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BASIC SCIENCES

Oxidative Stress Product, 4-Hydroxy-2-Nonenal, 
Induces the Release of Tissue Factor-Positive 
Microvesicles From Perivascular Cells Into 
Circulation
Shabbir A. Ansari, Shiva Keshava, Usha R. Pendurthi, L. Vijaya Mohan Rao

OBJECTIVE: TF (Tissue factor) plays a key role in hemostasis, but an aberrant expression of TF leads to thrombosis. The 
objective of the present study is to investigate the effect of 4-hydroxy-2-nonenal (HNE), the most stable and major oxidant 
produced in various disease conditions, on the release of TF+ microvesicles into the circulation, identify the source of TF+ 
microvesicles origin, and assess their effect on intravascular coagulation and inflammation.

APPROACH AND RESULTS: C57BL/6J mice were administered with HNE intraperitoneally, and the release of TF+ microvesicles 
into circulation was evaluated using coagulation assays and nanoparticle tracking analysis. Various cell-specific markers 
were used to identify the cellular source of TF+ microvesicles. Vascular permeability was analyzed by the extravasation of 
Evans blue dye or fluorescein dextran. HNE administration to mice markedly increased the levels of TF+ microvesicles and 
thrombin generation in the circulation. HNE administration also increased the number of neutrophils in the lungs and elevated 
the levels of inflammatory cytokines in plasma. Administration of an anti-TF antibody blocked not only HNE-induced thrombin 
generation but also HNE-induced inflammation. Confocal microscopy and immunoblotting studies showed that HNE does 
not induce TF expression either in vascular endothelium or circulating monocytes. Microvesicles harvested from HNE-
administered mice stained positively with CD248 and α-smooth muscle actin, the markers that are specific to perivascular 
cells. HNE was found to destabilize endothelial cell barrier integrity.

CONCLUSIONS: HNE promotes the release of TF+ microvesicles from perivascular cells into the circulation. HNE-induced 
increased TF activity contributes to intravascular coagulation and inflammation.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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TF (Tissue factor) is the principal initiator of blood 
coagulation in both physiological and pathological 
conditions.1,2 In health, TF antigen and its associated 

procoagulant activity are essentially limited to perivascu-
lar cells to safeguard the vascular beds and prevent ini-
tiation of undesired coagulation in the vascular lumina.3,4 
Various pathological conditions induce TF expression 
in monocytes and endothelium, leading to thrombotic 

complications.5–8 Studies in the past 2 decades have 
suggested the presence of low levels of circulating TF in 
blood.9–11 However, it has been reported that the activity 
associated with these circulating TF is very low, close to 
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the detection limit, or corresponds to only 5% of the total 
TF activity in the blood of healthy individuals.11–14 The 
onset of pathological conditions triggered by an infec-
tion or a disease can increase the levels of circulating 
TF, which can then trigger the activation of coagulation 
cascade and inflammation.9,11,15–17

It has been suggested that TF+ microvesicles in the 
circulation are derived from platelets, endothelial cells, 
leukocytes, vascular smooth muscle cells, atheroscle-
rotic plaques, and others.14,18,19 It has also been proposed 
that circulating TF+ microvesicles provide an additional 
source of TF that reinitiates clotting and promotes the 
growth of thrombus.14,20 Administration of TF+ microvesi-
cles was shown to increase fibrin deposition in a carotid 
ligation mouse model, suggesting that TF+ microvesicles 
may contribute to thrombosis.21 Mouse models of endo-
toxemia were found to have increased levels of TF activ-
ity associated with microvesicles.22

Coagulation and inflammation are highly interlinked 
where excessive coagulation can induce inflammation, 
while the generation of inflammatory cytokines can ensue 
coagulation.23 The onset of any one of the processes can 
result in the activation or amplification of the other, a condi-
tion, which unstopped can lead to tissue damage or even 
multiple organ failure.23 TF plays a central role in circuiting 
both these phenomena.23 The presence of cancer-derived 
TF+ microvesicles in the circulation was shown to exac-
erbate not only the coagulation but also inflammation.24 
Aberrant expression of TF was shown to induce lethal 
inflammatory response during sepsis and blocking TF activ-
ity subsided the inflammatory response.25,26 Furthermore, 
inhibition of the TF-FVIIa (factor VIIa) complex was found 
to significantly reduce the plasma levels of proinflammatory 
cytokines, lung inflammation, and edema during septice-
mia.27,28 These studies suggest that TF-mediated signaling 
can induce inflammation during septicemia.

A myriad of studies established that several patho-
logical conditions such as bacterial infection, athero-
sclerosis, diabetes, sepsis, etc induce oxidative stress, 
which plays a critical role in aggravating morbidity 

and mortality associated with these diseases.29–34 The 
above diseases are also known to have high throm-
botic risk.35,36 At present, mechanisms by which the 
oxidative stress increases thrombotic risk are unclear. 
Oxidative stress induces lipid peroxidation, generating 
4-hydroxy-2-nonenal (HNE), a stable and highly reac-
tive aldehyde.37,38 Under normal conditions, the HNE 
concentration in human blood is about 0.05 to 0.15 
µmol/L, but in pathological conditions, HNE concen-
tration is increased to as high as 0.1 to 5 mmol/L in 
the membranes.39–41 HNE is believed to be involved in 
various atherosclerotic and cardiovascular diseases.30 
Increased generation of HNE was found in the kidney, 
liver, and other tissues in various murine models of sep-
sis.29,42 Scavenging of HNE using a general antioxidant, 
N-acetylcysteine, was shown to completely abrogate 
the death induced by a lethal dose of lipopolysaccha-
ride.29 N-acetylcysteine treatment also improved end-
organ dysfunction.29 Our recent studies showed that 
HNE enhances TF procoagulant activity on monocytes 
and promotes microvesicles shedding from fibroblasts 
and activated endothelial cells.43,44 Therefore, it is con-
ceivable that HNE-induced TF activation or the release 
of TF+ microvesicles in vivo may lead to intravascular 
coagulation and inflammation. The present study was 
performed to investigate the direct effect of HNE on 
microvesicles shedding and their contribution to activat-
ing intravascular coagulation and inflammation.

