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Abstract

Endothelin-1 (ET-1) is a peptide hormone that acts on its receptors to regulate sodium handling 

in the kidney's collecting duct. Dysregulation of the endothelin axis is associated with various 

diseases, including salt-sensitive hypertension and chronic kidney disease. Previously, our lab 

has shown that the circadian clock gene PER1 regulates ET-1 levels in mice. However, the 

regulation of ET-1 by PER1 has never been investigated in rats. Therefore, we used a novel 

model where knockout of Per1 was performed in Dahl salt-sensitive rat background (SSPer1−/−) 

to test a hypothesis that PER1 regulates the ET-1 axis in this model. Here, we show increased 

renal ET-1 peptide levels and altered endothelin axis gene expression in several tissues, including 

the kidney, adrenal glands, and liver in SSPer1−/− compared with control SS rats. Edn1 antisense 

lncRNA Edn1-AS, which has previously been suggested to be regulated by PER1, was also altered 

in SSPer1−/− rats compared with control SS rats. These data further support the hypothesis that 

PER1 is a negative regulator of Edn1 and is important in the regulation of the endothelin axis in a 

tissue-specific manner.

*To whom correspondence should be addressed: 1345 Center Drive, Box 100274, Gainesville, FL 32610 
Michelle.Gumz@medicine.ufl.edu. 

Competing Interests
The authors declare there are no competing interests.

Disclosures
Dr. Gumz is a guest editor of this special issue but was not involved and did not have access to information regarding the peer-review 
process or final disposition of this article. An alternate editor oversaw the peer-review and decision-making process for this article.

HHS Public Access
Author manuscript
Can J Physiol Pharmacol. Author manuscript; available in PMC 2024 March 01.

Published in final edited form as:
Can J Physiol Pharmacol. 2023 March 01; 101(3): 136–146. doi:10.1139/cjpp-2022-0134.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Endothelin-1; ET-1; Period1; Kidney; Adrenal glands; salt-sensitive hypertension

Introduction

Many physiological functions exhibit circadian rhythms, which are coordinated by intrinsic 

circadian clocks, specifically the central clock, which resides in the suprachiasmatic nucleus 

(SCN) of the hypothalamus and peripheral clocks throughout the body. Both the central and 

peripheral clocks share the same core molecular clock present in nearly every cell, which 

comprises transcription factors BMAL1, CLOCK, CRYPTOCHROME (CRY), and PERIOD 

(PER). The molecular clock acts as a transcription-translation feedback loop to regulate its 

own expression as well as the transcription of nearly half of all genes (R. Zhang et al., 

2014). Specifically, BMAL1 and CLOCK heterodimerize and bind to enhancer box (E-box) 

promoter response elements to activate the transcription of target genes, including the genes 

encoding PER and CRY. PER and CRY heterodimerize and act as a negative feedback 

loop to inhibit the actions of BMAL1 and CLOCK, and, therefore, decrease their own 

transcription (Partch et al., 2014). The cycling between these sets of transcription factors 

creates the 24-hour oscillations observed not only in gene expression but in physiological 

functions, like blood pressure (Crislip et al., 2020; Douma & Gumz, 2018; D. Zhang et 

al., 2020). While the role of the circadian clock in the maintenance of these rhythms is 

critical for overall health, the molecular clock also is important in responding to cues, such 

as increased salt intake, to preserve homeostasis.

The Edn1 gene exhibits a circadian rhythm of expression in mice, rats, and humans ((Dhaun 

et al., 2014; Hill et al., 2021) and reviewed in (Douma, Barral, et al., 2020)). Edn1 encodes 

for endothelin-1 (ET-1), a peptide hormone that has a variety of tissue-specific functions. For 

example, in the vasculature, ET-1 can induce vasoconstriction through its interactions with 

the endothelin A receptor (ETA) (Kostov, 2021). The highest production of ET-1 in the body 

is within the kidney, and both the ETA and endothelin B receptor (ETB) are expressed in 

kidney cells (Kohan et al., 2011). In a healthy kidney, ET-1 in the collecting duct regulates 

sodium handling, via inhibition of sodium transport and promoting natriuresis, through 

interactions with its receptors. Dysregulation of ET-1 signaling is associated with various 

diseases (de Miguel et al., 2016; Speed & Pollock, 2013). In humans, increased plasma and 

urinary ET-1 levels are observed in patients with chronic kidney disease (CKD). Alteration 

in ET-1 expression rhythms and/or metabolism may also contribute to salt-sensitive and 

essential hypertension (Hwang et al., 1998; Zoccali et al., 1995). In mice, overexpression 

of ET-1 results in increased blood pressure and chronic renal failure (Berillo et al., 2021; 

