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BACKGROUND 

Atherosclerosis and cardiovascular disease (CVD) are the leading cause of death among both men and 
women globally. However, substantial differences have been described between sexes in epidemiology, 
patho-physiology, clinical manifestations, effects of therapies, and outcomes.  
 
An impairment in endothelial function is a hallmark of atherosclerosis and CVD and is triggered by an 
imbalance in endothelial Nitric Oxide Synthase (eNOS) activity and a consequent loss in nitric oxide (NO) 
availability1.  
 
Despite the well-known differences in CVD incidence, whether a sexual dimorphism in eNOS activity and 
function exists in endothelial cells (ECs) is still poorly investigated, especially in in vitro experiments. 
Interestingly, when human male and female ECs are independently studied, some sexual dimorphisms in 
gene and protein expression and function have been described2.  
 
We have very recently demonstrated a sex-specific difference in the EC expression, activity, and function of 
eNOS3. We have showed that human female ECs express higher eNOS mRNA and protein levels (both in 
vitro and ex vivo) and produce more NO than male ECs. This increased female eNOS expression and activity 
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2 Addis, R. et al. (2014). Human umbilical endothelial cells (HUVECs) have a sex: characterisation of the phenotype of male and 
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correlate with a higher migratory phenotype, and pharmacological and genetic inhibition of eNOS affects 
motility only in female ECs. In vitro angiogenesis experiments confirm that female ECs mostly rely on eNOS-
dependent migration to form capillary-like structures. At variance, in vitro angiogenesis is independent of 
eNOS activity but strictly requires cell proliferation in male ECs. 
 
Experiments on human male and female ECs are ongoing in our laboratory to further identify still unknown 
sexual dimorphic properties in ECs. 
  
RESULTS 
 
eNOS phosphorylation in male and female ECs* 

To explore the functional status of eNOS in male and female human umbilical vein ECs (HUVECs), we 
analyzed by immunoblot with phospho-specific antibodies the phosphorylation of critical amino acids, such 
as Serine 1177 (Ser1177), that contributes to the full activation of eNOS. Notably, the amount of 
phosphorylated eNOS (p-eNOSSer1177) is about 2-fold higher in female in comparison to male ECs (left panel), 
thus showing a correlation between the level of expression and activity of the enzyme in female ECs. 
 
Nitric Oxide production in male and female ECs* 

To further assess whether the increase in eNOS activity resulted in higher NO production in female ECs, we 
quantified by liquid chromatography-mass spectrometric (LC-MS) analysis the citrulline-to-arginine ratio in 
male and female ECs. Importantly, we measured a significant increase in the citrulline-to-arginine ratio in 
female ECs (right panel), indicative of a higher NO production. Therefore, this result confirms that the 
increased female eNOS expression is correlated to a higher enzymatic activity and NO production.  
 

 
(Left panel) A representative blot and densitometric analysis of  p-eNOS protein expression normalized to 
β-actin. *p < 0.05; n = 5. (Right panel) LC-MS analysis performed on male and female EC samples. Data are 
expressed as the citrulline-to-arginine ratio. *p < 0.05; n = 3. Male and female ECs are green and red, 
respectively. 
 
Expression of other NOS isoforms in HUVECs* 

To investigate a possible role for other NOS isoforms in endothelial NO formation, we measured both 
inducible and neuronal NOS protein levels (iNOS and nNOS, respectively) in male and female EC lysates. We 
did find neither iNOS nor nNOS expression in both male and female ECs, thus excluding their involvement in 
the phenotype observed in HUVECs. 

