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Abstract 

Histone deacetylase (HDAC) enzymes regulate transcription through epigenetic 

modification of chromatin structure, but their specific functions in the kidney remain 

elusive. We discovered that the human kidney expresses class I HDACs. Kidney 

medullary-specific inhibition of class I HDACs in the rat during high salt feeding results 

in hypertension, polyuria, hypokalemia, and nitric oxide (NO) deficiency. Three new, 

inducible murine models were used to determine that HDAC1 and HDAC2 in the kidney 

epithelium are necessary for maintaining epithelial integrity and maintaining fluid-

electrolyte balance during increased dietary sodium intake.  Moreover, single nucleus 

RNA sequencing determined that epithelial HDAC1 and HDAC2 are necessary for 

expression of many sodium or water transporters and channels.  In performing a 

systematic review and meta-analysis of serious adverse events associated with clinical 

HDAC inhibitor use, we found that HDAC inhibitors increased the odds ratio of 

experiencing fluid-electrolyte disorders such as hypokalemia. This study provides 

insight on the mechanisms of potential serious adverse events with HDAC inhibitors, 

which may be fatal to critically ill patients.  In conclusion, kidney tubular HDACs provide 

a link between the environment, such as consumption of high salt diets, with regulation 

of homeostatic mechanisms to remain in fluid-electrolyte balance.  
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Introduction 

Maintenance of fluid-electrolyte balance during challenges such as high salt diets 

involves integration of endocrine, paracrine, and autocrine factors. In normotensive 

individuals high salt feeding results in a suppression of anti-natriuretic pathways, such as 

the renin-angiotensin-aldosterone system (RAAS), and activation of natriuretic pathways 

such as the collecting duct endothelin-1/nitric oxide (NO) cascades (e.g. (1)).  These 

physiological changes result in excretion of excess salt and water, and prevent volume 

expansion and the potential for an increase in blood pressure.  However, disruption in 

these pathways can lead to salt-sensitive changes in blood pressure, even in 

normotensive patients (2-5). Epidemiological data suggests that 47% of hypertensive 

patients are on at least 3 different classes of anti-hypertensive drugs but only 60% of 

treated hypertensive patients have controlled blood pressure (6). Thus, there is a need to 

elucidate other pathways that are critical for the maintenance of fluid-electrolyte balance.  

Histone deacetylases (HDACs) are a large family of enzymes that deacetylate 

lysine residues of histones to regulate chromatin structure and subsequent gene 

transcription.  The HDAC isoforms are categorized into four classes based upon structure: 

Class I (HDAC1, 2, 3, 8), Class II (HDAC4, 5, 6, 7, 9, 10), Class III (sirtuins 1-11) and 

Class IV (HDAC11).  Elevated HDAC activity has been causatively linked to cancer and 

consequently there are four FDA approved HDAC inhibitors (HDACi) for the treatment of 

T-cell lymphoma (7).  These are the non-class-selective HDACi, vorinostat, belinostat (8), 

and panobinostat (9), and the class I-selective HDACi, romidepsin (10).  As many as 15 

additional HDACi (11) are currently registered in >500 clinical trials for the treatment of a 

variety of cancers. Recently, HDACi have been proposed to be beneficial in a number of 
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cardiovascular and renal diseases including heart failure (12), renal ischemia-reperfusion 

injury (13), and diabetic nephropathy (14). However, a consistently reported adverse 

event of HDACi treatment is hyponatremia (15-18).  Hyponatremia affects as many as 

24.5% of intensive care unit patients, and can lead to life-threatening neurological 

complications (19). Moreover, other adverse events of HDACi include hypokalemia, 

dehydration, diarrhea, and limb edema (15-18). These types of fluid-electrolyte 

disturbances are potentially fatal to critically ill patients, yet the HDACi-mediated 

mechanisms are not understood.   

 In the kidney, the distal portion of the nephron is responsive to anti-natriuretic or 

anti-diuretic hormones such as aldosterone and vasopressin. Furthermore, 

paracrine/autocrine, natriuretic and diuretic factors, such as NO, are produced at the 

highest levels in the inner medullary collecting duct (20, 21).  Studies with collecting duct 

principal cell specific NO system knockout mice have provided compelling evidence that 

NO is critical for fluid-electrolyte balance and blood pressure control (22, 23).  Thus, 

HDACs in the renal medulla may be a critical site of regulation of these natriuretic factors. 

Furthermore, according to the RNA-Seq database of the rat kidney, class I HDACs have 

the greatest expression in the distal nephron compared to the other nephron segments 

(24). Ureteric bud HDAC1 and HDAC2 are necessary for proper kidney development (25); 

however, their role in the adult nephron is unclear.  We recently reported that class I 

HDACs are expressed in the adult murine kidney (26). The purpose of the current study 

was to test the hypothesis that renal medullary class I HDACs are critical mediators 

between a change in the environment such as eating diets high in sodium and activation 

of mechanisms to maintain fluid-electrolyte homeostasis.  The findings of our study 
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support the concept that chronic HDACi usage or an inability to appropriately activate 

kidney epithelial HDAC1 and HDAC2 leads to severe fluid-electrolyte disturbances and 

persistent kidney damage. 
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Results 

Class I HDACs are expressed in the renal medulla. Western blots were performed with 

human kidney lysates (mixed sexes, 60% cortex, 40% medulla) and male rat inner 

medullary (IM) lysates.  The class I HDACs (HDAC1, 2, 3 and 8) were expressed in 

medullary/cortical lysates from 5 human subjects (Fig. 1A).  Similarly, in the rat IM lysate, 

all four class I HDAC isoforms were expressed (Fig. 1B).  Next, to determine if the class 

I HDACs are regulated by dietary sodium intake, rats were placed on a normal (0.49% 

NaCl) or high salt (4.0% NaCl) diet for 7 days.  High salt feeding resulted in a significant 

4-fold increase in HDAC1 (n = 8/group, P = 0.04) and 2-fold increase in HDAC3 IM 

expression (P = 0.04) (Fig. 1B).  Inner medullary HDAC2 and HDAC8 expression were 

not significantly affected by 7 days of high salt feeding (P > 0.05). A hallmark of HDAC 

nuclear activity is a decrease in histone H3-lysine acetylation (27).  Consistent with 

increased HDAC activity, there was a significant decrease in IM histone H3-lysine 

acetylation after 7 days of high salt feeding compared to IM from normal salt fed rats (Fig. 

