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Hypercoagulability increases risk of thrombi that cause cardiovas-
cular events. Here we identify plasma sodium concentration as
a factor that modulates blood coagulability by affecting the
production of von Willebrand factor (vWF), a key initiator of the
clotting cascade. We find that elevation of salt over a range from
the lower end of what is normal in blood to the level of severe
hypernatremia reversibly increases vWF mRNA in endothelial cells
in culture and the rate of vWF secretion from them. The high NaCl
increases expression of tonicity-regulated transcription factor NFAT5
and its binding to promoter of vWF gene, suggesting involvement
of hypertonic signaling in vWF up-regulation. To elevate NaCl in
vivo, we modeled mild dehydration, subjecting mice to water re-
striction (WR) by feeding them with gel food containing 30% water.
Such WR elevates blood sodium from 145.1 ± 0.5 to 150.2 ± 1.3
mmol/L and activates hypertonic signaling, evidenced from in-
creased expression of NFAT5 in tissues. WR increases vWF mRNA
in liver and lung and raises vWF protein in blood. Immunostain-
ing of liver revealed increased production of vWF protein by en-
dotheliumand increased number ofmicrothrombi inside capillaries.
WR also increases blood level of D-dimer, indicative of ongoing
coagulation and thrombolysis. Multivariate regression analysis
of clinical data from the Atherosclerosis Risk in Communities
Study demonstrated that serum sodium significantly contributes
to prediction of plasma vWF and risk of stroke. The results indi-
cate that elevation of extracellular sodium within the physiolog-
ical range raises vWF sufficiently to increase coagulability and risk
of thrombosis.
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Cardiovascular thrombotic events are a leading cause of mor-
tality and morbidity worldwide (1–3). A critical step in throm-

bosis is inappropriate initiation of the coagulation cascade. The
trigger is not always apparent. In some cases the triggering
mechanism is vascular injury, similar to the initiation of hemo-
stasis. For example, arterial thrombosis can be triggered by rup-
ture of atherosclerotic plaques that leads to endothelial damage.
However, venous thrombosis can also occur in the presence of
an intact endothelium, making the triggering mechanism less
apparent (1, 4, 5).
von Willebrand factor (vWF) and platelets are the key com-

ponents of blood that initiate clots. vWF is a large multimeric
glycoprotein. It is produced by endothelial cells, stored in the
form of ultralarge (UL) vWF multimers in Weibel–Palade bod-
ies, then secreted by exocytosis of the Weibel–Palade bodies
(6, 7). Upon secretion, UL vWF multimers are cleaved by
ADAMTS13 protease into smaller and less hemostatically active
multimers that circulate in blood. Clot formation initiates when
platelets bind to specific binding sites on vWF through the
platelet membrane glycoprotein Ib. While vWF is circulating in
blood in the globular latent form, the binding sites are not ex-
posed. A special elongated confirmation is necessary for binding.
This conformation occurs, for example, after secretion of vWF
from endothelial cells before cleavage by ADAMTS13 protease,
or under high shear stress in stenosed arteries. Numerous co-
agulation factors are then activated, resulting in growth of blood
clots (4, 5, 8–10). A number of population-based studies have

suggested that elevated levels of vWF are a risk factor for
thrombogenesis, especially in patients with previous cardiovas-
cular diseases and older people (9).
Hypernatremia has been defined as a rise in serum sodium

to above 145 mmol/L (11). The most common cause of hyper-
natremia is reduced body water. Dehydration and hypernatremia
are often accompanied by thrombosis. Thus, complications
owing to thrombosis, such as disseminated intravascular co-
agulation, intracranial thrombosis, and peripheral thrombosis
are commonly encountered during the hypernatremia associ-
ated with dehydration (12–14), the hyperosmolality associated
with diabetes (15), and heatstroke (16). Increased sodium
concentration is a common feature of the thrombosis in these
studies. This led to recognition that hypernatremia might con-
tribute to the thrombosis observed in such cases, but the mech-
anism had not been identified (17).
In the present study we demonstrate that high NaCl increases

production and secretion of vWF from endothelial cells in cell
culture and in tissues of mice in vivo. In mice, the modest in-
crease of blood sodium caused by mild water restriction raises
endothelial vWF secretion sufficiently to increase coagulability
of blood and induce thrombosis. Further, analysis of data from
the Atherosclerosis Risk in Communities (ARIC) Study dem-
onstrates that serum sodium is positively associated with the level
of vWF in blood and the risk of stroke in humans. Our results
identify a mechanism for hypernatremia-induced thrombosis and
suggest that hydration and salt intake are modifiable factors that
affect coagulability and thrombosis through high salt-dependent
secretion of vWF from endothelial cells. Fig. S1 summarizes the
findings and the proposed implications of our study.

