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Strong ion difference: “6 o0 kiwoopevov ket or the unmoved

physico-chemical mover

After carefully studying Prof. Bie's commentary,' one real-
izes that from the scientific debate—which stemmed from
our published article” presenting an interpretive approach to
urine [SID] according to Stewart's view and extended to a
broader critique of his approach on the overall regulation of
acid-base balance in the body—remains but a single point of
divergence, which does not truly make it so difficult to accept
Stewart's view, as it seems to justify the persistent adherence
to what is called the classical view of acid-base disorders.
This is the active proton transfer. Indeed, the central point
of the classical approaches to the interpretation of acid-base
disorders is the transfer of protons (H") between the various
compartments of the organism. Although we have already
mentioned this topic in our previous papers, we will provide
more details here, especially regarding the transport of H*
through proton pumps/transporters.

As to whether or not [SID] is an independent variable, it
will be made clear that, although it has to do with the way
one conceives the phenomena, physico-chemical properties
of the interacting substances prevail at the end. For the rest of
the issues, minor, though necessary, comments are provided.

1 | ACTIVE PROTON TRANSFER
Protons, in whatever way we might symbolize them (let us
just look at them as positive elementary charges), being ele-
ments of all aqueous solutions, are, in a way, the link be-
tween all biomolecules in the body. It has been argued that
cells are not very likely to respond quickly when conditions
are altered, sensing concentration changes that result simply
from diffusive processes. The presence of water seems to be
able to serve this purpose sufficiently, by releasing H" from
a biomolecule, which then acts through the hydrogen-bonded
network on other non-touching biomolecules (communica-
tion at a distance).3

The diffusion of H* into aqueous solutions occurs rap-
idly, owing to the hydrogen-bonded nature of water. Proton
transport takes place through the Grotthuss mechanism, in
which the proton that enters the chain of hydrogen-bonded

water molecules is different from the proton that exits the
chain. Aside from details and clarifications, this mechanism
is the commonly accepted view of proton transport today.
By the Grotthuss mechanism, proton migration occurs in
the timescale of hydrogen-bond breaking and making (re-
orientation motion of water molecules), which is of the order
of a picosecond.4

This type of proton transport is also described along
hydrogen-bonded chains in proteins (proton pumps/proton-
coupled transporters), where the hydrogen-bonded network,
which facilitates proton transfer through the hydrophobic in-
terior of proteins, includes, in addition to water molecules,
protonable amino acid residues (eg their terminal carboxylic
groups). A schematic representation of a transmembrane pro-
ton transporter (pump) is shown in Figure 1. According to a
simplified but quite informative description of the involved
mechanism,5 for the transport of H* from inside a cell to the
extracellular space, H* from the intracellular fluid comes in
contact with protein surface acceptor groups and finally with
the initial proton donor (A,), at the inner end of the proton
transport pathway. Proton transfer then takes place via a series
of molecules of water and/or protonable amino acid residues
(which form a hydrogen-bonded chain or “proton wire”) and
terminates in an internal proton acceptor (E;), which under-
goes a conformational change and comes in contact with the
outer side of the membrane (E,), leading to proton transfer
along a second hydrogen-bonded chain, until the final release
of H" in the bulk solution of the extracellular space from the
final protein acceptor/donor (A,).

What needs to be understood is that, it is a fopological
defect in the hydrogen-bonded network and not an individual
H* (or any molecular structure carrying an excess proton)
that is transported through the network chains.*

It should also be noted that, since the pKa of the groups
involved in hydrogen-bonded chains determines the direction
and the rate of proton transport, electrostatic interactions,
induced, for example, by changing [SID] are of particular
importance to this transport. Most particularly, in P-type
ATPases (eg animal H*-K*-ATPase), each proton trans-
port cycle includes two enzyme conformational states that

“Ancient Greek: ho ou kinotimenon kinei, lit. “that which moves without being moved” (Aristotle).
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Extracellular space

FIGURE 1

Intracellular space

Schematic representation of proton transport from inside a cell to the extracellular space, according to the Grotthuss mechanism.

