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Atherosclerosis and cardiovascular disease (CVD), the leading cause of death among both men and women 
globally, are classic examples of diseases where substantial sex differences have been described. CVD is less 
prevalent in women than men until midlife, when the risk of developing CVD becomes higher in women 
compared to men.  

The earliest event in the etiology of CVD is an impairment in the endothelial function that is triggered by an 
imbalance in the endothelial Nitric Oxide Synthase (eNOS) activity and a consequent loss in nitric oxide 
(NO) availability1. NO plays a key role in the maintenance of vascular homeostasis through its involvement 
in the regulation of vasodilatation, barrier integrity, leukocyte adhesion, and platelet aggregation. 
Endothelial cells (ECs) are therefore crucial players in the onset and development of CVD.  Usually, the sex 
of cells is not consistently reported in in vitro studies involving ECs. However, some inborn sex biological 
differences have been described when male and female ECs are independently studied2.  

We have 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. The increased female eNOS expression and activity 
correlate with a higher migratory phenotype, and pharmacological and genetic inhibition of eNOS affect 
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.  

On the basis of these results, we have further investigated whether still unknown intrinsic differences may 
exist in sex biological properties between human male and female ECs.  
                                                             
1 Widmer, R. J. & Lerman, A. (2014).Endothelial dysfunction and cardiovascular disease. Glob Cardiol Sci Pract 2014, 291–308, 
doi:10.5339/gcsp.2014.43  
2 Addis, R. et al. (2014). Human umbilical endothelial cells (HUVECs) have a sex: characterisation of the phenotype of male and 
female cells. Biol Sex Differ 5, 18, doi:10.1186/s13293-014-0018-2  
3 Cattaneo MG*, Vanetti C*, Decimo I, Di Chio M, Martano G, Garrone G, Bifari F, Vicentini LM. (2017). Sex-specific eNOS-activity 
and function in human endothelial cells. Sci Rep 7,9612. doi: 10.1038/s41598-017-10139-x. * co-first author 
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AIMS OF THE PROJECT 

Task 1. To evaluate if the observed dimorphic expression of eNOS is conserved during lifetime 
Task 2. To study the expression and activity of antioxidant enzymes, such as catalase and SOD-2, and of 
their upstream regulator Nrf2 in human male and female ECs 
Task 3. To study putative differences in the inflammatory response between human male and female ECs 

RESULTS 

Unless otherwise specified, experiments have been performed in a well-characterized model of primary 
human ECs  obtained from male or female umbilical cords (human umbilical vein ECs, HUVECs).  

Task 1. In our previous study3, experiments were carried out on HUVECs, that are ECs of fetal origin. It is 
therefore crucial to investigate whether the dimorphism in the expression of eNOS is lifelong conserved in 
male and female adult ECs. To this purpose, we have 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, the collection of an 
adequate number of samples, obtained from healthy population and stratified for both sex and age, has 
taken longer than we expected. Therefore, to date, data are too preliminary to be discussed, and sample 
sizes need to be increased.  

Task 2. Experiments mimicking the EC exposure to high/persistent levels of ROS, such as it is observed in 
endothelial dysfunction, have been set up in our laboratory. In particular, male and female ECs were 
treated with the ROS inducer DMNQ, and samples have been collected to measure:  i) the GSS/GSH ratio 
with liquid chromatography-mass spectrometry; ii) the expression of catalase, SOD-2, and Nrf-2 by RT-
qPCR. Samples are currently under analysis. 

Task 3. Since vascular inflammation contributes to vascular dysfunction, we compared  the inflammatory 
response in male and female ECs. We set up concentrations and time of exposure to pro-inflammatory 
cytokines and other stimuli able to induce an inflammatory status in HUVECs. An overnight exposure to 
TNF-α plus IFN-  (10 and 20 ng/ml, respectively) or to LPS (1 µg/ml) elicits a significant increase in the 
expression of the endothelial adhesion molecules CD106/VCAM-I, CD54/ICAM-l, and CD62E/E-selectin that 
are well-defined markers of inflammation.  An example of FACS analysis showing the up-regulation of these 
molecules in female and male ECs treated with TNF-α/IFN-  is shown in Figure 1.  Quantification of results 
suggest that some differences may exist between female and male ECs in response to inflammatory 
challenges. Analyses of data are still ongoing.   