1C).  These data show that both HDAC expression and HDAC activity are increased by 

high salt intake. 

 

Intramedullary infusion of MS275, Class I HDAC inhibitor, leads to an increase in 

blood pressure.  To determine if medullary class I HDACs are involved in fluid-electrolyte 

balance and blood pressure control, rats were uninephrectomized, implanted with 

telemetry transmitters, and a week later implanted with programmable, peristaltic pumps 

to infuse within the intramedullary region of the remaining kidney.  The pumps were filled 

with vehicle or the class I HDAC inhibitor, MS275. Two separate cohorts of rats were 
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placed on a high salt intake that was delivered by two classic protocols:  1) feeding of 

high salt diet (HSD) or, 2) drinking high salt (1% NaCl) in water (HSW) for 7 days.  To 

confirm HDAC inhibition with MS275, histones were extracted from the IM, outer medulla 

(OM), and cortex of the kidney. Intramedullary MS275 infusion resulted in a significant 

increase in histone H3-lysine acetylation in the IM and OM (Fig. 1D).  Histone H3-lysine 

acetylation in the cortex was similar between vehicle and MS275 infused rats (Fig. 1D) 

indicating targeted delivery of the drug that was confined to the medulla of the kidney.   

During the course of the high salt loading in the rats, inhibition of medullary class I 

HDACs with MS275 resulted in a significant increase in mean arterial, systolic, and 

diastolic pressure by day 4 of intramedullary infusion that continued to rise over the 7 

days of the study (Fig. S1, Table S1). Similar results were also seen in the HSW study 

(Fig S2. and Table S1).  As blood pressure increased in the MS275 treated rats, heart 

rate significantly decreased as expected (Fig. S1, S2, Table S1). 

 

Intramedullary infusion of MS275 results in changes in thirst.  To determine if Class 

I HDAC inhibition with MS275 infusion significantly affected fluid-electrolyte balance, rats 

were placed in metabolic cages and analyzed on day 2 of the study (when blood pressure 

was similar between the groups) and on day 7 (when there was a significant increase in 

blood pressure).  Sodium intake was similar between vehicle and MS275 treated rats 

eating a high salt diet over the course of the study (Fig. 2A, Table S2).  However, on day 

7 of MS275 infusion, rats consumed significantly more water (Fig. 2B, Table S2) 

indicating an increase in thirst.   Rats that were salt loaded with drinking water and MS275 

infusion, also presented with significant thirst, consuming ~10 ml more than vehicle 
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infused rats (Table S3). To determine if the kidney was effectively managing this increase 

in fluid intake, urine output and composition was determined.  Salt loaded rats with MS275 

treatment had a significantly higher urine output compared to vehicle treated rats (Fig. 

2C). Urine osmolality and urea concentration were significantly reduced with MS275 

treatment (Fig. 2D, E, Table S2).  Free water clearance (CH2O) was significantly greater 

in the MS275 infused rats (P = 0.019) demonstrating that MS275 resulted in more dilute 

urine (Fig 2F, Table S2). This indicates that medullary class I HDAC inhibition leads to 

changes in the kidney medulla, resulting in increased thirst during chronic high salt intake 

and a subsequent greater volume of fluid that must be efficiently managed by the kidney.  

Plasma sodium and chloride concentrations were similar between the rats 

receiving either vehicle or MS275 intramedullary infusions (Table S4).  Plasma osmolality 

was not statistically different between vehicle and MS275 treated rats (Table S4).  Plasma 

potassium was significantly lower in both groups of rats receiving MS275 treatment 

compared to vehicle (P< 0.05; Table S4).   

Creatinine clearance was similar between the rats receiving vehicle or MS275 

infusions suggesting normal glomerular filtration rate (Table S2, S3).  Potassium 

excretion was similar among all groups (Table S2, S3).   Sodium excretion in the HSD 

animals with vehicle or MS275 infusion was similar on both day 2 and day 7 of infusion 

(Table S2). However, HSW rats with MS275 infusion had a significant increase in urinary 

sodium excretion on day 7 compared to vehicle treated HSW rats (Table S3) yet plasma 

sodium appeared normal in this group of rats (Table S4).   
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Intramedullary infusion of MS275 results in altered natriuretic/diuretic regulatory 

factors.  Fluid-electrolyte balance involves many paracrine/autocrine and endocrine 

factors that either promote or inhibit natriuresis/diuresis to maintain homeostasis. There 

was no significant effect of MS275 infusion on urinary atrial natriuretic peptide or 

aldosterone excretion on day 2 or day 7 of HSD or HSW (Table S2, S3).  Likewise, plasma 

aldosterone and plasma renin concentration (as an index of RAAS status) were similar 

among the groups (Table S4).  Vasopressin excretion was significantly increased 2.5-fold 

in MS275 infused rats on day 7 of HSD, which agrees with an increase in thirst in these 

animals (Table S2).  Moreover, IM aquaporin-2 (AQP2) expression was significantly 

reduced in MS275 treated rats and phosphorylation of serine 261 (an inhibitory site (28)) 

was significantly increased (Fig. 2G, H). Given that urine osmolality was significantly 

lower in this group compared to vehicle control (Fig. 2D) these findings suggest that the 

distal nephron was insensitive to vasopressin.  

Renal prostaglandin E2, endothelin-1 (ET-1), and NO play critical roles in fluid-

electrolyte balance as paracrine/autocrine factors (22, 29, 30). Compared to vehicle 

treated rats, MS275 rats had similar levels of PGE metabolite excretion in both the HSD 

and HSW rats (Table S2, S3).  ET-1 excretion was significantly increased in both HSD 

and HSW MS275 treated rats on day 7 compared to vehicle treated rats (Table S2, S3).  

Urinary NOx (nitrite + nitrate, metabolites of NO) excretion is a marker for renal NO 

production (22), and a proposed biomarker for the development of hypertension in 

humans (31).  Urinary NOx excretion was significantly blunted in MS275 treated HSD 

(Fig. 2I) and HSW rats (Fig. 2J).  Moreover, in the HSW rats, there was a significant 

decrease in urinary NOx excretion after only 2 days of MS275 treatment, suggesting that 
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inhibition of class I HDACs attenuated the HSW-induced increase in urinary NOx (Fig. 