Grenda et al., 2007). Pharmacological interventions targeting the endothelin receptors have 

been associated with negative side effects in patients (Kohan et al., 2012; Smeijer et al., 

2021; Waijer et al., 2021). Further understanding of how the endothelin axis is regulated, 

especially in a pathophysiological state, may assist in the development of successful ET-1 

signaling inhibition strategies.
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Transcription of the Edn1 gene is heavily regulated, but Edn1 mRNA is also regulated 

post-transcriptionally through microRNA (miRNA) functions (Houde et al., 2016; Jacobs 

et al., 2013a; Stow et al., 2011). Our lab has recently identified a long non-coding RNA 

(lncRNA), EDN1-AS, present in human kidney cells that modulates ET-1 production 

(Douma, Solocinski, et al., 2020). Like Edn1, transcription of EDN1-AS exhibits a circadian 

rhythm. Additionally, our lab has demonstrated that the circadian clock protein PER1, a 

PER homolog, mediates the regulation of Edn1 transcription (Richards et al., 2014; Stow 

et al., 2012). The regulation of ET-1 production by PER1 seems to be important not only 

for maintaining rhythms of ET-1 production, but also for proper transcriptional responses to 

cellular signals, like the mineralocorticoid aldosterone (Douma, Crislip, et al., 2020; Douma 

et al., 2022). In fact, both Edn1 and Per1 are significantly upregulated in mouse inner 

medullary collecting duct cells in response to short-term exposure to aldosterone (Gumz et 

al., 2003).

For the first time, a Per1 knockout (KO) rat on the Dahl salt-sensitive background 

(SSPer1−/−) has been generated in order to determine the role of PER1 in a model of 

salt-sensitive hypertension (Zietara et al., 2022). Compared to control Dahl salt-sensitive rats 

(SS), male SSPer1−/− rats have significantly increased blood pressure after 3 weeks of a high 

salt diet, coupled with loss of circadian synchrony of blood pressure and a decline in renal 

function. The regulation of ET-1 by PER1 has never been investigated in rats. As our lab has 

previously shown that PER1 modulates Edn1 transcription, the objective of the current study 

was to determine if the endothelin axis is dysregulated in SSPer1−/− rats, contributing to 

the reported renal phenotypes. Indeed, SSPer1−/− rats exhibited increased renal ET-1 peptide 

levels and altered endothelin axis gene expression in several tissues, including the kidney, 

adrenal gland, and liver. In these tissues, Per1 KO had differing effects on clock gene 

expression. Together, these data further support the hypothesis that the endothelin axis might 

be regulated by PER1 in a tissue-specific manner.

Methods

Data generated or analyzed during this study are available from the corresponding author 

upon reasonable request.

Animals.

All animal experiments adhered to the National Institute of Health Guide for the Care 

and Use of Laboratory Animals and all protocols were reviewed and approved by the 

Medical College of Wisconsin IACUC. The SSPer1−/− rat was created on the Dahl 

salt-sensitive rat background at the Medical College of Wisconsin Gene Editing Rat 

Resource Center using CRISPR/Cas9. One base pair of the Per1 gene, depicted as “g”, 

was deleted in exon 1 (CTCCTCCAGGACAAAAAGGTTCTCCGGgCCTGGGGTCTCCT 

CCCCCATCAGCCCCT), resulting in a truncated protein consisting of a predicted 109 

amino acids. This deletion has been confirmed by genomic DNA and mRNA sequencing as 

well as Western blot (Zietara et al., 2022). Rats were housed in 12:12-hour light-dark cycled 

rooms, weaned at 3 weeks of age and placed on a 0.4% NaCl diet (normal salt; Dyets, Inc.; 

D113755). At around 10 weeks of age, male rats were switched to a 4% NaCl diet (high 
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salt; Dyets, Inc.; D113756). Only male rats were used in these studies as previous studies in 

global Per1 KO mice showed females were protected from changes in the endothelin axis, 

unlike males (Douma, Crislip, et al., 2020).

