
Received: August 2, 2024. Revised: December 18, 2024. Accepted: December 24, 2024
© The Author(s) 2025. Published by Oxford University Press on behalf of The International Society for Sexual Medicine.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Sexual Medicine, 2024, 12, qfae096
https://doi.org/10.1093/sexmed/qfae096
Original Research

Histone deacetylase 6 inhibition prevents 
hypercholesterolemia-induced erectile dysfunction 
independent of changes in markers of autophagy 
Colin M. Ihrig, MS1, McLane M. Montgomery, MS1, Yohei Nomura, MD2, Mitsunori Nakano, MD3, 
Deepesh Pandey, PhD4, Justin D. La Favor, PhD1 

1Department of Health, Nutrition, and Food Sciences, Florida State University, Tallahassee, FL 32306, United States 
2Department of Cardiovascular Surgery, Saitama Medical Center, Jichi Medical University, Saitama 330-8507, Japan 
3Department of Cardiovascular Surgery, Tokyo Metropolitan Bokutoh Hospital, Tokyo, 130-8575, Japan 
4Vascular Biology Center and Department of Medicine, Medical College of Georgia at Augusta University, Augusta, GA 30912, United States 
*Corresponding author: Department of Health, Nutrition, and Food Sciences, Florida State University, 107 Chieftan Way, 239 Biomedical Research Facility, 
Tallahassee, FL 32306, United States. Email: jlafavor@fsu.edu 

Abstract 
Background: Erectile dysfunction is a condition with a rapidly increasing prevalence globally with a strong correlation to the increase in obesity 
and cardiovascular disease rates. 
Aim: The aim of the current study is to investigate the potential role of tubacin, a histone deacetylase 6 (HDAC6) inhibitor, in restoring erectile 
function in a hypercholesterolemia-induced endothelial dysfunction model. 
Methods: Thirty-nine male C57Bl/6 J mice were divided into 3 groups. Two groups were administered an adeno-associated virus encoding for 
the gain of function of proprotein convertase subtilisin/kexin type 9 (PCSK9) and placed on a high-fat diet (HFD) with 1.25% cholesterol added 
for 18 weeks in order to induce a prolonged state of hypercholesterolemia. One of the PCSK9 groups received daily intraperitoneal injections of 
the HDAC6 inhibitor tubacin, while the other 2 groups received daily vehicle injections. Erectile function was assessed through measurement 
of intracavernosal pressure and mean arterial pressure during cavernous nerve stimulation, as well as assessment of agonist-stimulated ex vivo 
relaxation of the corpus cavernosum (CC). Western blotting was performed from CC tissue samples. 
Outcomes: Erectile and endothelial functions were assessed, as well as protein markers of mitochondrial dynamics, mitophagy, and autophagy. 
Results: Erectile function was impaired in the HFD + PCSK9 group throughout the entire voltage range of stimulation. However, the 
HFD + PCSK9 mice that were treated with tubacin experienced significant restoration of erectile function at the medium and high voltages 
of nerve stimulation. Similarly, ex vivo CC relaxation responses to acetylcholine and the cystathionine γ -lyase (CSE) substrate L-cysteine were 
reduced in the vehicle-treated HFD + PCSK9 mice, both of which were restored in the HFD + PCSK9 mice treated with tubacin. Corpus-
cavernosum protein expression of CSE was significantly elevated in the tubacin-treated HFD + PCSK9 mice relative to both other groups. There 
were no significant differences observed in any of the protein markers of mitochondrial dynamics, mitophagy, or autophagy investigated. 
Clinical translation: Histone deacetylase 6 inhibition may protect against erectile and endothelial dysfunction associated with hypercholes-
terolemia. 
Strengths and limitations: This was the first study to investigate HDAC6-specific inhibition for treatment of erectile dysfunction. A study 
limitation was the exclusive focus on the CC, rather than structure and function of the pre-penile arteries that may develop a substantial 
atherosclerotic plaque burden under hypercholesterolemic conditions. 
Conclusions: Tubacin may prevent hypercholesterolemia-induced erectile dysfunction through a hydrogen sulfide–related mechanism unrelated 
to regulation of mitophagy or autophagy. 
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Introduction 
Erectile dysfunction (ED) is the inability to achieve or main-
tain an erection capable of sexual performance. Erectile dys-
function has also been presented as a possible indicator of 
a more systemic vascular dysfunction, specifically endothe-
lial dysfunction.1,2 Erectile and endothelial dysfunction are 
both associated with cardiovascular disease (CVD),3 while 
atherosclerosis represents a major cause of CVD progres-
sion.4 Atherosclerosis is characterized by chronic inflamma-
tion leading to increased vascular damage and endothelial 

dysfunction. This chronic inflammation results from a multi-
tude of pathologies including mitochondrial dysfunction and 
reactive oxygen species (ROS) production, as well as increased 
proliferation, migration, and senescence of vascular smooth 
muscle.5 Increased circulating oxidized LDL-cholesterol is 
associated with an increase in overall risk factors for CVD. 
These metabolic changes that occur lead to the inflammatory 
cascade. 

Hydrogen sulfide (H2S) has become of increasing interest 
as a gasotransmitter joining the endogenous gaseous signaling
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molecules nitric oxide (NO) and carbon monoxide (CO).6,7 

Hydrogen sulfide can act as a regulator of vascular tone 
working as a hyperpolarization factor with crosstalk between 
production of H2S and NO. Hydrogen sulfide also plays a 
regulatory role in the proliferation and migration of vascular 
smooth muscle cells aiding in maintaining vascular home-
ostasis and blunting vascular disease progression.8 Hydrogen 
sulfide is produced enzymatically via cysteine metabolism 
by 3 enzymes, cystathionine-γ -lyase (CSE), cystathionine-
β-synthase (CBS), and 3-mercaptopyruvate sulfotransferase 
(3MST). Cystathionine-γ -lyase is the predominant H2S-
producing enzyme in the vasculature and plays a role in 
maintenance of vascular functioning.9 Cystathionine-γ -lyase 
and H2S have also been shown to be beneficial in reduction of 
endothelial inflammation and atherogenic development and 
progression.10 Histone deacetylase 6 (HDAC6) is classified as 
a class IIb histone deacetylase (HDAC) and plays a regulatory 
role in cellular homeostasis.11 Histone deacetylases, along 
with histone acetyltransferase (HAT), work in balance to 
regulate transcription via posttranslational modifications.12 

Increased activity of HDAC6 has shown to increase lipid-
induced endothelial dysfunction in vitro as well as decrease 
CSE expression in aortic endothelial cells.13 Inhibitors 
of HDAC6 have shown to both increase CSE protein 
expression as well as blunt the down regulation of CSE by 
angiotensin II.14 

Maintenance of the smooth muscle of the corpus cav-
ernosum (CC) and the underlying vasculature is a critical 
component for maintenance of healthy erectile functioning. 
Autophagy, a form of lysosomal degradation, serves this 
function not only acting to eliminate cellular waste and 
damaged organelles but also as a stimulator of cellular 
homeostasis.15 Histone deacetylase 6 has shown to play 
a significant role in the regulation of autophagy via its 
post-translational modifications. Histone deacetylase 6 
downregulates the autophagy pathway via its inhibition 
of transcription factor EB (TFEB). Inhibition of HDAC6 
has been shown to be beneficial at restoration of normal 
autophagic cellular cleaning.16 Autophagy is also responsible 
for influencing the phenotypic transition of smooth muscle 
in response to stressors.17 Phenotypic changes in vascular 
smooth muscle are induced by stress and vascular injury 
including in lipid-rich environments. Disrupted autophagy 
may cause an imbalance in this phenotypic switching, 
leading to progression of atherosclerosis and vascular 
pathology.18 

Mitophagy is a selective form of autophagy performed by 
the mitochondria in response to damage from stressors such 
as increased ROS generation. Under physiological conditions, 
mitophagy can efficiently clear these damaged mitochondria 
and maintain cellular homeostasis. However, when the 
stressors placed on the mitochondria become too great, the 
process of mitophagy becomes disordered and results in more 
damaged mitochondria remaining in the cell. These damaged 
mitochondria without being effectively eliminated go from 
anti-inflammatory to pro-inflammatory, adding to the 
growing stress.19 Another major stressor for mitochondrial 
functioning and overall inflammatory levels is oxidized 
LDL. Systemically elevated oxidized LDL is detrimental to 
mitophagy and increases the prevalence of endothelial cell 
damage and apoptosis.20 This increase in mitochondrial 
dysfunction contributes to the inflammatory burden that 
leads to pathologic vascular development and atherogenesis. 

