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The near-infrared dye IR-61 restores erectile
function in a streptozotocin-induced diabetes model
via mitochondrial protection

Xiao-Feng Yue', Chong-Xing Shen', Jian-Wu Wang', Lin-Yong Dai', Qiang Fang', Lei Long?, Yi Zhi',
Xue-Ru Li*, Ya-Wei Wang?, Gu-Fang Shen?, Zu-Juan Liu?, Chun-Meng Shi?,Wei-Bing Li'

This study aimed to evaluate the therapeutic effect of IR-61, a novel mitochondrial heptamethine cyanine dye with antioxidant
effects, on diabetes mellitus-induced erectile dysfunction (DMED). Eight-week-old male Sprague-Dawley rats were intraperitoneally
injected with streptozotocin (STZ) to induce type 1 diabetes. Eight weeks after STZ injection, all rats were divided into three groups:
the control group, DM group, and DM + IR-61 group. In the DM + IR-61 group, the rats were administered IR-61 (1.6 mg kg!)
twice a week by intravenous injection. At week 13, erectile function was evaluated by determining the ratio of the maximal
intracavernous pressure to mean arterial pressure, and the penises were then harvested for fluorescent imaging, transmission
electron microscopy, histological examinations, and Western blot analysis. Whole-body imaging suggested that IR-61 was highly
accumulated in the penis after intravenous injection. IR-61 treatment significantly improved the maximal ICP of diabetic rats.
Additionally, IR-61 ameliorated diabetes-induced inflammation, apoptosis, and phenotypic transition of corpus cavernosum smooth
muscle cells (CCSMCs) in penile tissue. IR-61 also attenuated mitochondrial damage, reduced reactive oxygen species production
in the corpus cavernosum and upregulated sirtuinl (SIRT1), sirtuin3 (SIRT3), nuclear factor (erythroid-derived 2)-like 2 (Nrf2), and
heme oxygenase expression in penile tissue. In conclusion, IR-61 represents a potential therapeutic option for DMED by protecting

the mitochondria of CCSMCs, which may be mediated by activation of the SIRT1, SIRT3, and Nrf2 pathways.
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INTRODUCTION

Erectile dysfunction (ED) is three times more common and occurs at a
younger age in diabetic patients than in men without diabetes. Multiple
etiological factors, including endothelial damage, smooth muscle
dysfunction, neuropathy, inflammation, and cavernous fibrosis, are
responsible for the pathogenesis of diabetes mellitus-induced erectile
dysfunction (DMED).! Phosphodiesterase type 5 inhibitors (PDE51),
the first-line treatment for ED, show poor effects on DMED.? Glycemic
control is also not sufficiently effective to improve erectile function
in individuals with diabetes.’ Although second-line therapy, such as
intracavernous injection of stem cells or vasoactive drugs, has been
suggested to be therapeutic in treating DMED, 41%-68% of patients
dropped out of therapy early due to local complications, including
penile pain, prolonged erections, priapism, and fibrosis.* Therefore,
novel and convenient therapeutic methods are urgently needed.

The poor efficacy of PDE5i in treating DMED is associated with
dysfunction in corpus cavernosum smooth muscle cells (CCSMCs),
which play a central role in the course of erection.” Relaxation of
CCSMCs increases arterial blood flow, elevates intracavernous pressure
(ICP), and ultimately induces penile erection.® Phenotypic switching

and apoptosis of CCSMCs impair the vasorelaxation mechanisms of
the corpus cavernosum and participate in the pathogenesis of DMED.
Similar to other smooth muscle cells (SMCs), CCSMCs can transform
from a contractile phenotype to a synthetic phenotype in the early
period of DMED, resulting in decreased expression of contractility-
associated proteins such as calponin, smooth muscle 22a (SM22a), and
a-smooth muscle actin (a-SMA), as well as overexpression of synthetic
markers such as osteopontin (OPN) and vimentin.”® Additionally,
apoptosis of CCSMCs has been shown to be involved in DMED,
and the suppression of apoptosis could improve erectile function in
diabetic rats.’

Studies have suggested that mitochondrial damage in CCSMCs
and endothelial cells contributes to the pathogenesis of organic ED.'*!
Mitochondria are abundant in SMCs and are required for maintaining
myogenic contraction of SMCs.'? Mitochondrial dysfunction caused
by diabetes impairs mitochondrial homeostasis and induces excessive
reactive oxygen species (ROS) production, which triggers SMC
phenotypic transformation and cell apoptosis.’*!* In addition, chronic
inflammation is another important pathogenetic factor associated
with DMED.!>!¢ Research findings demonstrate the key importance of
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mitochondria in innate immune signaling. Specifically, antimicrobial
defense and sterile inflammation occur via nucleotide binding and
oligomerization of domain-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome activity.!” In diabetes, NLRP3
can be activated by mitochondrial ROS overproduction and the release
of mitochondrial DNA into the cytoplasm secondary to mitochondrial
injury.'® In addition to promoting inflammation, NLRP3 activation
also promotes cell death and SMC phenotypic transformation." These
studies suggested that protecting mitochondria in penile tissues could
be a useful treatment for DMED; however, this treatment has not been
tested in a clinical setting. Therefore, the identification of a drug that
can protect mitochondria and attenuate inflammation in the corpus
cavernosum would greatly contribute to the clinical treatment of
DMED.

