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ABSTRACT
BACKGROUND: The effect of hyponatremia on the body is studied on model objects. The related question 
concerns the degree of compliance between manifestations of hyponatremia and protective mechanisms in 
humans and other species of vertebrates.
OBJECTIVES: To identify the regulation ranges and patterns of adaptation to hyponatremia by cells of 
various organs and tissues of vertebrate animals.
METHODS: To assess the regulation ranges and patterns of adaptation to hyponatremia, a comparative 
analysis has been applied to the data obtained from humans, mammals and freshwater fi sh.
RESULTS: The physiological content of sodium in the blood plasma in humans is regulated and maintained 
within a narrow value range which is similar to that occurring in a number of other vertebrate species. The 
counteraction to hyponatremia is performed by means of accelerating the transport of sodium, potassium, 
chloride and organic osmolytes from the cells into the internal environment.
CONCLUSIONS: The data regarding mammals are fragmented and refl ect the manifestation of protective 
mechanisms taking place during the initial period of hyponatremia. The method tested on freshwater fi sh 
allows for studying patterned changes in inorganic ions and content of organic osmolytes in the internal 
environment and cells of various organs and tissues of the body from the start of developing hyponatremia till 
the completion of the recovery process in vivo (Fig. 2, Ref. 72). Text in PDF www.elis.sk.
KEY WORDS: humans, mammals, freshwater fi sh, blood plasma, tissue, normonatremia, hyponatremia, 
volume regulation of cells.
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Introduction

Studies of humans (1, 2) and vertebrate animals (3) demon-
strate that the norm of sodium content in the internal environment 
is maintained within a certain narrow range (normonatremia), thus 
contributing to the optimal functioning of various body cells. Ad-
verse factors reduce the level of sodium in blood plasma of hu-
mans (4–19), other mammals (20–31) and freshwater fi sh (32–37) 
below the norm.

Hyponatremia is accompanied by a decrease in the internal 
environment osmolality (26, 27, 30, 34), thus causing an osmotic 
difference between the extracellular and cellular fl uids of the 
body. The osmotic gradient contributes to the movement of water 
from internal environment of the body into the cells of various 

organs and tissues, thus causing their swelling and disruption of 
intracellular processes. On the other hand, cells of various organs 
and tissues of the body have adaptive mechanisms to cope with 
this situation.

Human tissue sampling is hazardous to health. Therefore, the 
effect of hyponatremia on the body and manifestation of protec-
tive mechanisms are investigated on model objects. The related 
question concerns the degree of compliance between manifesta-
tions of hyponatremia and protective mechanisms in humans and 
other species of vertebrates.

The purpose of the overview is to identify and compare the 
physiological regulated and hyponatremic ranges of the sodium 
content in the blood plasma of humans and other species of verte-
brate animals. To assess the damaging effect and protective mecha-
nisms of cell volume regulation in response to hyponatremia by 
various species of vertebrates.

Methods

To assess the regulated physiological ranges and those in re-
sponse to hyponatremia, a comparative analysis of data on sodium 
content in blood plasma of humans, other mammals and freshwater 
fi sh has been performed. The data regarding the adaptation pat-
terns to hyponatremia by the cells and tissues of various organs of 
mammals and freshwater fi sh have been summarized.
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Regulated physiological and hyponatremic ranges of sodium 
content in the blood plasma of humans and other vertebrates 

The humans
Based on the summarized data, it has been demonstrated that 

the concentration of sodium in the blood plasma of healthy people 
is maintained within the range of 130–145 mmol/L (3). With regard 
to the norm, the concentration of sodium in the blood plasma of 
hospitalized patients decreased to 110 mmol/L (8), 108 mmol/L (6, 
9), 106 mmol/L (5), 104 mmol/L (7), 98 mmol/L (4), 96 mmol/L 
(19), or 93 mmol/L (13). The sodium content in the blood plasma 
of women decreased during menopause to 109 mmol/L (16). Vari-
ous diuretics (thiazide groups) reduced the level of sodium in the 
blood serum of people to 108 mmol/L (10), 106 mmol/L (11, 12, 
17), 99 mmol/L (14), 98 mmol/L (18), or 96 mmol/L (15). The 
results demonstrate that with hyponatremia, the sodium content 
of human blood plasma can be reduced to the minimum value of 
93 mmol/L (13). This value is probably the lowest limit for a hu-
man with severe form of hyponatremia.

