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Haddy, Francis J., Paul M. Vanhoutte, and Michel Feletou. Role of potas-
sium in regulating blood flow and blood pressure. Am J Physiol Regul Integr
Comp Physiol 290: R546 –R552, 2006. doi:10.1152/ajpregu.00491.2005.—Un-
like sodium, potassium is vasoactive; for example, when infused into the arterial
supply of a vascular bed, blood flow increases. The vasodilation results from
hyperpolarization of the vascular smooth muscle cell subsequent to potassium
stimulation by the ion of the electrogenic Na�-K� pump and/or activating the
inwardly rectifying Kir channels. In the case of skeletal muscle and brain, the
increased flow sustains the augmented metabolic needs of the tissues. Potassium
ions are also released by the endothelial cells in response to neurohumoral
mediators and physical forces (such as shear stress) and contribute to the endothe-
lium-dependent relaxations, being a component of endothelium-derived hyperpo-
larization factor-mediated responses. Dietary supplementation of potassium can
lower blood pressure in normal and some hypertensive patients. Again, in contrast
to NaCl restriction, the response to potassium supplementation is slow to appear,
taking �4 wk. Such supplementation reduces the need for antihypertensive med-
ication. “Salt-sensitive” hypertension responds particularly well, perhaps, in part,
because supplementation with potassium increases the urinary excretion of sodium
chloride. Potassium supplementation may even reduce organ system complications
(e.g., stroke).

endothelium-derived hyperpolarization factor; Na�-K�-ATPase; potassium chan-
nels

POTASSIUM IS THE MOST ABUNDANT intracellular ion, and its
preeminence there is guaranteed by Na�-K�-ATPase in the
plasma membrane (also known as the sodium pump or
Na�-K� pump). Indeed, the sodium pump is the active trans-
port system that is responsible for maintenance of the trans-
membrane gradients of Na� and K�. Because these gradients
provide energy for several essential cellular functions (e.g.,
control of membrane potential, cell volume, and pH), it is not
surprising that this transport protein is present in all animal
cells. This includes the cells in blood vessels (e.g., endothelial
cells, smooth muscle cells, and adrenergic nerves) and in the
tissue that surrounds them (e.g., myocardial muscle, skeletal
muscle, brain).

NA�-K�-ATPase AND BLOOD FLOW

Na�-K�-ATPase is composed of noncovalently linked �
and � subunits. Four different isoforms of the � subunit (�1 to
�4) and three isoforms of the � subunit (�1 to �3) have been
identified in mammalian cells. The enzymatic function has
been totally assigned to the � subunit, which also contains the

binding sites for ATP and the cardiac glycoside ouabain. The
� subunit serves as a chaperone molecule to facilitate the
appropriate insertion of the � subunit in the plasma membrane.
In addition, the � subunit modulates the affinity of Na�-K�-
ATPase for cations. Each combination of � and � subunit
produces a functionally active enzyme that possesses distinct
affinities for Na� and K� and different sensitivities for ouabain
(46). A third protein, member of the FXYD protein family,
which includes the �-subunit, is stochiometrically associated
with the �-� complex and influences the apparent affinity of
the enzyme for Na� and K�, as well as to ouabain. In
mammalian arteries, both vascular smooth muscle and endo-
thelial cells express the �1 subunit, the housekeeping form of
Na�-K�-ATPase. However, depending upon the species
and/or vascular bed studied, both the endothelial and vascular
smooth muscle cells can express the �2 and/or �3 isoforms. In
rodents, these isoforms are markedly more sensitive to the
inhibitory action of ouabain than the �1 isoform and are
activated by an increase in extracellular concentrations of
potassium over the physiological range (37, 46, 89). In other
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mammal species, the various � isoforms have a high affinity
for potassium and would be expected to be near saturation by
5 mM external K� concentration. However, the Na�-K�-
ATPase should not be assimilated to a monotonic regulator of
ion transport, the multiple �- and �-isoforms are heavily
regulated in a tissue-specific manner, not only by the associ-
ated �-subunits, but also by intracellular messenger-dependent
phosphorylations of the �-subunit (2, 9).

Because the Na�-K�-ATPase pumps sodium and potassium
unequally (three Na� for every two K�), the transport is
electrogenic, and thus it produces changes in the membrane
potential. It was proposed some time ago that this has impor-
tant effects on the contractile state of vascular smooth muscle,
which can, in turn, influence blood flow and blood pressure
(32). For example, when skeletal muscle is activated, the
depolarized skeletal muscle cells immediately release potas-
sium into the interstitial space surrounding the arterioles. This
stimulates the Na-K pump in the vascular smooth muscle cells
and, because of the unequal pumping of sodium and potassium,
results in hyperpolarization of the cells, reduced calcium influx
into the smooth muscle cells, hence, relaxation and dilatation
of the arteriole. The result is increased blood flow to, in part,
meet the increased metabolic needs of the contracting skeletal
muscle. The sympathetic nerve fibers may also be involved.
Potassium increases the uptake of norepinephrine into the
sympathetic nerve terminals, leaving less in the cleft. This also
promotes relaxation of the vascular smooth muscle and in-
creases blood flow. The concentration range over which potas-
sium exerts these effects is small, a matter of only 0.5 to 4.0
meq/l above resting levels. K� also has an inhibitory effect on
the exocytotic release of norepinephrine from the adrenergic
nerve endings, thus helping to disconnect the working tissues
from the homeostatic control exerted by the sympathetic ner-
vous system (73, 78, 87, 88). Similarly, when brain tissue is
activated (e.g., spontaneous depolarizations as during sei-
zures), the depolarized cells release potassium into the inter-
stitial fluid and increase brain blood flow by the same mech-
anism. Functional hyperemia, as seen with salivary gland
activation, may share a similar mechanism.

