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Introduction

Sexual dysfunction is defined as any persistent problem that arises during the sexual
response cycle and contributes negatively to sexual performance. Sexual dysfunction occurs
in both sexes and can be grouped into four categories (desire, arousal, orgasm and pain
problems) [1]. In males, sexual dysfunction may include the inability to achieve or maintain
an erection suitable for intercourse as well as retarded, early or premature ejaculation. In
comparison, females may experience symptoms such as the inability to achieve orgasm and
vaginal dryness. Cardiovascular diseases (CVD) and associated risk factors such as
atherosclerosis, hypertension, diabetes and obesity are closely linked with male and female
sexual dysfunction (FSD) [2]. Vascular health plays an important role in sexual function; for
instance, inflammation-induced endothelial injury is a major contributor for sexual
dysfunction in CVD (Figure 1). Recent papers have reviewed the role of inflammation on
sexual dysfunctions [3,4], however, the pivotal role of innate immune system, specially the
Toll-like receptors (TLR), in initiating the vascular and non-vascular impairments related to
sexual dysfunction was not addressed. Moreover, the TLR activation by damage-associated
molecular patterns (DAMPS) and oxidized lipoproteins, and the regulation of TLR by
hormones in male and female sexual organs were also not considered. Therefore, the aim of
this review is to better understand the correlation between sexual dysfunction and
inflammation in vascular disease, specifically on vascular inflammatory response elicited by
the innate immune system and its relationship with sexual dysfunction.

Phenotypical differences between male and female sexual organs occur around the 9t week
of gestation. The clitoris is anatomically similar to the penis, even after differentiation, and it
was recently described as “the female penis”, composed by two corpora cavernosa and a
spongiosal tissue [5]. The male penis is composed of 3 cylinders of erectile sinusoids
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including two corpus cavernosum (CC), the corpus spongiosum, glans and prepuce,
surrounded by a bi-layered fibro-skeleton structure (the tunica albuginea), which is essential
to maintain rigidity during sexual intercourse [6].

Peripherally, the penis is innervated by nerves originating from the spinal cord and ganglia
located at S2 to S4, from which the pelvic splanchnic nerves and pudendal nerves originate,
respectively [7]. Dorsal nerves arising from the pudendal nerve and cavernosal nerves
arising from the autonomic pelvic plexus provide the sympathetic and parasympathetic
innervation, respectively, to the penis [7]. In females, clitoral sensation is driven by
pudendal, hypogastric and pelvic nerves, while the erectile tissue is innervated by cavernous
nerve from the autonomic plexus [8].

Upon sexual stimulation, the central nervous system is activated causing enhanced blood
flow to the genital organs, leading to penile erection by the relaxation of the CC in males or
engorgement and lubrication of the clitoris and vagina in females [9]. In both males and
females, the pudendal artery, which originates from internal iliac artery, supplies blood to
sexual tissue; damage or occlusion of which negatively affects sexual function.

In the early 1990’s, nitric oxide (NO) was recognized as the main mediator of penile
erection. NO is synthesized and released upon activation of endothelial and neuronal NO
synthase (eNOS and nNOS, respectively). Increased NO production targets soluble guanylyl
cyclase (sCG) to increase the levels of cyclic GMP (cGMP). Elevated concentrations of
cGMP activate protein kinase G and decrease intracellular levels of calcium, which lead to
smooth muscle relaxation [10]. The effects of NO on penile erection are reversed by
phosphodiesterase type 5 (PDE5), which works by catalyzing the breakdown of cGMP to
5’GMP. Inhibition of the PDE5 enzyme constitutes the current first-line therapy for erectile
dysfunction (ED) [11].

In females, the regulation of blood flow to sexual organs is also governed by the NO/cGMP
pathway, similar to what is observed in men. Females express high levels of nNOS in nerve
bundles that run along the clitoris, which initiate the smooth muscle relaxation and clitoral
erection during sexual arousal. The increased shear stress of the blood on the endothelium
stimulates eNOS to produce NO in the vasculature, periurethral glans and vaginal
epithelium, contributing to maintain the smooth muscle relaxation and clitoral erection
[12,13]. The presence of NO pathway-related enzymes in female sexual organs indicates that
mechanisms for clitoral engorgement and vaginal lubrication are similar to male erection.