Mammals
Some mammal species (rats, mice, rabbits, dogs) are used as 

test animals in medical research. Experimental procedures caus-
ing hyponatremia in rats reduced the blood plasma sodium levels 
from 135±1 to 113±1 mmol/L (24), from 142±2 to 109±3 mmol/L 
(22), from 142.1±0.3 to 104.5±1.4 mmol/L (26), from 140 to 103 
mmol/L (27), from 139±1.5 to 96±1 mmol/L (20), or from 132–145 
to 85 mmol/L (30). The data demonstrate that the sodium content in 
the blood plasma of the control group of rats is maintained within 
the range of 132–145 mmol/L (normonatremia), whereas under 
hyponatremia, it can be reduced to the limit value of 85 mmol/L. 

Experimental procedures causing hyponatremia reduced the 
concentration of sodium in the blood plasma from 142±1 to 91±2 
mmol/L in mice (29), and from 140±2 to 118±3 mmol/L in rabbits 
(31). The comparison demonstrates that the values of sodium con-
tent in the blood plasma in the control groups in mice and rabbits 
(norm) and in those under hyponatremia are within the ranges of 
normonatremia and hyponatremia in humans and rats.

Freshwater fi sh
It has been demonstrated that the physiologic sodium concen-

tration in the blood plasma of carps has been maintained within 
129–135 mmol/L (3), while under hyponatremia it has decreased 
to 85.3±0.7 mmol/L (32). In relation to the norm, the content of 
sodium in blood plasma in breams under stress has decreased from 
134.5±0.9 (range 126–147; n=41) to 95.6±3.4 mmol/L (range 73–
121; n=23), while that in roaches was reduced from 133.3±1 (range 
128–140; n=16) to 94.2±2.3 mmol/L (range 78–100; n=15) (36).

For comparison, the regulated physiological and hyponatremic 
ranges of sodium content in the internal environment of humans, 
other mammals and freshwater fi sh are presented in form of a 
diagram (Fig. 1). It demonstrates that the physiological ranges of 
sodium in the blood plasma of humans, rats, mice, rabbits, carps, 
breams and roaches, as well as those under hyponatremia, overlap. 
Interspecifi c differences relate to small differences at the lower 

limit of normonatremia and to a greater degree at the lower limit 
of hyponatremia. In respect to the lower limit of normonatremia 
in humans (Fig. 1; lower black solid line), and in breams (black 
lower dash-dotted line), it is lower by 4 mmol/L. The lower limit 
under hyponatremia in breams (Fig. 1; red dash-dotted line) is 
lower than that in humans (red solid line) by 20 mmol/L.

Thus, the content of sodium in the blood plasma in humans, 
other mammals and freshwater fi sh is physiologically regulated 
within close narrow ranges. Interspecifi c differences are related to 
different magnitudes of manifested hyponatremia. This indicates 
interspecifi c differences in the resistance of the body cells to hy-
ponatremia. The results demonstrate that the greatest resistance of 
body cells to hyponatremia is manifested by freshwater fi sh such 
as breams and roaches. In relation to the average physiologic val-
ues, the cells of various organs and tissues of breams can resist a 
decrease in sodium concentration in the internal environment by 
46 %, whereas those of humans only by 32 %.

Damaging effect of hyponatremia on the cells of various body 
tissues and organs of vertebrate animals 

The decrease in the sodium level in the blood plasma under 
adverse conditions is accompanied by a drop in the osmolality 
of the body internal environment. Under hyponatremia, osmotic 
plasma/serum concentrations in rats decreased from 302±2 to 
237±8 mOsmol/kg (22), from 297±6 to 232±6 mOsmol/kg (23), 
or from 288±1 to 226±1 mOsmol/kg (26). In breams, it decreased 
from275±3 to 243±6 mOsmol /kg of water (34).