Protons from the intracellular fluid, come in contact with the initial proton donor (A)), at the inner end of the proton transport pathway. Proton

transfer then takes place via a series of molecules of water and/or protonable amino acid residues (eg their terminal carboxylic groups) and

terminates in an internal proton acceptor (E;), which undergoes a conformational change (E,), leading to proton transfer along a second hydrogen-

bonded chain, until the final release of the protons in the bulk solution of the extracellular space from the final protein acceptor/donor (A,)

alternate, E; and E,, as described above. In the E; state, the
binding region has high affinity for the exported ions (H™),
while in the E, state, the same binding region has low affinity
for the exported ions and a high affinity for the ions (counter
ions) which are transported within the cell (eg K*). In H*-
ATPases, the main proton acceptor/donor is a protonable as-
partic acid residue (Asp684), which undergoes a regulated
proton loading and unloading during the enzyme conforma-
tional transitions. A positively charged residue (Arg655) is
believed to control pKa changes of Asp684 (proton acceptor/
donor), while the transport pathway of protons to and from
Asp684 probably consists of charged amino acid residues as
well as water molecules.’

It is true that the molecular structure of proton pumps/
transporters has been described in detail, but tracking the
pathway of individual protons is another thing. The same also
applies, for example, to gastric H-K*-ATPases; regarding

the mode of action of proton pump inhibitors, their reac-
tion with cysteine 813 arrests the H-K*-ATPase in the E,
configuration,” terminating a proton transport mechanism,
most likely, as the one described above. Furthermore, on the
subject of the acidity of the gastric lumen, we would pose a
question: if the transfer of H* to the gastric lumen may (and
does) occur in exchange for K*, electroneutrality is not vio-
lated; if H' that are exported constitute an acidic load that
can, by itself, account for the increased acidity (low pH) of
gastric fluid, what is the need for the increased concentration
of CI” in it?

[SID] is independent variable under physiological control

According to Stewart, [SID] is a physiological variable,
that is, a variable that is subject to physiological control,
whose physico-chemical properties make it a “useful tool”
for performing normal functions/regulating other depen-
dent variables. The thesis that [SID] is an independent
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variable (introduced by Stewart) has a physico-chemical
basis, that is, it relates to its chemical interaction with
other solutes (ie weak acids) in body fluids and the val-
ues of the dissociation constants of strong ions (that make
up [SID]) compared to those of weak electrolytes. Briefly,
strong ions, being fully dissociated, do not participate in
acid-base reactions (spectator ions), but form the specific
pathophysiological framework that determines the dissoci-
ation of weak electrolytes (that are involved in net proton
exchange).