Significance

Cardiovascular thrombotic events are a leading cause of mor-
tality and morbidity worldwide. Hypercoagulability increases
the risk of thrombosis. This study shows that elevated sodium
concentration stimulates endothelial production of a key initi-
ator of the clotting cascade, von Willebrand factor, leading to
increased coagulation and thrombogenesis. In everyday life,
increases in blood sodium often occur as the result of in-
sufficient drinking, excessive water loss, or high salt intake.
Therefore, our results indicate that water and salt intake are
modifiable factors affecting coagulability and risk of throm-
bosis. In clinical practice, sustained elevation of plasma sodium
is a part of widely used hypertonic saline therapy. Our results
suggest that monitoring of coagulation during the therapy
might be beneficial to prevent thrombotic complications.
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Results
High Salt-Induced vWF Secretion: Human Umbilical Vein Endothelial
Cells. vWF is critical for the development of venous thrombosis
when blood flow is restricted by stenosis in mice (18). The
thrombosis depends on the level of vWF. Thus, vWF knock-out
mice do not develop the thrombi, and mice that have low vWF
have reduced thrombosis. We hypothesized that the thrombosis
that occurs during hypernatremia might also be caused by in-
creased vWF secretion, albeit from intact endothelial cells, in
response to the elevated NaCl in blood.
To test whether high NaCl affects production of vWF, we

exposed human umbilical vein endothelial cells (HUVECs) in
culture to the range of NaCl that occurs in humans during
hypernatremia. We added up to 55 mmol/L of NaCl, elevating
the medium osmolality from 270 mosmol/kg (lower end of the
normal physiological range) to up to 380 mosmol/kg (severe
hypernatremia). HUVECs adapt well up to at least 380 mosmol/kg,
maintaining a normal appearance (Fig. S2A), and logarithmic
growth (Fig. 1A), for weeks. High NaCl reversibly increases se-
cretion of vWF (Fig. 1B), and the rate of secretion remains elevated
for up to 5 wk, provided that NaCl remains elevated (Fig. S2B).
Immunofluorescent staining demonstrates that HUVECs secrete
long strings of vWF multimers while exposed to high NaCl, but,
when not exposed to high NaCl, retain most of their vWF com-
pactly stored in Weibel–Palade bodies (Fig. 1C). When NaCl is
elevated, the level of intracellular vWF does not change much (Fig.
1D), indicating that the newly synthesized vWF is secreted nearly as
fast as it is made. The rate of secretion returns to the basal level
soon after NaCl is lowered, demonstrating that the salt-dependent
increase is reversible (Fig. 1B). High NaCl also reversibly elevates
vWF mRNA, consistent with increased transcription (Fig. 1F).
Having found a salt-dependent increase of vWF secretion

from HUVECs, we questioned whether high salt produces the
same effect on endothelial cells in vivo. The kidney was a con-
venient organ to start with because of the wide range of NaCl
normally present in the different parts of the kidney. The level of
NaCl in blood perfusing the cortex of the kidney is the same as
that in systemic blood, whereas blood perfusing the renal me-
dulla normally contains very high NaCl. In fact, vWF is higher in
inner and outer renal medullas of mice than it is in the renal
cortex (Fig. 1E and Fig. S2C). This finding supports the con-
clusion that a high salt-dependent increase of vWF production by
endothelial cells occurs in vivo, as well as in cell culture.