RNA isolation.

Male SSPer1−/− and SS control rats were were anesthetized following either a normal salt 

diet (0.4% NaCl, # D113755; Dyets Inc.) or 3 weeks on the high salt diet (4.0% NaCl, 

#D113756; Dyets, Inc.), and their kidneys were flushed (3 mL/min/kidney until blanched) 

with PBS via aortic catheterization between 1:00-4:00 PM, during the rat inactive period, as 

previously described (Golosova et al., 2020; Klemens et al., 2021). Kidneys were collected 

along with adrenal glands and liver, and tissues were snap-frozen in liquid nitrogen. Total 

RNA was isolated using Trizol (Invitrogen) and treated with DNaseI (Ambion).

Real-time quantitative RT-PCR.

cDNA from kidney, adrenal, and liver RNA samples was generated using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). TaqMan probes (Applied 

Biosystems) (Table 1) were used for gene expression analysis. Cycle threshold (Ct) values 

were normalized against β-actin (Actb), and relative quantification was performed using the 

ΔΔCt (Livak & Schmittgen, 2001). Gene expression levels were relativized to SS control 

normal salt expression levels.

Strand-Specific RT-PCR for EDN1-AS Relative Quantification.

Rat strand-specific EDN1-AS primers were designed to base-pair within the intron between 

exons 4 and 5, homologous to the position of the equivalent primer (SS4) used in (Douma, 

Solocinski, et al., 2020). Strand-specific kidney EDN1-AS cDNA was generated by using 

primer rSS4 along with Reverse Transcriptase (RT) from ThermoFisher per manufacturer 

instructions (Table 2). For each cDNA sample, a corresponding reaction with no reverse 

transcriptase was used as a negative control to ensure no genomic DNA was present 

in the samples. Additionally, for each sample, a reaction with random hexamer primers 

was also performed. The cDNA EDN1-AS products (+/− RT) were amplified using PCR 

primers rPCR1 and rPCR2 (35 amplification cycles) (Table 2). PCR of GAPDH with cDNA 

generated with random hexamer primers was used for normalization (25 amplification 

cycles). Gel band pixels were measured using ImageJ. Gene expression levels were 

relativized to SS control normal salt expression levels.

Protein isolation and ET-1 ELISA.

Protein samples from whole kidney tissue were isolated using T-PER Tissue Protein 

Extraction Reagent supplemented with Halt Protease Inhibitor Cocktail (Thermo Scientific) 

and quantified using Pierce BCA Protein Assay Kit (Thermo Scientific). Renal ET-1 peptide 

was measured by ELISA from R&D Systems (Endothelin-1 QuantiGlo ELISA kit). This 

ELISA kit detects both full-length ET-1 and processed ET-1. The cross-reactivity for this kit 

is 51% for ET-2, 0.01% for full-length ET-2, and 9% for ET-3. The detectable range is from 

0.064-250 pg/mL. ELISA was performed according to the manufacturer’s instructions.
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Statistics:

Graphpad Prism was used to perform Student’s unpaired t-test to determine genotype effects 

and 2-way ANOVA to determine the effect of diet (normal salt, high salt), genotype, and its 

interaction. Data are presented as mean ± SE.

Results

Kidney Endothelin Axis

To determine if the endothelin axis is altered as a result of Per1 KO in Dahl SS rats, 

qPCR was performed using total kidney cDNA from male SSPer1−/− and SS control rats 

on normal and high salt diets to measure the expression of the endothelin gene, Edn1, and 

the endothelin receptors (Ednra and Ednrb). Edn1 expression was significantly increased in 

SSPer1−/− compared to SS control rats (Pgenotype=0.0358) (Figure 1A). There was no diet 

effect on Edn1 expression. Moreover, there were no diet or genotype effects on mRNA 

levels of endothelin receptors (Ednra and Ednrb) expression (Figures 1B-C). To further test 

ET-1 pathway, ET-1 peptide levels from SSPer1−/− and SS rat kidneys following a high 

salt diet were measured by ELISA to determine if the changes in mRNA expression were 

observed at the protein level. Indeed, SSPer1−/− rats have significantly elevated ET-1 peptide 

levels compared to SS control rats following a high salt diet (P=0.0011) (Figure 1D).

