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Abstract

Background: Acid-base equilibrium in the human body is essential for the
maintenance of normal cellular physiological functions, metabolic homeosta-
sis, and immune regulation. The proper functioning of nearly all physiological
processes is dependent upon maintaining an appropriate acid-base equilib-
rium. Health is contingent upon this equilibrium being maintained within a
healthy pH range; once disrupted, it correspondingly impacts human well-be-
ing. Chronic acidosis and an increased systemic acid load may be induced by
the consumption of an acidogenic diet. Consequently, acid-base homeostasis
can be supported through dietary modification, primarily via the buffering or
alkalinizing effects of certain mineral salts. Conclusion: This review summa-
rizes the significance of acid-base equilibrium for human health, disorders as-
sociated with its dysregulation, the body’s compensatory mechanisms, and the
therapeutic roles as well as limitations of common alkalinizing salts. It aims to
provide insights for subsequent research into methods for sustaining acid-base
equilibrium.
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1. Introduction

The maintenance of normal cellular physiological functions, metabolic homeosta-
sis, and immune regulation is fundamentally dependent on acid-base equilibrium
in the human body [1]. Its core parameters-arterial blood pH, bicarbonate con-
centration, and partial pressure of carbon dioxide-must be strictly maintained
within narrow physiological ranges [2]. The proper functioning of nearly all phys-

iological processes in humans depends on the maintenance of an appropriate
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acid-base equilibrium. Intracellular and interstitial pH values are largely deter-
mined by arterial blood pH. The regulation of blood pH, which extends to the
entire extracellular fluid compartment, relies on the interaction between (i) the
urinary system, which controls the blood bicarbonate concentration ([ HCO; ])
[3], and (ii) the neuro-respiratory system, which controls the partial pressure of
carbon dioxide. The kidney’s task is to generate HCO} , secrete it into the circula-
tion, and reabsorb HCO; from the filtered plasma back into the bloodstream.
The lungs exhale carbon dioxide, with respiratory drive being controlled by chemo-
sensitive neural circuits [4]. A third line of defense, which minimizes pH changes,
is provided by the extensive buffer systems present in the extracellular fluid com-
partment. Persistent adherence to an acidogenic diet leads to sustained acid-base
disturbances, resulting in chronic latent acidosis. Athletes engaged in anaerobic
exercise often adhere to such acidogenic diets, characterized by high intake of an-
imal protein and simple carbohydrates. Compared with plant-based protein and
complex carbohydrate sources, acidogenic diets increase the risk of gastrointesti-
nal stress and gut microbiota dysbiosis, and elevate the systemic acid load [5].
Therefore, maintaining an equilibrious acid-base status through dietary and life-
style modifications may have positive impacts on health [6].

In the 1830s, cholera patients were infused with sodium carbonate (Na,CO;) to
compensate for the loss of serum alkali due to diarrhea, while the commercial pro-
duction of sodium bicarbonate (NaHCOs) as an antacid could be dated back to
the 1880s. Since then, decades of research progress have led to a widespread recog-
nition of the importance of acid-base equilibrium in health and disease. As crucial
substances for correcting acid-base non-equilibrium in both clinical and everyday
settings, alkalinizing salts play a key role in regulating body fluid acidity by di-
rectly supplementing bicarbonate or metabolizing to generate alkaline substances
[7]. The maintenance of human acid-base equilibrium relies on the synergistic
action of multiple systems, with the CO,/ HCO; buffer system being the most cen-
tral humoral buffering mechanism. This system facilitates the dynamic buffering
of H* through the rapid conversion of CO, and H,O catalyzed by carbonic anhy-
drase. The Henderson-Hasselbalch equation describes how pH is determined by
[ HCO; ] and p(COy):