IR-61 is a novel near-infrared (NIR) fluorescent heptamethine
cyanine dye with preferential mitochondrial accumulation properties.
A previous study indicated that IR-61 could improve mitochondrial
function and increase antioxidant capacity by activating the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) signaling pathway, thereby
protecting mitochondria from oxidative injury.® Nrf2 is a major
negative regulator of oxidative stress and promotes the transcription
of many antioxidant enzymes, including heme oxygenase (HO-1).
Activation of Nrf2 signaling has been shown to play a protective role
in DMED.** Preliminary experiments suggested that rats selectively
accumulated high concentrations of IR-61 in the penis after caudal vein
injection. Considering these characteristics of IR-61, we hypothesized
that the high accumulation of IR-61 in penile tissue may play a
therapeutic role in DMED through mitochondrial protection and
oxidation. In this study, we investigated the effects of IR-61 on erectile
function and the pathological alterations in the corpus cavernosum in
diabetic rats and explored the potential mechanisms.

MATERIALS AND METHODS

Chemicals, animals, and experimental design

The synthesis of IR-61 was performed according to a previously reported
method.” Experiments were conducted on male Sprague-Dawley rats
(8 weeks old, weighing 220 g-280 g) that were purchased from the
animal facility of the Central Animal House Services of the Army
Medical University (Third Military Medical University, Chongging,
China). The experiments and animal care procedures were approved
by the Laboratory Animal Welfare and Ethics Committee of the AMU
(Chongging, SCXK 2012-0011, 01082012, China).

Streptozotocin (STZ; 60 mg kg™'; dissolved in citrate buffer,
pH = 4.0; Sigma-Aldrich, S0130, St. Louis, MO, USA) was administered
by intraperitoneal injection. Only animals with two consecutive
random blood glucose levels of >16.7 mmol 1" were included in the
study.” Eight weeks after the induction of diabetes, the rats were
assigned to groups: normal control rats (control, n = 10), diabetic
rats that were treated with vehicle (DM; n = 16), and diabetic rats
that were treated with IR-61 (DM + IR-61; n = 21). Solid IR-61 was
dissolved in dimethylsulfoxide (DMSO) at a concentration of 10 mmol
I"" and stored at —20°C. IR-61 was diluted 40 times with phosphate
buffer saline (PBS) for injection. Intravenous injections of IR-61 (1.6
mg kg™') were performed twice a week. Blood glucose and body weight
were measured every 2 weeks. The penile tissue was divided for the
different analyses. Cavernous tissue of the size of a grain of rice was
cut from the root of the penis and fixed with 2.5% glutaraldehyde
(Aladdin, G105906, Shanghai, China) for electron microscopy. Half
of the distal penile tissue was cryopreserved for Western blot. The
remaining part was cut into two pieces, and one part was fixed in
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4% paraformaldehyde solution for immunostaining and Masson’s
trichrome staining, while the other was embedded in Tissue-Tek O.C.T.
Compound (Sakura, 4583, Miami, FL, USA) for frozen sectioning
and staining.

Optical properties of IR-61

IR-61 was dissolved in water, methanol, 10% fetal bovine serum
(FBS) or PBS at 37°C at a concentration of 2 mmol 1!, After sufficient
mixing, the absorption spectra of each solution were determined
by a full-wavelength enzymatic spectrometer, and the fluorescence
emission spectra of each solution were determined by a fluorescence
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Excitation wavelength was 740 nm, excitation and emission slit width
was 5 nm, and scanning was conducted from 750 nm to 900 nm.

NIR imaging of IR-61 in vivo and ex vivo

At 6 h, 1 day, 2 days, and 5 days after injection, normal rats that had
been intravenously injected with IR-61 (1.6 mg kg™') were anesthetized
and subjected to NIR whole-body fluorescent imaging to trace the
biodistribution of IR-61 in vivo with an In-Vivo FX professional
imaging system (Kodak, Rochester, NY, USA).” The animals were then
sacrificed, and their hearts, livers, lungs, spleens, kidneys, bladders,
and penises were harvested for ex vivo imaging. To determine the
IR-61 distribution in the corpus cavernosum, penile tissues were frozen
and cut into slices (8 um). Smooth muscle was then immunostained
with goat anti-a-SMA (1:200; Abcam, ab21027, Cambridge, UK). The
fluorescence signals of IR-61 and a-SMA were assessed using LAS AF
Lite software (Leica, Weztlar, Germany).

Subcellular localization of IR-61 in CCSMCs

CCSMCs were isolated from Sprague-Dawley (SD) rats and
cultured adherently.?* Cells at passage 2 were harvested for
fluorescence staining. Identification of CCSMCs was performed by
immunofluorescence staining with goat anti-a-SMA (1:100; Abcam,
ab21027) and rabbit anti-Desmin antibodies (1:100; Abcam, ab32362)
as previously described.”® To confirm the subcellular localization
of IR-61, cultured CCSMCs were seeded in a 35 mm Petri dish
and incubated with 10 mmol I"! IR-61 for 20 min and 100 nmol 1!
MitoTracker Green (Invitrogen, M7514, Carlsbad, CA, USA) or 100
nmol 1! LysoTracker Green (Invitrogen, L7526) for 30 min. Then, the
cells were stained with Hoechst 33342 (Beyotime, C1025, Shanghai,
China) and photographed by a fluorescence microscope (BX51,
Olympus, Tokyo, Japan).

