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ABSTRACT: The kidney concentrates urine by a form of reverse osmosis and not by forward
osmosis as traditionally believed. This form of reverse osmosis can operate at low pressures such
as those within the kidney filtration system. Recent advances in the understanding of osmosis
have made it possible to discover this new type of reverse osmosis, that is inherent to narrow
tubes at the micrometer scale.

1. Introduction

Contrary to normal ("forward") osmosis, reverse osmosis moves water against the osmolarity
gradient, from the salt water side to the fresh water side. It allows the production of fresh water
from salt water, and is the most widely used desalination method worldwide (Greenlee, 2009).

Reverse osmosis is normally pressure-based. A different type of reverse osmosis takes place in
narrow tubes (micrometer scale) that also moves water in the direction opposite to normal
osmosis and therefore allows the production of fresh water. This effect relies on the separation of
charges that occurs in adsorbed water. It is amplified by pressure, but the pressure itself is not the
basis of the effect.

In the kidney, the narrow tube effect naturally takes place in the thin segment of the nephron. It is
the reason why the nephron has evolved a narrow segment. The kidney can control the effect by
regulating the glomerular filtration pressure.

2. Method

In this article, the reverse osmosis effect in narrow tubes will be introduced. It will be explained
how the effect is used to concentrate urine in the kidney. Before that, it will also explain the role
of adsorbed water in osmosis, as it is the foundation for both models. The article presents new
models, and uses simple proofs to defend that they are correct.

3. The role of adsorbed water in the mechanism of osmosis

3.1 Separation of charges in adsorbed water

Zhao and Pollack (2009) discovered that the driving force for osmosis is the thin layer of
adsorbed water that forms at hydrophilic surfaces (Fig. 1). This adsorbed phase of water has the
unexpected property that it separates charges. It releases protons into the surrounding water,
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giving it a positive charge. The adsorbate itself gains a negative charge, from the hydroxide ions
it is left with (Fig. 2).

The force behind the charge polarization effect is analogous to the force in semiconductor
junctions: it is diffusion based on thermal energy. Water in the adsorbed phase (a semi-solid
phase that is halfway between the liquid and solid phase) auto-ionizes similarly to liquid water.
Contrary to water in the liquid phase the hydroxide ions are locked into the semi-solid adsorbate
that is anchored to the hydrophilic surface. The more mobile hydrogen ion will diffuse outwards
to a larger extent than the hydroxide ion, causing the charge separation effect.

 
Figure 1. The adsorbed phase phase of water, documented by Gerald Pollack. Image from Chai,
2009.



Figure 2. Schematic of the charge separation in the adsorbed phase, where protons have diffused
out into the bulk water. Image from Pollack, 2013.

3.2 The role of protons in the mechanism of osmosis

Osmosis occurs when there is an asymmetry between the thickness of the adsorbate on either
side of a membrane (Fig. 3). By simple random diffusion, more protons will transfer from the
side that has more protons, naturally. The combined negative mass of adsorbate on the
membrane, acts to electrostatically limit the diffusion.

The transfer of protons changes the pH of the water on either side of the membrane. The
compartment water moves from becomes more alkaline, and the compartment water moves to
becomes more acidic (Zhao and Pollack, 2009).

3.3 The role of electrons in the mechanism of osmosis

It is well known from electrical engineering that an alkaline compartment and an acidic
compartment can be turned into a battery (Weng, 2019). In the alkaline compartment, hydroxide
ions can oxidize to release electrons, water and dioxide (the technical name for molecular



oxygen, O2, is used in this article). In the acidic compartment, hydrogen ions and dioxide can
accept the electrons to form water.

The oxygen evolution and reduction reactions in an acid-base battery are chemically the
equations 4 OH- --> 2 H2O + O2 + 4 e- and 4 H+ + 4 e- + O2 --> 2 H2O (Weng, 2019). The
dioxide can be supplied from an external source such as the atmosphere.

