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statements and contribute several physiological and 
physicochemical aspects that help reconcile the acid-base 
effects of organic acids in solution.

First, most organic anions do not exert effective buff-
ering in human plasma. From a chemical standpoint, 
buffering is a molecule’s ability to resist pH changes in 
a solution via reversible proton binding. The buffering 
capacity of an organic acid depends on its acid-dissocia-
tion constant (pKa) and the pH of the solution. The pKa 
of monocarboxylate organic acids such as gluconic acid, 
lactic acid, and acetic acid, is far from the physiological 
plasma pH range [3]. As a result, in human plasma, they 
are nearly fully dissociated and uncapable of buffering 
any acid load (Fig. 1A). The acid–base effect of infusing 
organic anions into separated human plasma is there-
fore no different from the effect of infusing strong anions 
(Fig. 1B). Because they do not act as effective buffers in 
human plasma, they should be considered strong ions 
under Stewart’s physicochemical framework and there-
fore alter strong ion difference [4].

Unlike monocarboxylate organic acids, citric acid is a 
triprotic organic acid; meaning it undergoes three suc-
cessive dissociation (or proton donation) steps, each 
characterized by a distinct pKa value. Its third dis-
sociation constant (pKa of 6.4) lies closest to physi-
ological pH, resulting in minimal buffering capacity 
[3]. However, citrate exists predominantly in its fully 
deprotonated trivalent anionic form, theoretically 
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independently of their metabolism, and (3) they are best 
explained by the accompanying sodium load and its 
impact on the strong ion difference [1, 2]. 

While these statements are not incorrect, they are 
incomplete and rely on selective use of different acid-
base interpretative frameworks. This risks becoming a 
renewed source of confusion in a field long shaped by dis-
agreement. In fact, these apparently divergent viewpoints 
represent complementary perspectives on a shared phys-
iological process. Here, we address each of the authors' 
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contributing approximately 3 mEq of negative charge per 
mmol infused into plasma. In practice, calcium binding 
offsets part of this negative charge. While citrate may 
exert effective buffering effects in fluids with lower pH 
(e.g. urine), in human plasma, unless metabolized, it is 
strongly acidifying [5].

Second, acid–base effects of organic anions depends 
on their removal from plasma. When sodium salts of 

organic anions are infused, they function as strong cat-
ions and anions with a net strong ion difference of zero. 
If infused into a solution with a positive strong ion differ-
ence (e.g. plasma), and in the absence of other changes or 
removal, the immediate effect is a reduction of its strong 
ion difference and an acidosis (Fig. 2A). However, organic 
anions are removed from the extracellular fluid for the 
purpose of (eventual) intracellular metabolism (Fig. 2B). 
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Fig. 2  The physicochemical perspective on the infusion of (monocarboxylate) organic acids. A: The Gamblegram showcasing components contributing 
to the final electroneutral state. Organic anions act as strong ions (red), which causes a decreased effective strong ion difference (SIDe) and a metabolic 
acidosis. B: Transfer of monocarboxylate organic acids from the extracellular fluid to the intracellular fluid through the proton-linked monocarboxylate 
symporter. C: The Gamblegram after removal of organic anions, showing an increased SIDe. Moreover, the increase in pH is accompanied by a modest 
redistribution of strong ions, resulting in a small reduction in strong ion difference (discussed in point 3), and a slight increase in A⁻, thereby causing a 
small attenuation of the rise in SIDe

 

Fig. 1  Acid–base contribution of organic acids in physiological pH range. A: Dissociation of organic anions at different pH. At a (physiological) pH range 
of 6.9–7.9, all organic anions remain effectively dissociated, indicating minimal buffering capacity in plasma. B: pH effect of organic acids versus a strong 
ion. Panel B is modelled using the Henderson-Hasselbalch equation. The model assumes a fixed strong ion difference, total weak acid concentration, and 
partial pressure of CO₂. As the concentration of the organic anions increases, the pH decreases. Over a physiological pH range, the effects of organic acids 
are consistent with strong ions
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From a physicochemical perspective, the alkalinizing 
effect of organic anion infusion can be estimated from 
the quantity that will be removed without the accompa-
nying strong cation, leading to an increase in strong ion 
difference (Fig. 2C) [4].