Impact of the innate immune response on sexual dysfunction

ED is correlated with elevated serum levels of inflammatory biomarkers such as the cytokine
family, which includes interleukins (IL), interferons (IFN) and tumor necrosis factor-a
(TNF-a) [14]. The infusion of TNF-a in wild type mice contributes to endothelial
dysfunction and cavernosal smooth muscle (CSM) hypercontractility [15]. TNF-a knockout
mice are protected from erectile dysfunction due to increases in CSM nNOS and eNOS
protein expression. Further, TNF-a also contributes to angiotensin Il-induced CSM
impairments [16]. In a rat model of ED through bilateral cavernous nerve injury, Matsui et al
reported an increase of pro-inflammatory cytokine gene expression (IL-1p, IL-6 and TNF-a.)
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and macrophage infiltration in the major pelvic ganglion [17]. In type 2 diabetic rats, the
overexpression of IL-6 and TNF-a in CC tissue led to ED [18]. Interestingly, PDE5
inhibitors have been shown to decrease inflammatory cell infiltration and cytokine
production in several tissues including CC, which may contribute to ED improvement [19].

Despite its multifactorial nature, arousal disorders, secondary to vascular disease, seem to be
important components of FSD. In females, arousal is accompanied by an increase in blood
flow to genitalia, leading to vaginal lubrication and clitoral erection [9]. Cardiovascular
diseases, including endothelial impairments and atherosclerotic processes have been
implicated with reduced blood flow to female sexual organs, which may contribute to FSD.
However, there are few studies addressing the relationship between innate immune system-
induced inflammation and cell infiltration on FSD.

Triggers of inflammation

Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPS)

The recognition of pathogens by the innate immune system is mediated by pattern-
recognition receptors (PRRS). PRRs are activated by pathogen-associated molecular patterns
(PAMPs) derived from microbial DNA, lipoproteins, glycoproteins or microbial membrane
components. Chronic infections, resulting from continuous PRR activation, have been
associated with cardiovascular events [20]. The main PRRs are TLR, which are associated
with the innate immune system and are responsible for triggering the inflammatory
response. Lipopolysaccharides (LPS) are the major component of gram-negative bacterial
wall and a potent TLR4 ligand. Elevation in the levels of LPS during septic shock results in
an increase of pro-inflammatory cytokine production and endothelial dysfunction through
TLR activation [21]. In addition, bacterial infections have been associated with an increase
in peripheral arterial occlusive diseases, which may lead to reduced blood flow to
genitourinary tract [22].

Damage-associated molecular patterns (DAMPs) are cell-derived endogenous molecules that
can be released under tissue injury and initiate an inflammatory process through TLR
activation [23]. Elevated levels of DAMPs have been associated with vascular and non-
vascular diseases. Mitochondrial DNA and N-formyl peptide (F-MIT) are mitochondria-
derived DAMPs that can act through TLR9 and formyl peptide receptor (FPR), respectively.
Infusion of high levels of F-MIT into rats has been shown to result in hypotension as well as
increased vascular permeability via FPR activation, highlighting the role of this pathway in
vascular tone regulation [24,25]. Further, studies in spontaneously hypertensive rats (SHR)
have shown that the elevation of circulating mitochondrial DNA contributed to vascular
dysfunction and increased pressure levels through TLR9 activation [26]. Therefore, the
activation of PRR by DAMPs and PAMPs is a pathway that triggers inflammation, which
may contribute to smooth muscle and endothelial impairments and consequently sexual
dysfunction (Figure 2 and 3).
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Obesity, diabetes and hypertension

Obesity is one of the most important risk factor for cardiovascular events. It is associated
with low-grade systemic inflammation, morphological changes in adipose tissue as well as
increased number of immune cells and release of pro-inflammatory factors [27].
Inflammatory processes have been implicated in the pathophysiology of hypertension. In
mice, the deficiency in IL-6 and TNF-a production attenuated the angiotensin Il-induced
hypertension [28]. Also, the inhibition of NF-kB prevented hypertension in SHR [29].
Recently, the cell damage present in hypertension has been shown to play a role in the
inflammatory process through adaptive immune system activation [26]. In SHR, the increase
in vascular TLR4 expression play a role in hypertension by a COX-dependent mechanism
[30]. This vicious cycle between inflammation and hypertension can contribute for vascular
dysfunction and chronic low-grade inflammation found in hypertension.