In preventing mitochondrial dysfunction and increasing sta-
bility of 
mitochondrial biogenesis, both CSE and H2S have been 
shown to play a multifactorial role. Maintenance of H2S 
production is critical for maintenance of homeostatic 
mitochondrial functioning leading to increased mitochon-
drial stability and increased ability to buffer physiologic 
stress.21 Histone deacetylase 6 may also play a vital role 
in maintenance of mitophagy via its regulatory role of 
BNIP3 protein expression.22 In this study, we sought to 
address the following questions: (1) Does HDAC6 inhibition 
preserve erectile function and penile endothelial function in a 
model of hypercholesterolemia?, (2) Does HDAC6 inhibition 
upregulate CSE expression in the hypercholesterolemic corpus 
cavernosum?, and (3) Does HDAC6 inhibition alter markers 
of autophagy and mitophagy in the hypercholesterolemic 
corpus cavernosum? 

Methods 
Experimental animals and study design 
Male C57Bl/6 J mice were purchased from Jackson Labora-
tories (Bar Harbor, ME, USA). Mice were maintained in a 
pathogen-free animal housing facility with ad libitum access 
to food and drinking water. At 8 weeks of age, mice were 
administered a single tail-vein injection of 1 × 1011 vector 
genomes of adeno-associated virus (AAV) encoding a gain-
of-function mutant (D377Y) form of proprotein convertase 
subtilisin/kexin type 9 (PCSK9).23 These mice then received a 
high-fat diet (HFD, 40% energy from fat) with 1.25% choles-
terol added (#D12108C, Research Diets, New Brunswick, 
NJ, USA) for 18 weeks. This hypercholesterolemic mouse 
model has been described previously. Hepatic LDL recep-
tor expression becomes depleted, and mice develop extreme 
increases in non-HDL cholesterol levels within 1 week fol-
lowing PCSK9 AAV injection.24,25 Two groups (n = 13 per 
group) of these mice received a daily intraperitoneal injection 
of either vehicle (dimethylsulfoxide [DMSO]) or the HDAC6 
inhibitor tubacin (0.5 mg/kg; Enzo Life Sciences, New York, 
NY, USA). A separate set of control mice (n = 13) received a 
single tail-vein injection of saline at 8 weeks of age and was 
maintained on a standard chow diet for 18 weeks thereafter. 
All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Johns Hopkins 
University. 

Erectile function assessment 
Erectile function was assessed through measurement of 
intracavernosal pressure (ICP) and mean arterial pressure 
(MAP) as described previously.26 Briefly, mice were anes-
thetized with an intraperitoneal injection of 90 mg/kg 
ketamine and 10 mg/kg xylazine. The left carotid artery 
and left crus were cannulated with polyethylene tubing 
filled with 100 U/mL of heparinized saline connected to 
pressure transducers (ADInstruments, Sydney, Australia), 
allowing for the continuous measurement of MAP and ICP 
through connection to a PowerLab data acquisition system 
(ADInstruments) via a bridge amplifier (#FE221, ADInstru-
ments) with LabChart Pro software (ADInstruments). The 
cavernous nerve was stimulated with bipolar electrodes via 
a square pulse stimulator (Grass Instruments, Quincy, MA, 
USA) at a frequency of 10 Hz with a 5 ms pulse width



Sexual Medicine, 2024, Vol 12, Issue 6 3

for 60 s stimulation periods, separately at 1, 2, and 4 V of 
stimulation. Mice were sacrificed 10 minutes following the 
final stimulation by double thoracotomy and exsanguination 
of the vena cava. Erectile function was assessed by the peak 
ICP-to-MAP ratio and the area under the curve (AUC) 
of the ICP tracing during stimulation normalized to MAP 
(AUC/MAP), which represent the ability to achieve and 
maintain an erection, respectively. 

Ex vivo vascular reactivity of the corpus 
cavernosum 
In a separate set of mice from the erectile function assess-
ment, mice were deeply anesthetized with an intraperitoneal 
injection of 90 mg/kg ketamine and 10 mg/kg xylazine and 
sacrificed by double thoracotomy and exsanguination of the 
vena cava. Penile tissue was removed under a dissection micro-
scope, and the penile shaft was separated from the glans penis. 
The penile shafts were placed in ice-cold Krebs solution of the 
following composition (in mM): NaCl 130, KCl 4.7, KH2PO4 
1.18, MgSO4 1.18, NaHCO3 14.9, dextrose 5.6, CaCl2 1.56, 
and EDTA 0.03 dissolved in distilled water. All components 
of the Krebs solution were purchased from Sigma Aldrich 
(St. Louis, MO, USA). The urethra, dorsal vein, and connec-
tive tissues were carefully excised from the penile shaft in 
chilled Krebs solution. The CC tissue was mounted in a DMT 
820MS muscle strip myograph system (Danish MyoTechnol-
ogy, Aarhus, Denmark) for isometric tension measurement 
and recording with LabChart software (ADInstruments).27 

Tissues were bathed in Kreb’s solution maintained at 37 ◦C 
and continuously aerated with a 95% O2 and 5% CO2 mix-
ture. Tissues were allowed to equilibrate for 1 hour, stretched 
to a resting tension of 4 mN, followed by an additional 1 hour 
of equilibration. Tissue viability and contractile function were 
tested with high-potassium (120 mM) Krebs solution, with 
KCl substituted for NaCl. Following successive washes with 
Krebs solution to achieve a stable resting tension, tissues were 
pre-constricted with 10 μM phenylephrine (PE), followed by 
cumulative dose–responses of acetylcholine (ACh: 0.001-3.0 
μM) to test endothelial function, sodium nitroprusside (SNP: 
0.001-3.0 μM) to test endothelium-independent relaxation, 
and the CSE substrate L-cysteine (L-Cys: 0.1 μM-1.0 mM). 
Tissues were washed thrice successively with Krebs solution 
over 30 minutes following the dose–response protocol for 
each agonist. All relaxations were calculated as a percentage 
restoration to the resting tension from the PE pre-constricted 
value. 