At this point, we make a short generic note about the
dependence/causative relation between the variables of a
mathematical model. We do so, because of a footnote (!) in
Prof. Bie's response, which is indicative of the mistreatment
of the concept. In this footnote (the purpose of a footnote
is to remind already known results, or to present further al-
ready known details on a subject; a footnote should not be
used as a way to strengthen an argument), it is stated that
“mathematical isolation does not show physical directional-
ity,” in an attempt to refute Stewart's proposition concerning
the dependence of [H*] on [SID]. A failed attempt of giving
a counterexample then follows. We note that every exact sci-
ence, like physics, is built on mathematics. A mathematical
expression of the relation between physical quantities de-
noted by variables is the quintessence of a physical/natural/
exact theory. An exact theory fully described by a mathe-
matical model (eg electromagnetism which is described by
the deterministic model of the Maxwell equations) does not
reveal a single causal link between the quantities appeared
(eg the electric and the magnetic field), but it describes the
way the nature distributes their changes. A causative relation
is utilized by us, when we know the values of some quanti-
ties and we want to calculate the values of the rest. In our
case, the mathematical statement “[H*] is a certain function
of [SID]” is equivalent with the physical interpretation that
“the concentration of H* depends on that specific manner on
the concentration of SID.” Hence, we can calculate [H*] by
knowing the value of [SID]. This does not contradict with
the fact that, if the function is invertible, then we can calcu-
late [SID] by knowing the value of [H']. As far as the coun-
terexample proposed by Prof. Bie is concerned, body mass
index (BMI) is defined as MI = m/h?. This means that BMI
is a certain function of /; thus, height determines BMI with
this specific manner (considering, of course, m to be con-
stant). By inverting the function, which is a rigorous math-
ematical process based on the inverse function theorem, we
can write & = y/m/BMI, which also means that BMI deter-
mines height with this specific manner (considering again
that m is constant). The process of inverting a function helps
us to switch roles between dependent and independent vari-
ables, and does not contradict at all to the interpretation of
the physical phenomena. Another trivial example follows.
Knowing the displacement x of a moving object of constant
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velocity v over time ¢, velocity is determined (is calculated)
by time as the expression v = x/t indicates, as well as time
is determined by velocity with ¢ = x/v being the correspond-
ing expression. Yet another example is presented in the
Appendix A. For the sake of completeness, we also refer to
the application of the implicit function theorem in a math-
ematical equation that implicitly binds several variables, as
an alternative way of expressing some of them as a function
of the rest.

In the light of the above discussion, there is no ambiguity
in the expression that [SID] acts as an independent variable
for the determination of [H']. [SID], “a non-neutral sum of
(strong) ion concentration,” is what it is, in order to serve the
physiological function of the organism in any specific com-
partment while, under standard conditions ([Apgr], PCO,),
the [H+]/pH have the specific, considered normal, values.
Abnormal [SID] values may indicate a functional disorder
or a compensatory response, for example, in diabetic keto-
acidosis, an anion gap (AG) metabolic acidosis, where ap-
parent [SID] does not change and the strong ion gap ([SIG])
becomes positive, is progressively complicated by non-AG
(hyperchloremic) metabolic acidosis,® where apparent and
effective [SID] decreases equally and [SIG] remains at or
near zero; also, during a metabolic acidosis disorder, a posi-
tive urine [SID] indicates inefficient renal response/impaired
urine acidification (renal tubular acidosis) while a negative
urine [SID] signifies a proper renal Compensation.9 Finally,
abnormal [SID] values may occur as a result of a medical
intervention (increased NS 0.9% solution administration).'’
From what has been said, it cannot be deduced that [SID],
in relation to the other acid-base variables, is a dependent
variable, in physico-chemical terms. One could, however, in
promoting the pathophysiological priority of regulating [H*]
in the organism, refer to [SID] as a physiologically dependent
variable, which is mobilized each time as a control mecha-
nism, to serve this priority. In our previous paper,11 we have
also referred to the regulation of [Na]/[Cl] on either side of
a semipermeable membrane, under the physico-chemical
constraints acting on the Donnan equilibrium, created by the
distinct physiological composition of the separated fluids. It
does not matter how one approaches this issue. What matters
is to make clear what we are referring to and be consistent
with the basics/fundamental principles of the theory through-
out our “story.” Indeed, the specific value of [SID] in a body
fluid compartment, no matter how it is formed, is, from a
physico-chemical point of view, an independent determinant
of [H*] in it.

The dependence of the degree of a weak acid dissociation
on the [SID] value is illustrated in Figure 2 (concerning a
solution that contains strong ions and weak acids). It should
be noted that when [SID] has negative value, [H] = —[SID]
and (almost) all the amount of the weak acid is in the bound
(undissociated) form, whereas when [SID] has a positive sign
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FIGURE 2 [H'],[OH7],[A7], [HA] plotted against [SID] for a weak acid solution. [Atgy] = 0.02 mEq/L, K, =2 X 1077 Eq/L,

