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Evidence for gut factor in K� homeostasis
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Lee FN, Oh G, McDonough AA, Youn JH. Evidence for
gut factor in K� homeostasis. Am J Physiol Renal Physiol
293: F541–F547, 2007. First published May 23, 2007;
doi:10.1152/ajprenal.00427.2006.—We tested the hypothesis that K�

intake is sensed by putative K� sensors in the splanchnic areas, and
renal K� handling is regulated by this signal. K� was infused for 2 h
into overnight-fasted rats via the jugular vein (systemic infusion),
hepatic portal vein (intraportal infusion), or stomach (intragastric
infusion) (n � 5 each), and plasma K� concentration ([K�]) and renal
K� excretion were measured during the 2-h preinfusion, 2-h K�

infusion, and 3-h washout periods. During systemic K� infusion,
plasma [K�] increased by �1.3 mM (P � 0.05), and, on cessation of
the K� infusion, plasma [K�] fell to the preinfusion level within 1–2 h.
Renal K� excretion changed in proportion to the changes in plasma
[K�]. During intraportal or intragastric K� infusion, plasma [K�] and
renal K� excretion profiles were similar to those with systemic
infusion. The effects of K� infusions via the different routes (n � 5
or 6 each) were also studied during simultaneous feeding of over-
night-fasted rats with a K�-deficient diet. During the meal, intraportal
infusion resulted in increases in plasma [K�] similar to those with the
systemic K� infusion, while intragastric K� infusion did not signif-
icantly increase plasma [K�]. Thus, when the intragastric K� infusion
was combined with a meal, there was marked enhancement of clear-
ance of the K� infused, which was associated with an apparent
increase in renal efficiency of K� excretion. These data suggest that
there may be a gut factor that enhances renal efficiency of K�

excretion during meal (or dietary K�) intake.

feedback control; feedforward control; potassium sensor; potassium
excretion

EXTRACELLULAR K� concentration ([K�]) is maintained within a
narrow range in mammals, and this is critical for normal
membrane potentials and cell functions (1, 12). Extracellular
K� homeostasis relies on the maintenance of total body K�

content and distribution of K� between intracellular and ex-
tracellular spaces. Total body K� content is maintained by a
continuous balance between dietary intake and excretion of
K�. The kidneys are responsible for �90% of K� excretion
and have a remarkable capacity to regulate K� excretion to
match K� intake (1, 21). Thus the kidneys play a predominant
role in the maintenance of chronic K� balance. In addition,
extrarenal tissues, mainly liver and skeletal muscle, provide
K� buffering capacity by shifting K� between intracellular and
extracellular spaces. Since the adaptation of the kidneys to
altered K� balance is slow (5), the K� buffering capacity of
extrarenal tissues is critically important in the acute regulation
of extracellular K� (1, 12).

According to the traditional view, extracellular [K�] is the
major factor in the regulation of renal K� excretion (8, 9).

Extracellular [K�] increases during dietary K� intake, and this
increase stimulates renal K� excretion by a direct action on K�

secretion in the collecting duct (9). In addition, increased
extracellular [K�] stimulates aldosterone secretion, which
would further stimulate renal K� excretion (16, 17). Increased
renal K� excretion will then help to normalize extracellular
[K�]. Thus the maintenance of K� homeostasis has been
traditionally understood based on the concept of negative
feedback control (Fig. 1). However, Rabinowitz (16, 17) chal-
lenged this traditional view. He pointed out that plasma K� and
aldosterone can stimulate renal K� excretion only at levels
above their normal ranges (2, 19, 23, 24). In his studies in the
sheep (18), meal intake produced a pronounced kaliuresis,
which was accompanied by no change in plasma aldosterone
concentration. Plasma [K�] increased during meal intake, but
the increase was only 0.5 meq/l, which was too small (when
reproduced by intravenous K� infusion) to account for the
meal-induced kaliuresis (19). Thus the meal-induced kaliuresis
could not be explained by changes in plasma K� or aldosterone
concentration. To explain the increase in renal K� excretion
following meal (i.e., K�) intake, he proposed a kaliuretic reflex
arising from sensors in the splanchnic bed (i.e., gut, portal
circulation, and/or liver). According to this proposal, renal K�

excretion can be increased, without (or before) increases in
extracellular [K�], by a mechanism controlled by sensing of
K� intake (i.e., sensing of local increases in [K�] in splanchnic
areas during K� intake). Thus a new concept of feedforward
control has been proposed (Fig. 1). This idea was supported by
the study of Morita et al. (14), which demonstrated that an
intraportal injection of KCl in rats increased hepatic afferent
nerve activity (HANA), suggesting a hepatoportal mechanism
that senses the portal venous [K�]. However, the mode of K�

administration (e.g., injection) in the Morita et al. study was
not physiological, which undermines the physiological sig-
nificance of the proposed hepatoportal mechanism (see
DISCUSSION).

