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Abstract
Purpose Diabetic mellitus-induced erectile dysfunction (DMED) represents a significant complication associated with
diabetes mellitus (DM) that greatly affects human life quality. Various reports have highlighted the involvement of mito-
chondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) in the regulation of mitochondrial fatty acid oxidation,
which has also been linked with DM. Through bioinformatics analysis, HMGCS2 was determined to be a novel target
among DM patients suffering from erectile dysfunction (ED), and enriched in the Ras/ERK/PPAR signaling axis. Owing to
the fact that the key mechanism HMGCS2 involved in DM remains largely unknown, we set out to investigate the role of the
Ras/MAPK/PPARγ signaling axis and HMGCS2 in the corpus cavernosal endothelial cells (CCECs) of rats with DMED.
Methods Firstly, bioinformatics analysis was used to screen out differentially expressed genes in DMED. Then, to inves-
tigate the influence of the Ras/MAPK/PPARγ signaling axis and HMGCS2 on DMED, a rat model of DMED was
established and injected with Simvastatin and si-Hmgcs2. The individual expression patterns of Ras, MAPK, PPARγ and
HMGCS2 were determined by RT-qPCR, immunohistochemistry and western blot analysis methods. Afterwards, to
investigate the mechanism of Ras/MAPK/PPARγ signaling axis and HMGCS2, CCECs were isolated from DMED rats and
transfected with agonists and inhibitors of the Ras/MAPK/PPARγ signaling axis and siRNA of HMGCS2, with their
respective functions in apoptosis and impairment of CCECs evaluated using TUNEL staining and flow cytometry.
Results Microarray analysis and KEGG pathway enrichment analysis revealed that Ras/ERK/PPAR signaling axis mediated
HMGCS2 in DMED. Among the DMED rats, the Ras/MAPK/PPAR signaling axis was also activated while the expression
of HMGCS2 was upregulated. The activation of Ras was determined to be capable of upregulating ERK expression which
resulted in the inhibition of the transcription of PPARγ and subsequent upregulation of HMGCS2 expression. The inhibited
activation of the Ras/ERK/PPAR signaling axis and silencing HMGCS2 were observed to provide an alleviatory effect on
the injury of DMED while acting to inhibit the apoptosis of CCECs.
Conclusion Collectively, the key findings suggested that suppression of the Ras/MAPK/PPARγ signaling axis could
downregulate expression of HMGCS2, so as to alleviate DMED. This study defines the potential treatment for DMED
through inhibition of the Ras/MAPK/PPARγ signaling axis and silencing HMGCS2.
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Introduction

Erectile dysfunction (ED) is defined as impotency in men,
relating to the distinctive inability to acquire or sustain
sufficient erectile function required for satisfaction during
sexual intercourse [1]. ED primarily affects men over the
age of 40 years old, with statistics predicting that approxi-
mately 322 million males would suffer from ED worldwide
by the year 2025 [2]. A consensus exits regarding the
association between diabetes mellitus (DM) and sexual
dysfunction, dating all the way back to the tenth century
when Avicenna suggested the “collapse of sexual function”
as a specific complication associated with DM [3]. As one
of the chief complications of DM, ED has been indicated to
affect approximately 50% of male patients with DM within
10 years of their diagnosis [4]. Cavernous endothelium
plays a significant role in regulating underlying smooth
muscle tone and physiological penile erection, which con-
tributes to cavernosal smooth muscle cell relaxation
allowing the initiation and maintenance of erectile function
[5]. Furthermore, endothelial dysfunction has been indi-
cated to be a consequence of certain harmful events
including high glucose levels, enhanced arginase activity as
well as enhanced oxidative stress on endothelial cells [6, 7].

Mitochondrial 3-hydroxy-3-methylglutaryl-CoA syn-
thase 2 (HMGCS2), the factor tasked with catalyzing the
primary procedure of ketogenesis, plays a crucial role in a
large array of metabolic conditions, while the mRNA
expression and protein level of HMGCS2 have been sug-
gested to display marked increases with insulin absence in
the event of a higher dose of fatty acids or glucose [8]. This
being said, deficient HMGCS2 induces episodes of serious
hypoglycemia, enhances fatty acid and even leads to
metabolic acidosis in fasting states [9]. Peroxisome
proliferators-activated receptor gamma (PPARγ) is one of
three isoforms compromised by a superfamily of nuclear
hormone receptors of PPARs [10]. PPARγ defective or
deficient PPARγ could well play a role in the metabolic
syndrome caused by fat loss or redistribution as well as in
insulin sensitivity [11, 12]. Mitogen-activated protein
kinases (MAPK) signaling axis participates in various bio-
logical functions including proliferation, transformation and
apoptosis, and MAPK can be activated in high glucose [13].
Moreover, the activation of p38 MAPK has been shown to
elevate arginase expression/activity in diabetic and hyper-
tensive mice [6]. Pancreatic islet renin-angiotensin system
(Ras) activation has been linked to enhanced oxidative
stress and impaired insulin secretion [14]. Ras/MAPK
inhibitors act as scaffold proteins that aid in regulating
PPARγ expression resulting in the inhibition of gastric
epithelial cell proliferation [15].

Current existing literature has predominately investi-
gated the relationship between one or two of the

components of Ras/MAPK/PPARγ and diabetic mellitus-
induced erectile dysfunction (DMED). Since there are
limited studies correlating the Ras/MAPK/PPARγ signal-
ing axis and HMGCS2 with DMED, the primary aim of the
current study was to investigate the mechanism of DMED
in corpus cavernosal endothelial cells (CECCs) in an
attempt to identify a novel treatment strategy for DEMD
patients.

Materials and methods

Bioinformatics

GEO (https://www.ncbi.nlm.nih.gov/geo/) is a public data-
base store of functional gene; initially we searched the
database for related gene expressed in DMED using the key
word “diabetes mellitus-induced erectile dysfunction”. We
found a GSE2457 data set recording the expression of
corpus cavernosa in streptomycin-induced in both DM and
normal rats. The annotation platform of chip was GPL341-
[RAE230A] Affymetrix Rat Expression 230A Array. The
chip expression data underwent standardization pretreat-
ment and screening of differentially expressed genes using
the limma package of R language [16]. The difference of
gene expression imaging was presented with the screening
threshold value set from P value < 0.05 to |LogFold-
Change| > 2. Finally, the differentially expressed genes
underwent KEGG pathway analysis using the String data-
base (https://string-db.org/).

Model establishment of DMED

Ninety male Sprague-Dawley (SD) rats (weight, 270–310 g)
were purchased from Shanghai Institute of Pharmaceutical
Industry (Shanghai, China), and were housed in a laminar
flow cabinet under specific pathogen-free conditions with
constant controlled temperature (24–26 °C), and humidity
(45–55%). Food and drinking water were sterilized by high
temperature. Ten rats were utilized for tissue and cell
experiments, while the remaining rats were used for the
animal experiment. Mating experimentation was performed
in order to assess erectile function.