Erectile function measurement

Erectile function was assessed at 13 weeks after STZ induction. ICP
and mean arterial pressure (MAP) were measured with the BL-420F
multichannel signal collection processing system (Chengdu Implement
Company, Chengdu, China) to evaluate erectile function as previously
described.?® The cavernous nerve (CN) stimulation parameters were
5V at a frequency of 15 Hz with a pulse width of 1.2 ms for 1 min.

Histology, immunohistochemistry, and immunofluorescence

For the histological analysis, the corpus cavernosum tissue was
fixed in 4% paraformaldehyde, embedded and sliced in a routine
manner. Masson’s trichrome, terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL), and immunohistochemical and
immunofluorescent staining were performed according to the literature.?
The TUNEL assay was performed using an in situ cell death detection
kit with fluorescein (Roche, 11684817910, Indianapolis, IN, USA).
TUNEL was costained with goat anti-a-SMA (1:200; ab21027, Abcam)
to evaluate the apoptotic levels of CCSMCs. For immunohistochemical



and immunofluorescence staining, the primary antibodies were rabbit
anti-Desmin (1:200; Abcam, ab32362), goat anti-a-SMA (1:200;
Abcam, ab21027), mouse anti-Calponin (1:200; Proteintech, 13938-
1-AP, Rosemont, IL, USA), mouse anti-SM22a (1:100; Proteintech,
60213-1-Ig), rabbit anti-OPN (1:200; Abcam, ab8448), rabbit anti-Ras
homolog gene family, member A (RhoA; 1:100; Proteintech, 10749-1-
AP), rabbit anti-Rho-associated, coiled-coil containing protein kinase
1 (ROCKI1; 1:100; Proteintech, 21850-1-AP), mouse anti-vimentin
(1:200; Abcam, ab20346), rabbit anti-cleaved-caspase-3 (1:100; Abcam,
ab13847), rabbit anti-sirtuinl (SIRT1; 1:200; Proteintech, 13161-1-AP),
rabbit anti-sirtuin3 (SIRT3; 1:200; Proteintech, 10099-1-AP), goat
anti-NLRP3 (1:200; Abcam, ab4207), rabbit anti-caspase-1 (1:100;
Abcam, ab179515), and mouse anti-apoptosis-associated speck-like
protein containing a caspase-recruitment domain (ASC; 1:100; Santa
Cruz Biotechnology, sc-514414, Santa Cruz, CA, USA). The sections
were photographed and then quantitatively analyzed using Image]
software (National Institutes of Health, Bethesda, MD, USA).

In situ detection of mitochondria and superoxide levels

To detect the mitochondrial mass of CCSMCs in situ, fresh
frozen sections of corpus cavernosum tissues from all groups
were incubated with MitoTracker Red (200 umol 1'}; Invitrogen,
M7512), fixed with 4% paraformaldehyde, and costained with
Alexa Fluor 488-conjugated goat anti a-SMA. The mitochondrial
mass of CCSMCs was imaged and assessed by confocal fluorescence
microscopy (TCS SP5, Leica). Fresh frozen sections of penile tissues
were incubated with MitoTracker Green (200 pumol I™'; Invitrogen,
M7514), Dihydroethidium (DHE; 10 pmol I™; Beyotime, S0063), and
MitoSOX (10 pmol 17%; Invitrogen, M36008) at 37°C in the dark for
20 min to measure mitochondrial content and in situ cytosolic and
mitochondrial superoxide in the corpus cavernosum, respectively.
Quantitative analysis of the fluorescence intensity was performed
using Image]J software.

Western blot analysis

The corpus cavernosum tissues were obtained from the penes
after the penile skin, tunica albuginea, blood vessel, and urethra
cavernosum were removed. Then, the cavernous tissues were lysed
with Radio Immunoprecipitation Assay (RIPA) buffer (Beyotime,
P0013) containing a protease inhibitor cocktail (Roche, 4693132001).
Total protein was extracted, and the concentration was quantified
using a BCA protein assay kit. Proteins with different molecular
weights were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The primary antibodies used were rabbit
anti-Calponin (1:1000; Proteintech, 24855-1-AP), mouse anti-SM22a
(1:1000; Proteintech, 60213-1-Ig), rabbit anti-OPN (1:1000; Abcam,
ab8448), rabbit anti-SIRT1 (1:1000; Proteintech, 13161-1-AP), rabbit
anti-SIRT3 (1:1000; Proteintech, 10099-1-AP), rabbit anti-NLRP3
(1:1000; Abcam, ab214185), rabbit anti-caspase-1 (1:1000; Proteintech,
22915-1-AP), rabbit anti-interleukin-1p (IL-1f; 1:1000; Abcam,
ab9722), mouse anti-ASC (1:1000; Santa Cruz, sc-514414), rabbit
anti-cleaved-caspase-3 (1:1000; Abcam, ab13847), rabbit anti-Nrf2
(1:1000; Proteintech, 66504-1-Ig), rabbit anti-HO-1 (1:1000; Abcam,
ab13248), mouse anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:5000; Proteintech, 60004-1-Ig), and mouse anti-p-actin
(1:5000; Proteintech, 60008-1-Ig). After incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies, the polyvinylidene
fluoride (PVDF) membrane was measured by a ChemiDoc XRS System
(Bio-Rad, Hercules, CA, USA). The Western blot results were analyzed
and quantified by Image]J software.
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Transmission electron microscopy (TEM)