It can be reasoned: the pH gradient that develops during osmosis should cause the same chemical
reactions as in an acid-base battery. Hydroxide ions in the alkaline side should start to oxidize
and release electrons, and the electrons should transfer to the acidic side, and reduce dioxide to
form water.

This article presents the model that osmosis does not move the water molecule as a whole.
Rather, it breaks down water on one side, and produces water on the other.

That osmosis is the chemical breakdown and production of water, is a new theory.
Such a model is very simple, and fits very elegantly with known theory such as how acid-base
batteries work. The model has never been suggested before. And, it fits perfectly with the model
for the kidney that this article will present.

A simple lab experiment that could be used to test the theory that dioxide is required for osmosis
is suggested in Nygren (2020).

 

Figure 3. Illustration of the asymmetry in the adsorbate on either side of a membrane, that causes
the phenomena of osmosis. Image from Pollack, 2013.

3.4 Forward osmosis, reverse osmosis, and narrow tubes



Salt impairs the formation of the adsorbed phase in the same way it impairs the solid phase by
freezing point depression (a colligative property), and an increase in osmolarity on one side will
decrease the amount of adsorbate at the membrane on that side. The asymmetry will cause
osmosis, as described in the previous section.

Pressure acts in an opposite way. It increases the thickness of the adsorbate (Ypma, 2015), and
therefore generates an osmotic transfer of water in the reverse direction to osmolarity-based
osmosis, away from the pressure.

In narrow tubes, the proximity of the adsorbate around the circumference of the tube and across
the diameter causes an increase in the net positive charge of the lumen of the tube. This repulsion
effect is another factor in how the protons distribute around a membrane. The effect has been
closely studied for its role in surface-induced flow in narrow tubes (O’Rourke, 2011; Li, 2020),
and the same effect can also cause protons to transfer across the tube membrane.

The repulsion effect in narrow tubes provides a method for reverse osmosis that can operate at
very low pressures, such as that within the filtration system of the kidney. Since pressure
increases the amount of adsorbate, it also increases the repulsion effect in the lumen of narrow
tubes. This allows the kidney to regulate the strength of the urine concentration mechanism by
regulating the filtration pressure.

4. The kidney operates by reverse osmosis, not forward osmosis

4.1 The loop of Henle is a narrow tube that forms a loop

The nephrons of the kidney have an intricate and well defined structure. Each nephron consists
of a glomerulus and its subjoined tubule, this tubule being differentiated into a proximal
segment, thin segment, and distal segment (Smith, 1951). The glomerulus filters blood into the
tube system of the nephron. The filtrate passes through the proximal segment with microvilli,
that like the microvilli in the intestine is specialized for absorption. It then passes into the thin
segment that forms a loop: the loop of Henle. After that, it continues into the distal segment and
from there it drains into a central “collecting duct” that empties into the ureter via the renal
papilla (Fig. 4).

The loop of Henle stands out both in that it forms a loop, and also in that it is a thin segment with
a narrow diameter. This thin segment of the tubule is well suited to generate the repulsion effect
described in section 3.4. The repulsion effect can be predicted to rely on pressure, as pressure
increases the amount of adsorbate (see section 3.4) and more adsorbate means more protons
released.

4.2 Evidence that filtration pressure controls urine concentration

If the thin segment exists to generate the repulsion effect in this “electrostatic reverse osmosis”
and this effect relies on pressure, then some evidence would likely have been discovered and
documented throughout history. Such is also the case. It was noted by Berliner (1958) that a
reduction of glomerular filtration rate in excess of 30 to 35 percent would produce marked



impairment in the ability to concentrate urine. The positive correlation between glomerular
filtration rate and urine osmolarity was also documented by Boybo (1996).

Figure 4. Nephron structure, showing the glomeruli, the loop of Henle, and the collecting duct.
Image reworked from Servier Medical Art. CC BY 4.0 license.