Kw' = 4.4 x 107 (Eq/L)* at 37°C. When beyond the zero to [Aror] range for [SID], H" and OH™ behave as they would in a purely strong ion
solution. When [SID] is negative, [H"] = —[SID] and (almost) all the amount of the weak acid is in the bound (undissociated) form; when [SID] is
positive (and >[Arqr]), [OH ] = [SID], [H']is negligible and (almost) all of the weak acid is in the dissociated form. The middle graph shows how
[OH] and [H"] behave over the [SID] = 0 to [SID] = [Ator] range. The concentration of [H*] is on the order of Ka (1077 Eq/L). Adapted with
permission. Copyright© 2009 by AcidBase.org

and its value is greater than [Arqr], [OH™] = [SID], [H'] is No matter how “chemically infinitesimal” the “strong ion
negligible and (almost) all of the weak acid is in the dissoci- concentration differences between the body fluid compart-
ated form (ie it behaves as a strong acid)!'? ments” may be, they certainly cannot be considered insig-
nificant. In fact their maintenance, their regulatory change

“Charge differences between body fluid com- and/or their spatio-temporal transmission (in the form, re-
partments represent concentration differences spectively, of a transmembrane potential, an ion regulatory
which chemically are infinitesimal” mechanism for intracellular pH regulation13 or a propagating
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action potential) are indispensable for the maintenance of the
life itself, constituting part of the dissipative structures in bio-
logical systems, the dynamical bases of their selforganization,
being far from equilibrium.14

The formula that calculates [H'] by [SID] ap-
plies specifically for water solutions that contain
only strong ions. It cannot be used for the cal-
culation of [H'] in plasma, where a much more
complicated formula ensues. '’

Thus, the application of the fundamental, physico-chemical
principles for a solution with the plasma composition leads to
the following system of equations: (1) law of mass action for
the water dissociation reaction: [H"] x [OH ] =Kw’, (2) law of
mass action for the dissociation of the weak, non-volatile acids:
[HA] x KA =[H'] x [A7], (3) law of conservation of mass for
the total amount of the weak acid (anion), that is, in bound and
ionized form: [HA] + [A™] = [Ator] = constant, (4) law of mass
action for the dissociation reaction of H,COj: [H*] x [HCO;]
= K, X PCO,, (5) law of mass action for the HCO; dissocia-
tion reaction: [H'] x [CO; = K; X [HCO;] and (6) law of
electrical neutrality: [SID] + [H']-[OH ]-[A"] - [HCO,]
- [CO; 2] = 0. In this system consisting of six equations, there
are three independent variables ([SID], PCO,, [Aror]) that
regulate [H*] and the values of the other dependent variables.
It can be solved with respect to [H]:

KZXPCOZ _ KAX [ATOT]
[H]  (Ka+[HT])

_K3xK,xPCO, K[

[H*]° [H]

[SID]+ [H] -

However, one should not worry, the calculations can be
done by the computers!

2 | GROSS METABOLISM

Although we have referred to this issue in our previous
paper,11 it would be appropriate to point out something: ac-
cording to Prof. Bie, the food and the metabolic substrates
present in it (the processing of which provides the energy
as well as the structural elements that the organism needs)
are treated as bearing (or creating during their catabolism)
a specific proton load, which, as an independent variable,
affects the acid-base status of the organism. We will simply
refer to the relevant Figure,l noting that in the case of “Ht
generating metabolism,” the final metabolic product appears
to be a strong anion (CI~, derived from the HCI dissociation,
eventually excreted by the kidneys; we presume that the in-
creased C1™ in urine might, most probably, lessen the urine
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[SID]), while in the case of “H* consuming metabolism”
(ie alkalinizing effect), the final metabolic product appears
to be a strong cation (K*, resulting from the dissociation of
KOH, also excreted by the kidneys)!

3 | RENAL PHYSIOLOGY

Prof. Bie in his editorial argues that there is no known renal
mechanism regulating chloride excretion against sodium ex-
cretion, deeming SID as physiologically irrelevant. Indeed,
while the kidney is largely responsible for keeping the con-
centration of all strong ions in the plasma within a strict
range, there is, yet, no knowing mechanism specifically regu-
lating their concentration difference. Thus, presenting [SID]
as the forefront determinant of [H'], while also lacking an
established, direct, regulatory mechanism is problematic.