Immunoblotting analysis 
Immediately following sacrifice of mice that underwent erec-
tile function assessment, penile tissue was harvested from the 
base to the proximal glans, from which the corpus spongio-
sum, dorsal vein, and connective tissue were quickly stripped 
off. The CC was quickly rinsed in ice-cold PBS, blood was 
removed from the tissue, and the tissue snap frozen in liquid 
nitrogen and stored at -80 ◦C until processing. Tissues were 
homogenized and immunoblotting analysis was performed as 
described.28 Primary antibodies were obtained from Cell Sig-
naling Technologies (CST; Danvers, MA, USA), Protein Tech 
(PT; Rosemount, IL, USA), or Abcam (Ab; Cambridge, MA, 
USA) and used at the following dilutions: CSE (PT #12217-
1-AP, 1:1000), acetylated α-tubulin (Ab #ab24610, 1:1000), 
α-tubulin (CST #3873, 1:4000), mitofusin 1 (MFN1, PT 

#13798-1-AP, 1:1000), mitofusin 2 (MFN2, PT #12186-1-AP, 
1:1000) Parkin (CST #4211, 1:1000), Phosphatase and Tensin 
Homolog (PTEN)-induced kinase 1 (Pink1, PT #23274-1-
AP, 1:1000), optic atrophy-1 (OPA1, CST #80471, 1:1000) 
superoxide dismutase 2 (SOD2, CST #13141, 1:1000), BCL2 
interacting protein 3 (BNIP3, CST #3769, 1:1000), HDAC6 
(CST #7612, 1:1000), autophagy-related protein 5 (ATG5, 
CST #12994, 1:1000), autophagy-related protein (ATG7, CST 
#8558 1:1000), light chain 3B (LC3B, CST #2775 1:1000), 
Unc-51-like kinase (ULK1, CST #8054 1:1000), phosphory-
lated ULK1 (P-ULK1Ser757, CST #6888, 1:1000), GAPDH 
(PT #10494-1-AP, 1:3000). Anti-mouse (CST #7076, 1:4000) 
and anti-rabbit (Bethyl Laboratories #A120-102, 1:10 000) 
secondary antibodies were used as appropriate. 

Statistical analysis 
Statistical analyses were performed with GraphPad Prism 
v9 (La Jolla, CA, USA). Statistical differences for the 
nerve-stimulated erectile response and the ex vivo vascular 
reactivity assessments were determined using a 2-way 
repeated-measures analysis of variance (ANOVA) followed 
by Tukey’s multiple comparisons post hoc analysis if main 
effects were detected. Group differences in band intensity 
density for immunoblot images were determined by 1-way 
ANOVA followed by Tukey’s multiple comparisons post 
hoc analysis if main effects were detected. An α-level of 
0.05 was used to determine statistical significance in all 
instances. 

Results 
HDAC6 inhibition augments CC CSE protein 
content 
Phenotypic characteristics from these mice have been previ-
ously published.23 Representative images for immunoblots 
ran against CSE, HDAC6, and acetylated α-tubulin, as well as 
their respective loading controls are presented in Figure 1A. 
Densitometry analysis (Figure 1B) revealed that CSE protein 
content was elevated in mice treated with tubacin relative to 
both the control and the HFD + PCSK9 groups. There was 
a trend for a ∼50% increase in HDAC6 protein expression in 
both HFD + PCSK9 groups relative to the control (Figure 1C), 
although this trend did not reach statistical significance. As 
α-tubulin is a well-known HDAC6 substrate, the acetylation 
status of α-tubulin is a commonly used indirect measure of 
HDAC6 activity, whereby a decrease in α-tubulin acetylation 
is indicative of higher HDAC6 activity.13,14 Acetylation of α-
tubulin was decreased in the vehicle-treated HFD + PCSK9 
mice, which was prevented by tubacin treatment (Figure 1D). 
Collectively, these results suggest an elevation in HDAC6 
activity in the hypercholesterolemic HFD + PCSK9 mouse 
CC, which was effectively prevented by treatment with the 
HDAC6 inhibitor tubacin. 

HDAC6 inhibition prevents atherosclerotic erectile 
dysfunction 
Representative tracings that include the ICP and MAP 
readings during cavernous nerve stimulation are presented 
in Figure 2A. Whether erectile function is assessed as peak 
ICP/MAP (Figure 2B) or as the AUC/MAP (Figure 2C), 
erectile function was impaired in the HFD + PCSK9 group 
throughout the entire voltage range of stimulation. However,
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Figure 1. Effect of HDAC6 inhibition on cystathionine γ -lyase (CSE) protein levels in corpus cavernosum tissue. (A) Representative immunoblot images 
for CSE, acetylated (Ac)-α-tubulin, and their respective loading controls GAPDH and α-tubulin. Quantification of normalized band intensity density of 
(B) CSE, (C) HDAC6, and (D) Ac-α-tubulin. Data are presented as mean ± SEM for n = 5 mice per group. ∗P < .05 control vs. HFD + PCSK9 group. 
†P < .05 HFD + PCSK9 group vs. HFD + PCSK9 + tubacin group. ‡P < .05 HFD + PCSK9 + tubacin group vs. control. 

Figure 2. Assessment of cavernous-nerve-stimulated erectile function. (A) Representative tracings of the erectile response at 1, 2, and 4 V of 
stimulation for 1 mouse in each group. The top tracing represents mean arterial pressure (MAP) obtained from the carotid artery. The bottom tracing 
represents intracavernous pressure (ICP). The x-axis represents time (s). The y -axis represents pressure (mmHg). The black line represents the period of 
electrical stimulation. (B) Erectile function assessed as the peak ICP normalized to MAP. (C) Erectile function assessed as the area under the curve (AUC) 
for the ICP tracing during electrical stimulation normalized to MAP. Data are presented as mean ± SEM for n = 6 mice per group. ∗P < .05 control vs. 
HFD + PCSK9 group. †P < .05 HFD + PCSK9 group vs. HFD + PCSK9 + tubacin group. 

the HFD + PCSK9 mice that were treated with tubacin 
experienced significant restoration of erectile function for 
both the peak ICP/MAP and AUC/MAP measures in response 
to 2 and 4 V of electrical stimulation. 

HDAC6 inhibition preserves endothelial function of 
the CC 
Endothelium-dependent relaxation of the CC was signifi-
cantly impaired in the HFD + PCSK9 mice, as assessed by ACh 
stimulation (Figure 3A). This effect was prevented in the mice 
treated with tubacin. Endothelium-independent relaxation, 
as assessed by relaxation to the nitric oxide donor SNP, 
was not different among any of the groups (Figure 3B). The 
relaxation response mediated by the CSE substrate L-cysteine 

was also impaired in the  HFD + PCSK9 mice, an effect that 
was prevented in the mice treated with tubacin (Figure 3C). 

HDAC6 inhibition effect on markers of mitophagy 
within the CC 
Representative immunoblot images for BNIP3, Parkin, 
MFN2, MFN1, Pink1, OPA1, SOD2, and their respective 
loading controls GAPDH are presented in Figures 4A and 5A. 
Densitometry analysis (Figure 4B–D) revealed that no signifi-
cant difference in MFN1, MFN2, and OPA1 occurred in either 
the intervention or treatment groups. Similarly, densitometry 
analysis (Figure 5B–D) revealed that no significant differences 
in expression of BNIP3, Pink1, Parkin, or SOD2 appeared in 
either group. Histone deacetylase 6 inhibition did not elicit
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Figure 3. Assessment of agonist-stimulated relaxation of the corpus cavernosum. (A) Endothelium-dependent relaxation was tested with a cumulative
dose–response to acetylcholine (ACh). (B) Endothelium-independent relaxation was tested with a cumulative dose–response of sodium nitroprusside
(SNP). (C) Relaxation to a cumulative dose–response of the cystathionine γ -lyase substrate L-cysteine (L-Cys). Data are presented as mean ± SEM for
n = 7 mice per group. ∗P < .05 control vs. HFD + PCSK9 group. †P < .05 HFD + PCSK9 group vs. HFD + PCSK9 + tubacin group.

Figure 4. Effect of HDAC6 inhibition on markers of mitofusion protein levels in corpus cavernosum tissue. (A) Representative immunoblot images for 
MFN1, MFN2, OPA1, and their respective loading controls GAPDH. Quantification of normalized band intensity density of (B) MFN1, (C) MFN2, and 
(D) OPA1. Data are presented as mean ± SEM for n = 5 mice per group. 

significant changes in any markers of mitophagy measured 
compared to control and HFD + PCSK9. 