[HCO; |

pH = pK,, +log,, 570,

Under normal physiological conditions, arterial blood pH is strictly maintained
within the range of 7.35 - 7.45. Deviation from this range significantly affects the
activity of pH-dependent enzymes, the function of membrane transport proteins,
and metabolic pathways: acidemia can lead to arterial dilation, insulin resistance,
and decreased immune function, while alkalemia may trigger myocardial hy-
poperfusion and seizures [8]. During acute inflammatory processes, particularly
in infection and the more severe condition of sepsis, acid-base equilibrium is often

severely challenged. The pH disturbances in the extracellular environment disrupt
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a wide range of immune functions [9]. The key regulatory role of metabolic aci-
dosis in early inflammatory processes may influence the prognosis of sepsis. It has
been reported that proton-sensing G protein-coupled receptors, including OGR1,
GPR4, and TDAGS, are crucial for physiological pH homeostasis and inflamma-
tion control [10]. Integrating relevant research findings on acid-base equilibrium,
this article systematically reviews the significant impact of acid-base equilibrium
on human health, common diseases resulting from acid-base non-equilibriums,
the acid-base regulatory role of alkalinizing salts, and the limitations of current
applications. It aims to provide a reference for research and practice in the related
fields.

2. Common Disorders Associated with Acid-Base
Non-Equilibrium

Charanya Suresh compared the level of awareness among dental students regard-
ing several aspects of acid-base equilibrium in relation to maintaining oral health
[11]. The findings of the study included a statistical analysis of dental students’
knowledge of salivary pH, as well as the impact of acid-base equilibrium on peri-
odontal diseases and dental caries. The results indicated that attention to dietary
components influences acid-base equilibrium. Maintaining a proper acid-base
equilibrium requires greater knowledge concerning protein consumption. Con-
currently, the study also highlighted potential links between salivary parameters,
oral hygiene, and conditions such as dental caries and periodontitis, which war-
rant further investigation in the future.

The role of diet in regulating human acid-base equilibrium is crucial. The con-
temporary Western diet is characterized by high consumption of acidogenic
foods, such as meats and cheeses, alongside low intake of vegetables and fruits.
This dietary pattern leads to increased endogenous acid production, thereby in-
ducing an acid-base non-equilibrium manifested as acid stress, and in its most
severe form, low-grade metabolic acidosis [12]-[14]. It is important to clarify that
mild metabolic acidosis is primarily regarded as a measurable biochemical state,
characterized by serum bicarbonate levels at the lower end of the normal range
and increased net acid excretion. Furthermore, when this state is sustained and
associated with adverse health outcomes, it may also be considered a clinically
relevant pathophysiological diagnosis. In addition, a high dietary acid load (DAL)
is associated with numerous adverse clinical outcomes, such as cardiometabolic
diseases and liver dysfunction [15]. These findings underscore the importance of
effective dietary strategies to mitigate diet-related acid load and its detrimental
consequences. Bicarbonate-rich mineral water serves as an effective method to
counteract diet-induced acid stress, exerting positive effects on cardiovascular
health, gastrointestinal function, and hepatic metabolism. Additional findings in-
dicate that increased acid load is also positively correlated with markers of liver
injury, including advanced liver fibrosis [16].

The relationship between a high dietary acid load and osteoporosis remains
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somewhat contentious. According to the acid-ash hypothesis, a chronic acid load
may promote bone demineralization by mobilizing calcium from bone to buffer
acids. However, the extent and clinical relevance of this mechanism are subjects
of debate.

3. Acid-Base Regulatory Effects and Mechanisms of Common
Alkalinizing Salts

3.1. Sodium Bicarbonate (NaHCO3)

Sodium bicarbonate (SB) is the most widely used alkalinizing salt in clinical
practice. Its core function is to directly supplement HCO; in body fluids, thereby
neutralizing excess H* produced by metabolism and rapidly correcting meta-
bolic acidosis. Multiple mechanisms contribute to buffering and eliminating ex-
cess H* to maintain acid-base equilibrium in response to an acid load. As a first
line of defense, acid is buffered by both intracellular and extracellular buffers,
and subsequently excreted by the kidneys and lungs. Carbon dioxide (CO,), a
volatile acid generated from the metabolism or breakdown of the bicarbonate
buffer, is eliminated via ventilation. The constant CO, concentration, set by res-
piratory control, regulates arterial pH in concert with the bicarbonate buffer

system.
H' +HCO; = H,CO, = CO, +H,0

Chronic kidney disease (CKD) constitutes a global health burden, and met-
abolic acidosis is a frequent complication that can accelerate disease progression,
leading to muscle wasting, bone demineralization, and systemic inflammation
[17]. Sodium bicarbonate (SB) supplementation represents the most widely uti-
lized alkali therapy, offering a direct and cost-effective method to buffer excess
acid and restore acid-base equilibrium. Both experimental and clinical data indi-
cate that sodium bicarbonate not only corrects metabolic acidosis but also miti-
gates the progression of CKD by reducing tubulointerstitial injury, oxidative
stress, and inflammatory pathways [18].