Next, a total of 80 SD rats were randomly grouped into
control and Streptozotocin (STZ) groups and fasted for
16 h. Phosphate buffer saline (PBS) and 60 mg/kg STZ (l%
concentration) were injected intraperitoneally in a respec-
tive manner into the rats in the control and DMED groups to
measure the blood sugar level (BSL) of the rats. In the event
that the BSL of the fasting rats was higher than 16.7 mmol/
L, the rat was subsequently confirmed diabetic [17]. Eight
weeks later, the rats were weighed, with an apomorphine
(APO)-induced erection employed in order to select the
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DMED rats. The rat subcutaneous neck region was admi-
nistered with a one-off injection with 100 μg/kg of APO
(concentration, 50 μg/mL). Hyperemia of the penis head or
growth of the penis was considered to be reflective of an
erection in a simultaneous fashion; the existence, number,
incubation period, and positive rate of erections were
recorded accordingly. DMED rats were considered to be
those that failed to exhibit an erection [18]. The rat
experiment was divided into two parts. The first part was
conducted in order to examine the difference in relation to
the expression of Ras, extracellular signal-regulated kinase
(ERK), PPARγ and HMGCS2 in corpus cavernosa of
DMED rats, and the structure change of corpus cavernosa,
as well as the impairment of CCECs. Ten normal rats were
assigned into the control group while another ten rats with
DMED were placed into the DMED group. The remaining
32 rats were recruited to investigate the effects of the Ras/
MAPK/PPARγ signaling pathway and HMGCS2 on
DMED. A total of 32 rats confirmed to have DMED were
assigned into four groups with eight rats per group as fol-
lows: siRNA-negative control (NC) group (corpus caver-
nosa injected with NC siRNA), Simvastatin (an inhibitor of
Ras) group (corpus cavernosa injected with NC siRNA and
intragastrically administered with 1 mg/kg Simvastatin)
(Merck, NJ, USA), si-HMGCS2 group (corpus cavernosa
injected with HMGCS2 interfered siRNA), and Simvastatin
+ si-Hmgcs2 group (corpus cavernosa injected with
HMGCS2-interfered siRNA and intragastrically adminis-
tered with 1 mg/kg Simvastatin).

Intracavernous pressure (ICP) examination

One percent pentobarbital at 6 mL/kg was injected intra-
peritoneally into the rats for anesthesia purposes. Next, the
corpus cavernosa was separated, with the prostate exposed
under the guidance of a surgical microscope. The corpus
cavernosa nerve was subsequently located between the
posterolateral and the rectum of the prostate, followed by
exposure and separation of left common carotid artery.
Intracavernous pressure (ICP) and mean artery pressure
(MAP) were continually monitored. The electrode stimu-
lation parameters employed were as follows: 20 Hz of fre-
quency, 5 V of electric tension, 0.2 ms of pulse width, and
50 s of stimulus time. The interval of two successive electric
stimulations was 15 min. The changes of MAP and ICP in
each group were recorded. The rats who failed either the
operation or ICP test were excluded from our analysis.

Transmission electron microscopy

The fresh rat corpus cavernosum tissue specimen was pre-
fixed with 3% glutaraldehyde for 12 h, fixed with 1%

osmium tetroxide at 4 °C for 2 h, and then dehydrated using
30, 50 and 70% acetone at room temperature for 5–10 min,
90% acetone at room temperature for another 10–15 min,
and 100% acetone at room temperature for 40 min (the
acetone was changed for three times). The specimen was
then immersed with a mixture of Epon8l2 and acetone (a
ratio at 3:1) at 35 °C for 45 min, and then immersed in
Epon8l2 at 45 °C for 2 h. Afterwards, the specimen was
sliced into semi-thin sections (1–2 μm), positioned by
optics, and then sliced into ultrathin sections (50–70 nm).
After co-staining with uranyl acetate and lead citrate, the
ultrastructure of tissue of corpus cavernosum was observed
under a transmission electron microscope (TEM, H-600IV,
Hitachi, Japan).

Immunohistochemistry

The sliced sections of paraffin-embedded corpus caver-
nosa were incubated at 60 °C for 1 h, dewaxed in Xylene I
and Xylene II respectively for 30 min, and then dehy-
drated with gradient alcohol. Next, the sections were
placed into a diluted potassium citrate solution for antigen
retrieval using a microwave oven for heating purposes at
90 °C over a 10-min period, and then cooled down at
room temperature. After three PBS washes (5 min each
time), the sections were added with 3% H2O2 to inactivate
endogenous peroxidase, and then blocked with 5% goat
serum (Solarbio Science and Technology Co., Ltd.,
Beijing, China) at room temperature for 20 min. After the
sealing fluid was aspirated, anti-mouse Ras monoclonal
antibody (ab16907, 1:200), anti-rabbit ERK polyclonal
antibody (ab17942, 1:200), anti-rabbit PPARγ polyclonal
antibody (ab209350, 1:200) and anti-rabbit HMGCS2
monoclonal antibody (ab137043, 1:500) were subse-
quently added to the sections in order to completely cover
the sections and incubate at 4 °C overnight. All the
aforementioned antibodies were procured from Abcam
Inc (Cambridge, MA, USA). After three PBS washes
(5 min each), the sections were incubated with secondary
antibody liquid of goat anti-rabbit or anti-mouse (ZSGB-
BIO, Beijing, China) at 37 °C for 1 h, and then washed
again with PBS (three times, 5 min each time). The sec-
tions were then subsequently colored with (3,3-diamino-
benzidine tetrahydrochloride) DAB (ZSGB-BIO, Beijing,
China) for 3–5 min, and then fully washed under running
water. Cell image analysis was conducted by color cyto-
photometry (Media Cybernetics Inc., Rockville, MD,
USA). Four sections were obtained from each specimen,
and three fields were randomly selected in order to
determine the positive cell ratio under a light microscope.
Lastly, the mean value was calculated to reflect the
expression of Ras, ERK, PPARγ, and HMGCS2.
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Terminal deoxyribonucleotidyl transferse (TdT)-
mediated biotin-16-dUTP nick-end labeling (TUNEL)
staining

TUNEL kit (Beyotime Biotechnology Co., Ltd., Shanghai,
China) was used to detect CCEC apoptosis in corpus
cavernosum tissues of the rat. The sliced sections of the
paraffin-embedded corpus cavernosum tissues were
dewaxed with xylene, hydrated with gradient alcohol, and
then immersed in 3% H2O2 solution, for 10 min. After 5 min
of PBS washing, the sections were treated with 50 μL pro-
teinase K (20 μg/mL) (Sigma-Aldrich, St. Louis, MO,
USA). After tissue protein removal at room temperature for
20 min, the sections were washed again with PBS three
times (5 min each), followed by the application of antigen
retrieval for 30 min with the addition of citrate, with two
additional PBS washes performed (5 min each), and reac-
tion with 50 μL TdT enzyme reaction solution at 37 °C for
1 h. The reaction solution without TdT enzyme was regar-
ded as the NC. The sections were then washed with PBS
three times (5 min each), reacted with 50 μL peroxidase-
labeled anti-digoxigenin at 37 °C for 30 min under condi-
tions void of light, and then washed again with PBS three
times (5 min each). The sections were then subsequently
stained with DAB (ZSGB-BIO, Beijing, China) for 10 min,
rinsed three times with PBS, counterstained with hema-
toxylin, observed and photographed under a microscope
(Nikon, Tokyo, Japan). Five fields were randomly selected
in order to determine the number of the normal cells and the
positive cells followed by calculation of the cell apoptosis
rate (the average number of positive nucleus/the number of
all nucleus × 100%).