2J).  

 

Intramedullary HDAC inhibition reduces renal nitric oxide via decreased nitric 

oxide synthase expression. One potential mechanism of reduced NOx excretion is that 

MS275 treatment results in an increase in reactive oxygen species (ROS).  Urinary 

hydrogen peroxide excretion was similar between vehicle and MS275 treated HSD rats 

(Table S2).  In contrast, urinary hydrogen peroxide excretion was significantly higher in 

HSW rats receiving MS275 (Table S3).  These data suggest that the method of increased 

salt consumption (eating versus drinking) while on HDACi can lead to differences in renal 

ROS production.  

 A second potential mechanism that reduces NO production involves changes in 

nitric oxide synthase (NOS) expression and/or activity.  The IM has the highest total NOS 

activity in the kidney and expresses all 3 NOS isoforms (21). There was a significant 

reduction in NOS1 (referred to as neuronal NOS or nNOS), both NOS1α and NOS1β 

splice variants, and NOS3 (endothelial NOS or eNOS) in the IM of rats that received 

MS275 (Fig. 2K).  NOS2 (inducible NOS or iNOS) IM expression was not statistical 

different (Fig. 2K).  NOS3 activity is regulated through a number of post-translational 

modifications. NOS3 phosphorylation of S1177, an activating site, was significantly 

reduced with MS275 treatment, however this was driven by a decrease in total NOS3 

expression (Fig. S3). MS275 treatment did not have a significant effect on the inhibitory 

phosphorylation site of NOS3 at T495 (Fig. S3).  
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Collecting duct knockdown of Hdac1 reduces plasma potassium in males. In the 

developing ureteric bud, Hdac1 and Hdac2 are essential for proper kidney development 

(25), but their role in the adult nephron remains elusive. To determine which kidney 

tubular cell types in adulthood may be significantly affected by HDAC inhibition, we 

generated three new, inducible Hdac1 and/or Hdac2 knock down murine models.  First, 

Hdac1 was genetically knocked down from the collecting duct in adulthood with a 

doxycycline, inducible Hdac1Flox/Flox Hoxb7-Cre (iHoxb7 Hdac1KO, Fig S4).  iHoxb7 

Hdac1KO mice had similar blood pressure to littermate control mice on a high salt diet as 

adults (Table S1).  When challenged with a high salt diet, iHoxb7 Hdac1KO mice had a 

similar increase in natriuresis and diuresis as control mice (both sexes, Table S5).  They 

also presented with similar urinary NOx excretion (Table S5).  Although plasma sodium, 

chloride, and blood urea nitrogen (BUN) were similar between control and iHoxb7 

Hdac1KO of both sexes, plasma potassium was significantly lower in the male iHoxb7 

Hdac1KO mice (Table S6).  

 

Collecting duct knockdown of Hdac1 and Hdac2 results in significant kidney injury, 

polyuria, and NO deficiency. Hdac1 and Hdac2 were genetically knocked down from 

the collecting duct with a doxycycline, inducible Hdac1Flox/Flox, Hdac2 Flox/Flox Hoxb7-Cre 

(iHoxb7 Hdac1/2KO, Fig S5). Reduction of HDAC1 and HDAC2 in adulthood (Fig S5) did 

not result in any mortality by 25 weeks of age. However, gross kidney abnormalities 

(hydronephrotic kidney, atrophied kidneys, and uninephrectomy) were apparent in 5/18 

male iHoxb7 Hdac1/2KO, and 6/12 female iHoxb7 Hdac1/2KO; none of the control male 
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or female mice had gross kidney abnormalities. Damage was apparent histologically 

presenting as dilated tubules, atrophied tubules, interstitial fibrosis, and protein casts, 

which were evident in 15/18 male and 11/12 female iHoxb7 Hdac1/2KO kidneys (Fig 3A).  

For controls 1/20 males and 3/18 females had mild damage with two or less protein casts 

detected.  At 13 ± 4 weeks of age, mice were fed a low sodium diet (<0.01% NaCl) 

followed by a week of high salt diet (4.0% NaCl) following our previously published 

protocols (22, 23). Urine flow was significantly higher in male iHoxb7 Hdac1/2KO mice 

compared to littermate controls on all salt diets (Fig 3B, Table S7), but sodium excretion 

was similar between the genotypes (Table S7).  Urinary NOx excretion was significantly 

attenuated on all salt diets in the male iHoxb7 Hdac1/2KO mice (Fig 3C). Female iHoxb7 

Hdac1/2KO mice presented with significant polyuria on a high salt diet compared to 

littermate control female mice (Fig 3D, Table S7), but had similar natriuresis to controls 

(Table S7).  The female knockout mice also presented with significantly lower urinary 

NOx excretion on all salt diets compared to controls (Fig 3E). Plasma electrolytes were 

similar between female control and iHoxb7 Hdac1/2KO, but the KO mice had an elevated 

blood-urea-nitrogen (BUN, Table S8) consistent with the kidney damage observed. Male 

iHoxb7 Hdac1/2KO mice also had a mild, but statistically significant, decrease in plasma 

Na compared to controls on both low salt and high salt diets (Table S8). Plasma BUN 

was elevated in the male iHoxb7 Hdac1/2KO mice (Table S8) consistent with the kidney 

damage observed (Fig. 3).  Blood pressure was similar among controls and iHoxb7 

Hdac1/2KO male and female mice on a high salt diet (Table S1). Knock down of Hdac1 

and Hdac2 from the collecting duct results in high salt-mediated polyuria and kidney NO 

deficiency that was independent of blood pressure. 
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Whole nephron Hdac1 and Hdac2 knockdown results in kidney damage, plasma 

electrolyte imbalance, and death.  Using a doxycycline, inducible Pax8-rtTA/Lc-1 (32, 

33), Hdac1 and Hdac2 were knocked down from the kidney epithelium (iPax8-rtTA/Lc-1 

Hdac1/2KO, Fig. S6A, B). Samples were collected 2 weeks after doxycycline, and iPax8 

Hdac1/2KO male and female mice presented with significantly higher kidney/body mass 

ratios (Fig S6C) and significant interstitial fibrosis and tubular injury (Fig 4A).  We next 

determined the effect of kidney epithelial knockdown of Hdac1 and Hdac2 on plasma 

electrolytes. Plasma electrolyte measurements in the iPax8 Hdac1/2KO mice presented 

with significantly higher plasma sodium (Fig 4B, S7A), and chloride (Fig 4C, S7B) but 

similar levels of potassium (Fig 4D, S7C). In both adult male and female knockout mice 

(mean age 14 ± 2 weeks), 27-28 days after doxycycline 100% mortality occurred (n = 6); 

none of the control mice died (n= 6).  

