously described21. Male and 

female transgenic mice were randomized to experimental groups for models of chronic 

kidney disease. Male mice were used for the renal ischemia reperfusion experiments. 

experiments.
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Genotyping of Transgenic Mice:

DNA was extracted from tail clippings for all mice used in these experiments 

following weaning at 21 days. Mice containing the lacZ transgene were identified 

through conventional polymerase chain reaction (PCR) using forward and reverse primers 

complementary to the transgene and an internal positive control (Table 1). Following 

identification of mice containing the transgene, extracted genomic DNA was used as 

a template for quantitative real-time polymerase chain reaction (qRT-PCR) in order to 

determine the copy number of the lacZ transgene. Genomic DNA was probed using a 

commercially available Taqman probe complementary to the lacZ gene from Thermofisher. 

All mice used in these experiments were homozygous for the transgene (Supplementary 

Figure 1).

Statistical Analysis:

Data was analyzed using a non-parametric Welch’s t-test or analysis of variance (ANOVA), 

as indicated. Significance was accepted as p<0.05. Data was presented as the mean plus 

or minus standard error of the mean. Correlations between BUN, IS, and quantification of β-

galactosidase protein in all tissues were done using a non-parametric Spearman correlation.

Details for administration of TCDD to B6.Cg-Tg(DRE-lacZ)2Gswz/J, different models 

of kidney diseases (Adenine-induced CK, IS-specific, and I/R reperfusion modes), 

tissue collection, IHC, antibodies, image quantification, quantitative real-time PCR, BUN 

estimation and LC/MS method of uremic solutes are in the supplementary methods section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Statement:

Uremic solutes contribute to the pathogenesis of some of the systemic complications 

in the patients with chronic kidney disease (CKD). Among different solutes, tryptophan 

metabolites such as indolic solutes are the ligands of aryl hydrocarbon receptor (AHR), 

a ubiquitously expressed protein associated with several diseases. Here, using a reporter-

gene mouse, we show tissue specific activation of AHR among different organs in models 

of CKD and AKI. Clinically, this work provides hypothesis-generating insights in the 

manifestations of uremia and strengthens the potential exploration of AHR inhibitors to 

reduce the organ-level toxicity of uremic solutes in the patients with CKD.
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Figure 1: Experimental design to examine AHR activation in discrete models of renal disease.
A combination of male and female B6.Cg-Tg(DRE-LacZ)2Gswz/J transgenic mice (DRE-

LacZ) with a lacZ reporter gene downstream of two dioxin response elements (DRE) were 

subjected to four models. Transgenic mice treated with (TCDD) (n=4) served as a positive 

control. Transgenic mice (n=4) were subjected to a 0.25% adenine supplemented diet for 

2 weeks in order to induce CKD10. Four transgenic mice on a normal mouse diet served 

as controls. An IS-specific model consisted of four transgenic mice that received IS + 

probenecid. Four mice exposed to probenecid alone served as controls. Renal I/R was used 

as a model of AKI. Nine transgenic male mice were used and sacrificed at specific time 

points after 23 minutes of bilateral renal ischemia and sacrificed at 24, 48, and 96 hours 

post-surgery. Three additional transgenic mice served as controls following a sham surgery.
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Figure 2: Validation of transgenic mice.
(a). β-galactosidase mRNA was examined in whole tissue lysates from 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) treated and control transgenic mice. mRNA levels 

were normalized to GAPDH mRNA. Each data point represents the average of duplicate 

samples for each transgenic mouse used. (b). Frozen sections from TCDD and control 

treated transgenic animals were stained with an anti-β-galactosidase to examine tissue-

specific expression. The β-galactosidase protein was localized to renal tubules (marked by a 

black asterisk) but not in glomeruli (black arrow), liver hepatocytes, and cardiac myocytes 

Walker et al. Page 15

Kidney Int. Author manuscript; available in PMC 2022 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(black arrow). All data is represented as plus or minus the standard error of the mean. 

Images were taken at 200x magnification. Scale bar=50μM. V=vessel wall, L=lumen.
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Figure 3: AHR activation in an adenine-induced CKD model.
Transgenic mice were administered a diet supplemented with 0.25% adenine for 2 weeks. 

Transgenic mice on a normal diet served as controls. (a). β-galactosidase mRNA was 

examined in whole tissue lysates in transgenic mice and normalized to GAPDH mRNA. 