Obesity is also a risk factor for type 2 diabetes. The increase in free fatty acids (FFA) with
obesity can lead to TLR4 activation that result in pro-inflammatory cytokine production and
insulin resistance [31]. Interestingly, TLR4 knockout mice are protected from high-fat diet-
induced obesity [32]. Diabetes-induced sexual dysfunction is considered multifactorial,
including hormonal, neurogenic and metabolic impairments. The prevalence of ED in male
diabetic patients ranges from 35 to 90%. Interestingly, diabetic men tend to develop ED 10
to 15 years before of the non-diabetic ED patients [33]. The prevalence of FSD in diabetic
women is more heterogeneous, ranging from 12 to 88% [34].

Among the metabolic changes, the high blood glucose levels, which is considered a
hallmark of diabetes, is implicated as an important factor in generating diabetes-associated
vascular dysfunction through the inflammatory process. High glucose levels are able to up-
regulate inflammatory genes in preadipocytes [35]. Hyperglycemia also results in high
mobility group box 1 (HMGBL1) protein release, which can increase cytokine and chemokine
production through TLR activation [36]. Glucose can also alter gene expression and the
phenotype profile of immune cells (e.g., monocytes and neutrophil). Interestingly, high
glucose exacerbates FFA-induced monocyte-related inflammation via TLR activation [37].
Of note, hyperglycemia is associated with increased risk of genitourinary infections, which
contributes to PAMP-associated inflammatory state.

Diabetes, obesity and hypertension can lead to vascular impairments in several arterial beds,
including arteries responsible for arterial blood flow to the penis and clitoris. As stated
before, decreased blood flow to sexual organs may contribute to sexual dysfunction. In fact,
female SHR exhibit morphological changes in the clitoris that might be associated with
reduced blood flow to the genitourinary tract [38]. Increases in serum endothelin-1 levels
seen in hypertensive female rats can also contribute to FSD; endothelin receptor activation
causes pudendal artery contraction, resulting in reduction of blood flow to clitoris and
vagina [39]. Similarly, decreases in sexual response in female diabetic rats have been linked
with an increase in pudendal artery contraction through ET-1/RhoA/Rho-kinase pathway
[40]. Interestingly, TLR3 activation can increase ET-1 mRNA expression in human
endothelial cells [41]. In males, the reduction of blood flow to the penis of SHR, due to
vascular remodeling and increased a.1-adrenoceptor expression on iliac and pudendal
arteries, has been implicated with ED [42,43]. Pudendal arteries from male diabetic rats
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exhibited hypercontractility due to dysregulation of the arterial antioxidant system [44].
Further, the NO pathway exerts a pivotal role in male and female genitalia smooth muscle
relaxation and genital blood flow. Studies have demonstrated reduced expression of NOS in
low-grade inflammation-associated diseases [45]. Therefore, the chronic inflammatory state
observed in obesity, diabetes and hypertension might be a link between vascular disease and
sexual dysfunction (Figure 3).

Oxidized lipoproteins

Dyslipidemia is a common obesity-associated component, defined as hypertriglyceridemia,
low levels of high-density lipoprotein (HDL) and high levels of low-density lipoprotein
(LDL). The oxidation of LDL cholesterol seems to increase its atherogenic effect. Oxidized
LDL molecules (OxLDL) are promptly taken up by macrophages, which can aggregate on
vessels walls and are the major component of atherosclerotic lesions. Macrophages
contribute to the local inflammatory state by secreting inflammatory enzymes (e.g.
myeloperoxidase), cytokines (e.g. IL-6), and by attracting other immune cells (e.g.
monocytes) [46]. Recently, it was demonstrated that OXLDL can also increase IL-1p and
IL-18 levels through inflammasome and caspase-1 activation, suggesting that this pathway is
a link between inflammation, lipid metabolism, and the atherosclerotic process [47]. Studies
have demonstrated that high-density lipoprotein (HDL) is also susceptible to the oxidation
process [48]. Oxidized HDL (OxHDL) exhibits cell proliferation and proinflammatory
properties [49].