HDAC6 inhibition effect on markers of autophagy 
within the CC 
Representative immunoblot images for ATG7, ATG5, ULK1, 
LC3B, and their respective loading controls GAPDH are 
presented in Figure 6A. Densitometry analysis (Figure 6B–H) 
revealed that no significant difference in the markers of 
autophagy occurred in the HFD + PCSK9 group. Additionally, 
no significant difference was found with administration 
of tubacin compared to both the intervention and control 
groups. 

Discussion 
Erectile dysfunction has become an increasingly prevalent 
issue across the globe coinciding with the increased rates of 
obesity, diabetes, and hypercholesterolemia. The current study 
sought to test the ability of the HDAC6 inhibitor tubacin to 
ameliorate the decrements in erectile function caused by HFD 
in mice genetically altered for impaired lipid metabolism. 
As hypothesized, significant decrements in erectile function 
as measured by ICP were found in the mice fed an HFD 
and injected with the PCSK9 AAV. This deterioration 
of erectile function was restored in the tubacin treat-
ment group. Similarly, in assessment of agonist-stimulated 
relaxation of the corpus cavernosum both L-cysteine and 
endothelial-dependent relaxation via acetylcholine were 
significantly reduced in the HFD + PCSK9 group and 

significantly restored in the HFD + PCSK9 group treated with 
tubacin. 

The induction of erectile dysfunction in response to a hyper-
cholesterolemic environment has been shown in a multitude 
of studies most commonly induced via an apolipoprotein E 
(APO-E) knockout (KO) model as well as with low-density 
lipoprotein receptor (LDLR)-null mice.29-32 Inhibition of 
HDAC6 via tubacin was able to ameliorate this deterioration 
at both 2 and 4 V of stimulation. This helps to establish 
that tubacin via either a protective or restorative pathway 
can ameliorate the deterioration in erectile function seen 
with a hypercholesterolemic model. Assessment of agonist-
stimulated relaxation of the CC revealed a deterioration in 
endothelial-dependent relaxation as measured by response 
to acetylcholine in the HFD + PCSK9 group that was 
significantly protected or restored in the HFD + PCSK9 group 
treated with tubacin. This decrease in endothelial-dependent 
relaxation via acetylcholine in the CC is in agreeance to 
previous results in hypercholesteremic models performed 
by Fraga-Silva et al.33,34 This suggests that inhibition of 
HDAC6 via tubacin administration can provide a protec-
tive effect against endothelial dysfunction induced by a 
hypercholesteremic environment. Endothelial-independent 
relaxation as measured by SNP showed no significant 
differences between groups. These results indicate that the 
endothelium’s ability to produce NO was impaired rather 
than the underlying smooth muscle responsiveness to NO. 
It should be noted that treatment of cultured endothelial 
cells with tubacin has previously been shown to stimulate 
expression of endothelial NO synthase,35 which is another 
potential explanation for the restorative effects of tubacin
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Figure 5. Effect of HDAC6 inhibition on markers of mitophagy protein levels in corpus cavernosum tissue. (A) Representative immunoblot images for 
BNIP3, Parkin, Pink1, SOD2, and their respective loading controls GAPDH. Quantification of normalized band intensity density of (B) BNIP3, (E) Parkin, 
(F) Pink1, and (G) SOD2. Data are presented as mean ± SEM for n = 5 mice per group. 

Figure 6. Effect of HDAC6 inhibition on markers of autophagy protein levels in corpus cavernosum tissue. (A) Representative immunoblot images for 
ATG5, ATG7, LC3B, Ulk1, and their respective loading controls GAPDH and LC3II. Quantification of normalized band intensity density of (B) ATG5, 
(C) LC3-II/LC3-I ratio, (D) LC3-I, (E) ATG7, (F) P-ULK, (G) ULK1, and (H) P-ULK1 normalized to ULK1. Data are presented as mean ± SEM for n = 5 mice per 
group. 

that we observed on endothelial function. We also observed a 
decrement in agonist-stimulated relaxation when the CC was 
exposed to the CSE substrate L-cysteine. Previous work has 
found a decrease in aortic relaxation in response to L-cysteine 
in a db/db diabetic mouse model, which was attributed to an 
impairment in the CSE/H2S pathway. 36 The protective effect 
seen with the administration of tubacin to the HFD + PCSK9 
group in response to L-cysteine highlights 1 of the potential 
pathways by which erectile function is preserved. In addition, 
the significant increase in CSE expression seen with tubacin 
administration, when compared to both the control and HFD 
groups, aids to confirm this potential explanation. 

This study found no significant changes in expression of 
protein markers of mitophagy in the CC of the mice in 

both the intervention and treatment groups. This differs from 
previous results by Zheng et al., who found that an HFD 
induced a significant reduction in expression of protein mark-
ers of mitophagy in the heart including Pink1, MFN2, and 
OPA1. Similarly, MFN2 and OPA1 were significantly reduced 
in the liver and kidneys of the mice fed HFD.37 One potential 
source for this divergence from previous findings is where the 
samples were taken from; in the current study, CC tissue was 
used compared to heart, liver, and kidney tissues. Additionally, 
a recent study investigating HFD and exercise found that 
both MFN2 and OPA1 expression in skeletal muscle were 
significantly decreased in mice fed an HFD. Additionally, 
Pink1 expression was significantly upregulated in mice fed 
an HFD compared to controls. These markers all showed no
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significant difference compared to controls when the treat-
ment (exercise intervention) was added.38 Conversely, Kang 
et al. did not find a significant increase in MFN2 with the addi-
tion of an HFD alone.39 The decline in erectile and endothelial 
functions suggests a divergence from homeostasis in the CC 
in this model of hypercholesterolemia. While prior research 
has suggested that HFD-induced dysregulations in mitophagy 
and mitochondrial dynamics indicated by changes in these 
markers contribute to a pathological disruption of cellular 
homeostasis in these more metabolically active organs, our 
data fail to suggest that similar dysregulations may account 
for the functional changes observed in the CC in this model 
of hypercholesterolemia. 

The current study found no significant changes in the 
measured markers of autophagy in the CC. We hypothesized 
that the expression of proteins associated with autophagy 
would be altered due to the oxidative and inflammatory 
stress associated with the HFD and hypercholesterolemic 
environment. Markers of autophagy measured in the smooth 
muscle of the CC in response to metabolic stress has been 
most extensively done in diabetic animal models.40-43 With 
the diabetic model, LC3-II expression tends to increase in the 
CC with the exception of Zhu et al. finding no significant 
difference.41 In the current study, no significant differences 
in LC3-I expression or the LC3-II/LC3-I ratio were found in 
either the intervention or the treatment group. Zhou et al. 
found an increase in ATG5 expression using the diabetic 
model, which was not observed in the current study.44 While 
the increased expression of CC LC3-II suggests an enhanced 
autophagosome activity in diabetic models, this effect has 
not previously been investigated with a hypercholesterolemic 
model. We observed no significant changes in LC3B or ATG5 
within the intervention or treatment group. 