In the present study, we attempted to test the hypothesis that
K� intake is sensed by K� sensors in the gut, portal vein (PV),
and/or liver, and renal K� excretion is regulated by this signal.
To achieve this goal, we employed strategies similar to those
used to demonstrate the presence of PV glucose sensors in rats,
i.e., the “local irrigation” technique (6, 10): K� was infused for
2 h into the stomach, the hepatic PV, or a systemic vein, and its
impact on plasma [K�] and renal K� excretion was measured.
Our results indicate that, during fasting, the K� infusions via
the different routes resulted in similar profiles of plasma [K�]
and renal K� excretion. Interestingly, when simultaneously fed
a K�-deficient diet, the intragastric (IG), but not the intraportal,
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K� infusion enhanced the efficiency of renal K� excretion and
prevented significant rises in plasma [K�] during the K�

infusion. These data suggest the existence of a gut factor in the
regulation of renal K� excretion during dietary K� intake.
Evidence supporting a role for hepatoportal factors was not
obtained.

METHODS

Animals and surgical procedures. Male Wistar rats weighing 250–
300 g were obtained from Simonsen (Gilroy, CA) and housed under
controlled temperature (22 � 2°C) and lighting (12 h light, 0600-
1800; 12 h dark, 1800-0600), with free access to water and standard
rat chow. One week before the experiment, rats were chronically
cannulated either in the jugular vein (JV), the hepatic PV, or the
stomach. Surgeries were performed under single-dose anesthesia
(3:3:1 ketamine HCl, xylazine, acepromazine maleate; 0.1 ml/100 g
body wt ip). Cannulas were placed in the JV [Silastic, 0.012-cm inner
diameter (ID)] or the hepatic PV via the superior mesenteric vein
(Silastic, 0.03 cm ID), as described by Hevener et al. (10). Gastric
cannula (Silastic, 0.076 cm ID) was implanted in the forestomach, as
described by Tsukamoto et al. (22). All cannulas were tunneled
subcutaneously and exteriorized at the back of the neck. Animals were

placed in individual cages, and spring coils and swivels were used for
the protection of cannulas and free movement of animals within the
cages. Patency for IG cannula was maintained with a constant infusion
of distilled water (�0.5 ml/h), while jugular and PV cannulas were
flushed with heparinized saline (50 U/ml) twice weekly. In addition,
at least 4 days before the experiment, the animals were placed in tail
restraint as previously described (3, 4) to protect a tail arterial catheter
for blood sampling, which was placed in the morning of the experi-
ment (i.e., �0600). Animals were free to move about and allowed
unrestricted access to food and water. All procedures were approved
by the Institutional Animal Care and Use Committee at the University
of Southern California.

Experimental protocols. In study 1, the effects of K� infusion on
plasma [K�] and renal K� excretion were studied in conscious
overnight-fasted rats. Food was removed at 1700 on the day before the
experiment, and the experiments were started at 0900. Each experi-
ment consisted of three periods: 2-h preinfusion, 2-h KCl infusion,
and 3-h washout periods. K� was infused into the stomach (IG), PV
(“intraportal”), or JV (“systemic”) to test the presence of the putative
K� sensors in the splanchnic bed. The rationale of this design was
that, if K� sensors (and subsequent regulation of [K�] by this signal)
exist in the splanchnic bed, the impact of each K� infusion on plasma
[K�] and renal K� excretion would be different, depending on the
location of sensors and the route of K� infusion (see Fig. 2). K� was
infused as 300 mM KCl (19) at a rate of 100 mg �kg�1 �h�1 (or �2.5
ml/h of 300 mM KCl) (n � 5 each). Blood samples were collected for
determination of plasma [K�] at variable intervals during the 2-h
preinfusion, 2-h K� infusion, and 3-h washout periods. Urinary K�

excretion was determined by collecting urine every hour throughout
the experiment using specially designed cages. The animal cages had
wire floor but were open at the bottom and were placed on an
aluminum tray. The tray was replaced every hour to collect urine
passed. To avoid the contamination of urine passed by fecal K�, a
mesh screen was placed underneath the wire floor to separate feces
from urine passed. To obtain a constant flow of urine, animals were
infused with a constant volume (4 ml/h) of fluid (saline or saline �
KCl during the K� infusion period) throughout the experiment. This
volume infusion did not appear to affect K� excretion, as the baseline
K� excretion rate was indistinguishable from the basal rate of K�

excretion estimated without fluid infusion by measuring K� in the
urine collected during the light phase (i.e., between 7 AM and 7 PM)
without food (data not shown). Each animal was used for only one

Fig. 1. Schematic diagrams illustrating control of extracellular fluid (ECF) K�

concentration ([K�]) via the classic feedback and hypothetical feedforward
mechanisms.