The data presented in this report provide strong evi-
dence that HNE increases the levels of circulating TF+ 
microvesicles and induces intravascular coagulation and 
inflammation. Our data show that HNE-induced intravas-
cular coagulation and inflammation are dependent on TF. 
More importantly, our data indicate that HNE-induced 
circulating TF+ microvesicles are originated from perivas-
cular cells and not from intravascular cells.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 

Nonstandard Abbreviations and Acronyms

FVIIa	 factor VIIa
FXa	 factor Xa
GFAP	 glial fibrillary acidic protein
HNE	 4-hydroxy-2-nonenal
IL	 interleukin
PBMC	 peripheral blood mononuclear cells
PON2	 protein paraoxonase-2
TAT	 thrombin: antithrombin
TF	 tissue factor
VWF	 Von Willebrand factor

Highlights

•	 4-hydroxy-2-nonenal, the most stable and major oxi-
dant produced in various disease conditions, induces 
the release of TF+ (tissue factor) microvesicles into 
the circulation.

•	 4-hydroxy-2-nonenal-induced TF+ microvesicles are 
originated from perivascular cells.

•	 4-hydroxy-2-nonenal induces intravascular coagula-
tion and promotes inflammation.

•	 Blocking of TF activity attenuates 4-hydroxy-
2-nonenal-induced intravascular coagulation and 
inflammation.
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See Data Supplement for additional details on Materials and 
Methods.

Mice
C57BL/6J mice were obtained from The Jackson 
Laboratory (Bar Harbor, ME) or bred in-house. Eight to 
12-week old mice, both sexes weighing between 24 and 
30 g, were used in our experiments. About 250 mice were 
used in the course of the present study. All animal stud-
ies were reviewed and approved by the Institutional Animal 
Care and Use Committee and conducted according to the 
animal welfare guidelines outlined in the Guide for the Care 
and Use of Laboratory Animals.

Cells
Primary human umbilical vein endothelial cells were purchased 
from Lonza. Mouse brain endothelial cells (bEnd.3) were 
obtained from American Type Culture Collection (Manassas, 
VA). Human umbilical vein endothelial cell and bEnd.3 cells 
were cultured as described earlier.45 Human peripheral blood 
mononuclear cells (PBMCs) were isolated from blood from 
healthy donors by density gradient centrifugation using Ficoll 
Paque (GE Healthcare, Pittsburg, PA). The Institutional Review 
Board at the UT Health Science Center at Tyler approved the 
blood donation protocol, and the participants gave written 
informed consent.

Animal Treatments
Unless indicated otherwise, mice were treated with saline, 
HNE, or lipopolysaccharide for 4 hours. The dose of HNE- and 
lipopolysaccharide-administered to mice was 10 mg/kg, and 
they were given intraperitoneal in 100 µL volume. When mice 
were administered with 1H1 anti-murine TF monoclonal anti-
body or control isotype IgG, one dose (2 mg/kg) was given 
immediately before HNE administration and the second dose 
at 2 hours following the HNE administration.

Saphenous Vein Bleeding
The saphenous vein bleeding model has been described in 
detail in our earlier study.46 The number of hemostatic plugs 
formed in the 30-minute observation period, average clotting 
times, and the blood loss from the injury site was determined 
as described earlier.46

Isolation of Plasma Microvesicles
Mouse blood drawn into citrate anticoagulant was centrifuged 
at 2500g for 10 minutes in Eppendorf microcentrifuge to obtain 
plasma. The plasma was recentrifuged at the same speed and 
duration to remove any cells that might have escaped into 
plasma in the first centrifugation. The plasma was centrifuged 
at 21 000g for 1 hour to sediment microvesicles. The microves-
icles were resuspended in buffer A (10 mmol/L Hepes, 0.15 
mol/L NaCl, 4 mmol/L KCl, and 11 mmol/L glucose, pH 7.5) to 
the original plasma volume and resedimented by centrifugation 
at 21 000g for 1 hour. The pellet was suspended in buffer A for 
further analysis.

Nanoparticle Tracking Analysis
Microvesicles size distribution and concentration were analyzed 
in Malvern Panalytical NanoSight 300 using nanoparticle track-
ing analysis software. The analysis parameters were included in 
the Data Supplement.

Immunoprecipitation of TF+ Microvesicles
Microvesicles harvested from plasma were resuspended in 
HEPES buffer and incubated with rabbit anti-mTF Ab (10 
μg/mL) overnight at 4 °C. The next day, 20 μL of protein 
A/G beads were added to the suspension and incubated for 
an additional 2 hours at 4 °C. Protein A/G beads were sedi-
mented by centrifugation, washed 3 times, TF+ microvesicles 
were eluted with glycine (pH 2.3). The eluate was lysed in 
SDS-PAGE buffer and subjected to immunoblot analysis.

Coagulation Assays
TF procoagulant activity was measured in a FX activation assay 
as described earlier.47 To measure TF procoagulant activity in 
a clotting assay, plasma obtained from saline- or HNE-treated 
mice was incubated with 1H1 anti-TF antibody (10 µg/mL) or 
control isotype IgG for 30 minutes at 37 °C, and then, plasma 
was recalcified. The clot times were recorded using STart coag-
ulizer (Diagnostica Stago). Thrombin: antithrombin (TAT) levels 
in murine plasma were measured in an ELISA using a com-
mercially available TAT assay kit (Assaypro, St Charles, MO) by 
following the protocol included in the kit.

Cytokines Levels
Levels of IL (interleukin)-6 and CXCL1/KC (murine IL-8 equiv-
alent) in the plasma were measured using ELISA kits (eBiosci-
ence, San Diego, CA, and RayBiotech, Peachtree Corners, GA) 
as prescribed in the manufacturer’s protocol.