It is easy to demonstrate that potassium is a vasodilator. If it
is applied locally, blood flow increases. For example, if an
isoosmotic solution of potassium chloride is infused into the
brachial artery of the dog at a rate that raises potassium
concentration in the arterial blood by 0.5 to 4.0 meq/l, blood
flow increases in the area supplied by the brachial artery (20).
Similar changes are seen when potassium is infused into the
coronary and renal arteries (77). The increase is prompt,
substantial, and sustained but does not compare in magnitude
to that which can be produced by exercise hyperemia. The
appearance of potassium in the venous blood during exercise is
prompt and correlates with blood flow, suggesting a more
important role in the initiation than during the maintenance of
exercise hyperemia, when other factors (e.g., adenosine) may
become involved.

Lowering the potassium concentration in blood produces
vasoconstriction, but this is more difficult to demonstrate
because it requires the interposition of a hemodializer in the
arterial blood supply to reduce the concentration (6). Reduc-
tions as little as 1 meq/l produce vasoconstriction, and the
onset and the offset of the response is prompt. The magnitude
of the vasoconstriction is not great, however, and does not

compare to that produced by norepinephrine or angiotensin, for
example. The mechanism underlying the constriction involves
Na�-K�-ATPase inhibition, electrogenic depolarization, in-
creased calcium influx into the vascular smooth muscle cell,
and decreased uptake of norepinephrine into sympathetic nerve
endings.

Dietary supplementation and restriction of potassium also
influence resistance to blood flow through vascular beds, for
example, cerebral and renal vascular beds (54). The responses
are not prompt and well defined, particularly during supple-
mentation, presumably due to temporal delays and systemic
compensatory responses.

Both the vasodilatations and vasoconstrictions produced
by potassium in the dog gracilis muscle can be blocked by
ouabain (6), indicating that the two responses are related to
activity of the Na�-K� pump. In other species and vascular
beds, ouabain may not completely block the potassium-
induced vasodilatation, suggesting the participation of
mechanisms other than electrogenic Na�-K� pumping.
Here, the response may be blocked by barium or barium plus
ouabain, suggesting the participation of inwardly rectifying
K� channels.

POTASSIUM CHANNELS AND BLOOD FLOW

Potassium channels help determine the resting membrane
potential and regulate cell volume. Because cells maintain a
much higher intracellular concentration of potassium than that
present in the extracellular medium, the opening of potassium
channels induces a change in membrane potential toward more
negative values (repolarization or hyperpolarization). They
play a key role in many cellular signaling events, including the
regulation of smooth muscle tone and blood flow (79). Potas-
sium channels are classified in four subgroups (according to
Nomenclature Compendium—International Union of Pharma-
cology subcommittee on potassium channels): the voltage-
gated (KV), the calcium-activated (KCa), the two-pore-domain
(K2P), and the inward rectifier (Kir) potassium channel families
(35).

The inward rectifier family of potassium channels is divided
into seven subfamilies (Kir1.0 to Kir7.0), but the following
section will only address the Kir2.0 subfamily, which is most
relevant to the blood vessel wall. The inward rectification
means that the channel conducts potassium current more
readily in the cells than out of the cells over a wide range of
potentials. When the membrane potential is negative compared
with the equilibrium potential for K� (EK), the driving force
for the flux of K� is in the inward direction. However, for
positive membrane potentials (compared to EK), the outward
flow of K� through Kir is smaller. Under physiological con-
ditions, the membrane potential of vascular cells is always
positive compared with EK, so it is the relatively small efflux
of K� that plays a role (24, 64, 69). In the vascular wall, Kir
channels are expressed in both the endothelial and the smooth
muscle cells (14, 68). The expression of the Kir channel is
more abundant in the smooth muscle of autoregulatory vascu-
lar beds such as the coronary and cerebral circulations (68, 75).
In the general circulation, the expression of the Kir channel
appears to increase as the diameter of the artery decreases (39,
67). Kir channels are blocked by micromolar concentrations of
barium and certain imidazoline compounds (21, 71).
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A unique feature of Kir channels is the effect of extracellular
potassium on its gating. A moderate increase in potassium
concentration, in the range of 1 to 15 mM, enhances potassium
efflux through Kir at physiologically relevant potentials (40,
71). In some arterial smooth muscle cells, this moderate in-
crease in extracellular potassium concentration leads to hyper-
polarization and relaxation. This observation is counterintui-
tive, as the Nernst equation would predict a depolarization of
the cells as a result of such an increase in the extracellular K�

concentration. As the depolarization of vascular smooth mus-
cle cells produces the opening of voltage-dependent calcium
channels, a contraction of these cells should follow. However,
small increases in the extracellular concentration of K� by
activating Kir (64) and/or the Na�-K� pump (see above)
overcomes the small depolarizing effects linked to the increase
in K� per se. The net result is hyperpolarization and thus
relaxation of the smooth muscle cells. In agreement with the
pattern of expression of Kir channels in smooth muscle, po-
tassium-induced Kir channel-dependent relaxations or vasodi-
latations are prominent in cerebral (16, 59) and coronary
arteries (40), as well as in the microcirculation (15), including
skeletal muscle arterioles (36, 40). The contribution of Kir
channel has also been observed in potassium-induced relax-
ation of isolated human peripheral arteries, as well as in vivo
during potassium-induced forearm vasodilatation (7, 11, 60).
The Kir channel most likely involved in potassium-induced
relaxation is composed of the Kir2.1 �-subunits, as these
relaxations disappear in mice with deletion of Kir2.1 (91). In
some arteries, potassium-induced relaxation involves the con-
tribution of endothelial Kir (10).

Therefore, the Kir channel, like the Na�-K� pump, can be
regarded as a metabolic sensor producing vasodilation and
increases in blood flow when potassium accumulates in the
extracellular fluid, for instance, during neuronal activity or
exercise.