The corpus cavernosum tissues were harvested, fixed in 4%
glutaraldehyde overnight, fixed in 1% osmium tetroxide, dehydrated
in graded ethanol, and embedded in fresh 100% resin. Ultrathin
sections were cut and stained with 5% uranyl acetate and lead citrate
and viewed by a fully trained expert in TEM (JEM-1400PLUS, JEOL,
Tokyo, Japan) at 100 kV.

Statistical analyses

The data were expressed as the mean + standard derivation (s.d.).
Statistical analysis of experimental data was performed using
GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA). One-
way analysis of variance (ANOVA) or two-way ANOVA followed by
Bonferroni post hoc test was used for comparisons. A Kruskal-Wallis
test followed by Dunn’s multiple comparison was used to analyze
data with a skewed distribution. P < 0.05 was considered statistically
significant.

RESULTS

Optical properties and subcellular localization of IR-61

The chemical structure of IR-61 is shown in Supplementary Figure 1a.
The peaks of the absorption and emission spectra of IR-61 in methanol,
10% FBS, H,O, and PBS were all in the NIR band (780 nm-850 nm).
The spectral analysis confirmed the NIR fluorescence of IR-61
(Supplementary Figure 1b and 1c). To determine the subcellular
location of IR-61, we isolated and cultured primary CCSMCs
from 8-week-old Sprague-Dawley rats. Cells were identified by
immunofluorescent staining with a-SMA and Desmin, two specific
antigens of SMCs (Supplementary Figure 2). Targeted accumulation of
IR-61 in the mitochondria of CCSMCs was confirmed by colocalization
with MitoTracker Green but not LysoTracker Green or Hoechst
(Supplementary Figure 1d). These results support the claims that
IR-61 is a mitochondria-targeting NIR dye, which is consistent with
a previous study.

Biodistribution and accumulation of IR-61

According to the whole-body imaging results, rats administered
IR-61 had a higher NIR fluorescence signal in the penis in vivo than
rats treated with vehicle (Figure 1a). The detection of the intense
fluorescence signal in the penis in vivo suggests that IR-61 could be
used in the diagnosis and treatment of penile disease. The rats were
sacrificed, and their vital organs were harvested for ex vivo imaging.
We observed obviously stronger NIR fluorescence within the penis and
bladder than in other organs. These results illustrate that IR-61 could
accumulates in the penis and bladder, as proven by the NIR fluorescence
intensities in the penis and bladder, which were significantly higher
than those in other organs at 1 day, 2 days, and 5 days postintravenous
administration (P < 0.05 for each; Figure 1b).

To determine the distribution of IR-61 in penile tissue, the corpus
cavernosum tissues were frozen and sliced at 1 day and 5 days after
injection for histological examination. Fluorescence microscopy
revealed that IR-61 colocalized with a-SMA, a smooth muscle cell
marker, suggesting the uptake of IR-61 by CCSMCs in the corpus
cavernosum (Figure 1c) and thereby verifying the role of IR-61 in
CCSMC:s as the focus in this study.

Measurement of glycemia and body weight

As shown in Figure 2a and 2b, there was no significant difference
in blood glucose among the three groups at the beginning of
the experiment (5.13 + 0.72 mmol 17, 5.06 £ 0.74 mmol 17!, and
5.07 = 0.88 mmol 1!). At the end of the study, the blood glucose
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Figure 1: Biodistribution of IR-61 after intravenous administration. (a) /n vivo and ex vivo NIR imaging of rats and their vital organs at 6 h, 1 day, 2 days,
and 5 days after intravenous injection of IR-61. (b) Quantitative analysis of the NIR fluorescence intensities of vital organs at the indicated time points
(n =4 per group). "P < 0.05, the NIR fluorescence intensities of indicated organs compared with that of the penis. (c) Fluorescence imaging of IR-61 (red)
in corpus cavernosum tissues costained with a-SMA (green). Scale bar = 20 ym. NIR: near infrared; SMC: smooth muscle cell; a-SMA: a-smooth muscle

actin; H: heart; Li: liver; S: spleen; Lu: lung; K: kidney; B: bladder; P: penis.