Immunohistochemistry
The processing of lung tissues and immunostaining of the lung 
tissue sections with Ly6G was described recently.48

Immunofluorescence Confocal Microscopy
Lung tissues were fixed with 4% paraformaldehyde and dehy-
drated with a 15% sucrose solution followed by 30% sucrose 
solution until the lung tissues were settled at the bottom. 
Tissues were then embedded in Tissue-Tek optimal cutting 
temperature compound (Sakura Finetek, Torrance, CA), and 
5-μm thin sections were cut. The sections were fixed in ice-
cold acetone for 10 minutes, blocked with Dako antibody dilu-
ent solution (Agilent, Santa Clara, CA), and stained overnight 
at 4 °C with rat anti-mouse CD31 antibody (5 µg/mL), rabbit 
polyclonal anti-murine TF antibodies (5 µg/mL), and murine 
anti-human α-smooth muscle actin (α-SMA; 5 µg/mL, cross-
reacts with murine α-SMA), followed by Alexa-488-, Alexa-
594-, and Alexa-647-conjugated secondary antibodies. The 
nuclei were stained with DAPI (5 µg/mL). To immunostain cul-
tured endothelial cells, the cells were fixed in 2% paraformal-
dehyde and stained with antibodies against goat anti-human 
VE-cadherin (5 µg/mL) and EPCR (endothelial cell protein C 
receptor) mAb (JRK1500, 5 µg/mL); the nuclei were stained 
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with DAPI. Confocal images were obtained using an LSM 510 
confocal system (Carl Zeiss). Immunostained tissue sections or 
cells were viewed using a Plan-APOCHROMAT 63.3/1.4 NA 
oil objective lens.

Barrier Permeability Assays
Endothelial cell barrier permeability in vitro and in vivo was ana-
lyzed as described in our earlier studies.49,50

Statistical Analysis
Data from both male and female mice were pooled for robust 
analysis of the data and unbiased interpretation of the find-
ings as we found no discernible differences between males 
and females in our initial findings on HNE-released TF+-
microvesicles procoagulant activity. The values of each param-
eter within a group were expressed as the mean±SEM. For 
comparison between 2 groups with normally distributed data, 
statistical significance between the 2 groups was assessed 
using the unpaired Student t test. We used D’agostino and 
Pearson or the Kolmogorov-Smirnov normality tests to deter-
mine whether the data are normally distributed. For com-
parison between groups with non-normally distributed data, 
nonparametric tests, such as the Mann-Whitney or Wilcoxon 
signed-rank test, was used to determine statistical significance. 
Graphpad Prism version 8 was used for statistical analysis and 
preparation of figures.

RESULTS
HNE Induces the Release of TF+ Microvesicles 
Into the Circulation
To investigate whether administration of HNE can elicit 
generation of procoagulant microvesicles, wild-type 
C57BL/6J mice were injected with saline or HNE (10 
mg/kg, IP) and microvesicles from plasma were iso-
lated, and their procoagulant activity was measured in a 
FX activation assay. As shown in Figure 1A, microvesi-
cles generated in HNE-treated mice activated FX at a 
significantly higher rate compared with microvesicles 
isolated from saline-treated animals. Next, we investi-
gated whether the increased FXa (factor Xa) genera-
tion associated with microvesicles is TF dependent. To 
investigate this, microvesicles were first incubated with 
murine TF-specific monoclonal antibodies (1H1), and 
then FXa generation was measured. 1H1 antibody sig-
nificantly reduced the generation of FXa associated 
with microvesicles, which suggests that the procoagu-
lant activity associated with microvesicles is TF proco-
agulant activity (Figure 1B). It has been suggested that 
small quantities of microvesicles are always present in 
circulation, which increase in response to various disease 
conditions.14 Therefore, we next investigated whether the 
increased FXa generation associated with microvesicles 
is due to the increased number of TF+ microvesicles in 
the plasma or reflects decryption of TF associated with 
microvesicles circulating in blood under basal conditions. 

Nanoparticle tracking analysis studies showed that 
microvesicles derived from HNE-challenged mice had 
≈3-fold higher count compared with saline-adminis-
tered mice (saline, 1.5×108±4.90×107 versus HNE, 
5.0×108±1.03×107) with a significantly higher mean 
size (saline, 126.1±7.70 nm versus HNE, 159.3±3.10 
nm) and mode (saline, 80.0±10.10 nm versus HNE, 
135.5±10.02 nm; Figure 1C through 1E). Interestingly, 
HNE-derived microvesicles exhibited a wider size distri-
bution (Figure 1F). However, >95% of microvesicles fell 
between 50 and 300 nm (Figure 1C). Overall, the above 
data suggest that HNE promotes the release of proco-
agulant TF+ microvesicles into the circulation. However, 
not all HNE-released microvesicles carry TF. Analysis of 
microvesicles isolated from HNE-treated mice by fluo-
rescent nanoparticle tracking analysis or flow cytometry 
for TF expression revealed that only about 7% to 15% 
microvesicles carry TF. In saline-treated animals, <0.5% 
microvesicles contain TF (data not shown).