POTASSIUM AS AN ENDOTHELIUM-DERIVED
HYPERPOLARIZING FACTOR

The endothelial cells control the tone of the underlying
vascular smooth muscle cells by releasing various relaxing and
contracting factors, the former including nitric oxide (NO),
prostacyclin, and epoxyeicosatrienoic acids. In addition, the
endothelium can regulate the diameter of blood vessels via
another pathway that involves the hyperpolarization of vascu-
lar smooth muscle. The mechanism of endothelium-dependent
hyperpolarizations, once attributed to an elusive endothelium-
derived hyperpolarizing factor (EDHF), is understood better.
EDHF-mediated responses are triggered by an increase in the
endothelial intracellular calcium concentration that is followed
by the opening of two populations of potassium channels, the
calcium-activated potassium channels of small and intermedi-
ate conductance (SKCa and IKCa), which results in the hyper-
polarization of the endothelial cells. This response is transmit-
ted to the smooth muscle cells by direct electrical coupling
through myoendothelial junctions and/or by the accumulation
of potassium ions in the intercellular myoendothelial space (3)
(Fig. 1).

The endothelium is a cell monolayer, and it would be
expected that an efflux of potassium in the lumen of the blood
vessel from this small cell mass would be washed away by the

flowing blood and be most likely without physiological con-
sequences. However, an efflux of potassium toward the ablu-
minal side can accumulate in the intercellular space between
endothelial and smooth muscle cells and reach sufficient levels
to activate Kir and the Na�-K� pump on the smooth muscle
cells in the immediate vicinity of the endothelial cells releasing
K�. Therefore, K� could be an EDHF or contribute to the
mechanism of EDHF-mediated responses. This hypothesis was
demonstrated successfully in the hepatic and mesenteric arter-
ies of the rat by Edwards et al. (17). These authors provided
evidence that IKCa and SKCa channels are located on the
endothelial cells and that after their activation, K� accumulate
in the intercellular space between endothelial and smooth
muscle cells. The potassium efflux associated with the opening
of endothelial K� channels, in turn, produces hyperpolariza-
tion of the smooth muscle by activating both Kir and the
Na�-K� pump on the smooth muscle (17). The contribution of
K� in EDHF-mediated responses was confirmed in many other
arteries (13, 18, 53), including human arteries (4, 85).

In rat arteries, RT-PCR and immunohistochemistry studies
indicate that the Kir channel, which is most likely involved in
the endothelium-dependent hyperpolarization (relying K�), is
composed of the Kir2.1 �-subunits (19), consistent with the
results obtained in the knockout mice (89). The Na�-K� pump
activated during these EDHF-mediated responses is not likely
composed of �1 subunits, as this isoform is nearly fully
activated at the physiological concentration of extracellular
potassium, but most likely is formed with �2 and/or �3
isoforms, which in the rat are activated by a rise in extracellular
concentrations of potassium from 1 to 15 mM (37, 89) (Fig. 1).

However, in some blood vessels potassium does not evoke,
or inconsistently produce, relaxations and hyperpolarizations
(8, 12, 70, 92). Therefore, in these blood vessels, the contri-
bution of K� in EDHF-mediated responses must be, if any-
thing, minimal.

EDHF AND Kir IN DYSFUNCTION

EDHF-mediated responses have been demonstrated un-
equivocally in various blood vessels from different species,
including human, and may play a role in the local control of
blood flow especially in the coronary circulation and in the
microvasculature (22). Mice with deletion of Kir2.1 die shortly
after birth because of a cleft palate and associated respiratory
problems (91). Therefore, the potential effect of this deletion
on arterial blood pressure cannot be assessed, and conditional
knockouts for Kir2.1 will be required to determine whether or
not Kir channels play a role in the setting of peripheral vascular
resistance and in the physiological control of arterial blood
pressure. However, in mice with germ line deletion of endo-
thelial nitric oxide synthase and cyclooxygenase-1 (double
knockout), the females are normotensive, while the males have
high blood pressure (76). The endothelium-dependent relax-
ations in resistance arteries taken from female mice are pre-
served because an EDHF-mediated response compensates fully
for the disappearance of endothelial NO and prostacyclin. In
the resistance arteries of these female mice, the activation of
Kir channels and Na�-K� pump contributes to the EDHF-
mediated responses. In contrast, in the corresponding male
mice, this compensatory EDHF-mediated mechanism is absent,
leading to a severe impairment of the endothelium-dependent
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relaxations (76). These results suggest that EDHF-mediated
responses contribute to the overall regulation of arterial blood
ressure and that Kir channels are involved in this phenom-
enon.

EDHF-mediated responses are altered under various patho-
logical conditions (22). In the spontaneously hypertensive rat,
the decrease of the EDHF-mediated conducted vasodilatation
has been associated with the suppression of the facilitating role
of Kir channels (27). Various other pathological processes
decrease the expression and/or the functionality of Kir chan-
nels, such as ischemia-reperfusion, diabetes, or chronic alcohol
consumption (55, 58, 66, 83), suggesting that the dysfunction
of Kir channels can contribute to the alteration of EDHF-
mediated responses (when the K� is a mediator of these
responses) and, therefore, to the overall endothelial dysfunc-
tion.

POTASSIUM AND BLOOD PRESSURE

Blood pressure is influenced by the dietary potassium intake,
both in normal subjects and hypertensive subjects. The inter-
national cooperative INTERSALT study (81) showed that
blood pressure tends to be related to urinary potassium excre-
tion and to the ratio of urinary sodium excretion to potassium
excretion. Earlier, more localized studies, for example, in

Evans County, Georgia, showed that African American sub-
jects consumed less potassium than Caucasian subjects and that
high blood pressure in African American subjects is associated
with low potassium intake (1, 23, 29, 30, 44, 45, 50, 81, 82).
The increased prevalence of high blood pressure in the African
American subjects does not appear to be related to greater
dietary intake of sodium chloride, as the intake of sodium
appears similar in African and Caucasian Americans (23).
Dietary potassium depletion raises blood pressure in normal
humans (43), and this is associated with a blunted ability to
handle an acute sodium load and sodium retention (42). In
borderline hypertensive patients, a low-potassium diet (16
mmol/day) for 10 days increases systolic and diastolic pres-
sures by 7 and 6 mmHg, respectively, relative to 10 days on a
high-potassium diet (96 mmol/day) (41).