levels in the DM and DM + IR-61 groups (31.31 + 2.63 mmol I"' and
31.85 +2.09 mmol 1!, respectively) were significantly higher than that
in the control group (6.84 + 1.09 mmol I"'; P < 0.0001 for each). The
blood glucose levels in the two diabetic groups showed no significant
differences (P > 0.99). The initial body weight in each group showed
no significant difference (250.70 + 18.90 g, 239.81 + 19.34 g, and
247.52 +17.90 g). The final body weight of the normal control group
(552.90 + 20.61 g) was much higher than that in the two diabetic
groups (326.00 + 40.85 g and 298.5 + 57.67 g; P < 0.0001 for each).
There was no significant difference in body weight between the DM
and DM + IR-61 groups (P > 0.99). These results indicated that IR-61
did not change glycometabolism or body weight in STZ-induced
diabetes mellitus.
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IR-61 improved erectile function in diabetes

Erectile function was analyzed by the ratio of max ICP to MAP
(ICP/MAP). The ICP/MAP ratios were significantly decreased in
diabetic rats compared with normal rats (P < 0.0001). Notably, the
ICP/MAP ratio in the DM + IR-61 group was higher than that in the
DM group (P < 0.0001; Figure 2c and 2d). These results demonstrated
that the administration of IR-61 could improve the capacity for erection
in diabetic rats.

IR-61 maintained CCSMCs in diabetes

Changes in morphology and the ratio of smooth muscle to
collagen were observed using Masson’s trichrome staining
(Supplementary Figure 3a). The smooth muscle-to-collagen ratio
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Figure 2: IR-61 improved erectile function in diabetic rats independent of blood glucose control. (a) Blood glucose and (bh) body weight in each group after
STZ injection (n= 10, 18 and 21 for each group). (c) Representative images of ICP and MAP for the control, DM, and DM + IR-61 groups at 5 V; green scale
bars indicate 60 s electric stimulation. (d) Statistical analysis of the maximal ICP/MAP ratios in the three group (n = 6 per group). “P < 0.05, the indicated
group compared with the control group; ***P < 0.0001, the indicated group compared with the control group; P < 0.0001, the indicated group compared
with the DM group. STZ: streptozotocin; ICP: intracavernosal pressure; MAP: mean arterial pressure; DM: diabetes mellitus.

in the DM group was significantly reduced compared with that in
the control group (P < 0.001). IR-61 treatment significantly reversed
the reduction in the smooth muscle-to-collagen ratio (P < 0.01;
Supplementary Figure 3b). Immunohistochemistry staining for
Desmin to assess the smooth muscle content further confirmed that
IR-61 partially restored the smooth muscle content in diabetic rats (P
< 0.01; Supplementary Figure 3¢ and 3d).

To examine the phenotypic switching of CCSMCs in vivo, the
expression of contractile markers (a-SMA, Calponin, and SM22a) and
synthetic markers (OPN and vimentin) in the corpus cavernosum was
measured by Western blot and immunofluorescence. The Western blot
results showed that OPN was more highly expressed in the DM group
than in the other two groups (P < 0.01 for each). The protein levels
of Calponin and SM22a were decreased in diabetic rats (P < 0.001
and P < 0.0001, respectively), and Calponin levels were rescued by
IR-61 treatment (P < 0.05; Figure 3b and 3c). Immunofluorescent
staining showed that IR-61 increased the levels of SM22a and a-SMA
(P < 0.001 for both) while lowering the expression of OPN and
vimentin in diabetic rats (P < 0.05 and P < 0.001, respectively; Figure
3a, 3d, and 3e; Supplementary Figure 4a, 4c, and 4d). As shown in
Supplementary Figure 4b, 4e and 4f, Rho A and ROCK1, which are
critical for the translation of contractile proteins in SMCs, showed
significantly lower fluorescence intensities in the DM group than
those in the control group (P < 0.01 and P < 0.001, respectively). IR-61
administration increased Rho A and ROCKI1 levels in diabetic rats (P
< 0.05 and P < 0.01, respectively). These data suggest that IR-61 can
maintain the contractile phenotype of CCSMCs in diabetes.

Dual staining of TUNEL and a-SMA in cavernous tissue
demonstrated a significant increase in the number of apoptotic cells
among CCSMCs in the DM group compared to that of the control and
DM + IR-61 groups (P < 0.001 for each, Figure 4a and 4b). Western
blot analysis showed higher protein levels of cleaved-caspase-3 in
diabetic rats than in normal rats, which was ameliorated by IR-61

(P < 0.001 for each; Figure 4e and 4f). Immunofluorescence staining
of cleaved-caspase-3 showed similar results (Figure 4c and 4d). These
data indicate the anti-apoptotic effect of IR-61 in cavernous tissue and
CCSMCs in diabetes.

IR-61 suppressed diabetes-induced inflammation in the corpus
cavernosum

The protein levels of NLRP3 and its downstream molecules, such as
pro-caspase-1, caspase-1 p20, ASC, and IL-1p, were analyzed using
immunofluorescence staining and Western blot. The fluorescence
intensities of NLRP3, ASC, and caspase-1 were increased in the corpus
cavernosum in the DM group. However, these observed increases were
mitigated by IR-61 (Supplementary Figure 5a-5c and 6). Similarly,
the Western blot results revealed that IR-61 treatment attenuated the
upregulation of NLRP3, pro-caspase-1, caspase-1 p20, IL-1f3, and ASC
in the cavernous tissues of diabetic rats (P < 0.01, P < 0.05, P < 0.001, P
<0.001,and P < 0.01, respectively; Supplementary Figure 5d and 5e).
These data indicated that IR-61 was able to reduce diabetes-induced
inflammatory cell infiltration and NLRP3 inflammasome activation,
thereby suppressing inflammation in the corpus cavernosum.