Previously, our lab demonstrated that Edn1 expression is positively regulated by the lncRNA 

EDN1-AS present in human proximal tubule cells (Douma, Solocinski, et al., 2020). 

Strand-specific PCR was used to determine if EDN1-AS is present in rat whole kidney 

RNA samples. Similar to what we reported in human cells, EDN1-AS expression was 

detected in SSPer1−/− and control rats (Figure 2A). Since SSPer1−/− rats have increased 

Edn1 and ET-1 levels, EDN1-AS expression levels on normal or high salt diets were 

measured by strand-specific PCR to determine if EDN1-AS also exhibited changes in 

expression. GAPDH expression was used to normalize EDN1-AS expression for each 

sample. Expression levels were relativized to control SS normal salt values. Interestingly, 

there was a significant genotype effect of EDN1-AS expression in SSPer1−/− rats compared 

to controls (Pgenotype=0.0455) (Figure 2B).

Adrenal and Liver Endothelin Axis

Since SSPer1−/− rats have Per1 KO in every cell of their body, expression of the endothelin 

axis genes was measured in extra-renal tissues to determine if there were any changes. 

Expression of endothelin-related genes was measured in the adrenals of SSPer1−/− and 

SS control rats on normal or high salt diets. There was no significant difference in 

Edn1 expression between SSPer1−/− and SS control rats (Figure 3A). Interestingly, Edn1 
expression significantly changed in response to a high salt diet (Pdiet=0.0105). There were 

no significant genotype or diet effects for Ednra expression (Figure 3B). Ednrb expression 

was significantly different between SSPer1−/− and SS control rats (Pgenotype=0.0118) (Figure 

3C). Additionally, there was a significant increase in Ednrb expression between diets 

(Pdiet=0.0290).
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Expression of endothelin-related genes was also measured in liver mRNA samples of 

SSPer1−/− and SS control rats on normal or high salt diets. There were no significant 

differences in Edn1 and Ednra expression between SSPer1−/− and SS control rats (Figures 

3D-E). Although, there was a significant interaction between genotype and diet effect in 

Ednrb expression (Pinteraction=0.0023).

Clock gene peripheral tissue profile in SSPer1−/− rats

PER1 is a core circadian clock protein used in the transcription-translation feedback loop 

to regulate the expression of thousands of genes. Expression of other core circadian clock 

genes was measured in whole kidney mRNA samples of SSPer1−/− and SS control rats on 

either normal or high salt diets. Bmal1 expression was not significantly different between 

genotypes or diets (Figure 4A). Interestingly, Clock kidney expression was significantly 

decreased in SSPer1−/− rats compared to SS control rats (Pgenotype=0.0288) (Figure 4B). 

There were no significant differences in expression of the Period homolog, Per2 (Figure 

4C). Cry1 expression was significantly increased in SSPer1−/− rats (Pgenotype=0.0469) and 

following a high salt diet (Pdiet=0.0214) (Figure 4D). There were no significant genotype or 

diet effects on Cry2 expression (Figure 4E).

Expression of circadian clock genes was also measured in the adrenal glands and liver 

samples of SSPer1−/− and SS control rats on either normal salt or high salt diets. Adrenal 

Bmal1, Clock, and Per2 gene expression were not altered between genotypes or following 

a high salt diet (Figures 5A-C). Cry1 expression was significantly different between diets 

(Pdiet=0.0336) (Figure 5D). Interestingly, adrenal Cry2 expression was significantly reduced 

in SSPer1−/− rats compared with SS control rats (Pgenotype=0.0064) (Figure 5E). Like the 

adrenal gland, there was no significant differences between genotypes or diets in liver 

Bmal1, or Clock expression (Figures 6A-B). However, Per2 and Cry1 expression had 

a significant diet effect (Pdiet =0.0390 and Pdiet =0.0091, respectively), but there was 

no significant difference between genotypes (Figures 6C-D). There were no significant 

genotype or diet effects on liver Cry2 expression (Figure 6E).