The activation of TLRs by OxLDL has been shown to play a pivotal role for the
inflammatory response in the atherosclerotic process. It was demonstrated that TLR4
expression in macrophages is necessary for OxLDL-induced macrophage lipid accumulation
and differentiation [50,51]. Interestingly, hypercholesterolemic TLR2 knockout mice are
protected from atherosclerotic lesions [52]. Increased OXLDL levels in the corpus
cavernosum have been clinically implicated with vascular erectile dysfunction [53]. /n vitro
incubation of rabbit corpus cavernosum with human OxLDL led to cavernosal smooth
muscle hypercontractility [54]. Ischemia of female genitourinary tract, resulted in decreased
clitorial smooth muscle cell content as well as vaginal and clitoral fibrosis in a rabbit model
of atherosclerosis through iliac artery injury [55]. Similarly, OXHDL can also activate TLR4,
leading to augmented endoplasmic reticulum stress and macrophage apoptosis, both of
which contribute to the inflammation process and atherosclerotic lesions [56]. The role of
dyslipidemia in the genesis of atherosclerotic process is already established. However, the
chronic inflammatory nature involved on this process and its relationship with vascular and
sexual dysfunction is still an open field for further studies.

Sex hormones

Immunological responses can vary between males and females, suggesting that sex
hormones could play a role. It is well established that estrogen has a cardiovascular
protective effect. The absence of estrogen has been implicated with endothelial dysfunction
and increased serum levels of IL-6 and TNF-a in ovariectomized rats [57]. In human female
endothelial cells derived from the iliac artery, pretreatment with estrogen decreased the
IL-1B-induced vascular and intracellular cell adhesion molecule-1 (VCAM-1 and ICAM-1)
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expression, both molecules implicated in vascular inflammatory processes [58].
Interestingly, iliac arteries from postmenopausal women exhibited a thicker wall compared
with reproductive women, which can also contribute to vasculogenic FSD [59]. However,
estradiol seems to have a dual effect on pro-inflammatory cytokine production. At low
doses, estradiol increases the production of pro-inflammatory cytokines (IL-6 and TNF-a.)
in human macrophages while high doses have the opposite effect [60].

It has been reported that androgen hormones exhibit an immunosuppressive effect, acting on
cellular components of the innate immune system. Testosterone has been shown to decrease
the expression of TLR4 and reduce the synthesis of TNF-a and iNOS in macrophages after
in vitro and in vivo exposure [61]. In human males, androgen deficiency leads to increases in
serum inflammatory cytokine levels (e.g., IL1-f and TNF-a) and the number of
macrophages in the circulation [62]. Reduced androgens levels also resulted in vascular
dysfunction characterized by iliac arterial fibrosis and remodeling in castrated rats [63].
Testosterone can dilate iliac arteries from males through a NO-dependent mechanism, which
may contribute to increased blood flow to the genitourinary tract [64]. Androgen
replacement in type 2 diabetic rats reduced the inflammatory process in CC, improving ED
[18].

It is important to note that androgens have been shown to play an important role in the
female genitourinary tract [65,66]. The intravaginal administration of
desidroepiandrosterone (DHEA) reduces dyspareunia, by increasing lubrication leading to
better satisfaction in postmenopausal women [67,68]. Likewise, testosterone replacement
therapy has been used clinically to counterbalance the reduced sexual desire seen in
postmenopausal women [69]. The pathway by which androgens ameliorate FSD is still a
matter of debate, however it is possible that a reduced inflammatory response may play a
role on this process.

Therefore, despite the concentration-dependent dual effect of estrogen observed in human
macrophages, studies have demonstrated that deprivation of androgens and estrogen can
positively modulate the inflammatory response in vascular and cavernosal tissue,
contributing to male and FSD.

Sexual dysfunction predicts CVD

Cardiovascular diseases comprise heart and blood vessel impairments due to vessel
narrowing or blockage and may result in heart attacks, stroke, and peripheral vascular
disease. The development of these diseases occurs through endothelium damage and show
strong relationships with increased inflammation and activation of the immune system [70].
For instance, studies involving human patients have shown elevated levels of inflammatory
cytokines, cell adhesion proteins, acute-phase proteins, and lipid factors to be predictive
markers of CVVD development [71-73].