IR-61 mitigated mitochondrial damage and mitochondrial ROS
production

To determine the number of active mitochondria in CCSMCs,
frozen sections were co-stained with MitoTracker Red and a-SMA
(Figure 5a), and the results showed that MitoTracker Red was
mainly localized in smooth muscle areas. The fluorescence intensity
of MitoTracker Red was reduced in diabetic rats (P < 0.01) and
was rescued by IR-61 administration (P < 0.01), indicating that
IR-61 could restore the mitochondrial mass in CCSMCs in diabetes
(Figure 5e). Fluorescence staining with MitoTracker Green verified that
IR-61 rescued the mitochondrial capacity in the cavernous tissue of
diabetic rats (P < 0.05; Supplementary Figure 7). The ultrastructures
of CCSMCs were observed by TEM, which revealed that CCSMCs
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Figure 3: IR-61 mitigated the phenotypic transition of CCSMCs in STZ-induced diabetic rats. (a) Dual staining for SM22c and OPN in the penile corpus
cavernosum (n = 4 per group). Scale bar=20 pum. (b) Protein levels of SM22a., calponin, and OPN in the corpus cavernosum of each group were measured
by Western blot (n = 4 per group). (¢) Quantitative analysis of protein levels of SM22a, calponin, and OPN in the corpus cavernosum. Quantitative analysis
of fluorescence intensity of (d) SM22a and (e) OPN. *P < 0.05, the indicated group compared with the Control group; ***P < 0.0001, the indicated group
compared with the Control group; ##P < 0.0001, the indicated group compared with the DM group. CCSMCs: corpus cavernosum smooth muscle cells; STZ:
streptozotocin; SM22a:: smooth muscle 22a; OPN: osteopontin; DM: diabetes mellitus; DAPI: 4',6-diamidino-2-phenylindole.

in STZ-induced diabetic rats exhibited increased mitochondrial
vacuolization, and IR-61 attenuated mitochondrial damage in CCSMCs
in diabetic rats (Figure 5b). Frozen sections of the corpus cavernosum
stained with DHE and MitoSOX (Figure 5c and 5d) were used to
measure mitochondrial and cellular superoxide levels. Fluorescence
intensity analysis of DHE and MitoSOX showed that both cellular
and mitochondrial superoxide levels were elevated in the DM group
(P <0.01 for each) and were blocked by IR-61 treatment (P < 0.05 and
P < 0.01, respectively), which demonstrated the antioxidant effect of
IR-61 (Figure 5e and 5f).

The localization of SIRT1 and SIRT3 was determined by
immunofluorescent staining with a-SMA (Figure 6a and 6b). SIRT1
and SIRT3 were colocalized with a-SMA, which confirmed that SIRT1
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and SIRT3 were mainly expressed in the cytoplasm of CCSMCs in penile
tissue. Fluorescence intensity analysis suggested that IR-61 could increase
the expression of SIRT1 in diabetic cavernous tissue (P < 0.001; Figure 6d).

Western blot indicated that the protein levels of SIRT1 and SIRT3
significantly declined in the diabetic rats (P < 0.01 and P < 0.0001,
respectively) and were restored by the administration of IR-61
(P <0.05 and P < 0.001, respectively; Figure 6¢ and 6e). The protein
levels of Nrf2 and HO-1 were upregulated in the DM group (P < 0.01
for each) and were further elevated by IR-61 administration (P < 0.001
and P < 0.05, respectively; Figure 6f and 6g). These findings suggested
that IR-61 could potentially increase penile levels of SIRT1, SIRT3, Nrf2
and HO-1 in diabetic rats, which may be related to the cytoprotective
effect of IR-61 on CCSMCs.
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DISCUSSION

Although the treatment of erectile dysfunction has been well
studied, treatment for DMED remains a challenge. Patients with
DMED show limited responsiveness to PDE5, the first-line therapy
for ED. Intracavernous injections, the second-line therapy, have
been demonstrated to be an efficient treatment method, but the
administration is psychologically difficult for patients to accept and
can lead to complications such penile pain, prolonged erections,
priapism, and fibrosis, which limit their clinical efficacy.* Hence, a
convenient and safe strategy is needed for treating DMED. IR-61
is an NIR heptamethine fluorescent dye with cytoprotective effects
and antioxidative properties that exclusively accumulates in the
mitochondria and exhibits mitoprotective and antioxidant effects
by activating the Nrf2 pathway.®® The activation of Nrf2 signaling
has been shown to play a protective role on DMED.?"* Herein,

we first determined that intravenously administered IR-61 was
able to accumulate in penile tissue and restore erectile function in
STZ-induced diabetic rats, which indicated that IR-61 may be a
potential candidate for the treatment of DMED.