The endothelial-to-mesenchymal transition (EndMT)4 has been recently related to a number of pathological 
conditions associated to inflammation, including atherosclerosis. We observed significant changes in the 
morphology of inflamed ECs in comparison to untreated cells, resembling of a EndMT transition phenotype. 
Therefore, we have performed some pilot experiments to evaluate the expression of endothelial (CD31) 
and mesenchymal markers (α-SMA and vimentin, respectively early and late stage markers of EndMT) in 
male and female ECs exposed to a TNF/IFN. Again, preliminary results suggest that EndMT  may differential 
affect the male and female EC phenotype in response to inflammation.  

 

                                                             
4 Dejana E, Hirschi KK, Simons M, The molecular basis of endothelial cell plasticity, Nat Commun 2017 Feb 9;8:14361. 
doi: 10.1038/ncomms14361. 
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Fig. 1. Up-regulation of ICAM-1, VCAM-1 and E-selectin in female (left panels) and male (right panels) ECs in response to TNF-α and 
IFN-γ. Solid violet histograms represent control cells while green lines correspond to treated cells. 

 

OTHER RESULTS 

Our recent results demonstrate that the higher eNOS expression and NO production are innate 
characteristics of female ECs. On the other hand, it is  well-known that estrogens are positive regulators of 
eNOS expression.  In the attempt to elucidate whether estrogens may be somehow involved in  the up-
regulation of eNOS in female ECs, we started experiments on male and female ECs cultured in charcoal-
stripped serum (CSS), a well-accepted method to model effects of sex hormones in cell cultures. 
Surprisingly, we found that CSS inhibited both male and female EC growth and in vitro angiogenesis. These 
inhibitory effects were not prevented when 17-β estradiol, dihydrotestosterone, or the lipophilic thyroid 
hormone were added back to the culture medium. On the contrary, the re-addition of normal serum 
reverted the phenotype induced by CSS, suggesting that some critical serum components  (different from 
sex and thyroid hormones) are lost in CSS. We focused our attention on fatty acids (FAs) since they are 
crucially involved through their oxidation in the control of EC behavior, and CSS are devoid of FAs.  
Reconstitution experiments, performed by re-adding the acetyl-CoA precursor acetate or palmitic acid, 
significantly prevented the CSS induced inhibition of EC growth and sprouting. Therefore, we conclude that 
the loss of metabolic precursors (e.g., fatty acids) rather than of hormones is involved in the impairment of 
in vitro proliferative and angiogenic properties of male and female ECs cultured with CSS.  These data have 
been published  last month in PLoS One5, and a copy of the paper is attached to this report. 

                                                             
5 Vanetti C, Bifari F, Vicentini LM, Cattaneo MG. Fatty acids rather than hormones restore in vitro angiogenesis in 
human male and female endothelial cells cultured in charcoal-stripped serum. PLoS One. 2017 Dec 
12;12(12):e0189528. doi: 10.1371/journal.pone.0189528.  
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CONCLUSIONS 

Our recent 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. To confirm whether the described eNOS dimorphism is maintained through lifetime 
between male and female ECs, we have started to collect EPCs from adult male and female healthy 
subjects. However, as described in Task 1, our results are too preliminary to be discussed here. 
Nevertheless, when the size of samples will be sufficiently  great to be statistically evaluated, outcomes 
from these experiments will contribute to understand whether the innate, constitutive eNOS/NO 
component changes during lifetime, and how this component contributes to the protection against CVD 
typical of the premenopausal female population. 

 It has been recently demonstrated that more than 6.500 protein-coding genes are expressed in 
humans in a sex-different manner6. Interestingly, this sex-differential expression of genes may be related to 
a different disease susceptibility. In particular, the higher expression of immune genes in untreated female 
ECs compared to male ECs6 might be associated with the increased immune reactivity and predisposition 
for autoimmune diseases observed in females in comparison to males. Our results, even if preliminary, 
suggest that some differences might exist between female and male ECs in response to inflammatory 
challenges, with female ECs showing a tendency to a greater susceptibility. Similarly, also EndMT seems to 
prominently affect female EC phenotype. Therefore, immune responsiveness might represent a further 
difference between human male and female ECs. 

 In conclusion, our studies have contributed to shed some light on sex biological differences in the 
main mechanisms involved in the onset of endothelial dysfunction, thus opening new avenues for more 
precise preventive and therapeutic strategies for diseases driven by an impaired endothelial function such 
as atherosclerosis and CVD. Finally, in the era of personalized medicine, an improved knowledge of basic 
mechanisms underlying the well-documented sex differences in CVD incidence and prevalence might lead 
to a better quality of care and to a downstream reduction in overall health care costs.  
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