Discussion

In the present study, we show PER1-mediated regulation of the endothelin axis in a 

tissue-specific manner in the Dahl salt-sensitive rat model. Furthermore, lack of PER1 

had differing effects on clock gene expression within peripheral tissues tested, specifically 

kidney, adrenal gland, and liver. Overall, these data provide further evidence for a role of 

PER1 in maintaining endothelin axis regulation.

Previously, our lab has shown that PER1 is a negative regulator of Edn1 in cell culture and 

mouse models (Gumz et al., 2003; Stow et al., 2012). Indeed, global Per1 KO in 129/sv 

and C57BL/6 mice resulted in increased ET-1 peptide levels in the kidney (Douma, Crislip, 

et al., 2020; Stow et al., 2012). Recently, we demonstrated that ET-1 peptide levels were 

also increased in the kidneys of distal nephron and collecting duct (kidney-specific) KS-Per1 
KO mice (Douma et al., 2022). Consistent with these previous findings, here we show for 

the first time that SSPer1−/− rats exhibited increased renal ET-1 peptide levels. Additionally, 

Edn1 mRNA levels were increased in the kidneys of SSPer1−/− rats and decreased in the 
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adrenal glands of both groups on a high salt diet. With PER1 shown to regulate ET-1 in cell 

culture models, mice, and now rats, these findings further support the connection between 

PER1 and ET-1. As well, our findings are in line with those of Pollock and colleagues, who 

have consistently demonstrated a link between circadian rhythms and the action, as well as 

the regulation of ET-1 (Johnston et al., 2016; Speed, Hyndman, Kasztan, et al., 2018; Speed, 

Hyndman, Roth, et al., 2018a).

Previous work in the SSPer1−/− rats showed that lack of PER1 caused a decline in renal 

function, as there was reduced creatinine clearance following high salt diet when compared 

with control SS rats (Zietara et al., 2022). Elevated ET-1 levels have been associated with 

renal inflammation and fibrosis (reviewed by (Dhaun et al., 2012)). With elevated renal ET-1 

peptide levels in SSPer1−/− rats, it is tempting to speculate that this could be a potential 

mechanism behind the decline in renal function seen. However, further work will need to be 

performed to determine the link between elevated renal ET-1 and worsened renal function, 

and whether this could be ETA or ETB receptor-mediated. This could be informative as to 

whether the changes in the ET system are maladaptive or compensatory as ETA is linked 

with prohypertensive and antinatriutic effects while, ETB is linked with antihypertensive and 

natiruiretic effects. Although, recent findings suggest a role for ETA in this pro-natriuretic 

effect (reviewed in (de Miguel et al., 2016)). Furthermore, ET-1 was measured in whole 

kidneys so whether this increase is present in cortex and/or medulla is unknown. This is 

important as ETA is primarly present in the cortex, with ETB in the medulla. A previous 

study by Speed et al. showed that the renal medullary ET system is impaired in Dahl SS 

rats and appears to contribute to salt-sensitivity (Speed et al., 2011). Future work will look 

to address the contribution of PER1 in this impairment, and whether this is a potential 

mechanism behind the exacerbated hypertension and loss of circadian synchrony of blood 

pressure in SSPer1−/− rats.

Edn1 antisense lncRNA Edn1-AS was also increased in SSPer1−/− rats compared with 

control SS rats. Edn1-AS expression has previously been suggested to be regulated by 

PER1 (Douma, Solocinski, et al., 2020). A focus for future studies will be to understand 

the role of PER1 in the regulation of ET-1, potentially via Edn1-AS. Potential mechanisms 

for Edn1-AS regulating ET-1 at the mRNA level could be that Edn1-AS works as a miRNA 

sponge, sequestering miRNA that would inhibit Edn1 translation. Furthermore, it has been 

reported that Edn1 is subject to regulation by mir-709, a miRNA found to bind in the Edn1 
3’ UTR (Jacobs et al., 2013b). Edn1-AS could also bind the sense DNA and form an R-loop, 

which would keep the chromatin open and accessible to transcriptional machinery (Yao et 

al., 2019).