Furthermore, dietary potassium supplementation lowers
blood pressure in established hypertension (5, 25, 57, 86). In
one report (57), dietary potassium supplementation (65 mmol/
day) in 32 African American women with mild to moderate
essential hypertension caused a small fall in blood pressure,
significant for both systolic and diastolic pressure after 4 wk.
The authors also reviewed the findings in seven other published
studies. Despite differences in patient age, amount and duration
of potassium supplementation, and sodium intake, the findings

Fig. 1. Potassium and endothelium-derived hyperpolarization factor-mediated responses. Neurohumoral mediators such as ACh, bradykinin (BK), or substance
P (SP) activate their respective endothelial receptors (R) that produce an increase in intracellular calcium (Ca2�) via the inositol-trisphosphate- (IP3) dependent
release of Ca2� from the sarcoplasmic reticulum (SR) and an increase in Ca2� entry via the activation of nonspecific cationic channels, most likely from the
transient receptor potential channel family (Trp). Physical stimuli, such as shear stress forces, also increase endothelial intracellular calcium concentration. This
increase in endothelial intracellular free Ca2� concentration activates calcium-activated potassium channels of small (SK3) and intermediate (IK1) conductance,
which hyperpolarizes the endothelial cells. The activation of endothelial potassium channels produces not only the hyperpolarization of the endothelial cells but
also an efflux of potassium ions, which accumulate in the intercellular space. The endothelial cell hyperpolarization can be conducted through myoendothelial
gap junctions to the underlying vascular smooth muscle cells. The accumulation of potassium ions in the intercellular space can hyperpolarize the smooth muscle
cells by activating inwardly rectifying potassium channels (Kir2.1) and Na�-K�-ATPase, which are inhibited by barium and ouabain, respectively. The two
mechanisms—transmission of the hyperpolarization via gap junction and the accumulation of K� (potassium being in essence an EDHF)—are not necessarily
mutually exclusive and, in a given blood vessel, they can occur simultaneously, sequentially, or even synergistically. The relative proportion of each mechanism
almost certainly depends on numerous parameters, including the state of activation of the vascular smooth muscle, the density of myoendothelial gap junctions,
and the level of the expression of the appropriate isoforms of Na�-K�-ATPase and/or Kir (3). �GA (glycyrrhetinic acid derivative), Gap 27 (a peptide with a
sequence identical to a portion of an extracellular loop of connexins), and heptanol are inhibitors of gap-junction communication. Ouabain at elevated
concentrations is no longer a specific inhibitor of Na�-K�-ATPase but can also inhibit gap junctions.
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were similar and consistent, that is, a small decrease in systolic
and diastolic pressures after 10 days to 6 wk of potassium
supplementation. According to another report, potassium sup-
plementation also appears to reduce pressure in hypertensive
patients with hypokalemia due to diuretics (41). It also reduces
the need for antihypertensive medication (80). A high intake of
potassium from dietary sources may also protect against
stroke-associated death (38).

Studies in animals with established hypertension lead to
similar conclusions. The rat with reduced renal mass-saline
hypertension, for example, responds to increased dietary po-
tassium intake with a reduction in blood pressure (65). The
Dahl salt-sensitive rat receiving a 1% sodium chloride diet has
a minimum blood pressure when eating 1.6% KCl and re-
sponds to either a reduction in KCl intake or an elevation in
KCl intake with an increase in pressure relative to the pressure
on 2.6% KCl (54). In the spontaneously hypertensive rat,
potassium intake also significantly reduces arterial blood pres-
sure, a phenomenon associated with a restoration of the EDHF-
mediated responses in the mesenteric vascular bed (90).

In normal human subjects, dietary sodium excess increases
urinary potassium excretion, and this is associated with a small
fall in plasma potassium concentration. Blood pressure also
increases, and this can be attenuated by dietary potassium
supplementation (49, 51, 52, 84). Dietary potassium supple-
mentation also attenuates the blood pressure increase seen in
diabetic children on a high-sodium diet (61). The findings in
animals are similar. In the common laboratory rat, a small
increase in dietary potassium confers some protection against
the effects of excess dietary sodium, attenuating the increase in
pressure and increasing longevity (26, 47, 62, 63), mainly by
preventing strokes (84).

The antihypertensive effect of the Dietary Approaches to
Stop Hypertension (DASH) diet (54) may result mainly from
increased consumption of fruits and vegetables, which are high
in potassium. The extent to which potassium participates in the
beneficial antihypertensive effect of the DASH diet is difficult
to assess since the dietary changes that occur on initiation of
the diet are multiple.

It is recommended that the average daily potassium intake
of roughly 2 g be increased to about 5 g (54). This seems
appropriate in the management of hypertension and the pre-
vention of stroke, but excessive potassium intake should be
avoided, particularly in the presence of renal disease. Per-
haps the intake should be graded, depending upon the
circumstances. Patients receiving angiotensin-converting
enzyme (ACE) inhibitors or ANG II receptor antagonists,
particularly when combined with an aldosterone blocker, on a
background of poor renal function, sometimes become hy-
perkalemic, while others who have hyperaldosteronism or are
receiving certain diuretics, frequently become hypokalemic.
Plasma potassium values above 5.5 meq/l in the former and
below 3.5 meq/l in the latter situation are not unusual. Effects
on the heart were long ago frequently documented (31). We
now should consider whether these changes in potassium
concentration have important effects on human blood vessels
as well. Studies in animals indicate important changes in
vascular resistance when these levels are produced in the
inflowing blood of an organ (6, 20, 77). Thus the hypokalemia
of primary aldosteronism may participate in the hypertension,
and the the hyperkalemia of ACE inhibitor, ANG II receptor

blocker, and aldosterone antagonist therapy may participate in
the vasodilatory and antihypertensive effects of these agents.
Likewise, the hypokalemia of diuretic therapy may limit the
antihypertensive effect of the diuretic. Dietary potassium sup-
plementation does reduce pressure in hypertensive subjects
with hypokalemia due to diuretic therapy (41). The incidence
of primary aldosteronism is probably greater than previously
thought; almost all hypertensive patients respond to spirono-
lactone with a blood pressure decrease.