Isolation of rat CCECs

SD rats were intraperitoneally injected with 3% pento-
barbital sodium (30 mg/kg). The penis was then swiftly
removed and placed into a fresh PBS solution. Next, the

corpus cavernosum was separated, and the cavernous tissue
was cleaned and cut into 1–3 mm3, followed by cen-
trifugation and three PBS washes. After that, the tissues
were transferred to a 25 cm2 culture bottle and treated with
0.025% trypsin I for 60 min. The CCECs were separated by
shaking means under a constant controlled temperature of
37 °C. The CCECs were then added with Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and centrifuged at 112 × g for
5 min to remove the supernatant. Afterwards, the digestive
suspension was strained using a 400-μm cell strainer in
order to separate the undigested tissue, followed by cen-
trifugation at1000 × g for 5 min. The supernatant was then
discarded with the isolated cells then added to 10% FBS
culture medium. The cells were tallied using a blood cell
analyzer, with the cell density then adjusted to 1×105 cells/
mL. The cells were then inoculated into a culture dish and
incubated at 37 °C, and with 5% CO2. The medium was
replaced at regular 2-day intervals [7]. Isolated primary cells
from CCECs fused into a single cell layer and presented in a
cobblestone shape, with a cell doubling time of 72–96 h.
After a 7-day period of incubation, the primary cells were
subcultured. After 1 h of subculture, cell adherence was
analyzed, with the subcultured cells observed to have grown
at a rapid rate [7]. CCEC P1 and P2 are depicted in Fig. 1.

Cell treatment and transfection

The Ras signaling axis inhibitor farnesylthiosalicylic acid
(FTS) (162520-00-5, Cayman Chemical Company, Ann
Arbor, MI, USA) was used for 24-h cell incubation (final
concentration: 10 μM). Next, the cells were incubated with
Ras signaling axis agonist transforming growth factor α
(TGF-α, 100-16A, Peprotech, Rocky Hill, NJ, USA) for
24 h (final concentration: 10 ng/mL), and then MAPK sig-
naling axis agonist C6-Ceramide (sc-217814, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 24 h (final con-
centration: 50 μM). Then the cells were cultured with

CCEC P2CCEC P1

50μm 50μm

Fig. 1 Cell morphology of rat
CCEC P1 and P2 (×200).
CCECs corpus cavernosal
endothelial cells
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MAPK signaling axis inhibitor FR180204 (Selleckchem,
Houston, TX, USA) [19] for 24 h (final concentration:
50 μM), with PPARγ agonist Rosiglitazone (RGZ, Alexis
Biochemicals, San Diego, CA, USA) for 24 h (final con-
centration: 10 μM) and finally with PPARγ signaling axis
inhibitor GW9662 (BML-GR234-0050, Alexis Biochem-
icals, San Diego, CA, USA) [20] for 24 h (final con-
centration: 1 μM).

The full-length sequences of Hmgcs2 (forward sequence:
5′-CAGTTCTCGAGTTAATGATGATGATGATGATGGA
CGGGACGCCGGGCATACTTTCG-3′; reverse sequence:
5′-ATCCTCTAGAAATAATTTTGTTTAACTTTAAGAA
GGAGATATACCATGACAGCCTCTGCTGTCCCCCTG-
GC-3′) were designed and amplified by means of regular
polymerase chain reaction (PCR) and inserted into the plas-
mid [21]. Plasmid pcDNA™3.1 with ampicillin resistance
(Promega corporation, Madison, WI, USA) was synthesized
by Shanghai Genechem Co., Ltd (Shanghai, China).
Hmgcs2 siRNA and blank control siRNA were purchased
from Santa Cruz Biotechnology, Santa Cruz, CA, USA.
Transfection reagent (Lipofectamine 2000, Invitrogen Inc.,
Carlsbad, CA, USA) was conducted for the transfer of plas-
mid and siRNA sequences into CCECs. One day prior to
transfection, the CCECs were inoculated into a six-well plate,
and cultured with DMEM containing 10% FBS in a 37 °C
incubator with 5% CO2. The cells were transfected when cell
density was observed to have reached 80%. Meanwhile, the
compound of LipofectamineTM 2000 with siRNA or plasmid
for each group was prepared respectively in accordance with
the instructions of the Lipofectamine 2000 kit. The obtained
compound was then added into a six-well plate containing the
cells and culture solution, and then slightly shaken to ensure
full mixing. The cells were then incubated in 5% CO2 at 37 °
C. After 4 h of transfection, each well was added with 1 mL
DMEM containing 10% FBS or high glucose medium
(Gibco, Gaithersburg, MD, USA) for further incubation. After
48-h transfection, the cells were collected for subsequent
experiments [22].

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

The total RNA of the CCECs as well as the penis tissues
obtained from each group was extracted using the Trizol
method (Invitrogen, Carlsbad, CA, USA). The RNA con-
centration was determined using a Nanodrop 2000 (Thermo
Fisher Scientific, San Jose, CA, USA). Next, 1 μg of total
RNA was reversely transcribed into cDNA with any con-
taminated DNA removed using 5× gDNA Eraser Buffer and
gDNA Eraser at 42 °C for 2 min according to the instruc-
tions of PrimeScriptTM RT reagent kit with gDNA Eraser kit
(Takara Shuzo Co., Ltd., Shiga, Japan). Afterwards, cDNA
was obtained from reverse transcription at 37 °C for 15 min

and 85 °C for 5 s. SYBR® Premix Ex TaqTM (Tli RNaseH
Plus) kit (Takara Co., Ltd., Shiga, Japan) was performed for
RT-qPCR using a ABI7500 quantitative PCR instrument
(Applied Biosystems, Foster City, CA, USA). The reaction
conditions employed were as follows: pre-denaturation at
95 °C for 10 min, and 40 cycles of denaturation at 95 °C for
15 s and annealing at 60 °C for 30 s. β-actin was regarded as
the internal control, while the 2−ΔCt was applied to deter-
mine the ratio relationship of target gene in the observation
group and the reference group. The formula applied was as
follows: ΔΔCT= Ct observation group− Ct reference group, in
which ΔCt=Ct gene – Ct β-actin [23]. Cycle threshold (Ct)
was considered to be reflective of the number of amplified
cycles (increased in logarithmic phase) when the real-time
fluorescence intensity reached the set threshold. The primers
used in the reaction are depicted in Table 1, and were
procured from Shanghai GenePharma Co., Ltd. (Shanghai,
China). The experiment was repeated three times.

Western blot analysis

Total protein was extracted from each CCEC rat from each
group, with the protein concentration subsequently deter-
mined using a bicinchoninic acid kit (Thermo Fisher Sci-
entific, San Jose, CA, USA). A total of 30 μg protein was
electrophoresed on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels at 80 V for 35 min
followed by 120 V for 45 min, after which, the protein was
transferred onto a polyvinylidene fluoride membrane, and
blocked for 1 h with 5% skimmed milk powder. After the
blocking liquid was aspirated, the membrane was incubated
with anti-rabbit Ras monoclonal antibody (ab52939,
1:10,000), anti-mouse ERK monoclonal antibody
(ab224313, 1:2000), anti-rabbit PPARγ polyclonal antibody
(ab209350, 1:500), anti-rabbit HMGCS2 monoclonal

Table 1 RT-qPCR primer sequences

Genes Primer sequence

Ras F: 5′-ATGACTGAATATAAACTTGT-3′
R: 5′-TCCACAAAGTGATTCTGAAT-3′

ERK F: 5′-GCAAGCAGCAGAGAGGAATC-3′
R: 5′-CAAGCACAAAGCCAATCCA-3′

PPARγ F: 5′-GTGGCTGCCTTCAACTTCTC-3′
R: 5′-GTGGGTTGCAAACCTTCAAT-3′

HMGCS2 F: 5′-CAGCTTACCGCAGGAAAATCC-3′
R: 5′-CAAAAGGGTGTGTGGAAGATCA-3′

β-actin F: 5′-ACGAGGCCCAGAGCAAGA-3′
R: 5′-TTGGTTACAATGCCGTGTTCA-3′

F forward, R reverse, RT-qPCR reverse transcription quantitative
polymerase chain reaction, PPARγ peroxisome proliferators-activated
receptor gamma, HMGCS2 mitochondrial 3-hydroxy-3-methylglu-
taryl-CoA synthase 2, ERK extracellular signal-regulated kinase
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antibody (ab137043, 1:1000) and anti-mouse β-actin
monoclonal antibody (ab8225, 1:5000) at 4 °C overnight.
All the aforementioned antibodies were procured from
Abcam Inc. (Cambridge, MA, UK). Afterwards, the mem-
brane was washed three times with PBS containing Tween
20 (PBST) (10 min each time). The membrane was then
incubated with horseradish peroxidase-labeled secondary
antibody of goat anti-rat or goat anti-rabbit (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA)
at room temperature for 1 h. Finally, the membrane was
then washed three more times with PBST (10 min each
time). The scanning image was obtained using optical-
emission spectrometry (GE Healthcare, Chicago, Illinois,
US), Image Pro Plus 6.0 software (Media Cybernetics, Inc.,
Silver Spring MD, USA) was used to analyze the relative
protein level of protein band. The experiment was con-
ducted three times.