Consuming mineral water has emerged as a promising method for improv-
ing acid-base equilibrium [19] [20]. The bioactive constituents present in min-
eral water, including essential minerals such as calcium, magnesium, potas-
sium, and sodium, can improve the potential renal acid load (PRAL) and coun-
teract acidogenic dietary components [21]. Some mineral waters also contain
high levels of bicarbonate, which is a natural component of the body’s bicar-
bonate buffer system and plays a key role in neutralizing acids and maintaining
systemic acid-base equilibrium [22] [23]. The alkalinizing effect of bicarbonate-
rich mineral water can enhance insulin sensitivity by improving insulin recep-
tor binding, thereby improving glycemic control. Regarding lipid metabolism,
bicarbonate-rich mineral water may reduce cholesterol levels by altering gut
conditions and increasing bile acid excretion. Both effects on glucose and lipid

metabolism can positively impact cardiovascular health. Daily consumption
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(1500 - 2000 mL) of mineral water high in bicarbonate and sodium can favor-
ably influence urinary acid-base parameters and reduce net acid excretion
(NAE). As shown in Table 1, drinking mineral water with very high bicar-
bonate and relatively high sodium content (HBS water) can effectively reduce
renal acid load [24]. As illustrated in Figure 1, individuals consuming high-
bicarbonate mineral water exhibited slightly higher urine pH compared with
that consuming low-bicarbonate mineral water (LBS water). Further analysis
of the 28-day prolonged intervention revealed (Table 2) that HBS intake led to
elevated urinary pH (in both 24-h and spot urine samples) and increased bicar-
bonate levels, whereas LBS intake showed no significant effect on urinary pH
but resulted in a slight decrease in bicarbonate. Furthermore, consumption of
mineral water rich in bicarbonate and sodium effectively reduced the net acid
excretion (NAE) value. Despite their high sodium content, the impact of these
waters on blood pressure is mostly neutral or positive. Concurrently, these wa-
ters are also beneficial for individuals with gastrointestinal disorders such as
dyspepsia and heartburn, likely due to improved gastric motility and acid-buff-
ering capacity. This indicates an absence of adverse effects on human health
while maintaining acid-base equilibrium. These findings underscore the im-
portance of mineral water composition in acid-base regulation. In summary,
bicarbonate-rich mineral water represents a promising non-pharmacological
strategy for reducing acid load and promoting metabolic, cardiovascular, and

gastrointestinal health.

Table 1. Mineral contents and PRAL of the testing products. [24]

Mineral Test product
HBS mineral water LBS mineral water

HCO; (mg/L) 4368 228

Na* (mg/L) 1708 8.4

Cl" (mg/L) 322 11

SOif (mg/L) 174 15

K* (mg/L) 110 2.3
Ca* (mg/L) 90 67.5

Mg? (mg/L) 11 6.9
P (mg/L) 0.0" 0.0%
PRAL (mEq/L) -63.07 -0.89

HBS = high bicarbonate and sodium, LBS = low bicarbonate and sodium. PRAL = potential
renal acid load according to the formula proposed by Wynn et al [21]. **Phosphate content
below detection limit.
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Figure 1. (a) The pH value of 24-hour urine at the beginning of the study (to), at the interim examination (t;), and at the end of the
intervention (tzs). (b) NAE at the beginning of the study (to), at the interim examination (ts), and at the end of the intervention (tzs)

[24].