The antihypertensive effect of dietary potassium supplemen-
tation may be due to more than one mechanism. One likely
possibility is stimulation of Na�-K�-ATPase in vascular
smooth muscle cells and adrenergic nerve terminals, resulting
in vasodilatation (32, 33). Dietary potassium supplementation
potentiates endothelium-dependent relaxation (73). In the long
run, this may relate to more than a simple increase in turnover
of Na�-K�-ATPase; it may also relate to an increase in the
number of enzyme molecules, that is, “potassium adaptation.”

Long-term, high intake of potassium induces an increased
capacity for potassium secretion in the colon, as well as in a
segment of the collecting duct of the kidney (34). The stimulus
for this change has been attributed to aldosterone [long-term
potassium loading increases adrenal production of aldosterone
(56)]. Both long-term potassium loading and chronic hyperal-
dosteronism induce similar changes in epithelia in the colon
and kidney, capable of potassium secretion. In addition to
increased potassium secretion, these changes include an in-
crease in the number of Na�-K�-ATPase pump sites in baso-
lateral cell membranes and, in epithelial segments, an increase
in the transepithelial voltage.

If the number of Na�-K�-ATPase pump sites also increases
in the plasma membrane of vascular smooth muscle cells, a
cellular mechanism would be in place to attenuate the vaso-
constriction seen in various hypertensive states. Increased
pumping can result from increased turnover of the pumps
(acute administration of K�) or increased number of pumps
(chronic administration of K�) or both. It would be of interest
to measure vascular (e.g., rat tail artery) Na�-K�-ATPase
activity and Na� and K� pumping during acute and chronic
oral administration of K�. Potassium adaptation could account
for the stability of plasma potassium concentration in the face
of altered potassium intake and also for the delay in the
antihypertensive response to dietary potassium supplementa-
tion in hypertensive subjects (the delay is �4 wk vs. 1 to 2
days in the case of sodium restriction).

Thus increased dietary potassium can lower blood pressure
in animals and humans, particularly if they have “salt-sensi-
tive” hypertension. It also decreases the need for antihyperten-
sive medication. Reduced potassium intake can raise blood
pressure, and it seems possible that the hypokalemia of primary
aldosteronism and other conditions contributes to the hyper-
tension seen in these states. The onset of these effects is slow,
perhaps partly due to the stabilizing effect of new pump sites
(“potassium adaptation”).
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4. Büssemaker Popp ER, Binder J, Busse R, and Fleming I. Character-
ization of the endothelium-derived hyperpolarizing factor (EDHF) re-
sponse in the human interlobar artery. Kidney Int 63: 1749–1755, 2003.

5. Capuccio FP and MacGregor GA. Does potassium supplementation
lower blood pressure? A meta analysis of published trials. Hypertension 9:
465–473, 1991.

6. Chen W, Brace R, Scott J, Anderson D, and Haddy F. The mechanism
of the vasodilator action of potassium. Proc Soc Exp Biol Med 140:
820–824, 1972.

7. Coats P, Johnston F, MacDonald J, McMurray JJ, and Hillier C.
Endothelium-derived hyperpolarizing factor: identification and mecha-
nisms of action in human subcutaneous resistance arteries. Circulation
103: 1702–1708, 2001.

8. Coleman HA, Tare M, and Parkington HC. EDHF is not K� but may
be due to spread of current from the endothelium in guinea-pig arterioles.
Am J Physiol Heart Circ Physiol 280: H2478–H2483, 2001.

9. Corneliu F and Mahmmoud YA. Functional modulation of the sodium-
pump: the regulatory proteins “Fixit”. News Physiol Sci 18: 119–124,
2003.

10. Crane GJ, Walker SD, Dora KA, and Garland CJ. Evidence for a
differential distribution of inward rectifier K channels in the rat isolated
mesenteric artery. J Vasc Res 40: 159–168, 2003.

11. Dawes M, Sieniawska Delves CT, Dwivedi R, Chowienczyk PJ, and
Ritter JM. Barium reduces blood flow and inhibits potassium-induced
vasodilation in the human forearm. Circulation 105: 1323–1328, 2002.

12. Dong H, Jiang Y, Cole WC, and Triggle CR. Comparison of the
pharmacological properties of EDHF-mediated vasorelaxation in the
guinea-pig cerebral and mesenteric resistance vessels. Br J Pharmacol
130: 1983–1991, 2000.

13. Dora KA and Garland CJ. Properties of smooth muscle hyperpolariza-
tion and relaxation to K� in the rat isolated mesenteric artery. Am J
Physiol Heart Circ Physiol 280: H2424–H2429, 2001.

14. Droogmans G and Nilius B. Overview: potassium channels in vascular
endothelial cells. In: Potassium Channels in Cardiovascular Biology,
edited by Archer S and Rush N, New York: Kluwer Academic/Plenum,
2001, p. 639–650.

15. Edwards FR and Hirst GDS. Inward rectification in submucosal arte-
rioles of guinea-pig ileum. J Physiol 404: 437–454, 1988.

16. Edwards FR, Hirst GDS, and Silverberg GD. Inward rectification in rat
cerebral arterioles: involvement of potassium ion in autoregulation.
J Physiol 404: 455–466, 1988.