An et al. observed decreases in expression of total Ulk1 and 
the LC3-II/LC3-I ratio in the heart tissue of wild-type mice 
on an HFD and obese Ob/Ob mice on normal chow relative 
to normal chow-fed wild-type mice. While these changes sug-
gest a decreased autophagic efficiency in the obese heart, no 
significant changes were observed in the expression of other 
autophagy markers including ATG3, ATG5, ATG7, ATG12, 
and P62 in these models.45 With Ulk1 shown to play a regu-
latory role in metabolism of lipids, we hypothesized that cor-
pus cavernosum ULK1 expression would be downregulated 
in the HFD + PCSK9 groups.46 There was a trend toward 
a decrease in total ULK1 expression in the HFD + PCSK9 
group. However, this trend was exacerbated by tubacin treat-
ment, indicating that reversions of possible defects in these 
autophagic pathways are unlikely to be a contributing factor 
by which HDAC6 inhibition protects erectile function. There 
is currently no literature investigating autophagy in the CC in 
hypercholesterolemic models that highlights the novel aspect 
of this research. While autophagy does appear to be systemi-
cally affected under these circumstances, more work will need 
to be done to elucidate any potential roles it may play in 
ED associated with hypercholesterolemia. While we did not 
observe any significant effects of tubacin treatment on mark-
ers of mitochondrial dynamics, mitophagy, or autophagy in 
the CC, it is important to note that tubacin treatment blunted 
the increases in aortic stiffness, aortic plaque accumulation, 
and aortic endothelial dysfunction induced by HFD + PCSK9 
in these same mice used in this study.23 It is clear that tubacin 
treatment had some protective effects on endothelial and 
vascular function in both the central vasculature and erectile 

tissue. Given the known associations between ED and CVD 
pathogenesis, further study of systemic HDAC6 inhibition is 
warranted. 

Various HDAC inhibitors have been investigated for their 
potential to prevent ED in rodent models. The pan-HDAC 
inhibitor suberoylanilide hydroxamic acid (SAHA) has been 
found to markedly suppress cavernous TGF-β expression, 
partially blunt cavernous fibrosis, and partially restore erectile 
function in a rat model of bilateral cavernous nerve injury 
(BCNI).47 Others have observed similar effects in the BCNI 
model as well as the partial bladder outlet obstruction model 
through treatments with valproic acid and sodium butyrate, 
both of which inhibit class I and IIa HDACs that will not 
inhibit the class IIb HDAC6.48,49 While it may be tempting 
to speculate from these results that HDAC6 is minimally 
involved in the cavernous fibrosis process, HDAC6 has been 
implicated as an important factor in pulmonary fibrosis.50 

To date, 4 HDAC inhibitors have undergone clinical trials 
and subsequent FDA approval for cancer treatment.51 The 
pan-HDAC inhibitor SAHA was the first to receive FDA 
approval as vorinostat for treatment of T-cell lymphoma.52 

Currently, there are no FDA-approved HDAC6 inhibitors; 
however, the selective HDAC6 inhibitor ACY-1215 has shown 
potential in numerous phase I and II clinical trials with current 
investigation into use in combinatorial cancer treatment.53,54 

A limitation of this study was the single interventional 
duration investigated. Inclusion of multiple timepoints would 
provide a stronger picture of the effects of tubacin treatment. 
Additionally, this study focused strictly on the CC. Investiga-
tion of the pre-penile arterial network would provide insight 
into the vascular function and plaque accumulation in the 
arteries that may impact erectile function in the hypercholes-
terolemic state and the potential protective effects of tubacin 
therein. It is also plausible that protective effects of tubacin 
on the systemic cardiovascular system, as previously observed 
in these mice,23 positively impacted erectile function. We 
were also unable to attain sufficient penile tissue to perform 
histology. As previously discussed, HDAC6 is known to drive 
fibrosis in other organ systems, and it is possible that tubacin 
treatment contributed to a preservation of the morphological 
structure of the erectile tissue in the hypercholesterolemic 
model. Finally, administration of tubacin to healthy control 
mice would have provided information on potential adverse 
impacts on the erectile system, which would impact the poten-
tial for clinical translation. 

Conclusion 
The potent HDAC6 inhibitor tubacin protects against the 
reduction in erectile and endothelial functioning induced by 
a lipid-rich diet in mice that were injected with a gain-of-
function adeno-associated virus encoding for PCSK9. Tubacin 
treatment stimulated CSE transcription in the corpus caver-
nosum, although the protective effects of HDAC6 inhibition 
or CSE stimulation do not appear to be mediated by alter-
ations in mitochondrial dynamics, mitophagy, or autophagy. 
Further investigations are needed to elucidate the method of 
action by which tubacin can elicit these effects. 

Acknowledgments 
The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of 
Health.



8 Sexual Medicine, 2024, Vol 12, Issue 6

Author contributions 
C.M.I.: Conceptualization, Formal analysis, Investigation, Visualiza-
tion, Writing—original draft preparation. M.M.M.: Investigation, 
Visualization. YN: Methodology, Resources. M.N.: Methodology, 
Resources. D.P.: Conceptualization, Methodology, Resources, Super-
vision. J.D.L.: Conceptualization, Formal analysis, Funding acquisition, 
Investigation, Validation, Writing—review & editing. 

Funding 
J.D.L. is supported by grant K01DK115540 from the National Institutes 
of Health. 

Conflicts of interest 
None declared. 

Data availability 
The datasets are available from the corresponding author upon reason-
able request. 

References 
1. Uslu N, Gorgulu S, Alper AT, et al. Erectile dysfunction as 

a generalized vascular dysfunction. J Am Soc Echocardiogr. 
2006;19(3):341-346. https://doi.org/10.1016/j.echo.2005.09.017. 

2. La Favor JD, Anderson EJ, Hickner RC, Wingard CJ. Erectile 
dysfunction precedes coronary artery endothelial dysfunction in 
rats fed a high-fat, high-sucrose, Western pattern diet. J Sex  Med. 
2013;10(3):694-703. https://doi.org/10.1111/jsm.12001. 

3. Vlachopoulos C, Ioakeimidis N, Terentes-Printzios D, Stefanadis 
C. The triad: erectile dysfunction - endothelial dysfunction - car-
diovascular disease. Curr Pharm Des. 2008;14(35):3700-3714. 
https://doi.org/10.2174/138161208786898716. 

4. Frostegård J. Immunity, atherosclerosis and cardiovascular dis-
ease. BMC Med. 2013;11(1):117. https://doi.org/10.1186/1741-
7015-11-117. 

5. Orekhov AN, Poznyak AV, Sobenin IA, Nikifirov NN, Ivanova 
EA. Mitochondrion as a selective target for the treatment of 
atherosclerosis: role of mitochondrial DNA mutations and defec-
tive Mitophagy in the pathogenesis of atherosclerosis and chronic 
inflammation. Curr Neuropharmacol. 2020;18(11):1064-1075. 
https://doi.org/10.2174/1570159X17666191118125018. 

6. Wang R. Gasotransmitters: growing pains and joys. Trends 
Biochem Sci. 2014;39(5):227-232. https://doi.org/10.1016/j.ti 
bs.2014.03.003. 

7. Lee SR, Nilius B, Han J. Gaseous Signaling molecules in cardiovas-
cular function: From mechanisms to clinical translation. In: Nilius 
B, de Tombe P, Gudermann T, Jahn R, Lill R, Petersen OH eds. 
Reviews of Physiology, Biochemistry and Pharmacology Vol. 174. 
Cham, Switzerland: Springer International Publishing; 2018: 81-
156. https://doi.org/10.1007/112_2017_7. 

8. Lv B, Chen S, Tang C, Jin H, Du J, Huang Y. Hydrogen sulfide 
and vascular regulation – An update. J Adv Res. 2020;27:85-97. 
https://doi.org/10.1016/j.jare.2020.05.007. 

9. Yang G, Wang R. H2S and blood vessels: An overview. In: 
Moore PK, Whiteman M eds. Chemistry, Biochemistry and Phar-
macology of Hydrogen Sulfide. Cham, Switzerland: Springer 
International Publishing; 2015: 85-110. https://doi.org/10.1007/ 
978-3-319-18144-8_4. 

10. Wang Y, Zhao X, Jin H, et al. Role of hydrogen sulfide in the devel-
opment of atherosclerotic lesions in apolipoprotein E knockout 
mice. Arterioscler Thromb Vasc Biol. 2009;29(2):173-179. https:// 
doi.org/10.1161/ATVBAHA.108.179333. 