Flow cytometry

The rat CCECs were collected in a tube and centrifuged at a
low speed, followed by removal of the supernatant. Next,
the cells were washed with cold PBS three times and cen-
trifuged at a low speed, with the supernatant again removed.
Afterwards, with cell concentration adjusted to 106 cells/
mL, the cells were re-suspended with 500 μL binding buf-
fer, and incubated with 5 μL Annexin-V-fluorescein iso-
thiocyanate together with 5 μL propidium iodide (Sigma-
Aldrich, St. Louis, MO, USA) under conditions void of
light for 15 min. Flow cytometer was employed in order to
examine cell apoptosis in each group within a 1-h period.
The experiment was conducted three times.

Lactate dehydrogenase (LDH) determination

The content of LDH of rat CCECSs in nutrient solution and
penis tissues was determined with an LDH kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China). Next,
the blank tube was added with 25 μL distilled water and
25 μL buffer solution, while the standard tube was added
with 5 μL distilled water, 20 μL 0.2 mmol/L standard solu-
tion and 25 μL buffer solution and the test tube used to
determine the LDH was added with 5 μL coenzyme I, 20 μL
sample for detection and an additional 25 μL of buffer
solution. The control tube was then added with 5 μL dis-
tilled water, 20 μL sample for detection and 25 μL buffer
solution. After uniform mixing, the above tubes were water-
bathed at 37 °C for 15 min. With the addition of 25 μL 2,4-
dinitrophenylhydrazine into each tube, the above tubes were
then water-bathed at 37 °C for 15 min, and then completely
mixed with 250 μL NaOH solution at 0.4 mol/L. After the
above tubes had been placed at room temperature for 5 min,
an enzyme-linked immunosorbent assay reader (Bio-tek,

Norcross, GA, USA) was employed for optical density
value at the wavelength of 450 nm [24].

Statistical analysis

All data were analyzed by SPSS 21.0 (IBM Corp. Armonk,
NY, USA). Results are expressed as mean ± standard
deviation. Comparisons between two groups were con-
ducted with independent sample t test. Comparisons among
multiple groups were analyzed by one-way analysis of
variance (ANOVA). The normality of data was checked
with Kolmogorov−Smirnov test. Comparison among mul-
tiple groups with normal distribution was assessed using the
Tukey post-hoc test of one-way ANOVA. A value of p <
0.05 was considered to be of statistical significance.

Results

HMGCS2 is highly differentially expressed in DMED

DMED-related chip GSE2457 was screened out from GEO,
with 252 genes differentially expressed in DMED then
screened out with p value < 0.05 and |LogFoldChange| > 2
as screening threshold. The thermal map of the top ten
genes is illustrated in Fig. 2a. Compared with the normal
rats, HMGCS2 was the most obvious upregulated gene
among the DMED rats. The top 100 genes were then sub-
jected to KEGG pathway enrichment analysis, the results of
which are displayed in Fig. 2b. The differentially expressed
genes were mainly enriched in extracellular matrix (ECM)
−receptor interaction, protein digestion and absorption,
PPAR signaling pathway, platelet activation, focal adhe-
sion, PI3K-Akt signaling pathway and Amoebiasis while
HMGCS2 was enriched in the PPAR signaling pathway.
Taken together, the above data demonstrated that HMGCS2
was upregulated in DMED.

DMED rats show activated Ras/MAPK/PPARγ
pathway and upregulation of HMGCS2 expression

Blood glucose and the weight of the rats in the control and
DMED groups were initially measured. There was no sig-
nificant difference detected in relation to blood glucose and
weight between two groups (p > 0.05) (Fig. 3a), while after
model establishment, the blood glucose and weight in the
DMED group were higher than those in the control group.
Compared with the control group, the number of penile
erections was significantly increased, while the ICP and
ICP/MAP exhibited reduced numbers in the DMED group
(p < 0.05) (Fig. 3b, c). Furthermore, the ultrastructure
findings observed under an electron microscope revealed
that compared with the corpus cavernosum penis of rats in
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the control group, the corpus cavernosum penis of rats in
the DMED group exhibited broken vascular endothelium,
impaired endothelial cells with abnormal forms, intravas-
cular thrombus, in addition to impaired apoptosis of smooth
muscle cells (Fig. 3d). Immunohistochemistry and RT-
qPCR were conducted to identify the expression pattern of
Ras, ERK, HMGCS2 and PPARγ in DMED. Results of
immunohistochemistry (Fig. 3e) and RT-qPCR (Fig. 3f)
displayed that compared with control group, the corpus
cavernosum penis of rats in the DMED group notably ele-
vated levels of Ras, ERK, and HMGCS2, and obviously
decreased levels of PPARγ (all p < 0.05). The TUNEL
staining (Fig. 3g) results revealed that compared with the
control group, the apoptotic rate of endothelial cells was
significantly increased in the DMED group (p < 0.05). LDH
determination (Fig. 3h) revealed that the LDH level of
corpus cavernosum penis in the DMED group was notice-
ably increased in comparison to the control group (p <
0.05). The results obtained implied that rats in the DMED
group had impaired penile erectile function, structural
impairment of the penis, obvious apoptosis and injury of
endothelial cells, as well as activated Ras/MAPK/PPARγ
signaling axis and upregulation of HMGCS2.

HMGCS2 silencing and inhibition of Ras/MAPK/
PPARγ signaling axis ameliorate the damage in the
penis

In an attempt to evaluate the Ras/MAPK/PPARγ signaling
axis and HMGCS2 in DMED, an inhibitor of Ras, Sim-
vastatin was employed to inhibit the Ras/MAPK/PPARγ
signaling axis, while siRNA targeting HMGCS2 was
applied to downregulate the expression of HMGCS2. Rat
penile erectile function was detected and the results (Fig.
4b) indicated that compared with the siRNA-NC group, the
number of penile erections was significantly increased in the
Simvastatin, si-HMGCS2, and Simvastatin+ si-HMGCS2

groups (all p < 0.05). The erectile positive rate and the
number of penile erections were significantly increased in
the Simvastatin+ si-HMGCS2 group in comparison to the
Simvastatin group (p < 0.05). Results of penile internal
voltage detection (Fig. 4a) displayed that compared with the
siRNA-NC group, the ICP and ICP/MAP were markedly
elevated in the Simvastatin, si-HMGCS2, and Simvastatin
+ si-HMGCS2 groups (all p < 0.05). The ICP and ICP/
MAP significantly increased in the Simvastatin+ si-
HMGCS2 group in comparison to the Simvastatin group (p
< 0.05). The TEM (Fig. 4c) results revealed that rats in the
siRNA-NC group exhibited broken vascular endothelium,
tortuous nuclear envelope, nuclear malformation, intravas-
cular thrombus, and shrinking and decreased number of
smooth muscle cells. Rats in the Simvastatin and si-
HMGCS2 groups exhibited broken and continuous vascular
endothelium, swollen nuclear of endothelial cells, and
impaired smooth muscle cells. Rats in the Simvastatin+ si-
HMGCS2 group showed well-developed endothelial cells
covered with thin basement membrane that was covered
with perivascular cells, and normal smooth muscle cells.
The above results suggested that suppression of Ras/
MAPK/PPARγ signaling axis and HMGCS2 expression
level could ameliorate the structural impairment of the
DMED rats’ penis and reduce the rate of endothelial cell
apoptosis. Moreover, the combination of inhibition of Ras/
MAPK/PPARγ signaling axis and HMGCS2 silencing was
determined to have exerted a greater effect on the ameli-
oration of DMED.