Each data point represents the average of duplicate samples for each transgenic mouse used. 

(b). Representative frozen sections stained with an anti-β-galactosidase antibody are shown. 

The β-galactosidase protein was localized to renal tubules (marked by a black asterisk), liver 

hepatocytes, and cardiac myocytes (black arrow). Additionally, β-galactosidase expression 
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was seen in CNS microvessels (black arrowhead). (c). A color based image segmentation 

pipeline (see supplementary methods) was used to quantify the increase in β-galactosidase 

expression per tissue area in the kidney, liver, and heart. The number of microvessels 

in the CNS positive for β-galactosidase were counted and presented as the number of 

positive microvessels/mm2. All data is represented as plus or minus the standard error of 

the mean. Images of the kidney, liver, heart and aorta were taken at 200x magnification. 

Scale bar=50μM. Images in the CNS were taken at 400x magnification. Scale bar=25μM. 

V=vessel wall, L=lumen.
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Figure 4: Tissue-specific expression of β-galactosidase expression in an IS-specific model
(a). β-galactosidase mRNA was examined in whole tissue lysates in transgenic mice and 

normalized to GAPDH mRNA. (b). Representative frozen sections stained with an anti-β-

galactosidase antibody are shown from kidney, liver, heart and CNS (c). A color based 

image segmentation pipeline was used to quantify the increase in β-galactosidase expression 

per tissue area in the kidney (black asterisk), liver, and heart (black arrowhead). The number 

of microvessels in the CNS positive for β-galactosidase were counted and presented as the 

number of positive microvessels/mm2 (black arrow). Each data point represents the average 
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of 5 random fields of view analyzed for the percent positive tissue area for each transgenic 

mouse (n=4 control, n=4 IS). All data is represented as plus or minus the standard error 

of the mean. Images of the kidney, liver, heart and aorta are taken at 200x magnification. 

Scale bar=50μM. Images in the CNS were taken at 400x magnification. Scale bar=25μM. 

V=vessel wall, L=lumen.
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Figure 5: AHR activation in renal ischemia reperfusion model of AKI
AHR activation was examined in transgenic mice following 23 minutes of bilateral renal 

ischemia. Groups of mice were time sacrificed at 24 (A), 48 (B), and 96 (C) hours post-

surgery. (a). β-galactosidase mRNA was examined in whole tissue lysates in transgenic mice 

and normalized to GAPDH mRNA. (b-e) Frozen sections of kidney and liver were stained 

with an anti β-galactosidase antibody. A color based image segmentation pipeline was used 

to measure the percentage of tissue area positive for β-galactosidase protein. Each data point 

represents the average of 5 random fields of view analyzed for the percent positive tissue 
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area for each transgenic mouse (n=3 for each group; sham control, 24, 48, and 96 hours 

post-surgery, left graph is kidney and right graph is liver). All Data is represented as plus 

or minus the standard error of the mean. Images are taken at 200x magnification. Scale 

bar=50μM.
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Figure 6: Concurrence between AHR ligands and AHR activation in CKD and AKI models.
Uremic solutes, in plasma, were determined used mass spectrometry. (a). Plasma samples 

from adenine-induced mice and controls analyzed for IS and Kynurenine are shown (b). 
Plasma samples from mice receiving IS and probenecid are shown (c). Plasma from mice 

at different time points after I/R injury were analyzed for IS and Kynurenine. All Data is 

represented as plus or minus the standard error of the mean.
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Table 1:

Correlations between β-galactosidase expression and indoxyl sulfate and blood-urea nitrogen for organs of 

adenine exposed mice.

Parameter Spearman r coefficient P value

BUN and IS 0.9048 0.0046

BUN and β-gal (Kidney) 0.7143 0.0491

BUN and β-gal (Liver) 0.8264 0.0154

BUN and β-gal (Heart) 0.7381 0.0458

BUN and β-gal (CNS) 0.8189 0.0154

IS and β-gal (Kidney) 0.7619 0.0368

IS and β-gal (Liver) 0.7545 0.0368

IS and β-gal (Heart) 0.7381 0.0458

IS and β-gal (CNS) 0.7433 0.0480

β-gal=β-galactosidase. BUN= Blood-urea nitrogen. IS=Indoxyl sulfate.
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