Role of the Osmotically Regulated Transcription Factor NFAT5 in High
Salt-Induced vWF Secretion. NaCl is a functionally impermeant
solute, so elevation of extracellular NaCl is hypertonic. High
NaCl causes osmotic efflux of water from cells, leading to de-
creased cell volume and increased intracellular ionic strength.
Adaptive cellular responses are activated to compensate for the
dehydration and its consequences. NFAT5 is the master tran-
scription factor that is activated by hypertonicity. Hypertonicity
increases expression of NFAT5 mRNA and protein, increases
NFAT5 transcriptional and transactivating activities, and medi-
ates transcription of many NFAT5 target genes that are directly
or indirectly involved in adaptation to high NaCl (19).
Therefore, we tested whether vWF is an NFAT5 target gene in

HUVECs. High NaCl elevates vWF mRNA, which is consistent
with increased transcription (Fig. 1F). The vWF promoter contains
an osmotic response element (20) (ORE, NFAT5 binding site)
close to the transcription start site (Fig. 2D). In HUVECs, high
NaCl increases NFAT5 mRNA (Fig. 2C) and NFAT5 protein
(Fig. 2A) in correlation with the salt-dependent increases of
vWF mRNA and protein secretion (Fig. 1 B and F). In addition,
the NFAT5 target, aldose reductase, also increases (Fig. 2B),
consistent with up-regulation of NFAT5 transcriptional activity.
Finally, ChIP analysis confirms binding of NFAT5 to the ORE in

the vWF gene promoter in proportion to the level of NaCl (Fig.
2D). These results indicate that high NaCl-induced increase of
NFAT5 activity contributes to the increased vWF production in
endothelial cells.

Dehydration and Hypertonic Signaling in Mice.We next tested whether
hypernatremia results in increased production of vWF in endo-
thelial cells in vivo. We chose dehydration as a model to increase
NaCl in vivo. Dehydration is defined as net loss of body water
resulting from decreased water intake or increased water loss.
Dehydration leads to elevated osmolality of plasma and other
extracellular fluids (21).
We controlled the amount of water that the mice consumed by

feeding them with gel food containing 30% water as their only

Fig. 1. High NaCl increases production and secretion of vWF from vascular
endothelial cells. (A–D and F) HUVECs were exposed to media in which NaCl
was elevated for 4 d to the total osmolality indicated in the figure panels. (A)
HUVECs adapt to the range of elevated NaCl that occurs in hypernatremia,
maintaining logarithmic growth (see also Fig. S2A for images of the cells). (B)
High NaCl increases secretion of vWF, but when the elevated NaCl is lowered
to the control level (270 mosmol/kg) for 2 d vWF secretion returns to its
control level (mean ± SEM, *P < 0.05, t test, n = 5, linearly dependent on
NaCl concentration, P = 0.0009). (C) At 270 mosmol/kg vWF multimers are
compactly stored in Weibel–Palade bodies (arrow), but when NaCl is in-
creased for 4 d the cells release long fibers of uncondensed vWF multimers
(arrow). Green, vWF; blue, nuclei stained with DAPI. The lower panel is
a higher magnification of the upper panel. (D) High NaCl has little effect on
the level of intracellular vWF protein. (Upper) Representative Western blot
image. (Lower) Quantification, relative to 270 mosmol/kg, normalized to
tubulin (mean ± SEM, *P < 0.05, t test, n = 3). (F) High NaCl increases vWF
mRNA in HUVECs. vWF mRNA level returns to the basal when NaCl is low-
ered for 2 d (mean ± SEM, *P < 0.05, t test, n = 5, linearly dependent on NaCl
concentration, P < 0.0001). (E) vWF protein is higher in the kidney medulla,
where interstitial NaCl is very high, than in kidney cortex, where the inter-
stitial concentration of NaCl is similar to that in systemic blood. Immuno-
histochemical staining for vWF (brown). See also Fig. S2C for colocalization
with CD31staining (endothelial cell marker).
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source of water intake or, as a control, feeding the same food,
but with free access to drinking water (Fig. 3A). To assess the de-
gree of dehydration, we measured urine osmolality, body weight,
serum sodium, serum osmolality, and plasma protein concentra-
tion. Water restriction increased urine osmolality, indicating acti-
vation of the renal concentrating mechanism to conserve water
(Fig. 3B). The water-restricted mice did not lose weight, but their
growth was retarded, so they weighed about 2% less than control
mice by the end of 9 d of water restriction (Fig. 3E). Plasma protein
concentration was unchanged (Fig. 3D). The dehydration of our
water-restricted mice is of a magnitude recognized to be quite mild
(22). Still, serum sodium and serum osmolality increased (Fig. 3C).
Thus, our model produced a small increase of plasma sodium
within the physiological range. Despite the fact that the increase in
serum sodium and osmolality (Fig. 3C and Table S1) were very
modest, we detected activation of a hypertonic response in several
tissues, as evidenced by increased expression of NFAT5 and its
transcriptional target, aldose reductase (Fig. 3F).

