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Finding the culprit in diabetic 
endothelial dysfunction
Endothelial dysfunction is a well-known 
precursor of  atherosclerotic vascular dis-
ease and an independent predictor of  
morbidity in patients with diabetes (1). 
Experimental work conducted over the 
last decades has identified several mech-
anisms linking high blood glucose levels 
with the activation of  signaling pathways 
of  endothelial damage including polyol 
and hexosamine flux, advanced glycation 
end products (AGEs), protein kinase C 
(PKC) activation, and NF-κB–mediated 
vascular inflammation (1, 2). These path-
ways have been shown to converge on 
ROS generation in the vascular endotheli-
um, thus making oxidative stress an attrac-
tive therapeutic target to tackle diabetic 
vascular disease (3). However, antioxidant 
therapies targeting both cytosolic and 
mitochondrial ROS have failed to improve 
outcomes in patients with cardiovascular 
disease (4). Hence, our comprehension of  

the mechanisms underpinning ROS gen-
eration and the specific sites where ROS 
exert their detrimental action as well as 
the dynamics involved in oxidative stress 
accumulation remain scarce. Unveiling 
the chain of  events implicated in vascu-
lar oxidative stress may set the stage for 
mechanism-based therapeutic strategies in 
patients with diabetes.

RBCs on stage
Recent work has revealed an unprecedent-
ed role of  RBCs in diabetic endothelial 
dysfunction via a mechanism involving 
upregulation of  arginase-1 (Arg1), ROS 
formation, and subsequent impairment of  
nitric oxide bioavailability (5, 6). These 
results represent a paradigm shift in our 
understanding of  endothelial dysfunction 
and shed light on the possibility that fac-
tors external to the endothelium — rather 
than the endothelium per se — are critically 
involved in vascular damage. Although the 
crosstalk between RBCs and the endotheli-

um is intriguing, the exact mechanisms by 
which RBCs impair endothelial function 
remain poorly understood. In this issue 
of  the JCI, Collado et al. show that the 
detrimental, prooxidant action of  RBCs 
on the vascular endothelium is mediated 
by extracellular vesicles (EVs) (7). In this 
study, EVs derived from RBCs of  patients 
with type 2 diabetes (T2D RBC-EVs) were 
taken up by the endothelium and were able 
to impair endothelium-dependent relax-
ation as compared with EVs derived from 
healthy individuals (H RBC-EVs). Indeed, 
inhibition of EV uptake by heparin prevent-
ed endothelial dysfunction, thus showing 
that EVs are critically involved in this phe-
nomenon. The detrimental effect of EVs in 
this setting was driven by an EV-mediated 
transfer of the prooxidant enzyme Arg1 from 
RBCs to endothelial cells. Pharmacological 
inhibition of Arg1 by 2(S)-amino-6-bor-
onohexanoic (ABH) prevented the increase 
in ROS and the impairment of endothelial 
vasorelaxation in mouse aortic rings exposed 
to RBCs from patients with T2D. To further 
demonstrate the causal role of EV-derived 
Arg1, the authors used approaches to deplete 
Arg1 in the endothelium of mice, including 
siRNA-mediated knockdown and cell-specif-
ic deletion from mice with endothelium-spe-
cific deletion of Arg1. Notably, treatment 
with T2D RBC-EVs increased Arg1 protein 
levels in endothelial cells, thus suggesting 
an active transfer of  exogenous Arg1 from 
RBCs to the endothelium. Taken together, 
these results uncover a mechanism under-
lying diabetic endothelial dysfunction and 
suggest that biological signals external to 
the endothelium play an important role in 
endothelial ROS generation and dysfunc-
tion (Figure 1) (7).