HNE Induces Intravascular Coagulation in a TF-
Dependent Manner
To test whether HNE-induced microvesicles or other 
associated factors can promote intravascular coagula-
tion, we measured the plasma levels of thrombin gener-
ated in saline- or HNE-challenged mice by measuring 
TAT levels in plasma. TAT levels were significantly higher 
in HNE-administered mice compared with control mice 
(Figure 2A). Next, to investigate the role of TF in HNE-
induced thrombin generation, mice were injected with 
1H1 murine TF mAb or isotype control IgG along HNE, 
and the level of thrombin generated was measured. In 
vitro studies showed that the 1H1 antibody was highly 
effective in inhibiting murine TF (Figure I in the Data 
Supplement). As shown in Figure 2B, blockade of TF in 
vivo with the 1H1 anti-TF antibody significantly impeded 
the HNE-induced TAT generation. These data indicate 
that HNE-induced TAT generation is TF dependent. Next, 
we investigated the clotting times of recalcified plasma 
from saline- or HNE-administered mice. The data showed 
that plasma-derived from HNE-challenged mice had a 
significantly lower clotting time (118.3±10.42 seconds) 
compared with plasma obtained from saline-treated mice, 
which did not clot in 300 seconds (maximum duration of 
the assay). Depletion of microvesicles from the plasma 
of HNE-challenged mice by relatively low-speed centrifu-
gation (21 000g for 1 hour) or depletion of all extracel-
lular vesicles by high-speed centrifugation (130 000g 
for 30 minutes) prolonged the plasma clotting time to 
>300 seconds (Figure 2C). These data suggest that the 
shortening of clotting times observed in the HNE-derived 
plasma solely stems from microvesicles-associated pro-
coagulant activity. To determine whether the acceler-
ated clotting time was dependent on TF, we incubated 
the plasma samples with 1H1 anti-TF antibody or control 
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Figure 1. 4-hydroxy-2-nonenal (HNE) promotes the release of TF+ (tissue factor) microvesicles.
A, C57BL/6J mice were administered with HNE (10 mg/kg, IP) and 24 h following HNE administration, blood was collected via the 
submandibular vein into citrate anticoagulant. Microvesicles (MVs) were isolated from plasma and their procoagulant activity was measured 
in FVIIa (factor VIIa) activation of FX. B, MVs isolated from the plasma of saline-, HNE (10 mg/kg)-, or lipopolysaccharide (LPS; 10 mg/
kg)-challenged mice (for 4 h) were incubated with control isotype IgG (Con IgG) or 1H1 murine TF mAb (1H1 TF Ab; 10 µg/mL) for 30 min 
before their procoagulant activity was measured in FX activation assay. C through F, MVs isolated from the plasma of saline-, HNE-, or LPS-
administered mice were characterized by nanoparticle tracking analysis using NanoSight NS300. MVs number (C and D) and diameter (C, E, 
and F) were determined. *P<0.05; **P<0.01; and ****P<0.0001; ns, no statistically significant difference.
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Figure 2. 4-hydroxy-2-nonenal (HNE) activates intravascular blood coagulation in a TF (tissue factor)-dependent manner.
A, C57BL/6J wild-type mice were administered with saline or HNE (10 mg/kg, IP). Four and 24 h following HNE administration, blood was 
collected into citrate anticoagulant via submandibular vein puncture. Levels of thrombin-antithrombin (TAT) complexes in the plasma were 
determined using ELISA. B, Mice were administered with isotype control IgG (Con IgG) or 1H1 murine TF mAb (1H1 TF Ab) immediately 
before HNE administration and 2 h following HNE administration (2 mg/kg, IP). Four hours following HNE administration, blood was collected 
from mice, and TAT levels in plasma were measured. C, Plasma (P), plasma depleted of microvesicle (MVs; P-MV) or plasma depleted of all 
extracellular vesicles (P-EV) of saline- or HNE-treated mice (for 4 h) were recalcified and the clotting times were measured using a semi-
automated coagulizer (the maximum assay duration was 300 s). D, Plasma from saline- or HNE-treated mice (for 4 h) were incubated with 
either control IgG (Con IgG) or 1H1 murine TF mAb (1H1 TF Ab; 10 µg/mL) for 30 min, and then plasma was recalcified to measure the 
clotting time. E and F, Platelet count and mean platelet volumes were analyzed in an aliquot of blood collected from saline- or HNE-treated 
mice using HEMAVET. G, Myeloperoxidase activity levels in the plasma obtained from saline-, HNE-, or lipopolysaccharide (LPS)-administered 
mice. *P<0.05; **P<0.01; and ****P<0.0001; ns, no statistically significant difference.
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IgG, and then clotting times were measured. As shown in 
Figure 2D, the neutralization of TF resulted in prolonga-
tion of the clotting time of plasma obtained from HNE-
administered mice to over 300 seconds. Since platelets 
are also important regulators of intravascular coagulation, 
we investigated whether HNE treatment affected platelet 
count or volume. Administration of HNE to mice showed 
no significant difference in the platelet count or mean 
platelet volume, as revealed by blood analysis studies 
(Figure 2E and 2F). In additional studies, we wanted to 
investigate the potential contribution of neutrophil extra-
cellular traps in HNE-induced thrombin generation. How-
ever, measurement of myeloperoxidase activity levels in 
plasma, which is an indicator of neutrophil extracellular 
traps formation,51 showed no increase in myeloper-
oxidase activity in the plasma of HNE-challenged mice 
(Figure 2G). Lipopolysaccharide administration, used as 
a positive control, markedly elevated myeloperoxidase 
activity levels in the plasma. These data suggest that 
HNE-induced thrombin generation is independent of 
NETosis. Overall, the above data strongly indicate that 
HNE-induced increased procoagulant activity stems from 
the increased TF+ microvesicles in the circulation.

HNE Shortens Bleeding Time in the Saphenous 
Vein Injury Model
To investigate whether HNE-induced increased TF pro-
coagulant activity promotes clotting, we evaluated the 
effect of HNE on the bleeding time in the saphenous 
vein injury model. As shown in Figure  3A and 3B, the 
HNE administration significantly reduced the bleeding 
time and blood loss. Next, we investigated whether the 
reduced bleeding time and blood loss in HNE-treated 
mice subjected to the saphenous vein incision is due to 
HNE-induced increased TF activity. For this, mice were 
injected with 1H1 anti-TF antibody or control IgG along 
with HNE, and the average time to clot was recorded. 
Administration of the anti-TF antibody reversed the 
reduction in the bleeding time and blood loss observed 
in HNE-administered mice (Figure  3C and 3D). These 
data strongly suggest that HNE-induced accelerated clot 
formation was dependent on TF.