 

Kidney epithelial Hdac1 and Hdac2 regulate ion and water transporter 

transcriptomics. Determinations of the effect of kidney epithelial knockdown of Hdac1 

and Hdac2 on individual cell types in the kidney was conducted with single nucleus RNA-

sequencing (snRNA-Seq). From male and female control and iPax8 Hdac1/2KO mice, 

25,075 nuclei were sequenced and 19 clusters of kidney cells were identified (Fig 5A, 

Fig S8, Table S9). Within each cluster, the differentially expressed genes between control 

and iPax8 Hdac1/2KO were determined (Fig S9-S14, Table S10).  Within a cluster, the 

number of genes up or down regulated with Hdac1/Hdac2 KO was similar, suggesting 

HDAC1/HDAC2 both promote and inhibit transcription (Fig S9-S14).  Consistently across 
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cell clusters, ion channels, ion transporters, and water channels were significantly higher 

in control mice compared to KO. This included proximal tubular cell (PTC) sodium glucose 

co-transporter-1 (SGLT1, Slc5a1) and -2 (SGLT2, Slc5a2, Fig 5B), sodium/hydrogen 

exchanger-3 (NHE3, Slc9a3) in the loop of Henle (Fig 5C), sodium/chloride cotransporter 

(NCC, Slc12a3) in the distal tubule (Fig 5D), and aquaporin 2 and 3 in the collecting duct 

(Aqp2, Aqp3, Fig 5E). Thus, in the adult nephron, HDAC1 and HDAC2 are necessary for 

kidney health and maintaining proper plasma electrolyte concentrations. 

These data also revealed a unique cluster of PTC (cluster 8 named PT5) that were 

highly expressed in the KO (Fig 5A) and the highest differentially expressed gene in this 

cluster was DNA Topoisomerase II Alpha (Top2a) (Fig 6A).  Gene ontology analysis of 

cluster 8 determined this cluster is significantly enriched with genes associated with the 

biological pathways: cell cycle, chromosomal segregation, mitotic nuclear division, cell 

division, and microtubule-based movement (Fig 6B). Thus, epithelial Hdac1 and Hdac2 

deletion results in a novel population of PTC that have altered mitosis consistent with the 

histological results. 

 

Meta-analysis of fluid-electrolyte disorders with HDAC inhibitors. A systematic 

review with a meta-analysis was conducted with data from the literature and clinical trials.  

Only studies that included serious adverse events (defined as grade ³ 3) for both 

placebo/standard of care versus HDACi were included (Fig. S15).  Subjects receiving an 

HDACi have a significantly greater odds ratio (OR) of having a serious fluid-electrolyte 

disorder (OR = 2.7 [95% confidence interval (CI) 2.2 to 3.4], p < 0.0001) (Fig 7A, S16A).  

This includes a significant OR of 2.4 [95% CI 1.5 to 3.8, p = 0.0003] for hyponatremia (Fig 



 16 

7B, S16B), or OR 3.1 [95% CI 1.2 to 4.4, p < 0.0001] for hypokalemia (Fig 7C, S17A). A 

significant change in blood pressure was also associated with HDACi use (OR 2.28  [95% 

CI 1.2 to 4.4], p = 0.015, Fig 7D, S17B).  HDACi use is associated with a significant 

increase in risk of severe fluid-electrolyte disorders in human subjects. 



 17 

Discussion 

Cardiovascular and renal diseases are the leading causes of death worldwide, 

thus there is a critical need to identify mechanisms and to develop novel therapies. The 

main finding from this study reveals that kidney epithelial HDACs are critical in 

regulating fluid-electrolyte balance. The data indicate that class I HDACs (HDAC1 and 

HDAC2) specifically influence transcription and protein abundance/activity of ion 

transporters and ion or water channels in the kidney epithelium.  Moreover, class I 

HDACs are necessary for high salt mediated activation of the NOS/NO pathway. This 

study highlights the potential risk of HDACi on fluid-electrolyte disorders.  

Evidence from models of heart failure (12), ischemia-reperfusion injury (13), and 

diabetic nephropathy (14) have suggested that HDACi use may prevent fibrosis and 

inflammation in these diseases, appearing to be promising therapeutic approaches.  

Clinical data suggest that HDACi use leads to loss of homeostatic mechanisms in fluid-

electrolyte balance, as reported side effects include hyponatremia, hypokalemia, 

edema, and changes in blood pressure.  These adverse events are found in a majority 

of the HDACi clinical trials registered with clinicaltrials.gov, demonstrating a common 

and significant problem that may be fatal for cardiovascular or kidney disease patients.  

Indeed, the meta-analysis presented in this study demonstrates that there is a 

significant increased risk of fluid-electrolyte disorders in subjects using HDACi.  

 Class I Hdacs have relatively high mRNA expression in the distal nephron of the 

rat (24).  We previously reported the localization of kidney HDACs in mice (26), and 

here we present that in both human and rat, HDAC1, HDAC2, HDAC3 and HDAC8 

proteins are present in the kidney.  Moreover, inner medullary HDAC1 and to a lesser 
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extent HDAC3 are increased in response to a chronic high salt diet. These data suggest 

that class I HDACs have a physiological role in the kidney and may be involved in 

regulating homeostatic mechanisms of fluid-electrolyte balance.  