Epidemiological data support the association between sexual dysfunction and CVD. In
hypertensive women, FSD ranges from 22 to 49% [74,34]. Likewise, 33 to 60% of women
with coronary heart disease experienced at least one symptom related to FSD [74]. In men,
the CVD-related ED is well established and the prevalence is higher than 70% in patients
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that exhibit some cardiovascular dysfunction such as coronary heart disease, stroke and
peripheral artery disease [75].

Experimental and human evidence show that ED may occur in patients prior to the
occurrence of CVD. Rats fed with a western diet exhibited impairment in erectile function
after 8 weeks, while coronary endothelial dysfunction was present only after 12 weeks [76].
Similarly, in type 1 diabetic mice, impaired cell-to-cell junctions were exhibited in
cavernous sinusoid endothelium but not in the coronary artery or femoral artery [77]. This
phenomenon could be explained by the “artery size hypothesis”, which suggests that blood
flow to arteries of the penis will be compromised by atherosclerotic plaques earlier than
other vessels due to their smaller diameter [78]. Asian Indians reported to have ED
symptoms 2 years prior to symptoms of coronary artery disease (CAD) and the severity of
ED was positively correlated with the number of compromised coronary vessels observed by
angiography [79]. Accordingly, studies reported the occurrence of ED symptoms prior to
CAD symptoms in a timeframe varying between 2-5 years [80,81].

There are several inflammatory predictive markers of CVD that have also been implicated in
male and FSD. Together, this is suggestive that both inflammation and ED might be earlier
markers for CVD. Thus, the development of sexual dysfunction can be used as a predicted
“window” into total cardiovascular health for both genders, although FSD is less studied.

Vascular inflammation and sexual dysfunction — evidence from humans

As previously stated, hypertension, obesity, and diabetes are conditions that are closely
related to vascular inflammation and endothelial dysfunction. The low-grade inflammatory
process seen in hypertensive patients affects endothelial and vascular smooth muscle cells
and may contribute to accelerated vascular aging [82]. Clinically, hypertensive patients
exhibit higher levels of serum pro-inflammatory cytokines (e.g. 1L-6 and TNF-a) compared
with normotensive patients [83]. Elevated serum levels of inflammatory markers, such as
IL-6, have been correlated with ED in men [14]. Interestingly, the association between
sexual dysfunction and cardiovascular risk factors seems to be milder in females than in
males; however, this could be due to understudied FSD [84].

In obese patients, increased serum levels of TNF-a and pro-inflammatory cytokine gene
expression were found in monocytes and lymphocytes [85]. Moreover, mast cells from obese
patients produce higher levels of pro-inflammatory cytokines (IL-1p, IL-6 and IL-16) and
chemokines (CCL2, CXCL1 and CXCL8) compared to lean subjects [27]. In type 2 diabetic
patients from both sexes, iliac arteries exhibited subclinical arterial inflammation, which
may be associated with arterial stiffness [86]. TLR expression is increased in monocytes
from male and female diabetic patients compared with non-diabetic group, further
contributing to innate immune system-induced inflammatory response and vascular
dysfunction [87].

Retinal blood flow, periodontitis and sexual dysfunction

Reduction in retinal blood flow due to microvascular dysfunction has been shown to be a
predictive factor of CVD [88]. Similarly, studies have demonstrated the relationship between
retinal vascular impairments as early signs for ED. Clinically, abnormal retinal vascular
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findings were observed in 63.3% of the patients with arteriogenic ED, while only 33.3% of
non-arteriogenic ED patients exhibited retinal vascular abnormalities [89]. It was also
demonstrated that reductions in the peak systolic velocity of blood flow to CC is correlated
with retinal vascular stenosis in patients with ED [90]. Reductions in retinal arteriolar caliber
was also positively associated with ED in type 2 diabetic patients [91].

Periodontal disease has also been associated with endothelial dysfunction, however, there are
only a few clinical studies addressing the relationship between periodontitis and ED [92]. In
fact, the prevalence of periodontitis in patients with severe vasculogenic ED is estimated to
be 81.8% [93]. Further, two other studies have found higher prevalence of periodontal
disease among men with mild to severe ED [94,95].