HNE-Derived TF+ Microvesicles Elicit 
Proinflammatory Responses
To investigate the role of HNE-induced TF+ microvesicles 
on inflammation, we evaluated plasma levels of CXCL1 
and IL-6 as markers of inflammation. As shown in Fig-
ure 4A and 4B, there was a significant increase in CXCL1 
and IL-6 levels in the plasma of HNE-challenged mice. 
Next, to investigate whether the observed inflamma-
tory response was due to HNE-induced increased TF+ 
microvesicles, mice were administered with 1H1 anti-TF 
antibody along HNE. As shown in Figure  4C, inhibition 

of TF activity significantly attenuated the HNE-induced 
increase in IL-6 levels. Interestingly, inhibition of TF activ-
ity had no significant effect on HNE-induced increased 
CXCL1 levels (Figure  4D). Analysis of blood showed a 
significant increase in circulating neutrophils count in 4 
hours while circulating monocytes peaked in 24 hours in 
HNE-administered mice (Figure 4E and 4F). Immunohis-
tochemistry studies showed a robust infiltration of neutro-
phils in the lungs of HNE-administered mice (Figure 4G). 
Inhibition of TF activity with 1H1 antibody reduced neutro-
phil infiltration into the lungs of HNE-administered mice 
(Figure 4H). Overall, the above data suggest that HNE-
induced increase in the proinflammatory cytokine IL-6 and 
neutrophil infiltration was dependent on TF.

HNE Does Not Induce TF Expression in the 
Endothelium or Circulating Mononuclear Cells
The blood monocytes and the vascular endothelium are 
among the major sources of TF+ microvesicles genera-
tion in the bloodstream.14,52,53 So, to determine whether 
the endothelium or the blood monocytes are the sources 
of HNE-induced TF+ microvesicles, we investigated 
whether HNE induces de novo synthesis of TF in the 
mouse endothelium or the blood monocytes. Confocal 
microscopy studies showed that HNE administration in 
mice did not induce TF expression in endothelial cells 
(Figure  5A). In contrast, lipopolysaccharide administra-
tion induced detectable TF antigen in the endothelium 
(Figure 5A). There was no signal with isotype IgG control 
(Figure II in the Data Supplement). In agreement with in 
vivo data, HNE treatment neither induced TF mRNA nor 
TF antigen in cultured endothelial cells (Figure 5B and 
5C). In controls, cytokine treatment markedly increased 
both TF mRNA and TF antigen levels in endothelial cells 
(Figure 5B and 5C). Next, we investigated whether HNE 
administration in mice induces TF expression in mono-
nuclear cells. We did not detect TF expression in PBMCs 
derived from HNE-challenged mice by either confocal 
microscopy (Figure  5D), real-time polymerase chain 
reaction (Figure 5E), or immunoblot analysis (Figure 5F). 
We observed similar data in in vitro studies where 
PBMCs isolated from human blood were treated with 
HNE (data not shown). In contrast to HNE-administered 
mice, induction of TF in PBMCs was detectable in lipo-
polysaccharide-administered mice (Figure  5D through 
5F). These observations indicate that HNE does not 
induce de novo synthesis of TF either in the endothelium 
or circulating mononuclear cells. Therefore, it is unlikely 
that the TF+ microvesicles in HNE-administered mice are 
derived from either endothelial or mononuclear cells.
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HNE-Induced TF+ Microvesicles Are Derived 
From Perivascular Cells
To investigate the cellular source of circulating TF+ 
microvesicles in HNE-administered mice, microvesicles 
were subjected to immunoblot analysis for the presence 
of cell type-specific markers. As shown in Figure  6A, 
HNE-induced microvesicles were stained positively 
for CD248 and α-SMA, the markers that are specifi-
cally expressed by the perivascular cells and not by the 
endothelium or blood cells.54,55 Furthermore, microves-
icles isolated from the plasma of HNE-administered 
mice lacked CD14, a monocyte marker. CD14 marker 
was readily detectable in microvesicles isolated from 
the plasma of lipopolysaccharide-administered mice. 
VWF (Von Willebrand factor) expression, which was 
used as a surrogate marker for endothelial cells, was 
found on all microvesicles, that is, microvesicles derived 
from saline-, HNE-, or lipopolysaccharide-treated mice. 
This observation is consistent with the earlier report 

that suggested a constitutive release of microvesicles 
into the bloodstream from the endothelial cells.14 To 
further support our hypothesis that the HNE-induced 
TF+ microvesicles are derived from perivascular cells, 
we immunoprecipitated microvesicles isolated from the 
plasma using a polyclonal anti-murine TF antibody. The 
analysis of immunoprecipitates showed that microves-
icles derived from both HNE- and lipopolysaccharide-
treated mice were positive for α-SMA and CD248. 
However, CD14 was detectable only in microvesicles 
derived from the plasma of lipopolysaccharide-treated 
mice but not from the plasma of HNE-challenged mice. 
These data suggest that HNE, unlike lipopolysaccharide, 
does not induce TF+ microvesicles from myeloid cells. 
It has been suggested that brain cells are an impor-
tant source of TF+ microvesicles.56 So, to determine 
whether HNE-induced microvesicles are derived from 
the brain, we probed these microvesicles with markers 
specific to brain cells. We failed to detect the presence 

A

C D

B

Figure 3. 4-hydroxy-2-nonenal (HNE) accelerates coagulation.
A and B, C57BL/6J wild-type mice were administered with saline or HNE (10 mg/kg, IP). Four hours after HNE administration, bleeding was 
initiated by the saphenous vein incision. The average bleeding times were calculated from the number of hemostatic plugs formed in a 30-min 
bleeding period (A). The volume of blood leaked from the wound site was adsorbed onto Kimwipes for the entire duration of 30 min, and the 
blood loss was determined by extracting the hemoglobin from wipes and measuring it against known standards (B). C and D, Wild-type mice 
were administered with control IgG or 1H1 anti-murine TF (tissue factor) mAb (2 mg/kg) just before HNE administration and 2 h after HNE 
administration. Four hours after HNE administration, mice were subjected to the saphenous vein injury and the bleeding time (C) and the blood 
loss (D) were determined as described above. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001.
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Figure 4. 4-hydroxy-2-nonenal (HNE) induces TF (tissue factor)-dependent proinflammatory responses in mice.
Cytokines IL (interleukin)-6 (A) and CXCL1 (B) levels in the plasma of saline- or HNE-challenged (for 4 h) wild-type mice. C and D, Effect 
of murine TF antibody administration on HNE-induced increase in IL-6 (C) and CXCL1 (D) levels in plasma. Mice were administered with 
control isotype IgG or 1H1 murine TF mAb as described in Figure 2. E and F, HNE induces an increase in neutrophil and monocyte number 
in circulating blood. Wild-type mice were challenged with saline or HNE. Four and 24 h following HNE administration, the number of 
neutrophils (E) and monocytes (F) in blood were counted using HEMAVET. G and H, HNE induces neutrophil infiltration into the lungs, and the 
administration of murine TF antibody attenuates the HNE-induced response. G, Lung tissue sections from saline-, lipopolysaccharide (LPS)-, 
or HNE-treated mice (for 4 h) were immunostained for neutrophil marker Ly6G to detect neutrophil infiltration (left) and the number neutrophils 
in each field were counted (right). H, Mice were treated with isotype control IgG or 1H1 anti-murine TF antibody before HNE administration, 
as described in Figure 2. Lung tissue sections from saline- or HNE-administered mice (for 4 h) were stained for Ly6G (left), and the number of 
neutrophils in a field were counted (right). *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001; ns, no statistically significant difference.
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of brain-specific markers,56 such as GFAP (glial fibril-
lary acidic protein) or Na+/K+ ATPase α3 (Figure 6B).