To define the role of class I HDACs in the adult kidney, multiple approaches and 

models were used to model human health.  First, kidney medullary class I HDACs were 

inhibited in salt loaded rats.  Class I HDAC inhibition with MS275 (entinostat), which is 

currently used in clinical trials for cancer (34), resulted in polyuria, kidney NO deficiency, 

and significant increase in mean arterial pressure within 7 days of salt loading. Similarly, 

in mice where collecting duct HDAC1 and HDAC2 insufficiency was induced in 

adulthood, there was significant polyuria, NO deficiency, and kidney damage although 

this was independent of blood pressure.  From the clinical data, urine incontinence (the 

need to frequently void), increased urine output, and thirst were documented in subjects 

treated with HDACi ((35, 36),NCT01802333, NCT00481078).  The polyuria with HDACi 

is likely derived from kidney dysfunction, because in response to renal intramedullary 

infusion of HDACi, collecting duct aquaporin-2 (the vasopressin-sensitive apical water 

channel that is required for concentrating urine) was significantly down regulated and 

phosphorylated at an inhibitory site. From our single nucleus transcriptome, HDAC1 and 

HDAC2 in the principal cell are necessary for proper Aqp2 and Aqp3 transcription. 

Thus, HDACs play a novel role in the regulation of kidney aquaporin transcription and 

abundance. 

Dysnatremia and dyskalemia (either hyper- or hypo-natremia/kalemia) are 

common and serious electrolyte disturbances (37, 38).  For example, a retrospective 

study of emergency room admissions determined that electrolyte imbalances are 
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significantly associated with 30-day and 1-year mortality (38).  Likewise, as many as 

20% hospitalized patients have serious complications from hyponatremia (19) and 

hypokalemia (39) and both are associated with an increase in mortality. Thus, HDACi 

use is very significant to human health and leads to an odds ratio >2 for a fluid-

electrolyte disorder.  All rats with HDACi and nephron or collecting duct specific 

Hdac1/Hdac2 knockdown models, presented with fluid-electrolyte imbalances.  The 

whole nephron HDAC1/HDAC2 deficient animals were the most severe, presenting with 

significant hypernatremia/hyperchloremia and death within 30 days of knockdown. 

Single nucleus transcriptomics also highlight that epithelial HDAC1/HDAC2 are 

necessary for the expression of ion transporters and channels.  In each kidney cell 

cluster, numerous solute carriers were significantly affected including those critical for 

sodium retention: SGLT2, NHE3, and NCC.  Thus, kidney epithelial HDAC1 and/or 

HDAC2 are critical for fluid-electrolyte balance.   

Kidney epithelial HDAC1 and HDAC2 are also critically important for 

maintenance of a healthy tubulointerstitium.  Kidney injury marker-1 (KIM-1, gene 

Havcr1), a PTC injury marker (40), was increased in the PTC cluster 6 of the knockout 

mice.  In many cell clusters, glutathione peroxidase-3 (Gpx3) was significantly 

decreased in the whole nephron HDAC1/HDAC2 KO mice.  Gpx3 is synthesized in the 

kidney and it functions systemically to reduce reactive oxygen species(41).  CKD 

patients are deficient in GPX3 (42), moreover, preclinical studies determined that the 

GPX3 deficiency is a significant risk factor for cardiovascular disease in CKD (43).  

Kidney epithelia lacking Hdac1/Hdac2 also have reduced acyl-coenzyme A synthetase 

(ACSM2) a gene involved in fatty acid metabolism in adulthood.  This deficiency in 
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ACSM2 was observed in all kidney cells (epithelial, endothelial, mesenchymal, and 

immune).  ACSM2 was reported significantly reduced in the developing kidney lacking 

HDAC1/HDAC2 in nephron progenitor cells (44).  Acsm2 transcript abundance in the 

kidney is positively correlated with eGFR in human subjects (45). These data suggest 

that HDAC1/HDAC2 significantly affect fatty acid metabolism and kidney function.  We 

also observed histological evidence of kidney damage in the whole nephron 

Hdac1/Hdac2KO and collecting duct Hdac1/Hdac2KO mice.  Hydronephrosis was 

prevalent (30%) in male and female collecting duct Hdac1/Hdac2KO mice. Chronic 

excess urination can lead to bladder distention, renal back pressure leading to kidney 

atrophy, or even hydronephrosis in humans (46, 47). Thus, these data indicate that 

epithelial HDAC1 and HDAC2 are necessary to prevent excess urination in both male 

and females and promote a healthy tubulointerstitium. 

In the whole nephron Hdac1/Hdac2KO mice there were similar percentages of 

genes expressed higher or lower compared to control, suggesting HDAC1 and HDAC2 

both promote and silence transcription.  This was also found in the developing ureteric 

bud, where HDAC1/HDAC2 knockdown resulted in 226 genes increased and 270 genes 

decreased (out of ~41,000 probes) (25).   Adult whole nephron Hdac1/Hdac2 

knockdown mice of both sexes have a unique PTC cluster that expressed DNA 

topoisomerase 2a (Top2a) 128-fold higher than all other kidney cell types.  Top2a is 

expressed during G2/M phase and functions in generating DNA breaks and ligation 

needed for chromosome separation during mitosis.  HDAC1 and HDAC2 directly 

interact with Top2a and are functionally coupled in the nucleus (48, 49).  Excessive 

Top2a leads to uncontrolled proliferation, as such, combined HDACi and topoisomerase 
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inhibitors are hypothesized to induce apoptosis in cancer (50).  These data suggest that 

unique populations of PT cells with HDAC1/HDAC2 deletion are proliferating cells.  

Frequently among the cluster transcriptomes, ectodysplasin-A (Eda) was significantly 

increased in the KO mice.  Eda is a cytokine and part of the tumor necrosis factor family 

that functions in ectodermal organ development. In adulthood it is expressed in the 

kidney and it functions to promote epithelial barrier function (51). Eda was reported to 

be significantly lower in peripheral blood mononuclear cells of CKD and end stage renal 

disease subjects (52). The functional consequence of a significant increase in kidney 

Eda warrants further investigation, however increased Eda was also observed in the 

developing kidney of HDAC1/HDAC2 nephron progenitor cell mice (44). A limitation to 

our transcriptome analysis is that the direct targets of HDAC1 and HDAC2 cannot be 

distinguished from indirect targets.  Furthermore, it is evident that knock down of kidney 

epithelial HDAC1/HDAC2 in adulthood results in significant transcriptional changes in all 

cell clusters of the kidney and not exclusively limited to the tubular structures indicating 

that HDAC1 and HDAC2 also regulates aspects of cellular cross-talk or potential 

paracrine mediators such as NO. 