The exact mechanism by which periodontitis could be related to ED is still unclear. Studies
have shown that periodontitis increases systemic inflammation in hypertensive and obese
patients [96,97]. The presence of periodontitis and peripheral arterial disease was associated
with increased serum levels of IL-6 and TNF-a. Similarly, the prevalence of periodontitis is
higher in patients diagnosed with aorto-iliac occlusive disease compared with controls.
Moreover, patients who exhibited periodontitis had a 5-fold increased chance of developing
peripheral arterial disease than periodontally healthy subjects [98]. In agreement, another
study has shown that more than 50% of patients diagnosed with peripheral arterial disease
exhibit severe periodontitis [99]. To the best of our knowledge, there is no clinical study
addressing specifically the role of periodontitis and blood flow to male and female sexual
organs. However, since the above-cited studies have shown the relationship between
periodontitis and systemic inflammation, endothelial dysfunction and ED, it is plausible to
consider the negative vascular impact of periodontitis in penile and clitoral blood flow.

Pharmacological evidence

Taking in consideration the close relationship between ED and CVD, it should be expected
that drugs used for the treatment of CVD might be a useful tool for the management of ED.
However, it is interesting to note that some anti-hypertensive drugs failed to restore or had a
detrimental effect on sexual function in male hypertensive patients [100]. Although the first
line of ED treatment are PDES5 inhibitors and despite of its effects/benefits for the
cardiovascular system, it is important to be aware of the interactions between PDE5
inhibitors and drugs used to treat C\VVD [101]. Because ED and CVD usually coexist, it
might be of interest to develop drugs capable of managing both conditions and thus, the
inhibition of inflammatory state might be considered a valuable therapeutic target.

Although earlier studies show that the use of non-steroidal anti-inflammatory drugs
(NSAID) was related to ED development, a recent cohort study showed only a modest
correlation between NSAID use and ED, which is more compatible with the inflammatory
hypothesis of ED [102]. To date, animal studies have reported improvement in the erectile
function after treatment with drugs presenting anti-inflammatory properties or inhibition of
innate immune system resulting in decreased inflammation [103]. In humans, a recent study
revealed improvement in the sexual function of males and females treated with a
combination of lenalidomide and dexamethasone in patients with sexual dysfunction caused
by hypogonadism [104]. Therefore, there are few studies correlating the innate immune
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system and inflammation to the physiopathology of ED and more evidence is necessary as it
could be a valuable avenue and a novel therapeutic target for ED.

Conclusion

Short-term activation of innate and adaptive systems are crucial for the immune system to
exert its protective effects. However, sustained activation may lead to tissue damage and a
chronic inflammatory state that is associated with several diseases such as hypertension,
obesity and diabetes. The above-cited studies suggest a role of the immune system, through
TLR-induced pro-inflammatory cytokine production and immune cell tissue infiltration, in
generating an inflammatory environment, which contributes to vascular impairments and
FSD/ED development. Therefore, targeting the immune system could be a valuable target to
improve sexual dysfunction by reducing vascular and systemic inflammation.
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Mechanisms of Vascular Change in Sexual Dysfunction

Initiating factors

Age
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Figure 1.

Atherosclerosis
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Mechanisms of vascular change in sexual dysfunction. Initiating factors that contribute to
sexual dysfunction in both sexes include: age, physical inactivity, obesity, diabetes,
hypertension, stress and anxiety, toxins and infectious agents. These initiating factors may
lead to resulting events that end in a final common pathway of vascular dysfunction.
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Figure 2.
Toll-like receptor signaling — general features of the canonical pathway. The myeloid

differentiation primary response 88 (MyD88) is an innate immune signal transduction
adaptor common for almost all TLR (except for the TLR3), which recruits interleukin 1
receptor-associated kinase (IRAK). The IRAK interacts with adapter protein tumor necrosis
factor-associated factor 6 (TRAF®6), leading to nuclear factor kappa light chain enhancer of
activated B cells (NF-kB) translocation to the cellular nuclei. The TLRMyD88 signaling
pathway results in increased pro-inflammatory cytokines and interferon production.
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Damage-associated molecular patterns (DAMPSs) and vascular inflammation. DAMPs are
released or secreted from dying or senescent cells, respectively. Once released, the DAMPs
bind to TLRs leading to the production of reactive oxygen species and pro-inflammatory
cytokines. These latter molecules act on the vasculature to cause inflammation and may

contribute to penile or clitoral dysfunction.
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