Fig. 2. Schematic diagrams illustrating the sensing of K� entry via different K� infusion sites by hypothetical K� sensors in the gut, portal vein, and liver.
Intragastric (IG) K� delivery (left) would be sensed by all of the sensors, whereas systemic K� delivery (right) may not be directly sensed by any of the
splanchnic K� sensors. Middle: intraportal K� delivery may be sensed by the portal vein (PV) and hepatic K� sensors.
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experiment and killed by an overdose of pentobarbital sodium at the
end of the experiment.

In study 2, the effects of K� infusion on plasma [K�] and renal K�

excretion were studied during feeding of overnight-fasted rats. Exper-
iments were performed exactly the same as those in study 1, except
that animals were fed with a K�-deficient diet (TD 88239; Harlan
Teklad, Madison, WI) during the K� infusions (i.e., systemic, intra-
portal, and IG; n � 5 or 6 each). Thus, following the 2-h preinfusion
period, the animals were given the diet, and the K� infusions were
started immediately. Since the animals were fasted overnight, they
usually started to eat right away when food was given.

Determination of plasma and urine [K�] and gastric K� contents.
Plasma and urine K� levels were determined by flame photometry
using a Radiometer FLM 3 flame photometer, as previously reported
(4). In some experiments, K� content was determined in the stomach
and the small and large intestines by collecting and homogenizing
luminal contents of these organs and measuring K�.

Calculations. Basal rate of urinary K� excretion was calculated by
averaging the values determined hourly during the 2-h preinfusion
period. Increases in urinary K� excretion (�UK) were calculated as
the sum of urinary K� excretions during the 2-h K� infusion and the
3-h washout periods minus the 5-h equivalent of basal K� excretion
(i.e., basal K� excretion � 5 h). Basal plasma [K�] was also
determined during the preinfusion period. In some experiments,
plasma [K�] decreased below or increased above the preinfusion
basal level at the end of the experiments, although, on average, the
final hour plasma [K�] was not different from the preinfusion values.
Therefore, basal plasma [K�] was calculated as the average of the
preinfusion and final-hour plasma [K�], and this helped to reduce the
variations in the estimation of area under the [K�] curve above basal
(�AUCK) (see below). Total area under the plasma [K�] curve was
calculated using the trapezoidal method during the 2-h K� infusion
and the 3-h washout periods. �AUCK was then calculated by sub-
tracting the area under the baseline (i.e., basal plasma [K�] � 5 h)
from total area under the plasma [K�] curve.

Statistical analysis. Data are expressed as means � SE. The
significance of the differences in mean values among different treat-
ment groups was evaluated using one-way or two-way ANOVA
followed by ad hoc analysis using the Newman-Keuls’ multiple-range
test. Differences were considered significant at P � 0.05.

RESULTS

Time course changes in plasma [K�] during the systemic,
intraportal, and IG K� infusions in the fasting state. During
systemic K� infusion (via the JV), plasma [K�] increased
by �1.3 mM, that is, from the preinfusion baseline of 3.8 �
0.1 to 5.1 � 0.1 mM during the second hour of the K� infusion
(Fig. 3A). On cessation of the K� infusion, plasma [K�] fell to
the preinfusion level within 1–2 h. The average plasma [K�]
during the final hour, i.e., between 2 and 3 h after the cessation
of the K� infusion, was identical to the preinfusion baseline,
indicating that the infused K� was completely disposed during
the 2-h K� infusion and the subsequent 3-h washout periods.
During intraportal K� infusion, the plasma [K�] profile was
very similar to that with the systemic infusion, except that the
changes were slightly slower (Fig. 3A). This difference might
be due to a buffering capacity of the liver to take up K� during
the K� infusion and release it into the blood during the
subsequent washout period. When K� was infused into the
stomach (IG infusion), plasma [K�] rose rapidly and showed a
profile similar to that with the systemic K� infusion with a
slight dynamic delay, as observed with the intraportal K�

infusion (Fig. 3B). The plasma [K�] profile was virtually
identical between the intraportal and the IG K� infusion,
indicating that K� absorption from the stomach (or gut) was
extremely fast.

Fig. 3. Time courses of plasma [K�] (A and B) and
renal K� excretion (C and D) and total K� excretion
(0–300 min; E) with the systemic [jugular vein (JV)],
intraportal (PV), and IG K� infusion (KINF) in over-
night-fasted rats. The time course data were compared
between the systemic vs. the intraportal (A and C) or
the systemic vs. the IG (B and D) K� infusion. Values
are means � SE for 5 experiments.

F543SENSING OF POTASSIUM INTAKE

AJP-Renal Physiol • VOL 293 • AUGUST 2007 • www.ajprenal.org

 on F
ebruary 10, 2010 

ajprenal.physiology.org
D

ow
nloaded from

 

http://ajprenal.physiology.org


http://ajprenal.physiology.org