HMGCS2 silencing and suppression of Ras/MAPK/
PPARγ signaling axis ameliorate impairment of
CCECs

To investigate the effects of Ras/MAPK/PPARγ signaling
axis and HMGCS2 on the injury of CCECs in DMED rats,
RT-qPCR (Fig. 5a) and immunohistochemistry (Fig. 5b)

Fig. 2 HMGCS2 is obviously upregulated in DMED rats and enriched
in the PPAR signaling pathway. a The thermal map of the first ten
genes in GSE2457 chip; b KEGG pathway enrichment analysis.
HMGCS2 Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase

2, PPAR peroxisome proliferators-activated receptor, KEGG Kyoto
Encyclopedia of Genes and Genomes, DMED diabetes mellitus-
induced erectile dysfunction
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methods were adopted to determine the expression of Ras,
ERK, PPARγ, and HMGCS2 in the corpus cavernosum
penis of the rats. Compared with the siRNA-NC group, the
Simvastatin, si-HMGCS2, and Simvastatin+ si-HMGCS2
groups displayed evidently reduced levels of HMGCS2 (all
p < 0.05). The Simvastatin+ si-HMGCS2 group displayed

significantly decreased levels of Ras, ERK, and HMGCS2,
but elevated PPARγ level in comparison to the Simvastatin
group (all p < 0.05). The TUNEL staining (Fig. 5c) results
revealed that compared with the siRNA-NC group, the
apoptotic rate of the endothelial cells was evidently reduced
in the Simvastatin, si-HMGCS2, and Simvastatin+ si-
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HMGCS2 groups (all p < 0.05). The Simvastatin+ si-
HMGCS2 group displayed a significantly decreased apop-
totic rate of the endothelial cells in comparison to the
Simvastatin group (p < 0.05). Results of LDH determina-
tion (Fig. 5d) demonstrated that compared with the siRNA-
NC group, the LDH level of the corpus cavernosum penis
was significantly decreased in the Simvastatin, si-
HMGCS2, and Simvastatin+ si-HMGCS2 groups (all p <
0.05). The Simvastatin+ si-HMGCS2 group displayed
significantly decreased LDH corpus cavernosum penis
levels when compared to the Simvastatin group (p < 0.05).
Taken together, the results obtained indicated that sup-
pression of the Ras/MAPK/PPARγ signaling axis amelio-
rates the internal structure of the penis and attenuates the
apoptosis of the endothelial cells by downregulating the
HMGCS2 expression level. Moreover, the combination of
Ras/MAPK/PPARγ signaling axis inhibition and
HMGCS2 silencing exerted more profound effects on the
amelioration of structural injuries of the corpus cavernosum
penis.

Inactivation of Ras/MAPK/PPARγ signaling axis
downregulates HMGCS2 expression

Next, the effects of the Ras/MAPK/PPARγ signaling axis
on HMGCS2 expression was investigated, whereby the rat
primary CCECs were subjected to various treatments (Ras/
MAPK/PPARγ inhibitors or agonists) under in vitro

conditions (Table 2). RT-qPCR (Fig. 6a) and western blot
analysis methods (Fig. 6b) were employed in order to
determine the levels of Ras, ERK, HMGCS2, and PPARγ.
The results obtained indicated that compared with the
control group, the TGF-α group exhibited increased levels
of Ras, ERK, and HMGCS2, but decreased PPARγ level
(all p < 0.05), while the FTS group displayed reduced levels
of Ras, ERK, and HMGCS2, but elevated levels of PPARγ
(all p < 0.05). In comparison with the TGF-α group, the
TGF-α+ FR180204 group displayed reduced levels of
ERK and HMGCS2, while enhanced levels of PPARγ were
detected (all p < 0.05). No significant difference in relation
to Ras was detected (p > 0.05). In comparison to the TGF-α
group, the TGF-α+ RGZ group manifested lower
HMGCS2 levels and higher PPARγ level (both p < 0.05)
with no markedly changed levels of Ras and ERK (p >
0.05). Compared with the FTS group, the FTS+ C6-Cer-
amide presented increased levels of ERK and HMGCS2,
while reduced PPARγ level (all p < 0.05), with no sig-
nificant difference observed in relation to the level of Ras
(p > 0.05); whereas the FTS+GW9662 group demon-
strated promoted HMGCS2 levels, with decreased levels of
PPARγ (all p < 0.05). No significant differences in terms of
the levels of Ras and ERK were detected (p > 0.05). The
results obtained suggested that in the Ras/MAPK/PPARγ
signaling axis, Ras activation could upregulate HMGCS2
by upregulating the expression of ERK to inhibit PPARγ
transcription, while Ras inhibition could downregulate
HMGCS2 by downregulating ERK expression which
resulted in the activation of PPARγ transcription.

Overexpression of HMGCS2 impairs CCECs

In order to determine the effects of Ras/MAPK/PPARγ
signaling axis and HMGCS2 overexpression on impairment
of CCECs, in vitro cultured rat primary CCECs were
transfected with vectors overexpressing HMGCS2 and/or
Ras inhibitor, MAPK inhibitor and PPARγ agonist (Table
3). Next, RT-qPCR (Fig. 7a) and western blot analysis (Fig.
7b) were performed to determine the impairment of CCECs
caused by Ras/MAPK/PPARγ signaling axis by detecting
the levels of Ras, ERK, HMGCS2, and PPARγ. Compared
with the control group, the HMGCS2 vector group exhib-
ited no significant differences in the levels of Ras, ERK, and
PPARγ (all p > 0.05), and elevated HMGCS2 level (p <
0.05). Compared with the HMGCS2 vector group, the
HMGCS2 vector+ FTS group presented that levels of Ras,
ERK, and HMGCS2 were significantly reduced, while the
levels of PPARγ were obviously increased (all p < 0.05).
Compared to the HMGCS2 vector group, the HMGCS2
vector+ FR180204 group displayed markedly decreased
levels of ERK and HMGCS2, while significantly increased
levels of PPARγ were noted (all p < 0.05), with no