Chronic blood pressure control is maintained through the regulation of 

extracellular fluid volume.  There is a complex interaction among anti-natriuretic and 

natriuretic neurohumoral, paracrine, and autocrine factors in order to keep blood 

pressure within the normal set point.  Although dysregulated HDAC activity may lead to 

hypertension and data suggest that in angiotensin-II or obesity-induced hypertension 

HDACi may lower pressure (53-55), we also found in our meta-analysis that HDACi 

leads to a significant risk of a change in pressure. From the HDACi clinical trials, both 
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hypertension and hypotension were reported, and the effect of HDACi on a change in 

pressure among individual trials was variable (Fig.7). HDACi led to increased blood 

pressure in salt loaded rats, but not mice in our study; the reason(s) for which requires 

further investigation. Yet, our study highlights an important area of study because more 

HDACi are being approved to treat additional cancers and consequently patient 

exposure to HDACi will increase. Monitoring blood pressure will be essential to prevent 

serious events related to hypotension or hypertension with HDACi exposure. 

 We report new data that HDACi leads to significant changes in the kidney NO 

system.  Urinary NOx excretion reflects both dietary nitrite/nitrate excretion and renal 

NO production (22).  HDACi or Hdac1/Hdac2 deletion resulted in reduced urinary NOx 

excretion.  These data suggest that HDACs are novel regulators that promote NO 

production during high salt feeding.  In agreement with this was the discovery that 

HDACi treatment resulted in a significant decrease in inner medullary NOS1 and NOS3 

expression.  These data suggest that Class I HDACs promote NOS1 and NOS3 

abundance during chronic high salt intake in rats. This finding is clinically relevant 

because there are associations between reduced NO and hypertension, and even salt-

sensitive hypertension, in humans (56-58), rats (59), and mice (22).  Moreover, patients 

with kidney disease often present with a salt sensitive blood pressure. In a study with 

type 2 diabetic nephropathy subjects compared to type 2 diabetics without kidney 

disease, urinary NOx was blunted and failed to increase with high salt diet feeding, and 

this was associated with a salt-sensitive rise in mean arterial pressure (60).  Even 

chronic kidney disease patients, adult and pediatric patients, have reduced NO and this 

is associated with increased cardiovascular disease risk (61, 62).  A recent pilot study 
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with CKD subjects determined that increasing NO in the body, by an acute dietary 

nitrate load (which is reduced to NO in the body), significantly reduced blood pressure 

and renal resistive index (63).  Thus, kidney HDAC1 and HDAC2 play a novel function 

in the regulation of kidney NO status, likely through modulating NOS abundance.  This 

suggests that chronic HDACi use may exacerbate NO deficiency and increase 

cardiovascular disease risk in kidney disease patients.   

 To conclude, we present new evidence that renal medullary class I HDACs play 

a critical role in the regulation of homeostatic mechanisms involved in maintaining fluid-

electrolyte balance.  Kidney class I HDACs, especially HDAC1, is increased with dietary 

sodium, and it is well appreciated that a Western diet is high in sodium. Thus, kidney 

HDACs provide a link between the environment, such as consumption of high salt diets, 

with regulation of homeostatic mechanisms to remain in fluid-electrolyte balance. Given 

the research of HDACi to treat cancers, cardiovascular, and kidney diseases, this study 

sheds light on the mechanism(s) of the adverse events in fluid-electrolyte homeostasis 

that may be fatal to critically ill patients.   
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Methods 

 

Rats, telemetry and chronic intramedullary infusion. Sprague Dawley, 8-week-old 

male rats (225 g) were purchased from Harlan (Indianapolis, IN) and maintained on a 12 

h light 12 h dark schedule. These rats were fed a normal salt diet (0.49% NaCl Teklad 

#96208) and water ad libitum.   At 10 weeks of age, rats (N = 5) were randomly assigned 

to either normal salt diet or high salt (4.0% NaCl Teklad #92034) for 7 days.  These rats 

were then euthanized and plasma, kidney cortex, outer medulla and inner medulla were 

dissected and snap frozen for Western blot experiments. 

At 9 weeks of age, male Sprague Dawley rats (Harlan, Indianapolis, IN) underwent 

uninephrectomy leaving the right kidney intact, and implanted with telemetry devices 

(Data Sciences Inc, St. Paul, MN) as previously described (64).  After a week of recovery, 

iPRECIO® micro infusion pumps (SMP-200, Tokyo, Japan) implanted into the right kidney 

as previously described (65).  The pumps were programmed to deliver at a rate of 9 μl/min 

for the duration of the study.  This rate of delivery was based upon previous studies that 

determined 10 μl/min infusion of 0.9% saline had no significant effect on renal 

hemodynamics (66). Details of the surgery are found in the Supplementary Information.  

 

Infusion Protocol 1 – Feeding of high salt diet and access to free water.  Rats were 

placed in metabolic cages with 4.0% NaCl powdered diet (Teklad #92034) and had free 

access to water (High salt diet, HSD). The pumps were filled with vehicle (30% DMSO in 

0.9% saline, all solutions sterile, N = 4) or the class I HDAC inhibitor MS275 (67) (Cayman 
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Chemical, Ann Arbor, MI, N = 5), at 1 mg/kg/day.  This concentration was used based 

upon pharmacokinetic studies in rats that gave oral doses of 15 mg/kg (68).  

 

Infusion Protocol 2 – 1% NaCl in water and normal salt diet. Rats were placed on 1% 

NaCl drinking water and maintained on 0.49% NaCl ground diet (Teklad #96208) (high 

salt water, HSW, N = 5).  The iPRECIO® pumps were filled with vehicle (30% DMSO in 

0.9% saline, all solutions sterile) for 7 days.  Following this, the pumps were refilled with 

MS275 (1 mg/kg/day) for an additional 7 days according to manufacturer’s directions.   