This results in an osmotic drop between internal environment 
and intracellular fl uid of the body in various organs and tissues, 
which promotes movement of water into the cells and causes 
them to swell. It is shown that in the initial period of acute stress 
caused by capture and transportation, there is a sharp decrease in 
the concentration of sodium in the blood plasma of freshwater fi sh 

Fig. 1. Physiological regulated and hyponatremic ranges of sodium 
content in the blood plasma of humans (1), rats (2), mice (3), rabbits 
(4), carps (5), breams (6) and roaches (7). Black solid lines show the 
boundaries of normonatremia, while red solid line shows the limit of 
hyponatremia in the blood plasma of humans. Black dash-dotted lines 
show the boundaries of normonatremia, while the red dash-dotted 
line shows the limit of hyponatremia in the blood plasma of breams.
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(34–37), which is accompanied by an increase in water content 
in the body of roaches from 72.1±0.35 to 75.6±0.59 % (38), and 
in muscle tissue of breams from 78.1±0.6 to 80.1±0.3 % (34) or 
from 79.6±0.2 to 81.8±0.6 % (37). Under hyponatremia, the water 
content in the rabbit brain increased by 7–17 % (8), or 11 % (31), 
and in the rat brain by 12 % (21, 24). 

Brain swelling is the most damaging event in the body. The 
skull prevents the expansion of this tissue. Therefore, brain edema 
under hyponatremia is accompanied by an increase in intracranial 
pressure with a number of concomitant negative consequences, 
including high mortality (9, 39, 40).

Protective mechanisms confronting the damaging effect of 
hyponatremia 

In response to cell swelling caused by hyponatremia/hypoos-
molality, the protective functions of structures and systems associ-
ated with the transfer of inorganic ions and organic osmolites from 
intracellular fl uid through cell membranes to the internal environ-
ment of the body intensify. Initially, this process counteracts the 
development of a more severe hyponatremia and hypoosmolality, 
and then, after a certain period of time, it restores the volume of 
the body’s cells to its original value.

The mechanisms of cell volume regulation in response to 
hyponatremia/hypoosmolality are studied mainly in vitro experi-
ments. In vitro experiments allow sampling during the experiment 
with fractional intervals (1–10 minutes) for 2–3 hours. With this 
regard, the manifestation of initial stages of damaging and pro-
tective processes in response to the decrease in concentration of 
sodium and chloride in physiological solution have been studied 
in experiments in vitro. The data regarding the volume regulation 
by various cell types obtained in vitro are summarized in a num-
ber of reviews (41–50).

The data obtained in experiments in vivo regarding the protec-
tive reactions counteracting the increase in cellular volume and its 
msubsequent restorations are fragmentary due to objective reasons. 
For a large group of animals, it is diffi cult to simultaneously ensure 
hyponatremia with a similar degree of development and to select 
samples for analysis from the general population at certain inter-
vals. Therefore, the results obtained in experiments in vivo are relat-
ed to the control group and 1–3 samples taken from animals within 
one or another time period after the hyponatremia starts to develop.

Protective mechanisms counteracting hyponatremia in vivo, in 
the brain of humans and other mammals 

Brain swelling is the most dangerous damage to the body. 
Due to this, the main attention of researchers is aimed at studying 
the mechanisms of brain cells’ volume regulation. The methods 
that would allow to determine the content of inorganic ions in 
vivo without removing samples from the body are not available. 
Therefore, the participation of inorganic ions in regulation of hu-
man brain cells’ volume has not been studied.

Proton magnetic resonance spectroscopy (MRS) is a technol-
ogy that allows for conducting quantitative assessments of organic 
substances in the brain in vivo (51). This method is used in studies of 

humans. It was demonstrated that in comparison to healthy people, 
the gray brain substance of the patients with chronic hyponatremia 
contains lowered levels of organic osmolites, namely myo-inositol 
by 49 %, choline-containing compounds by 36 %, creatine/phos-
phocreatine by 19 %, and N-acetylaspartate by 11 % (52). A patient 
with severe hyponatremia had almost undetectable concentrations of 
myo-inositol and glutamine/glutamate in the brain (53). The patients 
with hyponatremia showed a signifi cant reduction in myo-inosi-
tol, creatine, and choline-containing compounds concentration in 
the brain compared to the patients without hyponatremia (54, 55).