EVs as carriers of prooxidant 
signals
An interesting observation from this study 
was that the amount of  EVs released from 
T2D RBCs was lower than in H RBC-EVs, 
whereas only diabetic RBCs showed an 
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Endothelial dysfunction remains a cornerstone of diabetic vascular 
complications. RBCs emerge as pivotal players in endothelial dysfunction, 
yet the underlying mechanisms remain elusive. In this issue of the JCI, 
Collado et al. show that the detrimental action of RBCs on the endothelium 
is mediated by extracellular vesicles (EVs). EVs derived from RBCs 
(RBC-EVs) of patients with diabetes were taken up by the endothelium 
and were able to impair endothelium-dependent relaxation via an EV-
mediated transfer of the prooxidant enzyme arginase-1 (Arg1) from RBCs 
to endothelial cells. These findings reveal events implicated in vascular 
oxidative stress and set the stage for personalized approaches preventing 
RBC-EVs’ uptake by the endothelium.
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included the study of  EV uptake by the 
diabetic endothelium as well as the con-
tribution of  hyperglycemia on EV uptake. 
Albeit Arg1 has proven to be a very inter-
esting molecular target in this setting, other 
players of  the game potentially involved in 
ROS generation may have been neglected 
in this study. Indeed, proteomic analysis of  
EV cargo showed the dysregulation of  sev-
eral ROS-related proteins in diabetic versus 
control RBC-EVs.

The clinical relevance and impact of  the 
present findings is outlined by the notion 
that — besides endothelial dysfunction — 
RBC-EVs are potentially implicated in a 
plethora of  comorbidities clustering with 
diabetes. For example, RBC-EVs could 
contribute to explaining the hypercoagula-
ble state observed in T2D patients given the 
expression of  tissue factor and/or a phos-
phatidylserine surface, which supports the 
assembly of  enzymatic coagulation com-
plexes (12). Yuan et al. revealed increased 
levels of  RBC-EVs in patients with acute 
myocardial infarction as compared with 
subjects without coronary artery disease 
(13). Along the same line, in patients 
with ST-elevation myocardial infarction 
(STEMI) treated with primary percutane-
ous coronary intervention (PCI), RBC-EVs 

proteoglycan-related changes and their role 
in EV uptake could set the stage for new 
therapies blocking the transfer of  biologi-
cal information from RBCs to the vascular 
endothelium (10). Another interesting find-
ing of  this study was the relative similarity 
in Arg1 protein levels between T2D RBC-
EVs and those from healthy individuals, 
suggesting that EV uptake, as opposed to 
upregulation, drives endothelial damage in 
this setting.

Considerations and clinical 
perspectives
The notion that an external source of  Arg1 
precipitates endothelial dysfunction is 
supported by previous work showing that 
endothelial ablation of  Arg1 in mice does 
not rescue diabetes-induced endothelial 
dysfunction (11). A possible caveat of  the 
study by Collado et al. (7) relates to the 
ex vivo experimental setup testing human 
T2D RBC-EVs on mouse aortic rings. 
Although this work provides proof-of-con-
cept evidence on the role of  RBC-EVs from 
patients with diabetes, there is a lost oppor-
tunity to study the effects of  RBC-derived 
Arg1 in vivo, a condition which better 
reflects features of  the diabetic microenvi-
ronment. Further experiments could have 

uptake and were able to transfer Arg1 to 
endothelial cells. A possible explanation for 
this phenomenon could be the remodeling 
of  EV membrane proteoglycans in diabetic 
versus control individuals. Indeed, heparin 
— a naturally occurring glycosaminoglycan 
— prevented the uptake of  T2D RBC-EVs. 
Consistent with this observation, proteom-
ic analysis of  the EV cargo showed the 
involvement of  heparan sulphate proteo-
glycans, namely syndecan-4 and CD44. 
A reduced amount of  EVs from diabetic 
RBCs is somewhat surprising, given previ-
ous observations linking systemic oxidative 
stress and hyperglycemia with enhanced 
EV release from RBCs (8). The study by 
Collado et al. shows that is not the quantity 
of  the EVs released but rather their quality 
that determines the rate of  uptake by the 
endothelium (7). Indeed, the release of  EVs 
per se should not be interpreted as a patho-
logical event in RBCs. Human RBCs shed 
approximately 20% of  their membrane area 
throughout their lifespan, moving from 
a surface area of  135 μm2 into an area of  
112 μm2 during their 120-day lifespan (9). 
What should be considered pathological 
is the rewiring of  EVs’ cargo in diabetes, 
leading to changes in heparan sulphate 
proteoglycans. A better understanding of  