To strengthen our data that the presence of CD248 and 
α-SMA are specific to perivascular cells, we analyzed the 
PBMCs isolated from HNE- or lipopolysaccharide-admin-
istered mice, naïve or HNE-perturbed endothelial cells, and 
perivascular cells (smooth muscle cells and fibroblasts) for 
the presence of various cell-specific markers. As shown in 

Figure 6C, CD248 and α-SMA were present in fibroblasts 
and smooth muscles and not in PBMCs or endothelial 
cells. VWF is detectable only in endothelial cells, whereas 
CD14 was only detectable in PBMCs. Furthermore, immu-
nostaining of mouse lung sections shows that α-SMA 
staining is restricted to the perivascular region, and TF was 
colocalized with α-SMA in this region (Figure 6D). These 
observations strengthen our data that HNE-induced TF+ 

Figure 5. 4-hydroxy-2-nonenal (HNE) does not induce TF (tissue factor) expression in vascular cells.
A, C57BL/6J mice were injected with saline, HNE (10 mg/kg), or lipopolysaccharide (LPS; 10 mg/kg). After 4 h, the lung tissues were 
harvested and immunostained with endothelial cell marker CD31 and TF. Images were focused on the immunostaining of blood vessels. 
Green fluorescence represents CD 31 staining, whereas red fluorescence indicates TF staining. White arrow marks point out endothelial 
denudation. Yellow arrows on merged images indicate TF staining on the endothelium. L, a lumen of the blood vessel. B and C, Monolayers 
of human umbilical vein endothelial cells (HUVECs) were treated with saline (control), HNE (40 µmol/L), or TNF (tumor necrosis factor)-α+IL 
(interleukin)-1β (10 ng/mL, each) for 2 or 4 h to analyze TF mRNA levels by quantitative real-time polymerase chain reaction (RT-PCR; B) or 
TF protein by western blot analysis (C), respectively. D through F, C57BL/6J mice were treated with saline, HNE (10 mg/kg), or LPS (10 mg/
kg). Four hours following HNE or LPS administration, blood was collected, and PBMCs were isolated. TF expression was analyzed by confocal 
microscopy (D), measuring TF mRNA by quantitative RT-PCR (E), or TF protein by western blot analysis (F). In D, cell nuclei were stained with 
DAPI. Cells shown are monocytes (other mononuclear cells were much smaller in size than monocytes and were stained weakly with DAPI and 
negative for TF, and thus not readily visible).
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Figure 6. 4-hydroxy-2-nonenal (HNE) releases TF+ (tissue factor) microvesicles from perivascular cells and induces vascular 
barrier disruption.
A, C57BL/6J mice were injected with saline, HNE (10 mg/kg), or lipopolysaccharide (LPS; 10 mg/kg). Microvesicle (MVs) harvested from the 
plasma of saline-, HNE-, or LPS-administered mice were lysed in an equal volume of 1 X SDS lysis buffer and subjected to immunoblot analysis 
for VWF (Von Willebrand factor), CD248, CD14, or α-SMA. B, MVs harvested from the plasma of saline-, HNE-, (Continued )
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microvesicles are derived from the perivascular cells and 
possibly from smooth muscle cells, pericytes, or fibroblasts.

Next, we probed how TF+ microvesicles derived from 
perivascular cells could enter into circulation. Our earlier 
studies showed that HNE induces ROS (reactive oxygen 
species) generation in vitro,44 and the ROS generation 
could potentially breach endothelial barrier integrity.57,58 
Therefore, we investigated whether the HNE administra-
tion can disrupt the barrier integrity of the mouse endothe-
lium in vivo. Administration of mice with HNE for 3 hours 
followed by intravenous injection of the fluorescent dye, 
fluorescein dextran, showed a significant increase in the 
leakage of the dye into the lungs and liver (Figure  6E). 
Similar results were obtained using Evan blue dye (data not 
shown). Confocal microscopy data depicted in Figure 5A 
shows partial denudation of the endothelial layer in HNE-
administered mice, as evidenced by the ruptured immu-
nostaining of the endothelial protein CD31 (Figure  5A). 
Additional studies conducted with human and mouse 
endothelial cells grown in the transwell system to conflu-
ency to form tight junctions showed that HNE treatment 
markedly increased barrier permeability in a time-depen-
dent manner (Figure  6F and 6G). Confocal microscopy 
studies showed a time-dependent redistribution of the 
cell adhesion molecule, VE-cadherin, and disruption of 
the endothelial integrity of confluent human endothelial 
cell monolayer upon HNE treatment (Figure 6H). Similar 
effects of HNE was observed in bEnd.3 murine endothelial 
cells (data not shown).