 

Murine models.  All details of the genetics, genotyping, inducible knockdown strategies, 

and confirmation of knockdown are provided in the supporting information.  Hdac1fl/fl 

and Hdac2fl/fl mice were a kind gift from Dr. Eric Olsen (UT Southwestern).  To generate 

inducible, kidney epithelial Hdac1 and Hdac2 knockout (KO) mice, HDAC1fl/fl and 

HDAC2fl/fl mice were bred with doxycycline inducible Pax8-reverse tetracycline 

transactivator (rtTA) (Trayova-Brauch et al. 2008) and the bicistronic Cre (LC-1) (Schonig 

et al. 2002) hemizygous mice.  Upon doxycycline treatment of males and females, mice 

with the genotype Hdac1fl/fl, Hdac2fl/fl, Pax8-rtTA-Lc-1 would be knockout animals and 

littermate controls had the following possible genotypes: 1) Hdac1fl/fl and Hdac2fl/fl, 2)  

Hdac1fl/fl, Hdac2fl/fl, Pax8-rtTA, 3) Hdac1fl/fl and Hdac2fl/fl l, Lc-1. Collecting duct specific 

HDAC1 and HDAC2 knockout mice were generated by breeding Hdac1fl/fl and Hdac2fl/fl 

with doxycycline inducible Hoxb7-rtTA-Lc-1 mice (Jax Labs Stock # 016567).   

Floxed HDAC2 alleles were bred out by mating Hdac1fl/fl and Hdac2fl/fl mice with a 

C57blk6J mice and then bred back to only Hdac1fl/fl.  Collecting duct Hdac1 KO and 
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littermate controls mice were generated by breeding Hdac1fl/fl with Hoxb7-rtTA, Lc-1 mice.  

All mice in these models were provided doxycycline at 6-8 weeks of age to induce KO in 

the rtTA/Lc-1 positive mice.  Knockdown was confirmed by PCR (Table S11 for primers) 

for the recombinant alleles of Hdac1 and/or Hdac2, and immunolocalization studies 

described in the Online Supporting Information. 

 

Murine salt loading, metabolic cages, and telemetry.  Mice were provided gel diet with 

different amounts of NaCl as described in detail elsewhere (23) for both the metabolic 

cage and telemetry studies.  Mice were individually housed in the metabolic cages as 

previously described(23).  Following the metabolic cage study, mice underwent telemetry 

surgery as previously described (22). 

 

Urine and plasma analyses, Western blots. See Supplementary Information, including 

Table S12 for antibodies used in the study. 

 

Single nucleus RNA sequencing.  Nuclei suspensions were generated from male and 

female control and iPAX8 HDAC1/2KO mice following the methods of Wu et al (69).  The 

10X Genomics platform was used to analyze the transcriptome of single nuclei, and raw 

and processed files are deposited in Gene Expression Omnibus (GSE148354).  Precise 

methods and details of data analyses are found in the Online Supporting Information.  

 

Systemic review and meta-analysis. Pubmed and clinicaltrails.gov searches were 

performed in August of 2019 and are described in detail in the supporting information. 
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Only serious adverse events of grade 3 or higher were included in the analysis.  The 

Mantel-Haenszel method was used following the methods and code of Efthimiou (70).  

Odds ratios and 95% confidence intervals were calculated and analyzed using both fixed 

and random effects models.  Forest plots were generated with the dataset using R. 

 

Statistics.  Data are reported as either individual points with mean +/- s.e.m. plotted or 

represented by box plots with median marked and minimum to maximum values 

denoted by vertical lines. For dietary salt interventions, all data were analyzed using 

repeated measures, Two Factor ANOVA (Time and drug, or genotype and diet) with 

post hoc Sidak’s multiple comparison test.  For the HSW study, two group comparisons 

were performed using a paired, two-tailed Student’s t-test to either compare day 7 of 

vehicle and day 7 of MS275 or the change from day 2 or 7 to day 1 of vehicle or MS275.  

For two mean comparisons a Student’s t-test was used.  α = 0.05 and P < 0.05 were 

considered statistically significant.  Significance of results from the meta-analysis were 

determined by both fixed and random models.  

 

Study Approval. All animal use and welfare adhered to the NIH Guide for the Care and 

Use of Laboratory Animals following a protocol reviewed and approved by the 

Institutional Laboratory Animal Care and Use Committee of The University of Alabama 

at Birmingham. Human kidney lysate samples were purchased from Origene (Rockville, 

MD). Origene collected these samples from US Institutions under strict IRB and ethical 

consenting practices.  
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Fig. 1.  Class I HDACs are expressed in the kidney. (A) Human cortical/medullary 

lysates (n = 5 individuals). (B) Male Sprague Dawley rats on a normal (NS, open circles) 

or 4% high salt (HS, closed squares) chow diet, express Class I HDACs in the inner 

medulla.  After 7 days of HS diet (HSD) there was a significant increase in inner 

medullary protein expression of HDAC1 and HDAC3 (n = 8 rats/group, Student’s t-test, * 

P < 0.05).  (C) HSD also resulted in activation of inner medullary HDAC activity as 

determined by a decreased in histone H3 lysine acetylation (ac-H3).  (D) Intramedullary 

Inhibition of Class I HDACs with MS275 for 7 days, while on a HS diet, results in a 

kDa

HDAC1 HDAC2 HDAC3 HDAC8
0

5

10

15

Protein

R
el

at
iv

e 
de

ns
ito

m
et

ry *
NSD
HSD

*

A

C

B

NSD HSD
0.0

0.5

1.0

1.5

ac
-H

3/
To

ta
l H

3 *

D

Cortex OM IM
0

1

2

3

4

ac
-H

3/
 T

ot
al

 H
3 *

*
Vehicle
MS275

NSD HSD

50

20
kDa

Ac-H3

Total
H3

Ac-H3

Total
H3

Cortex
MW V MS

OM IM

15

15

15
20

15
20

NSD HSDMWkDa
75

HDAC1

HDAC2

HDAC3

HDAC8

 MW 1       2        3      4      5  

50

50

50

50

50

kDa

HDAC1

HDAC2

HDAC3

HDAC8

Actin42

20

MW V MS MW V MS

50

50

50



 37 

significant increase in inner medullary (IM) and outer medullary (OM) histone ac-H3, but 

not in the cortex. (n = 4 vehicle, n = 5 for MS275, Student’s t-test, * P = 0.01). Individual 

data points shown with mean ± standard error plotted. 
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Fig. 2. Metabolic cage results from rats on a 2 or 7-day high salt diet (HSD) with 

intramedullary infusion MS275 (grey) or vehicle (white). Box plots with median and 

maximum and minimum values plotted. (A) MS275 treatment did not significantly affect 

sodium intake but (B) did lead to increased consumption of water and, (C) subsequent 

increase in urine production after 7 days, compared to vehicle infused rats.  (D) Urine 

osmolality and (E) urinary urea concentration were reduced with MS275 treatment.  Two 

Factor ANOVA reported and *P<0.05 compared to vehicle from post hoc Sidak’s 

multiple comparison test reported. (F) Free water clearance (CH2O) confirms production 

of a dilute urine, however it was significantly different with MS275 treatment. Unpaired, 
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two-tailed Student’s t-test reported. (G-H) Inner medullary expression of AQP2 and the 

inhibitory phosphorylation site of AQP2 S261after 7 days of vehicle or MS275 infusion.  