The adrenal endothelin axis is an understudied area. However, the current study shows 

changes in mRNA of adrenal Edn1 in response to salt and Ednrb in response to Per1 KO 

in SS rats. Conflicting evidence is available regarding a relationship between the endothelin 

axis and the adrenal hormone aldosterone. Interestingly, SSPer1−/− rats exhibit higher plasma 

aldosterone levels (Zietara et al., 2022). Previous work has suggested that ET-1 via ETB 

promotes both aldosterone secretion in vitro and in vivo and proliferation of adrenal cells 

(Belloni et al., 1996; Cozza et al., 1989; Delarue et al., 2004; Rossi et al., 2000; Zeng 

et al., 1992). Furthermore, Edn1 is a target gene of aldosterone in both the kidney and 
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colon (Gumz et al., 2003; Wong et al., 2007), but whether it has a local effect on adrenal 

Edn1 is unknown. In patients with primary aldosteronism, significant upregulation of the 

endothelin axis was not found in adrenal gland tissue of these patients compared with 

healthy individuals (Morello et al., 2009). Nevertheless, it would be of interest to further 

explore the relationship between the endothelin axis and aldosterone, and whether PER1 

plays a role.

PER1 has previously been suggested to regulate the liver endothelin axis, as expression 

of the endothelin axis genes were altered in a time-dependent manner in the liver of 

Per1 heterozygous mice (Richards et al., 2014). However, our data only shows significant 

changes in hepatic Ednrb mRNA levels. Again, limited studies have assessed the role of 

the endothelin axis in the liver. ET-1 has been shown to promote activation of hepatic 

stellate cells (HSCs), resulting in elevated cell proliferation and contraction, and ultimately 

leading to liver fibrosis and injury. HSCs express both ETA and ETB receptors, but whether 

the fibrosis and injury is ETA and/or ETB-mediated remains in question (reviewed in 

(Ezhilarasan, 2020)). With a significant difference in the interaction between genotype and 

diet in Ednrb expression, future studies could assess whether SSPer1−/− rats have increased 

incidence of liver fibrosis. Liver ETB has also been suggested to promote nitric oxide 

release to increase expression of bile secretory genes and regulate the secretion of bile into 

the gallbladder (Rodriguez et al., 2013). A study in a double KO Per1/Per2 mouse model 

demonstrated dysregulation of bile acid homeostasis which led to hepatic cholestasis (Ma et 

al., 2009). Interestingly, bile acids have been suggested to regulate blood pressure and could 

play a role in the development of salt-sensitive hypertension (reviewed in (Ishimwe et al., 

2022)). Therefore, it would be interesting to assess bile secretory genes in SSPer1−/− rats to 

determine if PER1, via liver endothelin axis, plays a role in bile acid homeostasis, worsening 

salt-sensitive hypertension.

KO of one clock gene raises the question of what happens to the rest of the clock machinery. 

Interestingly, loss of PER1 had different effects on clock gene expression in the kidney, 

adrenal gland, and liver. Although, whether this was a direct effect of lack of PER1, changes 

in tissue-specific endothelin axis expression, and/or the high salt diet remains in question. 

Our work in kidney specific-Per1 KO mice revealed altered circadian clock gene expression 

in the adrenal gland (Douma et al., 2022). Furthermore, mice overexpressing ET-1 showed 

decreased Cry2 expression in the adrenal gland, as well as increased plasma aldosterone 

levels. Interestingly, this increased plasma aldosterone was reversed with the ETA receptor 

antagonist atrasentan (Berillo et al., 2021). Knocking out Cry2, as well as Cry1, in a 

double KO mouse model also showed elevated plasma aldosterone levels, accompanied with 

salt-sensitive hypertension (Okamura et al., 2016). In these rats, compensation in response 

to Per1 KO and increased ET-1 could alter clock gene expression and play a role in the 

worsened salt-sensitive phenotype and/or desynchrony in blood pressure rhythms previously 

reported (Zietara et al., 2022). With differing effects on circadian clock gene expression in 

tissues lacking PER1, diverse animal models are crucial for understanding the implications 

this has on physiological and pathophysiological function.

Given that PER1 is a transcription factor, the role of PER1 on transcription of the endothelin 

axis genes was a focus of this study. Renal ET-1 peptide levels were assessed, but a 
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limitation of this study is that protein expression of its receptors was not measured. 

Furthermore, tissues were only collected at a time range during their inactive period. 