DISCUSSION
Various cardiovascular diseases and sepsis have been 
shown to have elevated levels of HNE.29,30 HNE, the most 
abundant and stable unsaturated aldehyde produced by the 
oxidation of ω-6 polyunsaturated fatty acids, is a major oxi-
dative stress product.38,59 Our recent studies showed that 
HNE enhances TF decryption in various cell types, includ-
ing monocytes, blood-derived macrophages, cytokine-per-
turbed endothelial cells, and fibroblasts.43,44 HNE was also 
shown to induce highly procoagulant TF+ microvesicles 

from fibroblasts but interestingly not from monocytes or 
macrophages.43 It is unknown at present whether HNE 
induces TF activation or releases TF+ microvesicles into 
the circulation in vivo and its impact on coagulation. Data 
from our present study show that HNE induces the release 
of TF+ microvesicles from perivascular cells and contrib-
utes to intravascular coagulation and inflammation.

Oxidative stress plays a central role in the patho-
genesis of many inflammatory diseases, including ath-
erosclerosis, diabetes, and sepsis.29,30 HNE has been 
shown to be involved in the pathogenesis of the above 
diseases.30 Wiesel et al29 showed that lipopolysaccharide 
administration in mice induced the generation of HNE in 
the liver.29 These studies also showed that antioxidant 
N-acetylcysteine protected mice from lipopolysaccha-
ride-induced mortality. Increased HNE protein adducts 
were also found in renal homogenates of cecal ligation 
and puncture-induced murine sepsis.42 Consistent with 
these data, we also found the presence of HNE adducts 
in the lungs, the liver, and the plasma of lipopolysaccha-
ride-administered mice (data not shown). While free radi-
cals are short-lived, HNE is very stable and can persist 
longer in the system and can diffuse to distant sites from 
its source of origin.60 Administration of HNE directly to 
mice, as done in the current study, allows us to investi-
gate the effect of HNE that results from oxidative stress 
on hemostasis and thrombosis without confounding 
effects from other mediators generated in the disease.

It has been shown recently that deficiency of anti-
oxidant PON2 (protein paraoxonase-2) causes inflam-
mation and abnormalities in blood coagulation.61 These 
studies showed that PON2  deficiency in mice provokes 
endothelial oxidative stress (ROS generation), activates 
endothelial TF, and impacts the coagulation.61 It has been 
speculated that increased formation of ROS, exposure of 
phosphatidylserine, and the lipid peroxidation in PON2 
deficiency contribute to endothelial TF procoagulant 
activity. Our earlier studies showed that HNE induced 
ROS generation and decrypted TF on cell surfaces.43,44 
The present data that show HNE induces TF+ microves-
icles and impacts the coagulation is consistent with the 

Figure 6 Continued. or LPS-administered mice were immunoprecipitated with anti-murine TF antibodies, and the immunoprecipitates 
were analyzed for the presence cell-specific markers by immunoblot analysis. Mouse whole brain lysate was used as a positive control. C, 
Cell extracts of PBMCs from saline-, HNE-, or LPS-treated mice, bEnd.3 cells, pulmonary artery smooth muscle cells (PASMC), and WI38 
fibroblasts treated with or without HNE (20 µmol/L) for 4 h were subjected to immunoblot analysis and probed for VWF, CD248, CD14, or 
α-SMA. D, Lung tissue sections prepared from the saline-, HNE-, or LPS-treated mice were immunostained for CD31 (Magenta), TF (Red), 
and α-SMA (Green). A small portion of the merged image was enlarged to show colocalization. E, Three hours following saline-, HNE-, or 
LPS administration, mice were administered with fluorescein dextran (10 mg/kg) via the tail vein. One hour following fluorescein dextran 
administration, mice were euthanized, perfused with saline, and tissues were harvested. The extent of fluorescein dextran entered in tissues 
was determined by measuring the fluorescence intensity of tissue extracts. F and G, Human umbilical vein endothelial cell (HUVEC) or bEnd.3 
endothelial cells were cultured in 24-transwell plates for 4 d to form tight confluent monolayers. Cells were treated with HNE (20 µmol/L) for 
varying periods. In controls, cells were treated for 4 h with a control vehicle. At the end of treatment, Evan blue dye was added to the apical 
chamber, and the amount of dye leaked into the lower chamber at 10 min was read in a spectrophotometer. H, HUVECs were cultured on 
coverslips and treated with HNE (20 µmol/L) for varying periods (2–60 min). Following HNE treatment, the cells were washed and fixed with 
2% paraformaldehyde. The distribution of VE-cadherin was analyzed by immunostaining the cells with anti-VE-cadherin antibodies, followed 
by confocal microscopy. EPCR antibodies and DAPI were used to stain the cell surface and nucleus, respectively. *P<0.05; **P<0.01; 
***P<0.001; and ****P<0.0001; ns, no statistically significant difference.
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conclusion reached in an earlier report with Pon2-defi-
cient mice that oxidative stress impacts the coagula-
tion.61 However, mechanisms by which oxidative stress 
impacts the coagulation may vary. For example, in the 
present study, we found no evidence for HNE induction 
of TF on the vascular endothelium. Similarly, we found 
no detectable TF antigen in circulating PBMCs of HNE-
administered mice. Although it has been suggested that 
oxidative stress may affect platelet activation and phos-
phatidylserine exposure,61 our in vivo studies did not show 
any difference in platelet count or mean platelet volume. 
A change in the mean platelet volume was shown to 
be an indicator of platelet activation.62,63 Therefore, it is 
unlikely that the HNE-induced intravascular coagulation 
comes from the induction of TF in circulating blood cells 
or vascular endothelial cells. HNE-induced release of TF+ 
microvesicles into the circulation appears to be respon-
sible for HNE-induced intravascular coagulation.