11. Kaur S, Rajoria P, Chopra M. HDAC6: A unique HDAC fam-
ily member as a cancer target. Cell Oncol. 2022;45(5):779-829. 
https://doi.org/10.1007/s13402-022-00704-6. 

12. Eom GH, Kook H. Posttranslational modifications of histone 
deacetylases: implications for cardiovascular diseases. Pharmacol 
Ther. 2014;143(2):168-180. https://doi.org/10.1016/j.pharmthe 
ra.2014.02.012. 

13. Leucker TM, Nomura Y, Kim JH, et al. Cystathionine γ -lyase 
protects vascular endothelium: a role for inhibition of histone 
deacetylase 6. Am J Phys Heart Circ Phys. 2017;312(4):H711-
H720. https://doi.org/10.1152/ajpheart.00724.2016. 

14. Chi Z, Byeon HE, Seo E, et al. Histone deacetylase 6 inhibitor 
tubastatin a attenuates angiotensin II-induced hypertension by pre-
venting cystathionine γ -lyase protein degradation. Pharmacol Res. 
2019;146:104281. https://doi.org/10.1016/j.phrs.2019.104281. 

15. Mizushima N, Komatsu M. Autophagy: renovation of cells and 
tissues. Cell. 2011;147(4):728-741. https://doi.org/10.1016/j.ce 
ll.2011.10.026. 

16. Brijmohan AS, Batchu SN, Majumder S, et al. HDAC6 inhibition 
promotes transcription factor EB activation and is protective in 
experimental kidney disease. Front Pharmacol. 2018;9:9. https:// 
doi.org/10.3389/fphar.2018.00034. 

17. Salabei JK, Hill BG. Autophagic regulation of smooth muscle cell 
biology. Redox Biol. 2014;4:97-103. https://doi.org/10.1016/j.re 
dox.2014.12.007. 

18. Tang HY, Chen AQ, Zhang H, Gao XF, Kong XQ, Zhang JJ. 
Vascular smooth muscle cells phenotypic switching in cardiovas-
cular diseases. Cells. 2022;11(24):4060. https://doi.org/10.3390/ce 
lls11244060. 

19. Li Y, Meng W, Hou Y, et al. Dual role of Mitophagy in cardio-
vascular diseases. J Cardiovasc Pharmacol. 2021;78(1):e30-e39. 
https://doi.org/10.1097/FJC.0000000000001046. 

20. Shemiakova T, Ivanova E, Grechko AV, Gerasimova EV, Sobenin 
IA, Orekhov AN. Mitochondrial dysfunction and DNA damage 
in the context of pathogenesis of atherosclerosis. Biomedicine. 
2020;8(6):166. https://doi.org/10.3390/biomedicines8060166. 

21. Vo TTT, Huynh TD, Wang CS, et al. The potential implications of 
hydrogen Sulfide in aging and age-related diseases through the lens 
of Mitohormesis. Antioxidants (Basel). 2022;11(8):1619. https:// 
doi.org/10.3390/antiox11081619. 

22. Lee SI, Seo Y, Oanh HT, et al. HDAC6 preserves BNIP3 expression 
and mitochondrial integrity by deacetylating p53 at lysine 320. 
Biochem Biophys Res Commun. 2024;691:149320. https://doi.o 
rg/10.1016/j.bbrc.2023.149320. 

23. Nomura Y, Nakano M, Woo Sung H, Han M, Pandey D. Inhibition 
of HDAC6 activity protects against endothelial dysfunction and 
Atherogenesis in vivo: a role for HDAC6 Neddylation. Front Phys-
iol. 2021;12:675724. https://doi.org/10.3389/fphys.2021.675724. 

24. Goettsch C, Hutcheson JD, Hagita S, et al. A single injection 
of gain-of-function mutant PCSK9 adeno-associated virus vec-
tor induces cardiovascular calcification in mice with no genetic 
modification. Atherosclerosis. 2016;251:109-118. https://doi.o 
rg/10.1016/j.atherosclerosis.2016.06.011. 

25. Hori D, Nomura Y, Nakano M, et al. Endothelial-specific 
overexpression of histone deacetylase 2 protects mice against 
endothelial dysfunction and atherosclerosis. Cell Physiol Biochem. 
2020;54(5):947-958. https://doi.org/10.33594/000000280. 

26. La Favor JD, Fu Z, Venkatraman V, Bivalacqua TJ, Van Eyk 
JE, Burnett AL. Molecular profile of priapism associated with 
low nitric oxide bioavailability. J Proteome Res. 2018;17(3):1031-
1040. https://doi.org/10.1021/acs.jproteome.7b00657. 

27. Musicki B, Karakus S, La Favor JD, et al. TSPO ligand FGIN-1-27 
controls priapism in sickle cell mice via endogenous testosterone 
production. J Cell Physiol. 2021;236(4):3073-3082. https://doi.o 
rg/10.1002/jcp.30075. 

28. La Favor JD, Pierre CJ, Bivalacqua TJ, Burnett AL. Rapamycin 
suppresses penile NADPH oxidase activity to preserve erectile 
function in mice fed a western diet. Biomedicines. 2021;10(1):68. 
https://doi.org/10.3390/biomedicines10010068. 

29. Goto K, Kitazono T. Endothelium-dependent hyperpolarization 
(EDH) in diet-induced obesity. Endocr Metab Sci. 2020;1(3-4): 
100062. https://doi.org/10.1016/j.endmts.2020.100062.

https://doi.org/10.1016/j.echo.2005.09.017
https://doi.org/10.1016/j.echo.2005.09.017
https://doi.org/10.1016/j.echo.2005.09.017
https://doi.org/10.1016/j.echo.2005.09.017
https://doi.org/10.1016/j.echo.2005.09.017
https://doi.org/10.1111/jsm.12001
https://doi.org/10.1111/jsm.12001
https://doi.org/10.1111/jsm.12001
https://doi.org/10.1111/jsm.12001
https://doi.org/10.2174/138161208786898716
https://doi.org/10.2174/138161208786898716
https://doi.org/10.2174/138161208786898716
https://doi.org/10.1186/1741-7015-11-117
https://doi.org/10.2174/1570159X17666191118125018
https://doi.org/10.2174/1570159X17666191118125018
https://doi.org/10.2174/1570159X17666191118125018
https://doi.org/10.2174/1570159X17666191118125018
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1007/112_2017_7
https://doi.org/10.1007/112_2017_7
https://doi.org/10.1007/112_2017_7
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1016/j.jare.2020.05.007
https://doi.org/10.1007/978-3-319-18144-8_4
https://doi.org/10.1161/ATVBAHA.108.179333
https://doi.org/10.1161/ATVBAHA.108.179333
https://doi.org/10.1161/ATVBAHA.108.179333
https://doi.org/10.1161/ATVBAHA.108.179333
https://doi.org/10.1161/ATVBAHA.108.179333
https://doi.org/10.1007/s13402-022-00704-6
https://doi.org/10.1007/s13402-022-00704-6
https://doi.org/10.1007/s13402-022-00704-6
https://doi.org/10.1007/s13402-022-00704-6
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1016/j.pharmthera.2014.02.012
https://doi.org/10.1152/ajpheart.00724.2016
https://doi.org/10.1152/ajpheart.00724.2016
https://doi.org/10.1152/ajpheart.00724.2016
https://doi.org/10.1152/ajpheart.00724.2016
https://doi.org/10.1152/ajpheart.00724.2016
https://doi.org/10.1016/j.phrs.2019.104281
https://doi.org/10.1016/j.phrs.2019.104281
https://doi.org/10.1016/j.phrs.2019.104281
https://doi.org/10.1016/j.phrs.2019.104281
https://doi.org/10.1016/j.phrs.2019.104281
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.3389/fphar.2018.00034
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.1016/j.redox.2014.12.007
https://doi.org/10.3390/cells11244060
https://doi.org/10.3390/cells11244060
https://doi.org/10.3390/cells11244060
https://doi.org/10.3390/cells11244060
https://doi.org/10.3390/cells11244060
https://doi.org/10.1097/FJC.0000000000001046
https://doi.org/10.1097/FJC.0000000000001046
https://doi.org/10.1097/FJC.0000000000001046
https://doi.org/10.1097/FJC.0000000000001046
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/antiox11081619
https://doi.org/10.3390/antiox11081619
https://doi.org/10.3390/antiox11081619
https://doi.org/10.3390/antiox11081619
https://doi.org/10.3390/antiox11081619
https://doi.org/10.1016/j.bbrc.2023.149320
https://doi.org/10.1016/j.bbrc.2023.149320
https://doi.org/10.1016/j.bbrc.2023.149320
https://doi.org/10.1016/j.bbrc.2023.149320
https://doi.org/10.1016/j.bbrc.2023.149320
https://doi.org/10.3389/fphys.2021.675724
https://doi.org/10.3389/fphys.2021.675724
https://doi.org/10.3389/fphys.2021.675724
https://doi.org/10.3389/fphys.2021.675724
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.1016/j.atherosclerosis.2016.06.011
https://doi.org/10.33594/000000280
https://doi.org/10.33594/000000280
https://doi.org/10.33594/000000280
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1021/acs.jproteome.7b00657
https://doi.org/10.1002/jcp.30075
https://doi.org/10.1002/jcp.30075
https://doi.org/10.1002/jcp.30075
https://doi.org/10.1002/jcp.30075
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.3390/biomedicines10010068
https://doi.org/10.1016/j.endmts.2020.100062
https://doi.org/10.1016/j.endmts.2020.100062
https://doi.org/10.1016/j.endmts.2020.100062
https://doi.org/10.1016/j.endmts.2020.100062
https://doi.org/10.1016/j.endmts.2020.100062