4.3 The history of ideas of kidney function, from forward osmosis to reverse osmosis
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"I still do not like it: it seems extravagant and physiologically complicated—though so is the
whole glomerular filtration—tubular reabsorption pattern. . . . Least of all, however, do I like to
see the squamous epithelium of the thin segment freely permeable to water (if not to sodium also)
in the descending limb, only to acquire water impermeability and active sodium transport at the
tip of the loop for no better reason, apparently, than the circumstance that it has turned a corner.
But I suppose that I can get used to that, too.'' Homer Smith, 1958 (via Gottschalk, 1987)

Historically, the loop of Henle motivated a physiological and evolutionary explanation. Why was
it narrower than the other segments, why did it have a thin epithelium, and why did it make a
loop turn? The interest in these questions grew in the 1950s when cryoscopic studies (Wirz and
Kuhn, 1951) and later on micropuncture studies (Gottschalk and Mylle, 1959) showed that the
kidney had an osmolarity gradient. The osmolarity was shown to gradually increase from the
cortex (outer layer) and into the medulla, with a very high osmolarity of upwards of 1200 mOsm
close to the renal papilla. Kuhn (1942; 1951) noted how the loop of Henle was anatomically
similar to countercurrent systems in chemistry and engineering, and suggested the countercurrent
multiplication model: that the kidney used forward osmosis to concentrate urine, and that the
loop of Henle had evolved to move particles such as sodium ions into the renal medulla from the
upwards segment, drawing water out of the downwards segment by forward osmosis.

Strictly speaking, there are two ways to achieve the osmolarity gradient in the kidney medulla:
add salt, or remove water. The forward osmosis model suggested the gradient was the result of
addition of salt, pumped out in the upwards segment. The reverse osmosis model (“electrostatic
reverse osmosis”), suggests the gradient is a result of a removal of water.

In this article, it is suggested that Kuhn was wrong with his countercurrent multiplication theory,
and that the scientific consensus in kidney science has been wrong for 70 years. The reverse
osmosis effect in narrow tubes is instead suggested as how the kidney concentrates urine. In this
new model, the true reason for the loop of Henle is perhaps even more directly tied to the
mechanism of osmosis: the loop of Henle serves to recycle the dioxide that is released inside the
nephron, and that has to be moved back again via the nephron capillaries to sustain the osmosis.

5. The role of the loop of Henle is to recirculate dioxide

The role of the thin segment in the tubule is the narrow tube type of reverse osmosis, where
protons transfer over the epithelium because of electrostatic repulsion and combine with dioxide
within the capillary beside it. The reason the thin segment makes a loop is to sustain the supply
of dioxide. The loop of Henle works together with the capillary next to it and with the collecting
duct to recirculate dioxide. The following sections will go through every step of this process.

5.1 The dioxide recirculation sustains the concentration of urine

To understand what it means that the loop of Henle recirculates dioxide, it is good to consider
what happens without a loop. As was described in section 3.3, dioxide is required for osmosis.
The nephron capillaries provide the dioxide, and it accepts protons and electrons to form water.
Inside the nephron, dioxide is released at the same time. If the dioxide that is released into the
nephron is not somehow recycled, it will be excreted with the urine (Fig 5). What the loop of



Henle does is that it allows this dioxide to be returned to the beginning of the loop, so that it can
be reused. Thus, more water molecules can be reabsorbed osmotically.

The capillaries around the loop of Henle (called “vasa recta”) have fluid flow in the opposite
direction to that inside the loop of Henle (Fig. 6). Thus, dioxide reabsorbed from the ascending
limb of the loop of Henle, will move with the blood in an opposite loop, to end up at the
descending limb. It is in the descending limb that the reabsorption of water takes place.

To repeat the theory from section 3.3, the dioxide in the nephron capillaries accepts protons and
electrons to form water as 4 H+ + 4 e- + O2 --> 2 H2O. And inside the nephron, hydrogen ions
transfer from the adsorbate (by the repulsion effect), and hydroxide ions break down as 4 OH-
--> 2 H2O + O2 + 4 e-. The dioxide that is released inside the nephron, is what is recirculated
back to the capillaries on the outside.