Previous work in rats has shown that high salt causes either shift or suppression of 

clock gene expression in renal inner medulla primarily during the active phase and causes 

region-specific dysschronization of renal clock gene rhythms (Speed, Hyndman, Roth, et 

al., 2018b). Although, we only found a diet effect on Cry1 expression, but with only at 

one time point, we could only capture a snapshot. There is also compelling data on the 

circadian rhythm of Edn1 mRNA levels peaking during the active period in mice (reviewed 

in (Douma, Barral, et al., 2020)). Together, this highlights the need for future studies 

to investigate ET-1 production, endothelin axis expression, and clock gene expression 

throughout the 24-hour period in kidneys of SSPer1−/− rats at baseline and following a high 

salt diet. Another limitation of these studies is that this work was only carried out in male 

rats. Previous work has demonstrated sex differences in the ratio of ETA to ETB, with a 

higher ratio in male Sprague-Dawley rats (Jin et al., 2013). Therefore, future studies should 

also focus on investigating the endothelin axis in female SSPer1−/− rats. With increases in 

renal ET-1, future studies looking at the impact of blocking its receptors with antagonists 

would be of interest to determine if this prevented the worsening of salt-sensitive phenotype 

and/or renal function. In the SONAR trial, the ETA receptor antagonist, atrasentan, reduced 

the risk of renal events in patients with diabetes and CKD (Heerspink et al., 2019). 

Therefore, this raises a question for future studies: is ETA receptor activation involved in 

worsening of renal function in SSPer1−/− rats?

For the first time, we have shown that PER1 is important for regulation of ET-1 in Dahl 

SS rats. A potential mechanism could be via PER1 regulation of Edn1 antisense lncRNA 

Edn1-AS, a regulatory mechanism of ET-1. This work supports the idea that the PER1 is not 

only important in maintaining rhythmicity of physiological functions, but is also important 

for adapting to changes in environmental cues, like increased dietary salt, to maintain 

homeostasis.
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Figure 1. Endothelin axis gene expression in the kidney of male SSPer1−/− rats.
SSPer1−/− (grey squares) and SS (black circles) kidneys were collected between 1:00-4:00 

PM on either a normal or high salt diet. Total RNA was isolated, cDNA generated, and 

relative mRNA expression measured using TaqMan assay. Relative mRNA expression of 

A. endothelin-1 gene (Edn1), B. endothelin receptor A gene (Ednra), and C. endothelin 

receptor B gene (Ednrb) in SSPer1−/− and SS kidneys. β-actin was used as the reference gene 

and expression normalized to SS normal salt data. D. Kidney endothelin-1 (ET-1) peptide 

levels were measured following 3 weeks high salt diet by ELISA. Data are mean ± SE. 

Genotype, diet, and genotype*diet interaction effects were determined by 2-way ANOVA. 

*P<0.05, n=4-7 rats per group.
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Figure 2. EDN1-AS detection and expression level in the kidney of male SSPer1−/− rats.
Strand-specific RT-PCR was used to measure the relative level of EDN1-AS in whole 

kidney samples from SSPer1−/− and SS control rats on normal salt or high salt diet. A. 
Strand-specific RT primer rSS4 (AS) was used to generate EDN1-AS cDNA samples using 

whole kidney RNA. For each AS reaction, an equivalent RT reaction was performed using 

no RT (−) to ensure no genomic DNA contamination. Random hexamer RT primers were 

used to generate cDNA samples for GAPDH measurement (G). For each reaction, 20 ng 

of cDNA was used in PCR reactions to amplify EDN1-AS or GAPDH. Representative gel 

images are shown for each group. Gel ladder (L) molecular weights are listed for reference. 

B. Gel band pixels were measured using ImageJ. AS band intensity was normalized to the 

respective GAPDH band. EDN1-AS expression levels were relativized to SS control normal 

salt expression levels. Data are mean ± SE. Genotype, diet, and genotype*diet interaction 

effects were determined by 2-way ANOVA. *P<0.05, n=4-5 rats per group.
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Figure 3. Endothelin axis gene expression in the adrenal and liver of male SSPer1−/− rats.
SSPer1−/− (grey squares) and SS (black circles) adrenal glands and liver were collected 

between 1:00-4:00 PM on either a normal or high salt diet. Total RNA was isolated, cDNA 

generated, and relative mRNA expression measured using TaqMan assay. Relative mRNA 

expression of endothelin-1 gene (Edn1), endothelin receptor A gene (Ednra), and endothelin 

receptor B gene (Ednrb) in the adrenal glands (A-C) and livers (D-F) of SSPer1−/− and 