Dehydration, vWF Secretion, and Thrombosis in Mice. In HUVECs,
high NaCl increases vWF production (Figs. 1 and 2). To see

whether mild dehydration, caused by water restriction, affects
production of vWF by endothelial cells in mouse tissues, we
analyzed vWF mRNA and protein in tissues of water-restricted
mice. Mild water restriction increases vWF mRNA significantly
in the liver and lungs and also increases it in some other tissues,
but not to a statistically significant degree (Fig. 4A). We mea-
sured vWF protein in endothelial cells by immunohistochemistry
of the liver tissue sections. The mild water restriction signifi-
cantly increases vWF in endothelial cells of the liver (Fig. 4 B
and C and Fig. S3). vWF apparently rises in endothelial cells, as
evidenced by correlation of staining for vWF with staining for the
endothelial cell marker CD31 (Fig. S4).
We hypothesized that dehydration-induced increase of secre-

tion of vWF from endothelial cells in vivo might elevate vWF
in blood and promote thrombosis. To assess the effect of water
restriction on coagulation, we analyzed some of the factors
depicted on Fig. 5A. Interaction of vWF with platelets activates
thrombin and converts soluble plasma fibrinogen into insoluble,
cross-linked fibrin polymers that stabilize blood clots (thrombi)
(5, 10). Concurrently, clots are degraded by activation of other
factors, principally the protease plasmin. Degradation of the
fibrin polymers by plasmin leads to the appearance of fibrin
degradation products (FDPs) in blood. D-dimer is the FDP
whose level is used as a clinical indicator of ongoing coagulation.
D-dimer increases in thrombotic conditions such as disseminated
intravascular coagulation, deep venous thrombosis, and pulmo-
nary embolism (5, 10, 23). We analyzed the levels of vWF and
D-dimer in mouse blood and the number of microthrombi in the
liver. Water restriction increases vWF and D-dimer in plasma
(Fig. 5B), as well as the number of microthrombi in capillaries of
the liver (Fig. 5 D and E). In addition, plasminogen activator
inhibitor 1 (PAI-1) also increases (Fig. 5C), which limits the
activation of plasmin and favors thrombosis. Thus, mild water
restriction increases endothelial cell secretion of vWF enough to
elevate the level of vWF in blood and to promote thrombosis
in mice.

Positive Association of Serum Sodium Concentration with Blood
Level of vWF and Stroke Risk in Humans. To access the relevance of
our findings to humans, we analyzed whether serum sodium and
vWF have a positive association in humans, using data from the
ARIC Study. ARIC is a study of cardiovascular disease in a cohort
of 15,792 45- to 64-y-old persons sampled from four US com-
munities in 1987–1989 (24). We used the results of the baseline
clinical examination of the participants during their first visit.
To evaluate effect of Na on vWF, we conducted multiple re-

gression analysis with the following predictor variables: serum
sodium, glucose, and estimated glomerular filtration rate (eGFR)
(Fig. 6A). See SIMaterials andMethods, Fig. S5, and Tables S2–S7
for the reasons those variables were selected, information about
the basic descriptive statistics for the variables, zero-order cor-
relations between the variables, and regression coefficients. The
overall model is statistically significant [F(3, 14,675) = 210, P <
0.001] with all variables significantly contributing to predicting
plasma level of vWF (P < 0.001) (Fig. 6A and Tables S4 and S5).
The positive regression coefficient for serum Na+ indicates that
the increase in Na+ is accompanied by increased vWF, consistent
with overall findings of our study. Additionally, a 3D plot of blood
vWF level vs. serum sodium concentration and age demonstrates
that higher levels of vWF occur in participants with higher con-
centrations of serum sodium (Fig. 6B). The same is true for 10-y
stroke risk (Fig. 6C). The stroke risk at first visit was retrospec-
tively calculated for every participant of the ARIC Study based on
the study outcomes and included in ARIC datasets (25). Multi-
variable regression analysis of 10-y stroke risk with sodium, glu-
cose, and eGFR as predictor variables demonstrates that plasma
sodium significantly contributes to prediction of stroke (Table S6).
Diabetes and chronic kidney disease (CKD) lead to increased