From a mechanistic perspective, removal of mono-
carboxylate organic molecules (e.g. lactate, β-hydroxy 
butyrate, and acetate) occurs together with a proton 
through a membrane monocarboxylate transporter [6]. 
Stoichiometrically, the amount of organic acid removed 
(millimoles) vastly exceeds the size of the free proton 
pool (nanomoles). However, as the free proton pool is 
reduced, buffer-bound protons (e.g., carbonic acid, pro-
teins, phosphates) dissociate back into the pool. Thus, 
although proton removal is stoichiometrically linked to 
organic acid removal, the resulting change in free proton 
concentration is small. This small change shifts the car-
bonic acid–bicarbonate mass balance equilibrium toward 
bicarbonate, increasing its relative concentration.

Intracellularly, organic anions converge on pyru-
vate hydrogenase and the citric acid cycle, where CO2 
is generated that is subsequently removed by ventila-
tion or hydrated into bicarbonate. Accordingly, infu-
sion of 13C-labelled lactate increases the presence of 
13C-bicarbonate [7]. Therefore, it is true that infusion 
of metabolizable organic anions eventually gives rise to 
bicarbonate, as do glucose and other macronutrients. 
However, it is the initial removal of plasma strong ions 
that produces the acid–base effect of organic anion infu-
sion, and not the subsequent CO2 production, as its total 
level is tightly controlled by ventilation [8]. Thus, organic 
anion metabolism itself does not directly produce plasma 
alkalinization, but it is crucial to maintain the gradient 
that enables organic anion removal from plasma.

Under normal conditions, the removal of most organic 
anions for metabolization occurs at high enough rates to 
support both commonly used descriptions of the alka-
linizing effects: a sodium-driven increase in strong ion 
difference and a concomitant rise in bicarbonate concen-
tration. In contrast, when metabolic capacity is impaired 
or saturated, organic anion removal is reduced, leading to 
plasma strong anion accumulation and persistent meta-
bolic acidosis [9]. In the case of gluconate, metabolism 
is relatively slow, and its clearance from the extracellular 
fluid occurs via larger, sodium-coupled transport mecha-
nisms. This likely explains its (lower than expected) effect 
on acid–base balance and its smaller functional contribu-
tion to increasing the strong ion difference [10, 11].

Third, observed plasma acid–base alterations cannot 
be attributed solely to the infused sodium load. While 
changes in plasma strong ion difference may mostly 
reflect the infused sodium load when organic acids are 
fully removed, plasma is not an isolated solution. Rather, 
it is part of a multicompartment physiological system. 

Changes in pH elicit buffering responses across multiple 
compartments (e.g. red blood cells, muscle, bone). As 
a result, electrolytes are redistributed across compart-
ments to preserve electroneutrality. Numerous clini-
cal and experimental studies have demonstrated that 
changes in pH are associated with reciprocal changes in 
strong ion difference, not fully explained by infused elec-
trolyte load itself [12, 13]. These changes are primarily 
mediated by changes in plasma sodium and chloride con-
centration. There remains a need for experimental and in 
vivo studies to fully describe the determinants and mag-
nitude of these responses.

Moreover, infused fluids can influence plasma pH 
through other determinants than strong ion difference. 
For example, rapid crystalloid infusion during resusci-
tation expands intravascular volume and dilutes weak 
acids (e.g. albumin, phosphate), exerting an alkalinizing 
effect. This effect is not readily seen with dialysis or slow 
maintenance fluids and not accounted for by evaluating 
sodium load alone [14].

Nonetheless, an ion equilibrium–guided approach, 
i.e. interpreting acid–base effects from measurable ionic 
charge balance (strong ion difference, weak acids, strong 
ion gap) across body fluid compartments, certainly offers 
greater clinical insight into the acid–base effects of 
organic acids than reliance on inferred metabolic path-
ways or viewing them solely as bicarbonate precursors.

In summary, most organic anions should be viewed as 
strong ions in human plasma and influence acid–base 
balance not through effective buffering, but through their 
(metabolism-dependent) removal from the extracellular 
fluid and subsequent increase in plasma strong ion differ-
ence and bicarbonate. These processes may be adequately 
characterized by ion equilibrium parameters, while 
accounting for dilutional effects of fluid kinetics and mul-
ticompartment electrolyte redistribution. A major con-
ceptual advance in understanding the acid–base effects 
of organic anions lies in recognizing the complementarity 
of physiological and physicochemical perspectives [15]. 
Integrating buffering physiology with electrolyte-based 
plasma chemistry facilitates interpreting complex clini-
cal acid–base disturbances and reconciling the effects of 
organic anions in intravenous solutions.
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