The main test animals in medical research are rats. Through 
various procedures, hyponatremia of different durations is induced 
in these animals. The data obtained from blood plasma and brain 
samples taken from selected rats in the state of hyponatremia are 
compared to the results of the control group. 

The main inorganic electrolytes involved in volume regulation 
of cells are ions of sodium, potassium and chlorine. It has been 
demonstrated that hyponatremia with duration of 7–74 hours was 
accompanied by a decrease in sodium concentration in the rat brain 
by 22–28 %, and potassium by 13–16 % (21). In response to hypo-
natremia, the content of sodium, potassium, and chlorine in the rat 
brain sharply decreased after 3 hours, respectively by 34 %, 23 %, 
and 40 % (28). When compared with controls, hyponatremic rats 
had a signifi cantly reduced brain content of sodium, potassium, chlo-
ride, glutamate, myo-inositol, N-acetylaspartate, aspartate, creatine, 
taurine, gamma-aminobutyric acid, and phosphoethanolamine (20). 
Under hyponatremia, the total concentration of organic osmolytes 
decreased in different parts of the brain of rats by 45–55 % (23).

Thus, the data obtained from humans and rats are limited and 
fragmented and refl ect the manifestation of protective mechanisms 
in a certain period of hyponatremia. It is important to know the 
manifestation of the damaging processes and protective mecha-
nisms in the course of time, i.e. from the appearance of hypona-
tremia to the completion of recovery. In clinical and laboratory 
conditions, the conducting of such a mammal study is not pos-
sible due to several reasons. This type of experiment requires a 
large quantity of animals. This requires large-sized premises for 
reproduction and subsequent keeping of animals. Additionally, the 
existing methods technically do not allow for a large number of 
animals to develop hyponatremia simultaneously, so that later on, 
the selections for sampling and subsequent analysis can be taken 
from the general population at certain time periods. The methods 
of inducing hyponatremia include injecting animals with certain 
substances, including distilled water. It is not possible to inject a 
large number of animals at the same time. The method tested on 
freshwater fi sh allows for studying the manifestation of the dam-
aging processes and protective mechanisms from the start of hy-
ponatremia development to the completion of adaptation.

Protective mechanisms opposing hyponatremia in vivo in eryth-
rocytes and muscle cells of freshwater fi sh

The capture and transportation of freshwater fi sh causes stress, 
which is accompanied by severe hyponatremia (35–37). It is possi-
ble to catch simultaneously a large number of certain fi sh species by 
seine, while triggering their stress reaction at the same time. Through 
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selecting samples from the total number of caught fi sh, it is possible to 
trace the manifestation of damage and protective mechanisms from 
the start of the infl uence to the completion of recovery processes.

Figure 2 shows the results of two experiments (36). The breams 
(107 specimens) were caught by one 15-min-long trawling; the 
roaches (119 specimens) were caught by one 15-min-long seine 
netting. The samples were taken at each time interval from six 
fi sh of each species immediately after the capture, then from two 
groups of fi sh during transportation, and then at specifi ed time 
intervals during acclimation of fi sh in cages.

The results demonstrate that the concentration of sodium in the 
blood plasma of roaches and breams at the initial period of stress de-
creased signifi cantly compared to the initial values. This is caused by 
the intensifi ed output of sodium from the fi sh blood into external en-
vironment. It has also been observed that the leakage of chloride ions 
from the body of freshwater fi sh increases in the initial period of stress 
and leads to a signifi cant decrease in its level in blood plasma (56, 57).

The decrease in the content of sodium and chloride in the blood 
plasma of freshwater fi sh under stress is accompanied by a decrease 
in osmolality in the internal environment of the organism (33, 34). It 
results in the development of osmotic pressure difference between 
cellular and extracellular liquids of the organism, thus supporting 
the movement of water into the cells and causing their swelling.