17. Edwards G, Dora KA, Gardener MJ, Garland CJ, and Weston AH.
K� is an endothelium-derived hyperpolarizing factor in rat arteries. Nature
396: 269–272, 1998.

18. Edwards G, Félétou M, Gardener MJ, Thollon C, Vanhoutte PM, and
Weston AH. Role of gap junctions in the responses to EDHF in rat and
guinea-pig small arteries. Br J Pharmacol 128: 1788–1794, 1999.

19. Edwards G, Richards GR, Gardener MJ, Félétou M, Vanhoutte PM,
and Weston AH. Role of the inward-rectifier K� channel and Na�/K�-
ATPase in the hyperpolarization to K� in rat mesenteric arteries. In EDHF
2002 edited by Vanhoutte PM. London: Taylor and Francis, 2003, p.
309–317.

20. Emanuel D, Scott J, and Haddy F. Effect of potassium on small and
large vessels of the dog forelimb. Am J Physiol 197: 637–642, 1959.

21. Favaloro JL, Andrews KL, and McPherson GA. Novel imidazoline
compounds that inhibit Kir-mediated vasorelaxation in rat middle cerebral
artery. Naunyn Schmiedebergs Arch Pharmacol 367: 397–405, 2003.

22. Feletou M and Vanhoutte PM. EDHF: new therapeutic targets? Phar-
macol Res 49: 565–580, 2004.

23. Flack JM, Ensrud KF, Mascioli S, Launer CA, Svendsen K, Elmer PJ,
and Grimm RH Jr. Racial and ethnic modifiers of salt-blood pressure
response. Hypertension 17 Suppl 1: 115–121, 1991.

24. Ford JW, Stevens EB, Treheme JM, Packer J, and Bushfield M.
Potassium channels: gene therapeutic relevance, high throughput screen-
ing technologies and drug discovery. Prog Drug Res 58: 133–168, 2002.

25. Fotherby MD and Patter JF. Potassium supplementation reduces clinic
and ambulatory blood pressure in elderly hypertensive patients. J Hyper-
tens 10: 1403–1408, 1992.

26. Ganguli M and Tobian L. Dietary K determines NaCl sensitivity in
NaCl-induced rises of blood pressure in spontaneously hypertensive rats.
Am J Hypertension 6: 482–484, 1990.

27. Goto K, Rummery NM, Grayson TH, and Hill CE. Attenuation of
conducted vasodilation in rat mesenteric arteries during hypertension: role
of inwardly rectifying potassium channels. J Physiol 561: 215–231, 2004.

28. Grabbee D. Methodology of sodium sensitivity assessment. Hypertension
17 Suppl 1: 109–114, 1991.

29. Grim CE, McDonough JR, and Dahl LK. Dietary sodium, potassium,
and blood presure: racial differences in Evans County, Georgia (Abstract).
Circulation 42 Suppl 3: 85, 1979.

30. Grim CE, McDonough JR, Dahl LK, and Hames CG. On the higher
blood pressure of blacks: a study of sodium and potassium intake and
excretion in a biracial community (Abstract). Clin Res 28: 593, 1970.

31. Haddy FJ. Potassium deficiency and heart function. J Chron Dis 26:
467–469, 1973.

32. Haddy FJ. Potassium effects on contraction in arterial smooth muscle
mediated by Na�-K�-ATPase. Fed Proc 42: 239–245, 1983.

33. Haddy FJ. Ionic control of vascular smooth muscle cells. Kidney Int 346
Suppl 25: S2–S8, 1988.

34. Hayslett J and Binder H. Mechanism of potassium adaptation. Am J
Physiol Renal Fluid Electrolyte Physiol 243: F103–F112, 1982.

35. International Union of Pharmacology. Ion Channel Compendium: po-
tassium channels. International Union of Pharmacology [www. iuphar.
org], 2002.

36. Johnson TD, Marelli SP, Steenberg ML, Childres WF, and Bryan RM
Jr. Inward rectifier potassium channels in the rat middle cerebral artery.
Am J Physiol Regul Integr Comp Physiol 274: R541–R547, 1998.

37. Juhaszova M and Blaustein MP. Distinct distribution of different Na�

pump � subunit isoforms in plasmalemma. Physiological implications.
Ann NY Acad Sci 834: 524–536, 1997.

38. Khaw KT and Barrett-Connor E. Dietary potassium and stroke associ-
ated mortality. N Engl J Med 316: 235–240, 1987.

39. Kim MY, Liang GH, Kim JA, Park SH, Haj JS, and Suh SH.
Contribution of Na�-K� pump and KIR currents to extracellular pH-
dependent changes of contractility in rat superior mesenteric artery. Am J
Physiol Heart Circ Physiol 289: H792–H800, 2005.

40. Knot HJ, Zimmermann PA, and Nelson MT. Extracellular potassium-
induced hyperpolarization and dilatations of rat coronary and cerebral
arteries involve inward rectifier potassium channels. J Physiol 492: 419–
430, 1996.

41. Krishna GG. Effects of potassium intake on blood pressure. J Am Soc
Nephrol 1: 43–52, 1990.

42. Krishna GG, Cushid P, and Hoeldike ED. Mild potassium depletion
provides renal sodium retention. J Lab Clin Med 109: 724–730, 1987.

43. Krishna GG, Miller E, and Kapoor S. Increased blood pressure during
potassium depletion in normotensive men. N Engl J Med 320: 1177–1182,
1989.

44. Langford HC and Watson RL. Electrolytes, environment and blood
pressure (Abstract). Clin Sci Mol Med 45 Suppl 1: 111, 1973.

45. Langford HC and Watson RL. Potassium and calcium intake, excretion,
and homeostasis in blacks and their relation to blood pressure. Cardiovasc
Drugs Ther 4 Suppl 2: 403–406, 1990.