*These results have been included in our recent paper4.  
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Role of estrogens in eNOS expression and activity** 

Estrogens are well-known regulators of eNOS expression and activity through both genomic and non-
genomic mechanisms. To evaluate whether they are involved in the control of the observed up-regulation 
of eNOS expression in female ECs, we have carried out some experiments by culturing cells in a nominally 
hormone-free medium supplemented with charcoal-stripped serum (CSS-M) commonly used for in vitro 
studies on hormone activities. Surprisingly, we found that both male and female ECs underwent a 
significant decrease in cell growth which was not prevented by adding-back sex hormones to the culture 
medium. Moreover, CSS-M abrogated the ability of male and female ECs to sprout in an in vitro 3-D 
angiogenesis assay. Since the re-addition of normal serum was able to revert the CSS-M-induced inhibitory 
effects, we hypothesize that some critical serum components  (different from hormones) are lost in the 
charcoal-stripped FBS (CSS-FBS). We focused our attention on fatty acids (FAs), that are lost in CSS-FBS and 
that are crucially involved through their oxidation in the control of EC behavior. Reconstitution experiments 
performed by re-adding palmitic acid significantly prevented the CSS-FBS-induced inhibition of EC growth 
and sprouting. Therefore, a lack of FAs seems to be responsible for the impairment in the in vitro 
proliferative and angiogenic properties of male and female ECs cultured in CSS-M. 

**These data are part of a manuscript submitted to PlosOne and currently under revision4. 

ONGOING EXPERIMENTS 

Sex dimorphic eNOS expression during lifetime in human EPCs (task 1) 

Since HUVECs are cells of fetal origin, it is crucial to investigate whether the dimorphism in the expression 
of eNOS is lifelong conserved and regulated in male and female ECs. To this purpose, we have already 
started to analyze eNOS mRNA expression in endothelial progenitor cells (EPCs) isolated from peripheral 
blood samples of healthy young women (age 20–40 yrs), perimenopausal women (40-55 yrs), women in 
physiological menopause (55- 70 yrs) assuming (or not) hormone replacement therapy, and from matched-
age healthy men. However, data are still too preliminary to be discussed, and sample sizes need to be 
increased. 

Differences in the inflammatory response between male and female ECs (task 2-3) 

High levels or prolonged ROS formation are generally associated to vascular dysfunction. Therefore, a sex-
difference in the scavenger activity might considerably affect male and female EC oxidative status and 
function. Up to now, we have started to evaluate ROS generation in response to pro-inflammatory stimuli 
(LPS, TNF-α) in male and female ECs. Intracellular ROS levels are measured with di-hydro-chloro fluorescein 
(DHCF), a cell-permeable chemical probes that become fluorescent after being oxidized to  its derivative 
dichlorofluorescein (DCF). Next, we will start to analyze: i) the expression of the  antioxidant enzymes SOD-
2 and catalase by RT-qPCR; ii) the expression of the inflammatory markers CD106/VCAM, CD54/ICAM, and 
CD62E/E-selectin by FACS. 
 
CONCLUSIONS 

Our results show for the first time a higher expression and activity of eNOS in female ECs in comparison to 
male ECs, thus revealing a still unidentified sexual dimorphism crucial for the establishment of EC 
properties.  It has been recently demonstrated that more than 6.500 protein-coding genes are expressed in 
a sex-different manner5. Interestingly, this sex-differential expression of genes may be related to different 
disease susceptibility. Therefore, the constitutive sex-specific expression and function of eNOS in human 
                                                             
4 Vanetti C, Bifari F, Vicentini LM and Cattaneo MG. Fatty acids restore in vitro angiogenesis in human male and female endothelial 
cells cultured in hormone-deprived serum, submitted to PlosOne 
5 Gershoni, M. & Pietrokovski, S. (2017). The landscape of sex-differential transcriptome and its consequent selection in human 
adults. BMC Biol 15, 7, doi:10.1186/s12915-017-0352-z  
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ECs might contribute to the lower incidence of CVD in premenopausal women in comparison to age-
matched men. Similarly, the higher expression of immune genes found in untreated female ECs compared 
to male ECs6 might be associated with the greater immune reactivity and predisposition for autoimmune 
diseases observed in women in comparison to men. Our future results, by analyzing the response of male 
and female ECs to an inflammatory challenge, will contribute to shed light on novel sex-dependent 
mechanisms involved in the pathogenesis of atherosclerosis and CVD.  
 
In the era of personalized medicine, a better understanding of EC dimorphisms and of the underlying 
mechanisms may implement sex-related differences into more precise preventive and therapeutic 
strategies for diseases associated to an impaired endothelial function such as atherosclerosis and CVD. 
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