Histological examination showed that IR-61 was mainly taken up
by CCSMCs in the corpus cavernosum. CCSMCs provide structural
support for vasodilation, control blood flow into the cavernous sinus,
and play a vital role during penile erection.® Dysfunction in CCSMCs
is one of the principal causes of DMED. Some research reported that
diabetes induced excessive contraction of CCSMCs by activating the
RhoA/ROCK pathway, which could directly trigger SMC contraction
through Ca**-independent regulation and increase the expression
of contractile makers (Myocardin, SM22a, Calponin, and a-SMA),
eventually leading to DMED.”* However, other studies suggested
that induced CCSMC apoptosis and phenotypic transformation,
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which impair the contractile and relaxation functions of CCSMCs,
were involved in the pathogenesis of DMED.** In our study, CCSMC
apoptosis and phenotypic transition in diabetic rats were confirmed.
Additionally, the levels of Rho A and ROCK1 were significantly lower
in the DM group than in the other groups. To our knowledge, this is
the first report showing that the downregulation of the Rho A/ROCK
pathway was also associated with DMED. These findings indicate
that the loss of CCSMC contractility contributes to erectile function
impairment in this diabetic rat model. IR-61 significantly alleviated
the phenotypic transition and apoptosis of CCSMCs in diabetes,
thereby recovering the loss of smooth muscle content in the corpus
cavernosum.

Herein, we found that the corpus cavernosum of diabetic rats
had significantly increased protein levels of NLRP3, ASC, IL-1f,
pro-caspase-1, and caspase-1 p20. Chronic inflammation is one of
the major factors associated with diabetic cardiovascular diseases,
including DMED.'>*! IL-1p, a potent proinflammatory cytokine,
can impair cavernosum endothelial cells and lead to ED.*? The
NLRP3 inflammasome, composed of the NLRP3 protein, the
adaptor protein ASC, and the cysteine protease pro-caspase-1, is
an important regulator of the innate immune response, and its
activation plays a crucial role in the pathogenesis of diabetes and
diabetic complications. Diabetes-related mitochondrial dysfunction
has been considered to be pivotal in this process.”*=** It has been
documented that activating the NLRP3 inflammasome could boost
caspase-1-dependent pyroptosis and caspase-3-dependent apoptosis
via a mitochondrial pathway.® Furthermore, several studies have
revealed that SMC phenotypic transformation is promoted by
NLRP3 inflammasome activation in spontaneously hypertensive
rats and Ang II-induced hypertensive mice.’*?” However, IR-61
administration blocked these alterations, demonstrating its anti-
inflammatory effects.
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In this study, diabetes-induced mitochondrial injury in CCSMCs
was confirmed by decreased mitochondrial mass, increased
mitochondrial ROS production, and mitochondrial vacuolization,
while mitochondrial damage was alleviated by IR-61 administration.
It has been well established that maintaining mitochondrial
homeostasis could retain the contractile phenotype and reduce the
apoptosis of SMCs.*® Additionally, excessive mitochondrial ROS
production and the release of mitochondrial DNA into the cytoplasm
secondary to mitochondrial damage are capable of activating the
NLRP3 inflammasome.** Additionally, IR-61 increased the protein
levels of SIRT1, SIRT3 and Nrf2 in diabetic rats. SIRT1 and SIRT3
are two well-characterized members of the sirtuin family that play
important roles in regulating mitochondrial function and maintaining
mitochondrial homeostasis.”® Decreases in SIRT1 and SIRT3 have
been considered to be involved in the pathogenesis of ED induced
by diabetes and other cardiovascular diseases, and the activation of
SIRT1 could reduce inflammation in cavernous tissue and maintain
smooth muscle levels, thereby improving DMED.**? The activation
of Nrf2, which is also involved in the regulation of mitochondrial
homeostasis in diabetes by modulating mitochondrial biogenesis
and mitochondrial membrane potential, could improve erectile
dysfunction in STZ-induced diabetic rats through the upregulation
of HO-1.2"** Moreover, SIRT1 has been regarded as an upstream
regulator of the Nrf2 signaling pathway. Activating Nrf2 signaling
enhances the transcription of SIRT3 and HO-1, which play pivotal
roles in the alleviation of oxidative injuries and inflammation.**¢
The upregulation of SIRT1, SIRT3, Nrf2 and HO-1 in diabetic rats
might be the mechanism by which IR-61 protects mitochondria from
oxidative stress and improves DMED.