Fig. 3 The corpus cavernosum tissues of rats indicate activation of the
Ras/MAPK/PPARγ signaling axis, upregulated expression of
HMGCS2 and impaired erectile function of the penis. a Blood glucose
and weight of rats before and after model establishment; b the number
of rat penile erections before and after model establishment of DMED
detected by APO; c the ICP and ICP/MAP detected by intracavernous
pressure test after model establishment of DMED; d ultrastructure of
corpus cavernosum penis observed under TEM after model estab-
lishment of DMED (×10,000); e levels of Ras (×100), ERK (×400),
PPARγ (×100), and HMGCS2 (×400) detected by immunohis-
tochemistry; f mRNA levels of the Ras/MAPK/PPARγ signaling axis-
related genes in corpus cavernosum penis tissues detected by RT-
qPCR; g apoptotic rate of corpus cavernosum penis measured by
TUNEL staining (×400); h LDH level of corpus cavernosum penis
tissues; RT-qPCR reverse transcription quantitative polymerase chain
reaction, DMED diabetes mellitus-induced erectile dysfunction, ICP
intracavernous pressure, MAP mean artery pressure, APO apomor-
phine, TUNEL terminal deoxyribonucleotidyl transferse (TdT)-medi-
ated biotin-16-dUTP nick-end labeling, HMGCS2 3-hydroxy-3-
methylglutaryl-CoA synthase 2, PPAR peroxisome proliferators-
activated receptor, TEM transmission electron microscope, LDH lac-
tate dehydrogenase, ERK extracellular signal-regulated kinase; *p <
0.05 vs. the control group; the blood glucose, weight, ICP, ICP/MAP,
mRNA and protein levels and LDH level before and after model
establishment were measurement data, and expressed as mean ± stan-
dard deviation; an independent sample t test was used to analyze data;
the times of penile erection was enumeration data, represented with the
mean value of ten rats; mean ± standard deviation; the experiment was
repeated three times; n= 10 (Control group), n= 10 (DMED group)
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significance difference observed in relation to the Ras levels
(p > 0.05). In comparison with the HMGCS2 vector group,
the HMGCS2 vector+RGZ group displayed notably
decreased HMGCS2 levels, while the levels of PPARγ were
significantly increased (all p < 0.05). No significant differ-
ence was detected in terms of the Ras and ERK levels (both
p > 0.05).

Flow cytometry was performed to detect apoptosis of
CCECs (Fig. 7c, d). Compared with the control group,
apoptotic rate of the CCECs was obviously increased in the
HMGCS2 vector group (p < 0.05). The apoptotic rate of
CCECs was markedly decreased in the HMGCS2 vector+
FTS, HMGCS2 vector+ FR180204, and HMGCS2 vector
+ RGZ groups in comparison to the HMGCS2 vector group
(all p < 0.05). Besides, the LDH level in the cell supernatant
was detected, the results of which (Fig. 7e) demonstrated
that compared with the control group, the HMGCS2 vector
group exhibited an elevated LDH level of CCECs (p <
0.05). The LDH level of CCECs was evidently decreased in
the HMGCS2 vector+ FTS, HMGCS2 vector+
FR180204, and HMGCS2 vector+ RGZ groups in com-
parison to the HMGCS2 vector group (all p < 0.05).

A key finding of our study indicated that HMGCS2
overexpression in CCECs results in elevated levels of
apoptosis of CCECs and increased LDH levels, which
suggested that the growth and metabolization of endothelial
cells were impaired. However, the application of Ras and
MAPK inhibitors and PPARγ agonist could repair the
CCECs injury caused by HMGCS2 overexpression.

HMGCS2 gene silencing attenuates impairment of
CCECs under high glucose condition

To explore the effects of Ras/MAPK/PPARγ signaling axis
and HMGCS2 silencing on impairment of CCECs, primary
CCECs were separated from rats, and then treated with high
glucose in addition to delivery of Ras agonist, MAPK
agonist, PPARγ inhibitor and/or siRNA targeting HMGCS2
(Table 4) [25]. Next, RT-qPCR (Fig. 8a) and western blot
analysis (Fig. 8b) were performed to determine the
impairment of CCECs caused by Ras/MAPK/PPARγ sig-
naling axis by detecting the expression levels of Ras, ERK,
HMGCS2, and PPARγ. Compared with the NC group,
levels of Ras, ERK, and HMGCS2 showed obvious

Fig. 4 HMGCS2 silencing increases the number of penile erections,
ICP, and ICP/MAP, and ameliorates structure of corpus cavernosum
penis. a The ICP and ICP/MAP values after HMGCS2 silencing and
administration of Simvastatin in rats with DMED; b the number of
penile erection after HMGCS2 silencing and administration of Sim-
vastatin in rats with DMED measured by APO; c ultrastructure of
corpus cavernosum penis among four groups observed under TEM
(×10,000); HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2,
TEM transmission electron microscope, ICP intracavernous pressure,

MAP mean artery pressure, APO apomorphine, DMED diabetes
mellitus-induced erectile dysfunction; *p < 0.05, compared with the
siRNA-NC group; #p < 0.05, compared with the Simvastatin group; the
ICP and ICP/MAP of rats were measurement data, and expressed as
mean ± standard deviation; the number of penile erection was enu-
meration data, represented by the mean value of eight rats; mean ±
standard deviation; the one-way ANOVA was performed in order to
analyze data in each group; the experiment was independently repeated
three times; n= 8; ANOVA analysis of variance
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elevation, and PPARγ level displayed an evident reduction
in the high glucose control group (p < 0.05). Compared
with the high glucose control group, the si-HMGCS2 group
showed no evident differences in relation to the levels of
Ras, ERK, and PPARγ (p > 0.05), yet decreased HMGCS2
level (p < 0.05). Compared with the si-HMGCS2 group, the
si-HMGCS2+ TGF-α group showed elevated levels of Ras,
ERK, and HMGCS2, but decreased PPARγ level (all p <
0.05). Compared with the si-HMGCS2 group, the si-
HMGCS2+ C6-Ceramide group displayed increased levels
of ERK and HMGCS2, but reduced PPARγ level (all p <
0.05), with no obvious difference in relation to the level of
Ras detected (p > 0.05). Compared with the si-HMGCS2
group, the si-HMGCS2+GW9662 group showed
decreased PPARγ level (p < 0.05), and no evident differ-
ences in levels of Ras, ERK, and HMGCS2 (all p > 0.05).

Flow cytometry was subsequently performed in order to
detect the apoptosis of CCECs (Fig. 8c, d). The apoptotic
rate of CCECs was evidently increased in the high glucose
control group in comparison to the NC group (p < 0.05).
Compared with the high glucose control group, the si-
HMGCS2 group showed significantly decreased apoptotic
rate of CCECs (p < 0.05). The apoptotic rate of CCECs was
evidently increased in the si-HMGCS2+ TGF-α, si-
HMGCS2+ C6-Ceramide, and si-HMGCS2+GW9662
groups in comparison to the si-HMGCS2 group (all p <
0.05). Besides, the LDH level in cell supernatant was
detected, the results of which (Fig. 8e) indicated that
compared with the NC group, the LDH level of CCECs was
evidently increased in the high glucose control group (p <
0.05). Compared with the high glucose control group, the
si-HMGCS2 group exhibited notably decreased LDH levels