The article will elaborate on how the loop of Henle recycles dioxide. But first, some math will be
used to show why the recirculation is needed to start with.

5.2 Math for why dioxide recirculation is needed

It is often estimated that 25 moles of dioxide is absorbed from the lungs each day. The kidney
receives 1/5th of cardiac output, thus, 5 moles of dioxide. This can sustain a reabsorption of 10
moles of water. To repeat the theory in section 3.3, 1 O2 is required to reabsorb 2 H2O.

Water is 55.5 moles per liter. 10 moles of dioxide is only enough to reabsorb around 2 deciliters
of water. To compare with a normal urine production of 1.5 liters per day, concentrated to 1000
mOsm, ~4 liters of water had to be reabsorbed. This is based on that the blood osmolarity is
around 275 mOsm. If you remove half the water, and then remove half the water again, you are
at 275*2*2 = 1100 mOsm. Thus you need to start with 6 liters, and reabsorb 4.5 liters. That is
4.5/0.2 = 22 times more water than there is dioxide for, unless the dioxide is reused.



 



Figure 5. Illustration of how a tube structure allows for the recirculation of dioxide, as compared
to a straight line nephron where the dioxide gets excreted into the urine. H3O+ shows the proton
rich water in the tube lumen, and OH- shows the hydroxide rich adsorbate on the tube inner
surface.

Figure 6. The repulsion effect in the lumen of narrow tubes, where protons from adsorbed water
accumulate in the narrow space of the tube lumen. Here shown in a nephron in the kidney.
Dioxide is produced within the nephron during osmosis. The loop of Henle is used to recirculate
the dioxide, via the vasa recta capillaries. The vasa recta are arranged along the loop of Henle.
The fluid flow in the vasa recta is opposite to the flow in the loop of Henle. Image reworked
from National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of
Health.

5.3 How the loop of Henle recycles dioxide

Dioxide is released into the nephron in the thin descending limb when water is reabsorbed by
reverse osmosis (and transported out of the kidney via the ascending vasa recta). This dioxide
has to be returned into the medulla and the blood stream, or it will be excreted in the urine (Fig.
5).

The mechanism for reabsorbing the dioxide, is a bit counterintuitive at first, and requires
multiple steps. To reabsorb the dioxide, the kidney uses osmosis all over again, and moves water
back into the ascending thin limb of the loop of Henle (facilitated by the continuous lumen
diameter increase along the ascending limb, see Koepsell and Schnerman, 1972). This seemingly
counterproductive arrangement, where there is no net osmotic transfer of water, works together
with yet another part of the kidney, the collecting duct system. It facilitates the non-osmotic
reabsorption of water from the collecting duct system. The reverse osmosis in the thin
descending limb dehydrates the medulla, and favors the diffusion of water from the collecting
duct tree. This concentrates the urine before it leaves through the papilla. The water reabsorbed
from the collecting duct, is in a 1:1 relationship with the water that is osmotically transferred into
the thin ascending limb. The water loops around from the collecting duct to the ascending thin
limb and back again (Fig. 7). This “second loop” facilitates the recirculation of dioxide via the



vasa recta (that moves in the direction opposite to the loop of Henle. ) Thus, there is one loop for
dioxide, and one for water.

To use the math example from section 5.2, to produce 1.5 liters of urine with an osmolarity of
1100 mOsm, from blood at 275 mOsm, 4.5 liters of water had to be reabsorbed from the thin
descending limb, 4.5 liters had to be moved into the thin ascending limb again, and 4.5 liters had
to be moved out of the collecting duct. In total, 4.5 liters was moved out of the kidney and back
into the blood circulation via the renal vein.