Fig. 2. (A–C) High NaCl-induced secretion of vWF from HUVECs is accom-
panied by increased expression of the osmoregulated transcription factor
NFAT5. HUVECs were exposed to high NaCl, as in Fig 1. (A) High NaCl in-
creases NFAT5 protein. (Upper) Representative Western blot. (Lower) Quanti-
fication, relative to 270 mosmol/kg, normalized to tubulin (mean ± SEM, *P <
0.05, t test, n = 4, linearly dependent on NaCl concentration, P < 0.0001). (B)
High NaCl increases expression of aldose reductase (AR), which is a tran-
scriptional target of NFAT5. Western blot, analyzed as in A (mean ± SEM, *P <
0.05, t test, n = 3, linearly dependent on NaCl concentration, P = 0.006). (C)
High NaCl increases NFAT5 mRNA. Quantification is relative to 270 mosmol/kg
(mean ± SEM, *P < 0.05, t test, n = 5, linearly dependent on NaCl concentra-
tion, P < 0.0001). The NFAT5 mRNA returns to the basal level when NaCl is
lowered for 2 d. (D) High NaCl increases binding of NFAT5 to the DNA ele-
ment that is an NFAT5 binding site in the promoter of the vWF gene. (Upper)
Diagram showing location of the NFAT5 binding site upstream of tran-
scription start site (TSS) of the vWF gene, and the positions of primers that
were used to analyze NFAT5 binding by ChIP. (Lower) ChIP results, relative to
270 mosmol/kg (mean ± SEM, *P < 0.05, t test, n = 3).
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levels of VWF (26, 27). Consistently, there is significant zero-order
correlation of plasma glucose and eGFR with level of vWF
(Table S3). To assess whether a positive association of plasma
sodium with vWF and risk of stroke is still present in partic-
ipants without diabetes and CKD, we performed the analysis

on a cohort of participants without diabetes and without CKD
(eGFR >60 mL·min−1·1.73 m−2) who had normal weight [body
mass index (BMI) = 18.5–25 kg/m2]. In this “healthy” cohort (n =
3,345), higher levels of vWF and risk of stroke occur also in
participants who have higher concentrations of plasma sodium
(Fig. 6D and Table S7). In summary, the analyses indicate that
serum sodium is positively associated with the level of vWF and
the risk of stroke in humans.

Discussion
A model that describes the link between sodium, vWF, and
thrombosis is shown on Fig. S1. In this study we have shown that
elevation of extracellular NaCl stimulates production of vWF by
vascular endothelial cells both in cell culture (HUVECs) and in
mice in vivo. In HUVECs, secretion of vWF and activation of the
osmoregulated transcription factor NFAT5 increase in parallel
when NaCl is added to elevate osmolality of the medium over the
range from 270 mosmol/kg, which is the lower end of the normal
physiological range, to 380 mosmol/kg, which is the high end of
severe hypernatremia. In mice, elevation of serum sodium by
5 mmol/L as the result of water restriction increases expression
of NFAT5 and stimulates endothelial vWF production in several
tissues. The mild dehydration increases vWF secretion enough
to elevate vWF significantly in systemic blood and to cause
thrombosis, as evidenced by the appearance of microthrombi
and activation of fibrinolysis. Further, blood sodium and vWF are
positively associated in humans.
Our findings identify the mechanism probably involved in the

thrombosis seen in cases of hypernatremic dehydration (12–14),
hyperosmolality associated with diabetes (15), and heatstroke
(16). In clinical practice, infusion of hypertonic saline to elevate
plasma sodium up to 155 mmol/L, and even higher, is routinely
used in head injury, ischemic stroke, and intracerebral hemor-
rhage and is the subject of heated debate (28, 29). The results of
our study indicate that elevation of plasma sodium during such
therapy could increase blood coagulability, leading to throm-
botic complications.
There are also broader implications of our study, as follows.