(G) MS275 treatment resulted in a significant reduction in AQP2 expression and (H) a 

significant increase in phosphorylation of S261. Unpaired, two-tailed Student’s t-test 

reported.  Intramedullary infusion of the Class I HDAC inhibitor, MS275 results in 

reduced nitric oxide.  (I) Urinary NOx (nitrite + nitrate) excretion failed to increase in 

MS275 infused rats that were eating a 2 and 7 day high salt diet. Two Factor ANOVA 

and *P<0.05 compared to vehicle HSD2 from post hoc Sidak’s multiple comparison test 

reported. (J) Urinary NOx excretion was significantly decreased with MS275 treatment 

in rats drinking 1% NaCl. There was a decrease after 2 days of MS275 treatment. * 

represents P < 0.05 from vehicle day 7 as determined by paired, two tailed, Student’s t-

test. (K) Inner medullary nitric oxide synthase expression in rats on a high salt chow.  7 

days of MS275 treatment resulted in a significant decrease in NOS1α, NOS1β, and 

NOS3 protein abundance.  NOS2 expression was not statistically significant from 

vehicle treated rats.  n = 4 for vehicle and 5 for MS275. Unpaired, two-tailed Student’s t-

test reported. 
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Fig 3.  Collecting duct specific deletion of Hdac1 and Hdac2 results in kidney damage 

and polyuria.  (A)  Representative Gomori’s trichrome staining images in control and 

iHoxb7-rtTa-Lc-1-Cre Hdac1 and Hdac2 knockout (iHoxb7Hdac1/2KO) mice (male 

control and KO n = 18 each, female control n = 18, KO = 12). Knockout mice present 

with significant interstitial fibrosis in areas with atrophied tubules.  This was not 

observed in control mice. White scale bar is 100 microns and black scale bar is 20 
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microns. (B) iHoxb7Hdac1/2KO male mice present with significant polyuria on a low salt 

(LS) diet which is further exacerbated on a high salt diet (HS). Box plots with median 

and maximum and minimum values plotted. (C)  Male iHoxb7Hdac1/2KO mice have 

significantly lower urinary nitrite/nitrate (NOx) excretion on all diets.  Individual data 

points plotted with mean ± standard error indicated. (D)  Female iHoxb7Hdac1/2KO 

mice present with significant polyuria while eating a HS diet, and this was associated 

with (E) lower urinary NOx excretion.  Male control and KO n = 18 each, female control 

N = 18, KO = 12.  Repeated measures, 2-factor ANOVA provided, * represents 

significant difference from control as detected by post hoc Sidak’s test. 
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Fig 4.  Inducible whole nephron Hdac1 and Hdac2 knockout mice (iPax8 Hdac1/2KO) 

have significant kidney damage. (A) Representative images of Gomori’s trichrome 

staining in control and iPax8 Hdac1/2KO mice (from a total of n = 8 per sex, per group). 

Knockout mice presented with significant interstitial fibrosis in areas with atrophied 

tubules in both male and female mice.  This was not observed in control mice. White 

scale bar is 100 microns and black scale bar is 20 microns. (B-D) The iPax8 

Hdac1/2KO mice (male and female data combined) present with (B) higher plasma 

sodium and (C) plasma chloride, but (D) normal plasma potassium. Control n = 23, KO 
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= 16. Box plots with median and maximum and minimum values plotted. Results of 

unpaired, two tailed Student’s t-test in each panel. 
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Fig 5.  Integrated dataset of single nucleus RNA-sequencing results of control and 

iPax8 Hdac1/2KO male and female mice.  Note cluster 8 is abundant in the knockout.  

(B-E) Control mice as compared to iPax8 Hdac1/2KO mice have significantly higher 

expression of genes involved in fluid-electrolyte balance.  (B) Differentially expressed 

genes in the proximal tubular cells, (C) loop of Henle, (D) distal tubules and (E) 

collecting ducts.  Heatmap legend represents log fold change (Control/ iPax8 

Hdac1/2KO), and white represents not available (N/A, not significantly expressed).  PT- 

proximal tubule, DLOH – descending loop of Henle, ALOH – ascending loop of Henle, 
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DCT – distal tubules, JGA – juxtaglomerular apparatus, CD – collecting duct, PC – 

principal cell, ICa – intercalated cell type a, ICb – intercalated cell type B. 
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Fig 6.  Inducible whole nephron HDAC1 and HDAC2 knockdown mice (iPax8 

Hdac1/2KO) have unique cluster of kidney cells, cluster 8.  (A)  A heatmap of the top 20 

highly differentially expressed gene markers in cluster 8. (B) Summary of the significant 

Gene Ontology Biological Processes in cluster 8 compared to all other clusters, and 

relationships among the genes in these pathways. 
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Fig 7.  Meta-analysis of serious adverse ( ≥ grade 3) fluid-electrolyte abnormalities and 

blood pressure in subjects on placebo or standard therapy versus those on a histone 

deacetylase inhibitor (HDACi). Forest plots of the odds ratio with horizontal lines 

representing 95% confidence interval and diamonds represent odds ratio for all studies 

combined.  There is a significant increase in odds of A) any fluid-electrolyte abnormality 

(p < 0.0001), B) hyponatremia (p = 0.0003), or C) hypokalemia (p < 0.0001) or D) a 

change in blood pressure (either increase or decrease, P = 0.015) with HDACi use.  
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