Nevertheless, we would argue that the potential for an, at
least, indirect [SID] regulation does exist as a large number
of ionic channels have been described in the kidney, con-
trolling the reabsorption/excretion of strong ions (which make
up SID), both individually and in combination and serving,
finally, diverse objectives, as salt reabsorption, acid-base con-
trol and cell volume management.l(’"18

Moreover, fine and coordinated adjustments are made ac-
cording to the existing conditions in order to maintain homeosta-
sis in the body. Thus, in aqueous solutions, the almost identical
biophysical characteristics of K™ and NH; enable renal epithe-
lial transport of NH}, that competes with K* for binding to the
K -transport site of essentially all K* transporters; also, specific
isoforms of the Na*/H" antiporter operate in an Na*/NH," ex-
change mode, for example, NH : competes with luminal Na™
for reabsorption by NHE-3."? In case of an acidosis disorder—
during which ammoniagenesis increases in the kidney—these
procedures are likely to prevent strong cation loss in urine,
which, combined with increased Cl~ excretion, decreases [SID]
in urine and increases, in a compensatory way, plasma [SID].

The proposed view, made on the basis of existing evi-
dence, would therefore pose an interesting research question,
a starting point for further investigation.

It should be noted that NH; (which at pH 7.4 is about
98.3% in the form of NH:) is produced in the kidney: am-
monia in the urine and the renal vein far exceeds ammonia
in the renal artery.19 Apparently, NH‘:r plays a leveraging role
locally, being an operational part of the renal mechanism
that regulates acid-base balance. However, Stewart does not
consider NH3/NH4+ quantitative changes per se important for
the overall regulation of acid-base balance in the body: its
concentration in plasma is very low and its change cannot af-
fect the values of the independent variables which determine
[H"]. Based on the explanatory view mentioned above, it can
really be argued that NH;” major importance lies in its func-
tional role, that is, its mediation for the regulation of [SID] in
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urine and plasma (sparing strong cations) and not in being a
“carrier” of the excreted H* load.

Stewart's approach may be thought of, largely, as a mat-
ter of perspective, rather than a matter of practicality. The
described regulation does not require the discovery of new
mechanisms in the kidney, as it depends on those already
known. What changes are merely our perspective of how
these mechanisms affect [H'] in the plasma.

Common sense: Indeed, the sunny sky is
blue to the human eye, thanks to the Rayleigh
scattering!

Prof. Bie seems to misinterpret the way we used the con-
cept of “common sense,” in order “a theory's falseness or hol-
lowness to be exposed,” and not “to validate, at least partly
(1), a scientific theory” as he states. Initially, we note that the
confirmation/proof of the invalidity of a theory follows a dif-
ferent mental process from the corresponding confirmation/
proof of its validity, since we refer to two different (opposite)
things. Prof. Bie clearly identifies the exposure (let alone the
proof) of the inaccuracy of a theory with its validation. Of
course, a theory that contradicts common sense is dubious,
still not yet an invalid one. Of course, a theory is not vali-
dated just because it is in agreement with the common sense.
However, these last two sentences do not coincide. No further
comments are provided on Prof. Bie's “examples of physical
theories” that allegedly circumvent common sense.
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APPENDIX A

Here, we present the dependence relation between the disso-
ciation of two or more acids in aqueous solutions, as another
example of the process of switching roles between dependent
and independent variables in a physical model.

Consider a system that comprises an aqueous solution
containing amounts of n acids, each of one of which to be
denoted as HA,, for i = 1, ..., n, (following Arrhenius's defi-
nition of acids), with corresponding dissociation constant K, .
We then have the system of the following chemical reactions

Hy, 2HY"+A7, Vi=1,-,n

According to the isohydric principle, when more than one
acids are present in an aqueous solution, all are exposed/are in
equilibrium with the same [H*]. Hence, applying the Guldberg-
Waage mass action law for the acid dissociation reactions, we
deduce the corresponding system of equations

[HA,|
[A7]

4

[H*] =K, x Vi=1,-,n.