Inadequate water intake increases plasma sodium concentration
(21, 30), as does the high consumption of salt that is prevalent

Fig. 3. Water restriction elevates serum sodium and activates hypertonic signaling in mouse tissues. To elevate NaCl in vivo, mice were subjected to water
restriction for 9 d. (A–E) The water restriction produced mild subclinical dehydration (mean ± SEM, n = 5, *P < 0.05, t test). (A) Experiment design. To limit the
amount of water, mice were fed with gel food containing 30%water and were not given any additional water. Control group were fed the same gel food but
had free access to water. (B) Water restriction increased urine osmolality. (C) Water restriction increased serum sodium (by 5 mmol/L) and serum osmolality.
See also Table S1 for other serum parameters. (D) Water restriction did not change plasma protein concentration. (E) Water restriction retarded growth but
did not acutely reduce weight. (F) Water restriction increased mRNA of NFAT5 and of its transcriptional target, aldose reductase (AR) in several mouse tissues.

Fig. 4. Water restriction increases vWF in endothelial cells of mice (mean ±
SEM, n = 5, *P < 0.05, t test). Water was restricted for 9 d. (A) vWF mRNA
increased in liver and lung. (B and C) Water restriction increased vWF protein
in endothelial cells in the liver. (B) Representative images from immuno-
histochemical staining for vWF protein (brown) in the liver tissue sections.
See Fig. S4 for pattern of blood capillaries in the liver (same sections stained
for endothelial cells marker CD31). (C) Quantification of vWF in tissue sec-
tions. See Materials and Methods and Fig. S3 for details about image analysis.
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worldwide (31). Thus, 400 mL of soup containing 6 g of salt
elevates plasma sodium for many hours by about 2 mmol/L (32),
and increasing salt intake from 600 mg to 10 g per day for several
days elevates plasma sodium by about 3 mmol/L (33). How much
salt and water should be consumed, and how the consumption
affects health, are issues that are the focus of intensive research
and discussion (30, 34, 35). Perhaps monitoring the level of vWF
or other coagulation markers could enhance investigation of
these issues.
Subclinical dehydration may impair health because of increased

vWF. Old age predisposes one to dehydration because of de-
creased thirst, impaired urinary concentrating ability, and increased
insensible water loss (36, 37). Diabetes mellitus predisposes one
to dehydration because of the osmotic diuresis caused by high
urinary glucose. Further investigation is required to determine
whether chronic subclinical dehydration in the elderly and in
diabetics is the reason for elevated vWF and increased risk
of thrombosis.
Do dehydration and hypernatremia cause hypercoagulability

in humans? There are previous indications that they do. Namely,
increased circulating vWF and risk of thrombosis were found
to be associated with diabetes (26, 38), which predisposes one to
dehydration; small clinical trials demonstrated association of
platelet aggregation (39), plasma fibrinogen, D-dimer, and vWF
(40) with high salt intake, and the 200-fold increase in deep vein
thrombosis in shelters in Japan after the 2011 earthquake was
attributed to dehydration (41).
Is health in humans likely to be adversely affected by hy-

percoagulability and increased vWF induced by subclinical

dehydration? That seems likely, considering that hypercoagula-
bility is linked to cardiovascular disease and atherosclerosis (42),
and increased vWF is a risk factor for thromboembolism, myo-
cardial infarction, and stroke (7, 26, 43).
Do other factors besides elevated NaCl contribute to the in-

creased blood vWF and coagulability induced by water re-
striction? In addition to elevating blood sodium, water restriction
increases antidiuretic hormone, and antidiuretic hormone in-
creases vWF in blood (44). Infusion of the antidiuretic hor-
mone analog desmopressin (DDAVP) is used clinically to treat
bleeding disorders by elevating vWF (45). However, the in-
creased production of vWF caused by high NaCl in HUVECs
occurs independent of any increase of antidiuretic hormone (Fig.
1). In addition, the therapeutic use of DDAVP involves much
greater antidiuretic hormone activity than the maximal level
reached during dehydration (17, 45, 46). Furthermore, DDAVP
produces only a transient increase of vWF in blood because it
causes release of preexisting intracellular stores of vWF, whereas
we observe a prolonged transcriptionally regulated increase in
mice. Therefore, although the mild water restriction that we used
undoubtedly elevated antidiuretic hormone, that increase does
not explain the prolonged increase of vWF that we observe. In-
creased blood viscosity and hemoconcentration as a result of de-
hydration might also contribute to increased coagulability and
thrombogenesis. However, our water restriction protocol does
not cause acute weight loss (Fig. 3E) or increased plasma
protein concentration (Fig. 3D), which speaks against these
possibilities.
In summary, we find that high salt-induced secretion of vWF