Sexual Medicine, 2024, Vol 12, Issue 6 9

30. Behr-Roussel D, Darblade B, Oudot A, et al. Erectile dysfunction 
in Hypercholesterolemic atherosclerotic apolipoprotein E knock-
out mice. J Sex  Med. 2006;3(4):596-603. https://doi.org/10.1111/ 
j.1743-6109.2006.00282.x. 

31. Xie D, Odronic SI, Wu F, Pippen AM, Donatucci CF, Annex 
BH. A mouse model of hypercholesterolemia-induced erectile 
dysfunction. J Sex  Med. 2007;4(4_Part_1):898-907. https://doi.o 
rg/10.1111/j.1743-6109.2007.00518.x. 

32. Musicki B, Liu T, Lagoda GA, et al. Hypercholesterolemia-
induced erectile dysfunction: endothelial nitric oxide synthase 
(eNOS) uncoupling in the mouse penis by NAD(P)H oxi-
dase. J Sex  Med. 2010;7(9):3023-3032. https://doi.org/10.1111/ 
j.1743-6109.2010.01880.x. 

33. Fraga-Silva RA, Costa-Fraga FP, Faye Y, et al. An increased 
arginase activity is associated with corpus cavernosum impairment 
induced by hypercholesterolemia. J Sex  Med. 2014;11(5):1173-
1181. https://doi.org/10.1111/jsm.12482. 

34. Fraga-Silva RA, Costa-Fraga FP, Montecucco F, et al. Dimi-
nazene protects corpus Cavernosum against hypercholesterolemia-
induced injury. J Sex  Med. 2015;12(2):289-302. https://doi.o 
rg/10.1111/jsm.12757. 

35. Chen J, Zhang J, Shaik NF, et al. The histone deacety-
lase inhibitor tubacin mitigates endothelial dysfunction by up-
regulating the expression of endothelial nitric oxide synthase. J 
Biol Chem. 2019;294(51):19565-19576. https://doi.org/10.1074/ 
jbc.RA119.011317. 

36. Smimmo M, Casale V, Casillo GM, et al. Hydrogen sulfide dys-
function in metabolic syndrome-associated vascular complications 
involves cGMP regulation through soluble guanylyl cyclase persul-
fidation. Biomed Pharmacother. 2024;174:116466. https://doi.o 
rg/10.1016/j.biopha.2024.116466. 

37. Zheng P, Ma W, Gu Y, et al. High-fat diet causes mitochondrial 
damage and downregulation of mitofusin-2 and optic atrophy-1 in 
multiple organs. J Clin Biochem Nutr. 2023;73(1):61-76. https:// 
doi.org/10.3164/jcbn.22-73. 

38. Heo JW, No MH, Cho J, et al. Moderate aerobic exercise 
training ameliorates impairment of mitochondrial function and 
dynamics in skeletal muscle of high-fat diet-induced obese mice. 
FASEB J. 2021;35(2):e21340. https://doi.org/10.1096/fj.202002 
394R. 

39. Kang YS, Seong D, Kim JC, Kim SH. Low-intensity exercise 
training additionally increases mitochondrial dynamics caused by 
high-fat diet (HFD) but has No additional effect on mitochon-
drial biogenesis in fast-twitch muscle by HFD. Int J Environ 
Res Public Health. 2020;17(15):5461. https://doi.org/10.3390/ije 
rph17155461. 

40. Yuan P, Ma D, Gao X, et al. Liraglutide ameliorates 
erectile dysfunction via regulating oxidative stress, the 
RhoA/ROCK pathway and autophagy in diabetes mellitus. Front 
Pharmacol. 2020;11:1257. https://doi.org/10.3389/fphar.2020. 
01257. 

41. Zhu GQ, Jeon SH, Bae WJ, et al. Efficient promotion of autophagy 
and angiogenesis using mesenchymal stem cell therapy enhanced by 
the low-energy shock waves in the treatment of erectile dysfunc-

tion. Stem Cells Int. 2018;2018:1302672-1302614. https://doi.o 
rg/10.1155/2018/1302672. 

42. Zhang J, Li AM, Liu BX, et al. Effect of icarisid II on diabetic 
rats with erectile dysfunction and its potential mechanism via 
assessment of AGEs, autophagy, mTOR and the NO–cGMP 
pathway. Asian J Androl. 2013;15(1):143-148. https://doi.o 
rg/10.1038/aja.2011.175. 

43. Zhang J, Li S, Li S, et al. Effect of icariside II and metformin 
on penile erectile function, glucose metabolism, reaction oxygen 
species, superoxide dismutase, and mitochondrial autophagy in 
type 2 diabetic rats with erectile dysfunction. Transl Androl Urol. 
2020;9(2):355-366. https://doi.org/10.21037/tau.2020.02.07. 

44. Zhou B, Chen Y, Yuan H, et al. NOX1/4 inhibitor GKT-
137831 improves erectile function in diabetic rats by ROS 
reduction and endothelial nitric oxide synthase reconstitution. 
J Sex  Med. 2021;18(12):1970-1983. https://doi.org/10.1016/j. 
jsxm.2021.09.007. 

45. An M,  Ryu DR,  Won Park J,  et al. ULK1 prevents cardiac 
dysfunction in obesity through autophagy-meditated regulation 
of lipid metabolism. Cardiovasc Res. 2017;113(10):1137-1147. 
https://doi.org/10.1093/cvr/cvx064. 

46. Ro SH, Jung CH, Hahn WS, et al. Distinct functions of Ulk1 
and Ulk2 in the regulation of lipid metabolism in adipocytes. 
Autophagy. 2013;9(12):2103-2114. https://doi.org/10.4161/au 
to.26563. 