Fig. 5 HMGCS2 silencing increases PPARγ level and decrease levels
of Ras, ERK, and HMGCS2, apoptosis, and LDH level in corpus
cavernosum penis of DMED rats. a mRNA levels of Ras (×100), ERK
(×400), and HMGCS2 (×400) and PPARγ (×100) in corpus caver-
nosum penis in DMED rats injected with Simvastatin and/or si-
HMGCS2 as detected by RT-qPCR; b protein levels of Ras, MAPK,
HMGCS2 and PPARγ in corpus cavernosum penis in DMED rats
injected with Simvastatin, si-HMGCS2 or Simvastatin+ si-HMGCS2
detected by immunohistochemistry; c apoptotic rate of CCECs in
corpus cavernosum penis in DMED rats injected with Simvastatin, si-
HMGCS2 or Simvastatin+ si-HMGCS2 detected by TUNEL staining
(×400); d LDH level in corpus cavernosum penis in rats injected with
Simvastatin, si-HMGCS2 or Simvastatin+ si-HMGCS2; RT-qPCR

reverse transcription quantitative polymerase chain reaction, TUNEL
terminal deoxyribonucleotidyl transferse (TdT)-mediated biotin-16-
dUTP nick-end labeling, DMED diabetes mellitus-induced erectile
dysfunction, CCECs corpus cavernosal endothelial cells, PPAR per-
oxisome proliferators-activated receptor, HMGCS2 3-hydroxy-3-
methylglutaryl-CoA synthase 2, ERK extracellular signal-regulated
kinase, LDH lactate dehydrogenase; *p < 0.05 vs. the siRNA-NC
group; #p < 0.05 vs. the Simvastatin group; the mRNA and protein
levels of Ras, ERK, PPARγ, and HMGCS2, apoptotic rate of CCECs,
and LDH level of CCECs were measurement data, and represented by
mean ± standard deviation; the one-way ANOVA was performed to
analyze data; the experiment was repeated three times; n= 8;
ANOVA, analysis of variance
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of CCECs (p < 0.05). The LDH level of CCECs was mark-
edly elevated in the si-HMGCS2+ TGF-α, si-HMGCS2+
C6-Ceramide, and si-HMGCS2+GW9662 groups in com-
parison to the si-HMGCS2 group (all p < 0.05).

All these results indicated that high glucose environment
could lead to an increased apoptosis of CCECs and higher

LDH level, which suggested that CCECs were injured.
However, HMGCS2 knockdown could attenuate apoptosis
of CCECs and release of LDH caused by high glucose
environment, while the application of Ras and MAPK
agonists and PPARγ inhibitor could reverse the improved
state of CCEC injury resulting from the loss of HMGCS2.

Table 2 Cell grouping and treatment (1)

Groups Treatment

Control CCECs cells were incubated for 36 h without any drug treatment

TGF-α CCECs cells were incubated for 48 h and then cultured with 10 μM TGF-α for another 24 h

FTS CCECs were incubated for 24 h and then cultured with 10 ng/mL FTS for another 24 h

FTS-C6-Ceramide CCECs were incubated with 10 ng/mL FTS for 24 h and then cultured with 50 μM C6-Ceramide for another 24 h

TGF-a+ FR180204 CCECs were incubated with 10 μM TGF-α for 24 h and then cultured with 50 μM FR180204 for another 24 h

FTS+GW9662 CCECs were incubated with 10 ng/mL FTS for 24 h and then cultured with 1 μM GW9662for another 24 h

TGF-α+ RGZ CCECs were incubated with 10 μM TGF-α for 24 h and then cultured with 10 μM RGZ for another 24 h

CCECs corpus cavernosal endothelial cells, TGF-α transforming growth factor α, FTS farnesylthiosalicylic acid, RGZ rosiglitazone

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

2SCGMHγRAPPKREsaR2SCGMHγRAPPKREsaR

Ras

β-actin

ERK

PPARγ

HMGCS2

0.0

0.5

1.0

1.5

2.0

2.5

Con
tro

l

TGF-α
FTS

FTS + 
C6-C

era
mide

TGF-α 
+ F

R18
02

04

FTS + 
GW

96
62

TGF-α 
+ R

GZ

Control
50 kDa

57 kDa

41 kDa

18 kDa

43 kDa

TGF-α
FTS
FTS + C6-Ceramide
TGF-α + FR180204
FTS + GW9662
TGF-α + RGZ

Control
TGF-α
FTS
FTS + C6-Ceramide
TGF-α + FR180204
FTS + GW9662
TGF-α + RGZ

*

& #

* *

* *

*

*

* *

*
*

*

*
&

&
& &#

# #
#

*

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

0

1

2

3

4

* & #

* *

* *

*

*

* *

*

*

*

*

& &

& &

#
#

# #*

BA

Fig. 6 Activated Ras upregulates ERK expression and downregulates
PPARγ expression resulting in the upregulation of HMGCS2 expres-
sion. a mRNA expression of Ras, ERK, PPARγ, and HMGCS2 in
CCECs, as determined by RT-qPCR; b protein expression of Ras,
ERK, PPARγ, and HMGCS2 in CCECs, as determined by western
blot analysis; RT-qPCR reverse transcription quantitative polymerase
chain reaction, PPAR peroxisome proliferators-activated receptor,
HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2, ERK extra-
cellular signal-regulated kinase, TGF transforming growth factor, FTS

arnesylthiosalicylic acid, RGZ rosiglitazone, CCECs corpus caverno-
sal endothelial cells; *p < 0.05 vs. the control group; #p < 0.05, com-
pared with the TGF-α group; &p < 0.05 vs. the FTS group; mRNA and
protein levels of Ras, ERK, PPARγ, and HMGCS2 were measurement
data, and represented by mean ± standard deviation; the one-way
ANOVA was performed to analyze data in each group; the experiment
was independently repeated three times; ANOVA analysis of variance

Table 3 Cell grouping and treatment (2)

Groups Treatment

Control CCECs transfected with blank plasmid and cultured for 72 h

HMGCS CCECs transfected with HMGCS2 overexpression plasmid and cultured for 72 h

HMGCS2 vector+ FTS CCECs transfected with HMGCS2 overexpression plasmid for 48 h, and then incubated with 10 ng/mL FTS for
24 h

HMGCS2 vector+ FR180204 CCECs transfected with HMGCS2 overexpression plasmid for 48 h and incubated with 50 μM FR180204 for
24 h

HMGCS2 vector+ RGZ CCECs transfected with HMGCS2 overexpression plasmid for 48 h and incubated with 10 μM RGZ for 24 h

CCECs corpus cavernosal endothelial cells, HMGCS2 mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2, FTS farnesylthiosalicylic acid
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Discussion

Diabetic patients worldwide display an increased suscept-
ibility to ED, representing a significant issue threatening
male health on a global scale [26]. During the present study,
through combination of in vitro experiment and in vivo
experiment, we concluded that the impairment of DMED

could be attenuated by suppressing the activation of the
Ras/MAPK/PPARγ signaling axis and silencing HMGCS2.

Based on our in vivo experiment observations, in the
successfully modeled DMED rats, the expression of Ras,
ERK, and HMGCS2 was upregulated while the expression
of PPARγ in the corpus cavernosum of the penis was
downregulated. After the DMED rats were injected with

Fig. 7 HMGCS2 overexpression aggravates impairment and promotes
apoptosis of CCECs by activating Ras/MAPK/PPARγ signaling axis
in vitro. a mRNA levels of Ras, ERK, PPARγ, and HMGCS2 in
CCECs after HMGCS2 overexpression as determined by RT-qPCR; b
protein expression of Ras, ERK, PPARγ, and HMGCS2 in CCECs
after HMGCS2 overexpression as determined by western blot analysis;
c and d apoptotic rate of CCECs after HMGCS2 overexpression
measured by flow cytometry; e LDH level of CCECs in cell super-
natant after HMGCS2 overexpression; RT-qPCR reverse transcription
quantitative polymerase chain reaction, MAPK mitogen-activated
protein kinase, PPAR peroxisome proliferators-activated receptor,

HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2, ERK extra-
cellular signal-regulated kinase, TGF transforming growth factor, FTS
arnesylthiosalicylic acid, RGZ rosiglitazone, CCECs corpus caverno-
sal endothelial cells, LDH lactate dehydrogenase; *p < 0.05 vs. the
control group; #p < 0.05 vs. the HMGCS2 vector group; mRNA and
protein levels of Ras, ERK, PPARγ, and HMGCS2, apoptotic rate of
CCECs, and LDH level of CCECs were measurement data, and
represented by mean ± standard deviation; the one-way ANOVA was
performed to analyze data in each group; the experiment was inde-
pendently repeated three times; ANOVA analysis of variance
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Simvastatin and/or si-HMGCS2, impairment of the internal
structure of the penis was noted to be alleviated in addition
to reduced endothelial cell apoptosis, which suggested that
inhibition of the Ras/MAPK/PPARγ pathway and knock-
down of HMGCS2 could alleviate the symptoms of DMED
in DMED rats. Consistent with our study, a recent study
demonstrated that HMGCS2 expression was higher in rats
with Type 1 DM [27]. Hyperglycemia, a condition which
was diagnosed among the DMED rats in our study, has
been shown to activate Ras in stellate cells and pancreatic
islet [28]. MAP ERK can be activated by oxidative stress
and hyperglycemia, both of which represent regulatory
function in the development of DM complications [29].
Reports have highlighted a correlation between PPARγ and
hyperlipidemia associated with the regulation of insulin-
mediated glucose uptake and pre-adipocyte differentiation
in peripheral tissues [30]. A previous report indicated that
PPARγ+/– mice exhibited higher levels of insulin sensitivity
relative to PPARγ+/+ controls among mice placed on a
high-fat diet [31]. Simvastatin belongs to a family of HMG-
CoA reductase inhibitor or statins, a drug which has been
reported to inhibit the expression of Ras protein [32, 33].
Profumo et al. have demonstrated that Simvastatin could
help enhance endothelial cell function, reduce inflammation
and insulin resistance [34]. A previous study concluded that
blocking the RAS attenuated hyperglycemia-induced pan-
creatic inflammation and fibrosis [35]. Lin et al. opened an
investigation into the downregulation of ERK and MAPK
signaling axis and concluded that it could suppress cell
apoptosis [36, 37]. The activation of ERK-1 has been
demonstrated to promote the development of diabetic
nephropathy which is often brought on by DM [38].
Moreover, the results of our study revealed that
HMGCS2 silencing in connection with inhibition of the
Ras/MAPK/PPARγ signaling axis was a more effective
treatment approach for DMED.

The cell experiments performed provided verification
that the Ras/MAPK/PPARγ signaling axis was able to
downregulate the expression of HMGCS2 conferring an
alleviatory effect counteracting the injuries of DMED in
CCECs. DM is widely known to share an association with
the apoptosis of multiple cell types, such as the cavernous
smooth muscle cells [39]. A general consensus exists
regarding HMGCS2 and its participation in the ketone
synthesis pathways, belonging to one of the proteins in the
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
family [40]. Accumulating evidence has indicated that
HmG-CoA reductase inhibitor plays a significant role in
human endothelial cell function [41]. Ras represents one of
the most crucial elements involved in the MAPK pathway,
which can be upregulated by several heterotrimeric G pro-
teins [42]. Evidence has been presented verifying that
HMGCS2 interacting with PPARα exerts significant effects
on colorectal cancer [43]. NO is the primary regulator of the
neuronal nitric oxide synthase (nNOS) and endothelial nitric
oxide synthase (eNOS) isoforms of the corpus cavernosum,
and has been revealed that its activity is decreased in the
penis of human diabetic patients [44]. ERK has been
reported to inhibit eNOS by phosphorylation of the enzyme
in endothelial cells [29]. Su et al. concluded that HMGCS2
overexpression was related to the activation of ERK/c-Jun
N-terminal kinase signaling axis in hepatocellular carci-
noma [45]. Besides, a previous study suggested that lipo-
philic HMG-CoA reductase inhibitors may contribute to
upregulation of eNOS elevating the risks associated with
damage inflicted to muscle and other tissues [46].

During our in vivo experiment, following the adminis-
tration of TNF-a, C6-ceramide, and RGZ which are known
activators of RAS, ERK1/2, and PPARγ, respectively, and
FTS, FR180204, and GW9662 which are inhibitors of RAS,
ERK1/2, and PPARγ, respectively, we concluded that the
activation of Ras could upregulate the ERK expression to

Table 4 Cell grouping and treatment (3)

Groups Treatment

NC CCECs cells transfected with NC siRNA and cultured in DMEM containing 10% FBS for 72 h

High glucose control CCECs cells transfected with NC siRNA, and cultured in high glucose medium containing 10% FBS for 72 h

si-HMGCS2 CCECs cells transfected with HMGCS2 interfered siRNA, and cultured in high glucose medium containing 10%
FBS for 72 h

si-HMGCS2+ TGF-α CCECs cells transfected with HMGCS2 interfered siRNA for 48 h, incubated with 10 μM TGF-α for 24 h, and
cultured in high glucose medium containing 10% FBS

si-HMGCS2+C6-Ceramide CCECs cells transfected with HMGCS2 interfered siRNA for 48 h, incubated with 50 μM C6-Ceramide for 24 h,
and cultured in high glucose medium containing 10% FBS

si-HMGCS2+GW9662 CCECs cells transfected with HMGCS2 interfered siRNA for 48 h, incubated with 1 μM GW9662 for 24 h, and
cultured in high glucose medium containing 10% FBS

CCECs corpus cavernosal endothelial cells, HMGCS2 mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase 2, TGF-α transforming growth
factor α, NC negative control, DMEM Dulbecco’s modified eagle’s medium, FBS fetal bovine serum
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inhibit the transcription of PPARγ, resulting in upregulated
levels of HMGCS2 expression contributing to CCECs
injury of DMED (Fig. 9). Taken together, based on the key
observations of our study we conclude that the inactivation
of Ras/MAPK/PPARγ signaling axis in connection with
HMGCS2 silencing could attenuate the impairment and
apoptosis of CCECs in DMED rats. Therefore, the identi-
fication of HMGCS2 silencing and Ras/MAPK/PPARγ

signaling axis in DMED could help further elucidate and
enhance our current understanding of the potential mole-
cular mechanisms in DMED, highlighting their promise as
novel markers for the treatment of DMED. Further studies
are required in order to ascertain as to whether HMGCS2 is
correlated with eNOS to fully identify and understand the
specific mechanisms associated with HMGCS2 silencing on
DMED via Ras/MAPK/PPARγ signaling axis.

Fig. 8 HMGCS2 silencing attenuates impairment and inhibits apop-
tosis of CCECs under high glucose condition in vitro. a mRNA levels
of Ras, ERK, PPARγ, and HMGCS2 in CCECs using RT-qPCR after
HMGCS2 silencing; b protein levels and protein band patterns of Ras,
ERK, PPARγ and HMGCS2 in CCECs using western blot analysis; c
and d apoptotic rate of CCECs by flow cytometry under high glucose
condition; e LDH level of CCECs in cell supernatant under high
glucose condition after treatment of Ras agonist, MAPK agonist,
PPARγ inhibitor and/or siRNA targeting HMGCS2; RT-qPCR reverse
transcription quantitative polymerase chain reaction, MAPK mitogen-
activated protein kinase, PPAR peroxisome proliferators-activated

receptor, HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2,
ERK extracellular signal-regulated kinase, TGF transforming growth
factor, FTS arnesylthiosalicylic acid, RGZ rosiglitazone, CCECs cor-
pus cavernosal endothelial cells, LDH lactate dehydrogenase; *p <
0.05 vs. the control group; #p < 0.05 vs. the high glucose control
group; &p < 0.05 vs. the si-HMGCS2 group; mRNA and protein levels
of Ras, ERK, PPARγ, and HMGCS2, apoptotic rate of CCECs, and
LDH level of CCECs were measurement data, and represented by
mean ± standard deviation; the one-way ANOVA was performed to
analyze data in each group; the experiment was repeated three times;
ANOVA analysis of variance
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