Table 2. Urine analysis and fluid consumption at the beginning of the study (to), at the interim examination (t;) and at the end of

the intervention (tzs). [24]

Time
I I
Parameter Group . pvalue . p .va ui
to ts ts (time x group) (time)
HBS 2300 (1065)¢ . 2704 (1100)° <0.001
Fluid consumption (mL) 0.255
LBS 2260 (920)° . 2605 (822)° 0.010
HBS 2341 (1221)>¢ 2742 (879)* 2687 (1081)¢ <0.001
Urine volume (mL) 0.176
LBS 2193 (1098) ¢ 2685 (951)° 2704 (1021)¢ <0.001
HBS 6.17 (0.66) < 7.28 (0.22)° 7.23 (0.32)¢ <0.001
pH (24-hour urine) <0.001
LBS 5.98 (0.88) 6.00 (0.66) 5.92 (0.68) 0.710
HBS 5.66 (0.58)%¢ 7.07 (0.53)° 6.90 (0.71)° <0.001
pH (spontaneous urine) <0.001
LBS 5.68 (0.99) 5.65 (0.86) 5.53 (0.91) 0.922
HBS 8.25 (4.00)¢ 24.73 (9.00)? 24.50 (12.53)¢ <0.001
HCO; (mmol/L) <0.001
LBS 6.83 (6.15)° 6.18 (2.65) 6.18 (2.25) 0.004
HBS 2244 (23.80)>¢  —15.40 (11.40)*  —14.25 (15.00)¢ <0.001
NAE (mEq/d) <0.001
LBS 22.28 (19.00)? 17.80 (9.65) 18.53 (13.20) 0.011

Data are shown as median (IQR). HBS = high bicarbonate and sodium, LBS = low bicarbonate and sodium. HCO, = bicarbonate
in urine, NAE = net acid excretion. *Time x group interactions were analyzed using two-way repeated measures ANOVA. **Dif-
ferences over the intervention time within each group were assessed using repeated measures ANOVA. * = sign. Differences between
to and ts (short term), ® = sign. Differences between t; and tzs (follow-up), © = sign. Differences between to and tas (long-term).
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However, bicarbonate also carries certain potential risks. Mohebbi [25] and
Melamed [26] compared adverse events between bicarbonate and control groups,
indicating that its tolerability may be influenced by dosage or formulation. Raph-
ael [27] observed a dose-dependent increase in bicarbonate but a concomitant rise
in proteinuria, highlighting the complexity of acid-base interventions in CKD.
While bicarbonate can effectively address the biochemical manifestations of met-
abolic acidosis, its capacity to alter the pathophysiology of CKD may be limited,
particularly in advanced stages of the disease. Furthermore, the cost of bicar-
bonate therapy is also relatively high. Overall, in patients with chronic kidney dis-
ease, bicarbonate is indicated to treat metabolic acidosis and slow renal progres-
sion, but should be avoided or restricted in those with volume overload, uncon-
trolled hypertension, or hypercapnia to prevent sodium overload and electrolyte
disorders. Similarly, in kidney transplant recipients, low-dose bicarbonate may
correct mild acidosis, yet is not recommended in patients with impaired graft
function, hypercalcemia, or nephrolithiasis due to increased stone risk. As for di-
alysis patients, bicarbonate is routinely used to correct chronic acidosis, but high-
dose boluses should be avoided to reduce alkalosis, hypokalemia, and hemody-
namic instability. By contrast, in athletes, bicarbonate may improve high-intensity
performance via buffering lactic acidosis, but is not suitable for those with sub-
clinical renal impairment, gastrointestinal disease, or electrolyte abnormalities

due to gastrointestinal distress and alkalosis risk.

3.2. Other Alkalinizing Salts
3.2.1. Citrate Salts

Citrates act as calcium (Ca) chelators, exerting their anticoagulant effect by reduc-
ing the concentration of calcium ions (Ca®*). Citrates have been described as con-
ferring various long-term beneficial effects, including reducing thrombogenesis
[28], improving dialysis efficacy [29], mitigating inflammation [30], promoting
nutrition [31], enhancing tolerance [32], and controlling acid-base equilibrium by
attenuating pre-dialysis acidosis. As citrate is metabolized to HCO; in the liver,
it provides a gentle, indirect method of raising HCO; levels. Alternative buffers
such as THAM tris(hydroxymethyl)aminomethane, also known as tromethamine
or trometamol) bind H* without generating CO,, and the protonated product is
readily cleared by the kidneys [33]. Furthermore, because a portion of THAM is
uncharged at physiological pH and is cell-permeable, it can combat intracellular
acidosis. Compared to other bases capable of substituting for HCOy , such as lac-
tate and acetate [34] [35], research by Patricia ef al demonstrated that citrate di-
alysis more effectively maintains post-dialysis acid-base equilibrium compared to
acetate dialysis, thereby reducing or avoiding the occurrence of post-dialysis al-
kalemia. Citrate plays a crucial role in acid-base equilibrium. It is released from
bone during metabolic acidosis and can serve as a potential buffer. As a conse-
quence of its metabolism, citrate also serves as an important source of alkali equiv-