We denote by 7‘Ai =[A] 1/[HA,], fori=1, ..., n. Every xAi
measures the dissociation of H, : the increase of A, indicates
greater dissociation of H, . We note that in case of a strong

acid Hy we have K, =2, = oco. The above system of equa-
tions then gets the following form

from which we derive that

K, A

AN =1, een
KAj xAj

Hence, given a specific quantitative correlation between a
pair KA,. and KA]_, fori,j=1, ..., n, we can derive the relation
between the measures of dissociation 4, and 4 Ar For exam-
ple, 4, = 1037»Aj is equivalent to }‘Aj = 10_37»Ai, when K, is
thousand times as much as KA,»

We can further analyse the above dependence equations by
utilizing the properties of the dissociation constants K, , for
i=1, ..., n. Afirst approach could be by the very definition
of those constants. We remind that we define

+
KAi

Ky = —,
A; K;

Vi=1,-n,

where each KX_ corresponds to the respective reaction

+ -_
HAi—>H +Al. s
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while each K, stands for the reaction rate constant of
+ —
H A< H + Al. .

According to the law of mass action, we have the follow-
ing system of nonlinear ordinary differential equations

d [HA;
A kI [A] Vim e

V) afar)

dt = dtl = K/:, [HA[] ’

Vi=1,--,n

We note that, in the equilibrium, we derive by the law of
conservation of mass (mass balance) that

afua] _afHe] _afa7]

Vi=1,-,n,
dt dt dt ’ "
which gives us the well-known expression
[H*] [A7]
Ky=-———=, Vi=1,-n
’ [HA,|

We also note that the form of the above system is quite
common in applications, like ecology (see, eg the Lotka-
Volterra model) and epidemiology (see, eg SIR model), for
which we refer to Ref. [20]. In particular, we can write each
constant K:l as
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where

c_ stands for the number of occasions the ions H* and AT

get close enough to react with each other,

e p_ stands for the probability a close encounter of the ions
H* and A to end up with the formation of the molecule
HA,

e c_ stands for the number of occasions the molecules HA;
and H,O get close enough to react with each other, and

e p, stands for the probability a close encounter of the mole-

cules HA; and H, O to end up with the formation of the ions

H*and A"

At the end of the day, we are able to express every constant
K, in terms of the above variables. Thus, the same is true for
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the aforementioned dependence relation between the disso-
ciation of the acids in the aqueous solutions. For the sake of
completeness, we further note that

[H*]
[ ]+ [A7]

is the probability for an ion A to face an ion H* in a close
encounter with another ion and

(A7
[ +[A7]

is the probability for an ion H* to face an ion A7 in a close
encounter with another ion. Similarly,

[HA,]
[HA,| + [H,0]

is the probability for a molecule H,O to face a molecule HA, in
a close encounter with another molecule, and

[H,0]
[HA,| + [H,0]

is the probability for a molecule HA; to face an ion H,O in a
close encounter with another molecule.

A second approach could be a straight thermodynamic
one. Indeed, every constant K, is exponentially related to
the (Gibbs) free energy change per mole for the dissociation
reaction under standard conditions AGl.° =—RXTX anA’,
where R=8.314I x K~ ! xmol~! (universal gas con-
stant), and T is the thermodynamic (absolute) temperature
(Kelvin). Free energy change provides a quantitative meas-
ure of the favourability of a given reaction (at constant
temperature and pressure). Therefore, the aforementioned
dependence relation can be expressed in terms of free
energies and comparative thermodynamic favourability
(ie which of the two dissociation reactions is thermody-
namically/energetically more favourable). In fact, quanti-
tative analyses of body fluid chemistry have been carried
out using free energies.21