47. Lee J, Cho MC, Son H, Kim SW. Restoring erectile function by 
combined treatment with JNK inhibitor and HDAC inhibitor in a 
rat model of cavernous nerve injury. Andrology. 2022;10(4):758-
766. https://doi.org/10.1111/andr.13154. 

48. Hannan JL, Kutlu O, Stopak BL, et al. Valproic acid prevents 
penile fibrosis and erectile dysfunction in cavernous nerve-injured 
rats. J Sex  Med. 2014;11(6):1442-1451. https://doi.org/10.1111/ 
jsm.12522. 

49. Kaya-Sezginer E, Yilmaz-Oral D, Kırlangıç OF, et al. Sodium 
butyrate ameliorates erectile dysfunction through fibrosis in a 
rat model of partial bladder outlet obstruction. Andrology. 
2022;10(7):1441-1453. https://doi.org/10.1111/andr.13231. 

50. Yu H, Liu S, Wang S, Gu X. A narrative review of the role 
of HDAC6 in idiopathic pulmonary fibrosis. J Thorac Dis. 
2024;16(1):688-695. https://doi.org/10.21037/jtd-23-1183. 

51. Pu J, Liu T, Wang X, et al. Exploring the role of histone deacety-
lase and histone deacetylase inhibitors in the context of multi-
ple myeloma: mechanisms, therapeutic implications, and future 
perspectives. Exp Hematol Oncol. 2024;13(1):45. https://doi.o 
rg/10.1186/s40164-024-00507-5. 

52. Grant S, Easley C, Kirkpatrick P. Vorinostat. Nat Rev Drug Discov. 
2007;6(1):21-22. https://doi.org/10.1038/nrd2227. 

53. Li J, Yu M, Fu S, Liu D, Tan Y. Role of selective histone deacety-
lase 6 inhibitor ACY-1215 in cancer and other human diseases. 
Front Pharmacol. 2022;13:907981. https://doi.org/10.3389/fpha 
r.2022.907981. 

54. Beljkas M, Ilic A, Cebzan A, et al. Targeting histone deacety-
lases 6 in dual-target therapy of cancer. Pharmaceutics. 2023; 
15(11):2581. https://doi.org/10.3390/pharmaceutics15112581. 

© The Author(s) 2025. Published by Oxford University Press on behalf of The International Society for Sexual Medicine. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 
Sexual Medicine, 2024, 12, qfae096 
https://doi.org/10.1093/sexmed/qfae096 
Original Research

https://doi.org/10.1111/j.1743-6109.2006.00282.x
https://doi.org/10.1111/j.1743-6109.2006.00282.x
https://doi.org/10.1111/j.1743-6109.2006.00282.x
https://doi.org/10.1111/j.1743-6109.2006.00282.x
https://doi.org/10.1111/j.1743-6109.2006.00282.x
https://doi.org/10.1111/j.1743-6109.2007.00518.x
https://doi.org/10.1111/j.1743-6109.2007.00518.x
https://doi.org/10.1111/j.1743-6109.2007.00518.x
https://doi.org/10.1111/j.1743-6109.2007.00518.x
https://doi.org/10.1111/j.1743-6109.2007.00518.x
https://doi.org/10.1111/j.1743-6109.2010.01880.x
https://doi.org/10.1111/j.1743-6109.2010.01880.x
https://doi.org/10.1111/j.1743-6109.2010.01880.x
https://doi.org/10.1111/j.1743-6109.2010.01880.x
https://doi.org/10.1111/j.1743-6109.2010.01880.x
https://doi.org/10.1111/jsm.12482
https://doi.org/10.1111/jsm.12482
https://doi.org/10.1111/jsm.12482
https://doi.org/10.1111/jsm.12482
https://doi.org/10.1111/jsm.12757
https://doi.org/10.1111/jsm.12757
https://doi.org/10.1111/jsm.12757
https://doi.org/10.1111/jsm.12757
https://doi.org/10.1074/jbc.RA119.011317
https://doi.org/10.1074/jbc.RA119.011317
https://doi.org/10.1074/jbc.RA119.011317
https://doi.org/10.1074/jbc.RA119.011317
https://doi.org/10.1074/jbc.RA119.011317
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.1016/j.biopha.2024.116466
https://doi.org/10.3164/jcbn.22-73
https://doi.org/10.3164/jcbn.22-73
https://doi.org/10.3164/jcbn.22-73
https://doi.org/10.3164/jcbn.22-73
https://doi.org/10.1096/fj.202002394R
https://doi.org/10.3390/ijerph17155461
https://doi.org/10.3390/ijerph17155461
https://doi.org/10.3390/ijerph17155461
https://doi.org/10.3390/ijerph17155461
https://doi.org/10.3390/ijerph17155461
https://doi.org/10.3389/fphar.2020.01257
https://doi.org/10.1155/2018/1302672
https://doi.org/10.1155/2018/1302672
https://doi.org/10.1155/2018/1302672
https://doi.org/10.1038/aja.2011.175
https://doi.org/10.1038/aja.2011.175
https://doi.org/10.1038/aja.2011.175
https://doi.org/10.1038/aja.2011.175
https://doi.org/10.21037/tau.2020.02.07
https://doi.org/10.21037/tau.2020.02.07
https://doi.org/10.21037/tau.2020.02.07
https://doi.org/10.21037/tau.2020.02.07
https://doi.org/10.1016/j.jsxm.2021.09.007
https://doi.org/10.1016/j.jsxm.2021.09.007
https://doi.org/10.1016/j.jsxm.2021.09.007
https://doi.org/10.1016/j.jsxm.2021.09.007
https://doi.org/10.1016/j.jsxm.2021.09.007
https://doi.org/10.1093/cvr/cvx064
https://doi.org/10.1093/cvr/cvx064
https://doi.org/10.1093/cvr/cvx064
https://doi.org/10.1093/cvr/cvx064
https://doi.org/10.1093/cvr/cvx064
https://doi.org/10.4161/auto.26563
https://doi.org/10.4161/auto.26563
https://doi.org/10.4161/auto.26563
https://doi.org/10.4161/auto.26563
https://doi.org/10.1111/andr.13154
https://doi.org/10.1111/andr.13154
https://doi.org/10.1111/andr.13154
https://doi.org/10.1111/andr.13154
https://doi.org/10.1111/jsm.12522
https://doi.org/10.1111/jsm.12522
https://doi.org/10.1111/jsm.12522
https://doi.org/10.1111/jsm.12522
https://doi.org/10.1111/andr.13231
https://doi.org/10.1111/andr.13231
https://doi.org/10.1111/andr.13231
https://doi.org/10.1111/andr.13231
https://doi.org/10.21037/jtd-23-1183
https://doi.org/10.21037/jtd-23-1183
https://doi.org/10.21037/jtd-23-1183
https://doi.org/10.21037/jtd-23-1183
https://doi.org/10.1186/s40164-024-00507-5
https://doi.org/10.1186/s40164-024-00507-5
https://doi.org/10.1186/s40164-024-00507-5
https://doi.org/10.1186/s40164-024-00507-5
https://doi.org/10.1038/nrd2227
https://doi.org/10.1038/nrd2227
https://doi.org/10.1038/nrd2227
https://doi.org/10.1038/nrd2227
https://doi.org/10.3389/fphar.2022.907981
https://doi.org/10.3389/fphar.2022.907981
https://doi.org/10.3389/fphar.2022.907981
https://doi.org/10.3389/fphar.2022.907981
https://doi.org/10.3389/fphar.2022.907981
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://doi.org/10.3390/pharmaceutics15112581
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/sexmed/qfae096

	 Histone deacetylase 6 inhibition prevents hypercholesterolemia-induced erectile dysfunction independent of changes in markers of autophagy
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	 Acknowledgments
	Author contributions
	Funding
	Conflicts of interest
	Data availability