alents. When bone is exposed to an acidic pH and undergoes physicochemical
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dissolution, phosphate, calcium, carbonate, and citrate are released from the bone
matrix into the systemic circulation [36]. Additionally, metabolic acidosis may
increase citrate production in osteoblasts. Chronic metabolic acidosis leads to in-
creased proximal tubular citrate reabsorption, resulting in alkali-retentive hypocitra-
turia. Combined with acidosis-induced hypercalciuria, this increases the risk of

nephrolithiasis.

3.2.2. Acetate Salts

Patricia’s research revealed that the addition of bicarbonate necessitates the con-
comitant use of an acid, leading to the implementation of an LD (liquid dialysis
concentrate) generation system comprising two concentrates: one containing bi-
carbonate and the other containing an acid. The acid typically used is acetic acid,
with its concentration varying between 3 to 10 mmol/L. During hemodialysis
(HD), this trace amount of acid results in acetate transfer to the patient, elevating
its concentration in the blood to levels 30 - 40 times higher than the normal phys-
iological range (approximately 0.1 mmol/L). This acetate exposure is further in-
creased with online hemodiafiltration (HDF) techniques due to the larger volume
of reinfusate. Among the documented side effects of acetate, its role in contrib-
uting to hemodynamic instability during HD is particularly noteworthy. This in-
stability is mediated through vasodilation induced by nitric oxide release and the
activation of pro-inflammatory cytokines triggered by hypoxia. Compared to LD
containing a low acetate concentration (3 mmol/L), patients dialyzed with acetate-
free LD exhibit a lower risk of hemodynamic complications. Consequently, the
search for alternative acids to serve as stabilizers in LD formulations has been on-

going for many years [37].

3.2.3. Phosphate Salts

Non-bicarbonate buffers, both intracellular and extracellular, include phosphates,
hemoglobin, and various proteins [38]. Furthermore, the inorganic components
of bone can buffer a substantial amount of H* during an acid load. Calcium and
phosphate metabolism participate in acid-base homeostasis at several physiologi-
cal intersections. Phosphate plays a crucial role in defending against metabolic
acidosis, serving both as an intra- and extracellular buffer and, through this buff-
ering reaction, facilitating the renal excretion of excess H* in the form of urinary
titratable acid [39]. In the state of metabolic acidosis, bone acts as an extracellular
buffer, as acid-induced dissolution of bone hydroxyapatite releases Ca** and phos-
phate into the extracellular fluid (ECF) [40].

4. Conclusions and Outlook

The changes in mineral metabolism that occur in response to acid load and met-
abolic acidosis to restore acid-base equilibrium are multifaceted. The body’s inte-
grated physiological response to acid includes: sequestering H* via various extra-
cellular and intracellular buffers, increasing carbon dioxide elimination through

ventilation, enhancing renal reabsorption of bicarbonate and citrate, and elimi-
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nating acid via excretion of H* carried by ammonia and buffers, including phos-
phate. Furthermore, the bone matrix undergoes demineralization, leading to the
dissolution of bone apatite and the release of phosphate, calcium, carbonate, and
citrate into the systemic circulation. Renal handling of calcium, phosphate, and
citrate is also altered, resulting in hypercalciuria, hyperphosphaturia, and hypocitra-
turia. While the primary aim of these adaptive changes is to serve as an evolution-
arily conserved defense mechanism against an acid load, the systemic “trade-off”
is the emergence of several adverse compromises, such as bone and stone-related
complications. The distinction between a “state” and a “disease” depends on the
nature, severity, and duration of the acid load, as well as the capacity of the defense
mechanisms. Understanding the pathophysiology of mineral complications in ac-
idosis will equip us with the ability to prevent and ameliorate these conditions.
Research on the therapeutic importance of acid-base equilibrium continues to
garner significant interest from the scientific community and is expected to yield
many more effective treatments in the coming years. Future studies should prior-
itize conducting large-scale, long-term trials to ensure that therapeutic interven-

tions operate within a reasonable range, free of significant drawbacks.
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