The complex machinery described in this section exists only to recirculate the dioxide. And the
recirculation is needed because only minimal quantities of water could be reabsorbed otherwise,
thus the ability to concentrate urine would be insignificant. Terrestrial animals therefore evolved
the loop of Henle system, to conserve water.





Figure 7. The circulation of water into the thin ascending limb (to reabsorb dioxide from the
tubule lumen) and out of the collecting duct tree. The same amount of water that enters the thin
ascending limb exits the collecting duct, none of it gets excreted, thus the concentration of the
urine is the same as at the bend of the loop of Henle. Image reworked from National Institute of
Diabetes and Digestive and Kidney Diseases, National Institutes of Health.

6. Regulation and dysfunction of the urine concentration mechanism

6.1 The kidney adjusts the narrow tube osmosis effect with tubuloglomerular feedback

"I thought it was a kind of interstitial connective tissue, but emphasized its resemblance to the
elements of organic muscle tissue. Virchow declared them to be muscle fiber cells; Frerichs left
their origins uncertain" - Jakob Henle, Zur Anatomie der Niere, 1862

Tubuloglomerular feedback is subordinated vasopressin and operates reflexively to decisions by
the hypothalamus. Vasopressin is ultimately the control mechanism for urine concentration,
thereby subordinating the kidney under the hypophysis and the brain. The role of vasopressin is
to increase the resistance in the collecting duct tree by contracting fibroblast-like cells in the
kidney medulla (Hughes, 1995; 2006; Gilmer, 2018), and also to increase water permeability of
the collecting duct epithelium by aquaporin channels. The tubuloglomerular autoregulatory
system responds to an increase in water reabsorption from the collecting duct by sensing a
decrease in filtrate osmolarity at the macula densa region of the thick ascending limb, and
upregulates the reverse osmosis mechanism in the thin descending limb of the loop of Henle by
increasing the glomerular filtration pressure through renin and angiotensin. Or, rather, it senses
only osmolarity increase (concentrating urine more than what is required by vasopressin's effect),
and release of renin is the default and it gets downregulated whenever macula densa senses that
the urine is concentrated more than it should be, operating by negative feedback. This reflex
autoregulatory mechanism can also maintain a steady filtration pressure (and therefore urine
concentration effect) even as systemic pressure varies depending on activity.

6.2 Short-circuiting the dioxide recirculation, why hyperglycemia causes medullary
hypoxia

Normally in osmosis, the oxygen evolution 4 OH- --> 2 H2O + O2 + 4 e- releases electrons
whilst also producing dioxide, and in the kidney, this dioxide is recirculated back via the vasa
recta. The oxidation reaction can also take place with a carbohydrate such as glucose as a
reactant and will in that case not produce dioxide but instead carbon dioxide. Chemically, as
CH2O + 4 OH- —> 3 H2O + CO2 + 4 e-. This has two effects. First, the urine concentration
mechanism fails because the cathode for osmosis cannot be reused. And second, the total dioxide
in the medulla decreases, leading to cell death and medullary necrosis.

7. Discussion

This article argues that the kidney operates by a form of reverse osmosis within the thin segment
of the nephron. The kidney has evolved the loop structure of the thin segment to recirculate
dioxide (via the vasa recta) that is required in the cathode reaction of osmosis. The osmotic effect
in the thin segment works together with the non-osmotic reabsorption of water from the



collecting duct to recirculate dioxide while also excreting concentrated urine. Advances in the
understanding of the physical mechanism behind osmosis, the inherent charge separation in
adsorbed phase of water, has made it possible to discover the true nature of the nephron of the
metanephros. It was impossible to conceive of a similar explanation before discovering that the
adsorbed water at the membrane is what drives osmosis, thus the "upside down" explanation of
countercurrent multiplication was the only alternative. Reverse osmosis was also not as widely
understood by the 1950s and that may be another reason forward osmosis was initially assumed,
although it would still have been impossible to explain how reverse osmosis could operate at
such low pressures.
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