46. Lansberry K, Mendenhall ML, Vehige LC, Taylor JA, Sanchez G,
Blanco G, and Mercer RW. Isoforms of the Na�,K�-ATPase. In: EDHF
2002, edited by Vanhoutte PM. London: Taylor and Francis, 2003, p.
27–34.

47. Lemley-Stone J, Darby WJ, and Meneely GR. Effect of dietary sodium-
potassium ratio on body content of sodium and potassium therapy for
hypertension. J Hypertension 10 Suppl 3: 529–533, 1992.

48. Loeb AL, Godeny I, and Longnecker DE. Functional evidence for
inward-rectifier potassium channels in rat cremaster muscle arterioles.
Microvasc Res 59: 1–6, 2000.

49. Lowik MRH, Hoffman Z, Kok FJ, Wedel M, Hulshof KFAM, Odink
J, and Schaafsma G. Nutrition and blood pressure among elderly men
and women (Dutch nutrition surveillance system). J Am Coll Nutr 10:
149–155, 1991.

50. Luft FC, Grimm CE, Fineberg N, and Weinberger MG. Effects of
volume expansion and contraction in normotensive whites, blacks, and
subjects of different ages. Circulation 59: 643–650, 1979.

51. Luft FC, Miller JZ, Grimm CE, Fineberg NS, Christian JC, Daugh-
erty SA, and Weinberger M. Salt sensitivity and resistance of blood
pressure. Age and race as factors in physiological response. Circulation 17
Suppl 1: 102–108, 1991.

Invited Review

R551POTASSIUM, BLOOD FLOW, AND BLOOD PRESSURE

AJP-Regul Integr Comp Physiol • VOL 290 • MARCH 2006 • www.ajpregu.org



52. Luft FC, Rankin LI, and Weinberger M. The role of potassium in the
response to extremes of sodium intake in man (Abstract). Clin Res 36: 698,
1978.

53. Makino A, Ohuchi K, and Kamata K. Mechanisms underlying the
attenuation of endothelium-dependent vasodilatation in the mesenteric
arterial bed of the streptozotocin-induced rat. Br J Pharmacol 130:
549–556, 2000.

54. Manger W, Simchon S, Stier C Jr, Loscalzo J, Jan K, Jan R, and
Haddy F. Protector effects of dietary potassium chloride on hemodynam-
ics of Dahl salt-sensitive rats in response to chronic administration of
sodium chloride. J Hypertens 1: 2305–2313, 2003.

55. Marrelli SP, Johnson TD, Khorovets A, Childress WF, and Bryan RM
Jr. Altered function of inward rectifier potassium channels in cerebrovas-
cular smooth muscle after ischemia/reperfusion. Stroke 29: 1469–1474,
1998.

56. Martin S, Sozi P, Brocca S, Arrizurieta F, and Hayslett J. Failure of
potassium adaptation in vivo in the colon of aldosterone-deficient rats.
J Lab Clin Med 108: 241–245, 1986.

57. Matlou S, Isles G, Higgs A, Milne FJ, Murray GD, Schlitz E, and
Stark IF. Potassium supplementation in blacks with mild to moderate
essential hypertension. Hypertension 4: 61–64, 1986.

58. Mayhan WG, Mayhan JF, Sun H, and Patel KP. In vivo properties of
potassium channels in cerebral blood vessels during diabetes mellitus.
Microcirculation 11: 605–613, 2004.

59. McCarron J and Halpern W. Potassium dilates rat cerebral arteries-two
independent mechanisms. Am J Physiol Heart Circ Physiol 259: H902–
H908, 1990.

60. McIntyre CA, Buckley CH, Jones GC, Sandeep TC, Andrews RC,
Elliott AL, Gray GA, Williams BC, McKnight JA, Walker BR, and
Hadoke PW. Endothelium-derived hyperpolarizing factor and potassium
use different mechanisms to induce relaxation of human subcutaneous
resistance arteries. Br J Pharmacol 133: 902–908, 2001.

61. McQuarrie I, Thompson WH, and Anderson JA. Effects of excessive
ingestion of sodium and potassium salts on carbohydrate metabolism and
blood pressure in diabetic children. J Nutr 11: 77–101, 1936.

62. Meneely GR and Ball COT. Experimental epidemiology of chronic
sodium chloride toxicity and the protective effect of potassium chloride.
Am J Med 25: 713–725, 1958.

63. Meneely GR, Ball COT, and Youmans JB. Chronic sodium chloride
toxicity: the protective effect of added potassium chloride. Ann Intern Med
47: 263–273, 1957.

64. Nelson MT and Quayle JM. Physiological roles and properties of
potassium channels in arterial smooth muscle. Am J Physiol Cell Physiol
268: C799–C822, 1995.

65. Pamnani M, Chen S, Haddy F, Schooley F, and Mo Z. Mechanism of
the antihypertensive effect of dietary potassium in experimental volume
expanded hypertension in rats. Clin Exp Hypertens 22: 555–569, 2000.

66. Petrault O, Bastide M, Cotelle N, Gele N, Gautier S, Laprais M,
Vamecq J, Duriez P, and Bordet R. The neuroprotective effect of the
antioxidant flavonoid derivate di-tert-butylhydroxyphenyl is parallel to the
preventive effect on post-ischemic Kir2.x impairment but not to post-is-
chemic endothelial dysfunction. Naunyn Schmiedebergs Arch Pharmacol
370: 395–403, 2004.

67. Quayle JM, Dart C, and Standen NB. The properties and distributioon
of inward rectifier potassium currents in pig coronary arterial smooth
muscle. J Physiol 494: 715–726, 1996.

68. Quayle JM, McCarron JG, Brayden JE, and Nelson MT. Inward
rectifier K� currents in smooth muscle from rat resistance-sized cerebral
arteries. Am J Physiol Cell Physiol 265: C1363–C1370, 1993.

69. Quayle JM, Nelson MT, and Standen NB. ATP-sensitive potassium
channels and inwardly rectifying potassium channels in smooth muscle.
Physiol Rev 77: 1165–1232, 1997.