SS rats . β-actin was used as the reference gene and expression normalized to SS normal 

salt data. Data are mean ± SE. Genotype, diet, and genotype*diet interaction effects were 

determined by 2-way ANOVA. *P<0.05, **P<0.01, n=4-7 rats per group.
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Figure 4. Circadian clock gene expression in the kidney of male SSPer1−/− rats.
SSPer1−/− (grey squares) and SS (black circles) kidneys were collected between 1:00-4:00 

PM on either a normal or high salt diet. Total RNA was isolated, cDNA generated, and 

relative mRNA expression measured using TaqMan assay. Relative mRNA expression of 

A. Bmal1, B. Clock, C. Per2, D. Cry1, and E. Cry2 in SSPer1−/− and SS kidneys. β-actin 

was used as the reference gene and expression normalized to SS normal salt data. Data are 

mean ± SE. Genotype, diet, and genotype*diet interaction effects were determined by 2-way 

ANOVA. *P<0.05, n=4-7 rats per group.
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Figure 5. Circadian clock gene expression in the adrenal gland of male SSPer1−/− rats.
SSPer1−/− (grey squares) and SS (black circles) adrenal glands were collected between 

1:00-4:00 PM on either a normal or high salt diet. Total RNA was isolated, cDNA generated, 

and relative mRNA expression measured using TaqMan assay. Relative mRNA expression 

of A. Bmal1, B. Clock, C. Per2, D. Cry1, and E. Cry2 in SSPer1−/− and SS adrenal glands. 

β-actin was used as the reference gene and expression normalized to SS normal salt data. 

Data are mean ± SE. Genotype, diet, and genotype*diet interaction effects were determined 

by 2-way ANOVA. *P<0.05, **P<0.01, n=4–7 rats per group.
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Figure 6. Circadian clock gene expression in the liver of male SSPer1−/− rats.
SSPer1−/− (grey squares) and SS (black circles) liver samples were collected between 

1:00-4:00 PM on either a normal or high salt diet. Total RNA was isolated, cDNA generated, 

and relative mRNA expression measured using TaqMan assay. Relative mRNA expression 

of A. Bmal1, B. Clock, C. Per2, D. Cry1, and E. Cry2 in SSPer1−/− and SS livers. β-actin 

was used as the reference gene and expression normalized to SS normal salt data. Data are 

mean ± SE. Genotype, diet, and genotype*diet interaction effects were determined by 2-way 

ANOVA. *P<0.05, **P<0.01, n=4-5 rats per group.
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Table 1.

TaqMan rat probe sequences

Quantitative PCR probes

Gene Species TaqMan Assay Identification

Actb Rat Rn00667869_m1

Bmal1 Rat Rn00577590_m1

Clock Rat Rn00573120_m1

Per2 Rat Rn01427704_m1

Cry1 Rat Rn01503063_m1

Cry2 Rat Rn01485701_m1

Edn1 Rat Rn00561129_m1

Ednra Rat Rn00561137_m1

Ednrb Rat Rn00569139_m1

Actb, β-actin; Bmal1, brain and muscle ARNT-like 1; Clock, circadian locomotor output cycles kaput; Per2, period 2; Cry1 and Cry2, 
cryptochrome 1 and 2; Edn1, endothelin-1; Ednra and Ednrb, endothelin receptors A and B.
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Table 2

EDN1-AS strand-specific RT-PCR rat primers and sequences

EDN1-AS Strand Specific Rat RT Primer

Name Sequence (5’-3’)

rSS4 CCACAGCACCAAACAGCATAGACAG

PCT Rat Primers

Name Sequence (5’-3’) Product Size

rPCRI CAGCAACAGCATCAAGACCTCCTTT 235 bp

rPCR2 GGTCCTCTGCCAGTCTGAACAAGAA

rGAPDH Fwd CCCAACTAACTCGCCTATTTCTTGC 199 bp

rGAPDH Rev CTTCCCATTCTCAGCCTTGACTGT
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