One major limitation of this study is that we failed to establish
the cell model because high glucose conditions were not sufficient to
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Supplementary Figure 1: Optical characterization and subcellular localization of IR-61. (a) Chemical structure of IR-61. (b) Absorption spectra and (¢) emission
spectra of IR-61 in methanol, water, PBS and 10% FBS. (d) Determining mitochondrial targeting of IR-61 in CCSMCs by costaining with IR-61 and MitoTracker
Green or LysoTracker Green. Scale bar = 25 pm. CCSMCs: corpus cavernosum smooth muscle cells; FBS: fetal bovine serum; PBS: phosphate buffer saline.
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Supplementary Figure 2: Identification of cultured CCSMCs of CCSMCs. Cultured CCSMCs were identified by immunofiuorescence positive for anti-Desin
antibody and anti-a-SMA antibody. Scale bar = 50 ym. CCSMCs: corpus cavernosum smooth muscle cells; a-SMA: a-smooth muscle actin.
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Supplementary Figure 3: IR-61 ameliorated diabetes-induced morphological
changes in the corpus cavernosum. (a) Representative images of HE and
Masson’s trichrome-stained corpus cavernosum tissue in the control, DM
and DM + IR-61 groups. Scale bar =100 pym. (b) Determination of smooth
muscle content in the corpus cavernosum by immunohistochemical staining
of Desmin in the control, DM and DM + IR-61 groups (n = 3 per group).
(c) Quantification of the ratio of smooth muscle content to collagen in each
group (n= 3 per group). (d) Quantification of the ratio of Desmin positive area
in the cavernous tissue. P < 0.01, the indicated group compared with the
Control group; #P< 0.01, the indicated group compared with the DM group.
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Supplementary Figure 4: IR-61 mitigated phenotypic transition of CCSMCs in diabetic rats. (a) Representative images of immunofluorescence costaining
with a-SMA and vimentin. Scale bar = 100 pm. (b) Representative images of immunofluorescence staining of RhoA and ROCK1. Scale bar = 100 pym.
Quantitative analysis of the fluorescence intensity of (c) o-SMA, (d) Vimentin, (e) RhoA and (f) ROCK1 (n = 3 per group). P < 0.01, the indicated group
compared with the control group; **P < 0.001, the indicated group compared with the control group; *P < 0.05, the indicated groupcompared with the
DM group; #P < 0.01, the indicated group compared with the DM group; ##P < 0.001, the indicated group compared with the DM group. CCSMCs: corpus
cavernosum smooth muscle cells; DM: diabetes mellitus; RhoA: Ras homolog gene family, member A; ROCK1: Rho-associated, coiled-coil containing protein
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Supplementary Figure 5: IR-61 suppressed diabetes-induced inflammation and NLRP3 inflammasome activation in the corpus cavernosum. (a) Representative
images of NLRP3 and ASC immunofluorescence staining. Quantitative analysis of the fluorescence intensity of (h) NLRP3 and (¢) ASC (n = 4 per group).
Scale bar = 20 pm. (d) Western blot analysis of NLRP3, pro-caspase-1, caspase-1 p20, IL-18, and ASC in the corpus cavernosum. (e) Quantitative analysis
of relative protein levels of NLRP3, pro-caspase-1, caspase-1 p20, IL-18 and ASC (n = 4 per group). “P < 0.05, the indicated group compared with the
control group; P < 0.01 the indicated group compared with the control group; *"P < 0.001, the indicated group compared with the control group; P <
0.0001, the indicated group compared with the control group; *P < 0.05, the indicated group compared with the DM group; #P < 0.01, the indicated group
compared with the DM group; ##P < 0.001, the indicated group compared with the DM group. NLRP3: nucleotide binding and oligomerization of domain-
like receptor family pyrin domain-containing 3; ASC: apoptosis-associated speck-like protein containing caspase-recruitment domain; IL-1: interleukin-10;
DM: diabetes mellitus.
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Supplementary Figure 6: IR-61 inhibited the diabetes-induced NLRP3 inflammasome activation. Immunofluorescence costaining of caspase-1 and NLRP3
confirmed that IR-61 reduced the expression of NLRP3 and caspase-1 in the penile tissues. Scale bar = 100 um. NLRP3: nucleotide binding and oligomerization
of domain-like receptor family pyrin domain-containing 3; Caspl: caspase-1; DM: diabetes mellitus.
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Supplementary Figure 7: IR-61 rescued the mitochondria capacity in the cavernous tissue. (a) Relative fluorescence staining of MitoTracker Green on fresh
frozen sections of the cavernous tissue from all groups. (b) Quantitative analysis of MitoTracker Green fluorescence intensities of corpus cavernosum in each
group (n = 4 per group). *P < 0.05, the indicated group compared with the control group; *P < 0.05, the indicated group compared with the DM group.
Scale bar = 100 pm. DM: diabetes mellitus.



T1DMrats

B Mltochondno

/ ROS 7 TNer \
/ [ Mltochondnal \ TSlm Sirt3 //
damage
NLRP3 /
/// Inﬂammasome Z \3\0
. OG%

Phenotypic transition
Cell apoptosis

CCSMC dysfunction

» DMED

Supplementary Figure 8: Proposed schematic showing the mechanisms by
which IR-61-preserved erectile function in TIDM rats. IR-61 accumulated
in the cavernous tissue after intravenous injection and was located in the
mitochondria of CCSMCs. IR-61 in CCSMCs increased the expression of
Nrf2, SIRT1 and SIRT3, thereby decreasing mitochondrial damage and ROS
production secondary to high glucose. The maintenance of mitochondrial
stability and reduction in oxidative stress reduced NLRP3 inflammasome
activation, apoptosis and the phenotypic transition of CCSMCs induced
by diabetes, enabling IR-61 to protect the erectile function of diabetic
rats by ameliorating CCSMC dysfunction. TIDM: type 1 diabetes mellitus;
CCSMCs: corpus cavernosum smooth muscle cells; Nrf2: Nuclear factor
(erythroid-derived 2)-like 2; SIRT1: sirtuinl; SIRT3: sirtuin3; ROS: reactive
oxygen species; NLRP3: nucleotide binding and oligomerization of domain-
like receptor family pyrin domain-containing 3.