70. Quignard JF, Félétou M, Duhault J, and Vanhoutte PM. Potassium
ions as endothelium-derived hyperpolarizing factors in the isolated carotid
artery of the guinea-pig. Br J Pharmacol 127: 27–34, 1999.

71. Quignard JF, Harley EA, Duhault J, Vanhoutte PM, and Félétou M.
K� channels in bovine retinal pericytes: Effects of �-adrenergic stimula-
tion and elevated glucose. J Cardiovasc Pharmacol 42: 379–388, 2003.

72. Quilley J and Qiu Y. K(�)-induced vasodilation in the rat kidney is
dependent on the endothelium and activation of K� channels. Eur J Phar-
macol 508: 193–199, 2005.

73. Raij L, Luscher TF, and Vanhoutte PM. High potassium diet augments
endothelium-dependent relaxations in the Dahl rat. Hypertension 12:
562–567, 1988.

74. Ramsey LE, Yeo WW, and Jackson PR. Thiazide diuretics: first line
therapy for hypertension. J Hypertens 10 Suppl 3: S29–S33, 1992.

75. Robertson BE, Bonev AD, and Nelson MT. Inward rectifier K� currents
in smooth muscle cells from rat coronary arteries: block by Mg2�, Ca2�,
and Ba2�. Am J Physiol Heart Circ Physiol 271: H696–H705, 1996.

76. Scotland RS, Madhani M, Chauhan S, Moncada S, Andresen J,
Nilsson H, Hobbs AJ, and Ahluwalia A. Investigation of vascular
responses in endothelial nitric oxide synthase/cyclooxygenase-1 double
knock-out mice. Key role for endothelium-derived hyperpolarizing factor
in the regulation of blood pressure in vivo. Circulation 111: 796–803,
2005.

77. Scott J, Emanuel D, and Haddy F. Effect of potassium on renal vascular
resistance and urine flow rate. Am J Physiol 197: 305–308, 1959.

78. Shepherd JT and Vanhoutte PM. The Human Cardiovascular System.
Facts and Concepts. English edition: New York: Raven, 1979, p. 1–351;
Japanese edition: Tokyo, Japan: Nishimura, 1983, p. 1–363.

79. Shieh CC, Coghlan M, Sullivan JP, and Gopalakrishnan M. Potassium
channels: molecular defects, diseases and therapeutic opportunities. Phar-
macol Rev 52: 557–593, 2000.

80. Siani A, Strazzullo A, Gaicco A, Pacioni D, Celletano E, and Mancini
M. Increasing dietary potassium intake reduces the need for antihyperten-
sive medication. Ann Intern Med 115: 753–759, 1991.

81. Stamler J, Rose G, Eliot P, Dyer A, Marmot M, Kesteloot H, and
Stamler R. Findings of the international cooperative INTERSALT study.
Hypertension 17 Suppl 1: 9–15, 1991.

82. Sullivan JM, Katts TE, Taylor JC, Krause DH, Burton BR, Patick
DR, and Reed SW. Hemodynamic effects of dietary sodium in man.
Hypertension 2: 506–514, 1980.

83. Sun H, Fang Q, and Mayhan WG. Inward rectifier potassium channels
in the basilar artery during chronic alcohol consumption. Alcohol Clin Exp
Res 28: 1557–1561, 2004.

84. Tobian L. Salt and hypertension. Hypertension 17 Suppl 1: 52–58, 1992.
85. Torondel B, Vila JM, Segarra G, Lluch P, Medina P, Martinez-Leon

J, Ortega J, and Lluch S. Endothelium-dependent responses in human
isolated thyroid arteries from donors. J Endocrinol 181: 379–384, 2004.

86. Valdes G, Bio CP, Montero J, and Abedano R. Potassium supplemen-
tation lowers blood pressure and increases urinary kallikrien in essential
hypertensives. J Hum Hypertens 5: 91–96, 1991.

87. Vanhoutte PM, Verbeuren TJ, and Webb RC. Local modulation of the
adrenergic neuroeffector interaction in the blood vessel wall. Physiol Rev
61: 151–247, 1981.

88. Verhaeghe RH, Lorenz RR, McGrath MA, Shepherd JT, and Van-
houtte PM. Metabolic modulation of neurotransmitter release-adenosine,
adenine nucleotides, potassium, hyperosmolarity, and hydrogen ion. Fed
Proc 37: 208–211, 1978.

89. Weston AH, Richards GR, Burnham MP, Félétou M, Vanhoutte PM,
and Edwards G. K�-induced hyperpolarization in rat mesenteric artery:
identification, localization, and role for Na�/K�-ATPases. Br J Pharma-
col 136: 918–926, 2002.

90. Wu X, Tolvanen JP, Hutri-Kahonen N, Kahonen M, Makynen H,
Korpela R, Ruskoaho H, Karjala K, and Porsti I. Comparison of the
effects of supplementation with whey mineral and potassium on arterial
tone in experimental hypertension. Cardiovasc Res 40: 364–374, 1998.

91. Zaritsky JJ, Eckman DM, Wellman GC, Nelson MT, and Schwarz
TL. Targeted disruption of Kir2.1 and Kir22 genes reveal the essential role
of the inwardly rectifying K� current in K�-mediated vasodilation. Circ
Res 87: 160–166, 2000.

92. Zygmunt PM, Sorgard M, Petersson J, Johansson R, and Hoggestatt
ED. Differential actions of anandamide, potassium ions and endothelium-
derived hyperpolarizing factor in guinea-pig basilar artery. Naunyn
Schmiedebergs Arch Pharmacol 361: 535–542, 2000.

Invited Review

R552 POTASSIUM, BLOOD FLOW, AND BLOOD PRESSURE

AJP-Regul Integr Comp Physiol • VOL 290 • MARCH 2006 • www.ajpregu.org