For counteracting the negative processes caused by hypona-
tremia/ hypoosmolality, the defensive reactions of the organism 
related to the extraction of ions from intracellular liquid intensify. 
It has been observed that the concentration of sodium and potas-
sium in erythrocytes and muscles of roaches and breams signifi -
cantly decrease at the initial period of acute stress (Fig. 2). The 
levels of sodium, potassium and chloride decreased in rat brain 
in response to hyponatremia (20, 21, 28). A limited quantity of 
data obtained from in vivo experiments indicates that the body 
cells of mammals (rats) and freshwater fi sh (breams and roaches) 
respond to hyponatremia in a similar manner due to the loss of 

Fig. 2. Dynamics of sodium and potassium ions content in plasma, erythrocytes, and muscles of breams (●) and roaches (○) in response to their 
capture, 3-hour-long transportation and acclimation in the cage.
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sodium, potassium and chloride from the intracellular fl uid into 
the internal environment.

The output of ions from intracellular fl uid into the extracellular 
environment counteracts the development of heavier hyponatremia 
and hypoosmolality. However, despite the signifi cant loss of these 
ions from cells at the initial stage of acute stress, the complete 
compensation for hyponatremia (Fig. 2) and hypochloremia (56, 
57) is not achieved, which then causes hypoosmolality (33, 34).

Synchronous decrease in sodium and potassium concentration 
in erythrocytes and muscles of roaches and breams at the initial 
period of hyponatremia indicates that the possible mechanism of 
their excretion from cells may be connected to the activation of 
Na+-K+-2Cl– cotransporter. This carrier is found on the membranes 
of various types of cells, including those of epithelium, endothe-
lium, nerves, muscles, fi broblasts, and red blood cells (58–62). The 
participation of the Na+-K+-2Cl– cotransporter in the regulation of 
cellular volume has been studied in vitro.

It has been demonstrated that the activity of the Na+-K+-2Cl– co-
transporter is enhanced in response to hypernatremic/hyperosmotic 
solutions, which accelerates the entry of sodium, potassium, and 
chloride into cells, whereas under the action of hyponatremic/hy-
poosmotic solutions, the K+-Cl– cotransporter increases the effl uxes 
of potassium and chloride from the cells (49, 63–66). After osmotic 
swelling, trout red blood cells showed a net loss of potassium, chloride 
and amino acids, while the sodium content in the cells increased (67). 

Thus, in the experiments in vivo, the counteraction to swelling 
of body cells during hyponatremia is carried out by increasing the 
loss of sodium, potassium and chloride from the cells, thus indicat-
ing a possible involvement of the Na+-K+-2Cl– cotransporter in this 
process. In the experiments in vitro, the counteraction to cellular 
swelling in response to a sharp decrease in sodium and chloride 
content in the solution is performed by increasing the effl uxes of 
potassium and chloride from the cells, namely by increasing the 
activity of the K+-Cl– cotransporter. 

The comparative analysis demonstrates that in response to 
hyponatremia in vivo as well as to the decrease in concentration 
of sodium and chloride in solution in vitro experiments, the pat-
terns of cellular volume regulation differ. Therefore, for adequate 
understanding of the processes occurring during the adaptation 
of various types of cells to the decrease in osmotic concentration 
of extracellular fl uid, it is required to obtain the data in vivo. The 
method tested on freshwater fi sh makes it possible to study in vivo 
the patterns of changes in the content of inorganic ions and organic 
osmolites in the internal environment and cells of various organs 
and tissues of the body from the beginning of hyponatremia de-
velopment to the completion of the recovery process.

Acute and chronic hyponatremia

Scientifi c literature applies two terms in relation to hypona-
tremia, namely acute and chronic hyponatremia. However, no 
clear criteria are proposed that would allow for an objective as-
sessment of these forms of hyponatremia. In practice, the type of 
hyponatremia is assessed conditionally, based on its duration. At 
the same time, the proposed periods differ in duration, both for 

acute and chronic hyponatremia. Such assessment is subjective 
and does not essentially refl ect qualitative differences between 
the two forms of hyponatremia.