Figure 1. RBC-derived EVs cause endothelial dysfunction in diabetes. EVs derived from RBCs of patients with T2D are taken up by the endothelium and 
impair endothelium-dependent relaxation via an EV-mediated transfer of the prooxidant enzyme Arg1. Proteoglycan remodeling is a main event fostering 
EV uptake and may provide targets that could serve as disease biomarkers and/or personalized therapies for blocking EV uptake. RBC-EVs are also impli-
cated in diabetes-related comorbidities, namely hypercoagulability, myocardial infarction, and vascular dementia. Blood transfusion from patients with 
cardiovascular risk factors represents a potential issue given the transfer of RBC-EVs and subsequent endothelial dysfunction in the recipient patient.
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Conclusions
Collado et al. (7) advance the field by pro-
viding a mechanism and a putative molec-
ular target to prevent endothelial dysfunc-
tion in patients with diabetes. Of  clinical 
relevance, heparin was found to impede 
RBC-EVs’ uptake by the endothelium. Fur-
ther work is required to study proteoglycan 
biology and alterations of  the EV cargo 
regulating their uptake by the endotheli-
um. Such findings could lead to the iden-
tification of  refined glycosaminoglycans 
specifically blocking EV-mediated transfer 
of  biological signals. Evidence provided by 
this important study lets us believe that the 
solution to the problem could not be in the 
vascular endothelium, but in the blood.
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were an independent predictor of  adverse 
clinical events following coronary revascu-
larization (14). A recent experimental study 
that employed a transgenic mouse model to 
study the recipient cells of  RBC-EVs in vivo 
showed uptake in several organs including 
the heart, kidney, lungs, spleen, and brain 
(15). Matsumoto et al. found that RBCs 
produce α-syn–rich EVs (in a concentration 
of  approximately 1,000-fold higher than in 
the cerebrospinal fluid), which can cross 
the blood-brain barrier and can be taken 
up by microglial cells, promoting microgli-
al inflammatory responses (16). Given the 
strong link between α-syn, neuroinflamma-
tion, and dementia (17), RBC-EVs could 
represent an important mediator of  brain 
microvascular and cerebral damage in dia-
betes, thus promoting an accelerated cog-
nitive decline. Another important aspect to 
consider is that RBC-EVs are very stable in 
the bloodstream, and this property amplifies 
their noxious action on target organs (8).

The findings by Collado et al. (7) open 
new avenues for potential biomarkers of  
endothelial dysfunction in patients with dia-
betes. Several studies have shown that EVs 
may function as biomarkers in several con-
ditions including cancer and cardiovascular 
disease (18). However, in the present study, 
Arg1 was not increased in T2D RBC-EVs as 
compared with H RBC-EVs, with the main 
molecular feature of  diabetic RBCs being the 
remodeling of  the proteoglycan landscape. 
Research in this direction could identify bio-
markers that reflect EV-cargo remodeling in 
RBCs from diabetic patients. Furthermore, 
this study has implications that go beyond 
diabetes. Transfusion of  RBCs is among the 
most common medical interventions both in 
emergency and nonemergency settings. EVs 
are released both by endogenous circulating 
RBCs and RBCs during storage (19, 20). In 
this regard, transfusion of  RBCs from indi-
viduals with cardiovascular risk factors (i.e., 
individuals over 65, smokers) could foster 
RBC-EVs’ release in the host with subse-
quent transfer of  biological material and det-
rimental effects on target organs, including 
the endothelium.
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