Elevated levels of TF bearing microvesicles have been 
observed in blood samples of various diseases, such as 
sepsis, sickle cell disease, hyperlipidemia, atheroscle-
rosis, diabetes, and cancer.14 In cancer, circulating TF+ 
microvesicles were shown to be derived from tumor 
cells.64 In other disease conditions, the cellular source 
of circulating TF+ microvesicles was either unknown 
or shown to be derived from monocytes or endothe-
lial cells.14 Our present data suggest that it is possible 
that circulating TF+ microvesicles in disease conditions 
may come from perivascular cells as the microvesicles 
derived from the HNE-treated mice expressed α-SMA 
and CD248, markers that are restricted to perivascular 
cells.54,55 Unlike lipopolysaccharide-derived microvesicles, 
the HNE-derived microvesicles did not express CD14, a 
marker for monocytes. These data are consistent with 
our earlier published data that showed HNE induces 
the release of TF+ microvesicles from fibroblasts but not 
from monocytic cells.43 The observation that HNE desta-
bilizes endothelial barrier and induces leaky vasculature 
explains how TF+ microvesicles from perivascular cells 
could enter the bloodstream. Although HNE-induced 
TF+ microvesicles from perivascular cells are likely to be 
responsible for the increased intravascular coagulation 
observed in the HNE-treated mice, it is not feasible to 
completely rule out the contribution of perivascular cell 
surface-associated TF in this process. It is possible that 
HNE-induced barrier disruption would also allow the 
coagulation factors from the bloodstream to come in 
contact with TF on perivascular cells. At present, it is not 
possible to selectively deplete circulating microvesicles or 
inhibit circulating microvesicles TF activity to address the 
above conundrum. However, it is pertinent to note here 
that microvesicles isolated from HNE-administered mice 
were shown to activate FX and reduce the clotting time 
of plasma in ex vivo in a TF-dependent manner. Further-
more, if thrombin is generated from TF on perivascular 

cells, thrombin would likely be localized in that compart-
ment rather than in peripheral blood circulation.

Increased coagulation has been associated with 
increased inflammation and endothelial dysfunction.24 
Elevated levels of TF+ microvesicles in the blood have 
been reported to contribute to inflammation via the pro-
tease-activated receptors.24,65 Acute inflammation not 
only leads to migration of neutrophils and monocytes 
to tissues but also mobilizes them from bone marrow to 
bloodstream.66,67 Our study shows that blood from the 
HNE-administered mice had significantly higher levels of 
circulating neutrophils and monocytes. More importantly, 
HNE significantly increased plasma levels of inflamma-
tory mediators IL-6 and CXCL1 and infiltration of neutro-
phils into the lungs. The observation that blockade of TF 
using anti-TF antibody markedly attenuate the observed 
increase in plasma IL-6 levels and neutrophils infiltration 
into lungs indicate that HNE-induced TF+ microvesicles 
may be responsible for the inflammation. It is interest-
ing to note here, in contrast to IL-6 levels, the increased 
levels of CXCL1 observed in HNE-treated mice were 
not diminished by the administration of the anti-TF anti-
body. These data suggest HNE induces inflammation 
in both TF-dependent and TF-independent manner. It 
may be pertinent to point out here that HNE induced 
the expression of CXCL1 and not IL-6 in monocytic 
cells (unpublished data of the authors). It is possible that 
HNE-induced increase in CXCL1 levels in vivo was the 
result of direct signaling of HNE, whereas increased 
IL-6 levels might be due HNE-induced increased TF 
activity. It would explain why the TF antibody selectively 
inhibits IL-6 and not CXCL1. Our present data do not 
address whether TF-FVIIa-induced direct signaling or 
the signaling induced by the downstream clotting prote-
ases generated by TF-FVIIa-initiated coagulation by TF+ 
microvesicles is responsible for HNE-induced inflamma-
tion, which will be the subject of our future research.

In summary, data of our current study show that HNE 
induces the release of highly procoagulant TF+ microvesi-
cles that promote thrombin generation and proinflammatory 
response in vivo (see Figure 7 for schematic presenta-
tion). Our data also indicate that the cellular source of TF+ 
microvesicles is perivascular cells. The breach of endo-
thelial integrity by HNE or other inflammatory agents that 
would allow the entry of perivascular-derived TF+ microves-
icles into the bloodstream could result in prothrombotic 
events. Our data support the concept that the expression 
of TF in the intravascular cells is not compulsory for the 
increased levels of circulating TF+ microvesicles in disease 
conditions. These data imply that disease conditions that 
neither induce TF expression nor decrypt TF on intravas-
cular cells could have an impact on intravascular coagula-
tion by increasing vascular permeability and releasing TF+ 
microvesicles from perivascular cells.

A caveat in our studies is that the bolus injection 
of HNE into healthy mice may not recapitulate effects 
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that would be seen in a disease state with chronic 
HNE exposure. Chronic exposure may modulate key 
receptors and responses differently from that of acute 
exposure. Furthermore, earlier studies showed that the 
deletion of TF from perivascular cells had no signifi-
cant effect on intravascular coagulation or circulating 
TF+ microvesicles in endotoxemia, atherosclerosis, 
and ferric chloride injury model systems.68–70 The dif-
ferences in the data between the present study and 
the earlier studies on the involvement of perivascular 
cell-derived TF+ microvesicles in driving intravascular 
coagulation may be due to differences in the model 
systems used. As HNE decrypts TF, HNE-released TF+ 
microvesicles are likely to have higher procoagulant 
activity than microvesicles released in the other model 
systems. Further studies are needed to provide the 
definitive proof that HNE generated in various disease 
conditions is responsible for aberrant activation of 

coagulation associated with these diseases. The pres-
ent data serve as a proof-of-concept for future studies.
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Figure 7. Schematic representation of 4-hydroxy-2-nonenal (HNE)-mediated intravascular coagulation and inflammation.
HNE, a lipid peroxidation product that is generated in cardiovascular diseases, sepsis, and other disease conditions, destabilizes endothelial 
barrier integrity and induces the release of TF+ (tissue factor) microvesicles (MVs) from perivascular cells. Due to the barrier disruption, 
TF+ MVs from perivascular cells could enter the bloodstream and induce intravascular coagulation and thrombosis. Signaling induced by 
downstream proteases, such as thrombin, or TF-FVIIa (factor VIIa)-mediated direct signaling in perivascular cells could promote inflammation 
by inducing inflammatory cytokines and infiltration of neutrophils into tissues. Step 1: Oxidative stress generates HNE; Step 2: HNE induces 
ROS generation in monocytes and endothelium, and increases vascular permeability; Step 3: Breach in the vasculature leads to leakage of 
perivascular cells-derived TF+ MVs into the circulation; Step 4: TF+ MVs promote thrombin generation; Step 5: Thrombin induces clot formation 
and possibly upregulates cytokines expression.
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