Acute form of hyponatremia
The criterion of acute hyponatremia is a change in concen-

tration of sodium in the internal environment of the body during 
the entire period of its manifestation (Fig. 2). The entire period is 
divided into two intervals. In the initial period of acute hyponatre-
mia, the concentration of sodium in blood plasma decreases over 
a certain period of time from normal value to the minimum level, 
while refl ecting the predominance of damaging processes over the 
protective functions of the body. Excessive impacts can cause a 
decrease in concentration of sodium in the internal environment 
to the values incompatible with vital functions of cells in various 
organs and tissues, thus causing death of the body. In clinical prac-
tice, in order to reduce mortality of patients, acute hyponatremia 
is corrected by means of applying hypertonic solutions. 

The second period of acute hyponatremia is characterized by 
an increase in sodium content in the internal environment of the 
body to the normal level, while refl ecting the predominance of 
protective functions over the damaging processes. The acute form 
of hyponatremia is caused by short-term adverse effects.

Chronic form of hyponatremia
The criterion of chronic hyponatremia is a long-term mainte-

nance of sodium content in the internal environment of the body at 
a stable lowered level. Chronic hyponatremia occurs in response to 
the durable impact of external and internal adverse factors (chronic 
diseases). Patients with cirrhosis (68–72) and fi sh (breams) inhab-
iting water with increased level of anthropogenic pollution (37) 
demonstrate chronic hyponatremia. The attempts to correct chronic 
hyponatremia cannot be successful without eliminating its causes. 
Chronic hyponatremia, even after its correction, will occur again, 
and continue until the cause is eliminated. Therefore, it is fore-
mostly necessary to eliminate the causes of chronic hyponatremia. 
After eliminating the cause, the body will restore the physiologic 
sodium content in the internal environment by itself.

Conclusion

The physiological and hyponatremic ranges of sodium content 
in the blood plasma of humans, rats, mice, rabbits, carps, breams 
and roaches overlap. The patterns of adaptation to hyponatremia 
in brain cells of rats, and in muscle and erythrocytes of breams and 
roaches are carried out in a similar manner, namely by means of 
losing sodium, potassium and chlorine from body cells, possibly 
through an increased activity of the Na+-K+-2Cl– cotransporter. 
The body cells partially adapt to hyponatremia by means of los-
ing organic osmolytes. The patterns of cell volume regulation in 
response to hyponatremia in vivo differ from those to the decrease 
in concentration of sodium and chloride in solution in vitro ex-
periments. In the experiments in vitro, the counteraction to cell 
swelling in response to a sharp decrease in sodium and chloride 
contents in solution is carried out by means of increasing the ef-
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fl uxes of potassium and chloride from cells through increasing the 
activity of K+-Cl– cotransporter. For adequate understanding of the 
processes occurring during the adaptation of different cell types 
to hyponatremia, the data obtained in vivo are required. The data 
about humans and rats obtained in vivo are limited and fragmented, 
and refl ect the manifestation of protective mechanisms in one or 
another initial period of hyponatremia. It is important to understand 
the manifestation of the damaging processes and protective mecha-
nisms in time from the start of hyponatremia development to the 
completion of recovery. Under clinical and laboratory conditions, 
the conducting of such study on mammals is not possible due to 
several reasons. The catching and transporting the freshwater fi sh 
causes acute hyponatremia, and subsequent acclimation of animals 
in cages or swimming pools leads to full recovery of all indicators 
of the body. This simple and convenient technique allows study-
ing the patterns of changes in the content of inorganic ions and 
organic osmolytes in the internal environment and cells of various 
organs and tissues of the body in vivo from the start of hyponatre-
mia development to the completion of the recovery process. Under 
laboratory conditions, it is convenient to create and study chronic 
hyponatremia of fi sh by introducing certain substances into the 
water, thus causing a long-term adverse impact on the body. The 
criterion of acute hyponatremia is a change in concentration of 
sodium in the internal environment of the body during the entire 
period of its manifestation. The criterion of chronic hyponatremia 
is a long-term maintenance of sodium content in the internal en-
vironment of the body at a stable lowered level.
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