from endothelial cells causes hypercoagulability, which could

Fig. 5. Water restriction increases vWF in the blood of mice and activates
thrombogenesis (mean ± SEM, n = 5, *P < 0.05, t test). Water was restricted
for 9 d. (A) Overview of blood clotting. Increase of vWF causes platelet ac-
tivation and aggregation, leading to coagulation and formation of fibrin
clots (thrombi). Concurrent activation of fibrinolysis begins degrading clots,
which increases D-dimer in blood. (Note that measurement of D-dimer is also
a clinical test for thrombogenesis.) (B) Water restriction increases vWF and
D-dimer in plasma of mice. (Upper) Western blots. (Lower) Quantification,
normalized to control. (C) Water restriction increases PAI-1 in plasma of
mice. Note that PAI-1 inhibits fibrinolysis, which delays degradation of fibrin
clots. (D) Representative images of immunohistochemical staining (brown)
of liver tissue sections for fibrin and for the endothelial cell marker CD31.
The staining for fibrin identifies microthrombi (arrows) inside liver capillar-
ies. (E) Quantification of microthrombi in tissue sections from liver. Water
restriction increases the number of microthrombi per square millimeter.

Fig. 6. Plasma sodium is positively associated with blood level of vWF and
10-y risk of stroke in the ARIC Study. (A) Multiple linear regression analysis
was used to assess effect of serum sodium on level of vWF. The results
demonstrate that serum Na+ as well as glucose and eGFR significantly con-
tribute to predicting the level of vWF. See SI Materials and Methods, Fig. S5,
and Tables S2–S5 for details of the analysis. (B–D) Three-dimensional mesh
plots, visualizing level of vWF and risk of stroke, as functions of serum so-
dium concentration and age. (B and D) Level of vWF is higher in participants
with higher levels of serum sodium, both in B [all ARIC participants (n =
14,679)] and in D [cohort of 3,345 participants without diabetes who had
eGFR >60 mL·min−1·1.73 m−2 and normal weight (BMI = 18.5–25 kg/m2)]. (C)
Ten-year risk of stroke is increased in participants with higher level of serum
sodium. All ARIC participants were included in the analysis. See also Tables
S6 and S7.
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induce thrombosis in conditions associated with hypernatremia,
including dehydration, old age, diabetes, high dietary salt intake,
and hyperosmotic therapy. We propose that hydration and salt
intake are modifiable factors that affect coagulability and
thrombogenesis.

Materials and Methods
HUVEC cells and growth medium were obtained from ATCC. Osmolality of
this medium (control medium) was 270 mosmol/kg. High NaCl medium was
prepared by adding NaCl to the total osmolality of 290–380 mosmol/kg. vWF
was measured in HUVEC supernatants using the vWF Human ELISA Kit
(Abcam). HUVECs protein extraction, Western blot, immunofluorescent
staining, and ChIP were performed as described (47). Target sequences in
ChIPed DNA were quantified by real-time PCR with SYBR-Green PCR Kit
(Qiagen). RNA was extracted from HUVECs with RNeasy Mini Kit (Qiagen)
and from mouse tissues using AllPrep DNA/RNA Mini Kit (QIAGEN). mRNA
was quantified by quantitative RT-PCR using TaqMan gene expression assays
(Life Technologies). All mouse studies were done under approval of the
National Heart, Lung, and Blood Institute animal study protocols. Mice were
water-restricted by feeding them with gel food containing 30% water.

Blood was collected from the tails. Total plasma protein was measured using
BCA Protein Assay (Pierce). vWF and D-dimer in plasma were measured by
Western blot. PAI-1 in plasma was measured using Luminex immunoassay
technique (48). PAI-1 agarose beads and assay reagents were obtained from
EMD Millipore. Paraffin embedding of mouse tissues and immunohisto-
chemical staining were performed as described (49). To quantify vWF pro-
tein expression on the diaminobenzidine-stained sections, we used the
yellow-CMYK channel method (50). The Python script that performs yellow-
CMYK channel extraction and quantification is available upon request. Further
details of the study methods are provided in SI Materials and Methods.
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