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CHAPTER 71 

Iatrogenic and Poison-Derived Acid 
Base Disorders
Ivan N. Co and Kyle J. Gunnerson

OBJECTIVES
This chapter will:
1. Help the reader understand the significance of acid-base 

disturbances in the critical care setting.
2. Identify common iatrogenic acid-base disorders in the 

intensive care unit.
3. Acknowledge common drugs used in clinical practice 

causing acid-base disorders.
4. Explain the importance of alcohol dehydrogenase inhibition 

and extracorporeal removal of toxic alcohols in the treat-
ment and prevention of profound metabolic acidosis.

5. Discuss the mechanism and possible significant morbidity 
and mortality associated with metformin-induced lactic 
acidosis.

6. Review the importance of metabolic disturbances in the 
setting of salicylate, β-agonist, and lithium poisoning and 
how these may guide therapy.

Systemic toxins are a common cause of serious and some-
times fatal acid-base disturbances. Toxin-induced acid-base 
disorders occur through a variety of distinct metabolic 
pathways. Individual toxins also exert their effects at dif-
ferent stages during a poisoning. Some of these mechanisms 
include organic acid production through metabolic pathways, 
the direct addition of exogenous ions, mitochondrial 
dysfunction, direct impairment of renal function, impaired 
oxygen delivery, tissue hypoperfusion, and altered ventila-
tion.1 In a patient who is critically ill, these toxin-induced 
disturbances may be compounded by non–toxin-related 
sources of acid-base disequilibrium (i.e., hyperchloremia, 
chronic renal failure). These compounding circumstances 
make the management of the critically ill poisoned patient 
challenging. Nephrologists and intensivists must be aware 
of the toxin and non–toxin-induced causes of acid-base 
disequilibrium and be familiar with the mechanisms and 
treatments of each.

The differential diagnosis of iatrogenic and toxin-induced 
acid-base disturbances is extensive. There have been many 
xenobiotics, pharmaceuticals, chemicals, and other sub-
stances implicated in acid-base disturbances. In this chapter, 
we discuss the most frequently encountered poison-derived 
and most widely recognized iatrogenic acid-base disorders. 
This chapter follows a “physiologic disturbances type” 
format, discussing broad acid-base categories, within which 
different and common iatrogenic and poison-derived toxins 
are highlighted.

The issue of toxin-induced respiratory acid-base distur-
bances, although interesting, pales in comparison to the 
metabolic issues surrounding poisonings and usually is 
related to hyper- or hypoventilation. The vast majority of 
toxin-related respiratory acidosis is secondary to substances 
that cause respiratory depression either centrally or via 
respiratory muscle dysfunction (i.e., opiates).2 The opposite 

is also true in that most poison-related respiratory alkalosis 
is related to respiratory stimulants (i.e., salicylates, meth-
ylxanthines, and nicotine) or is compensatory in nature.3–5 
These respiratory acid-base changes are mentioned briefly 
in the general context of the following substances and their 
relationship to the overall metabolic picture.

SPECIFIC DISTURBANCES

Metabolic acidosis is encountered commonly in the setting 
of systemic poisoning associated with many toxicants. 
Metabolic acidosis arises as a result of acid overload either 
by endogenous (lactate production) or exogenous (glycol-
dependent drugs) accumulation of acids in the body, 
resulting in an overwhelming acid-base disturbance.6 
Toxicants can cause metabolic acidosis via numerous 
mechanisms and may present as three distinct types based 
on the anion gap. The first and foremost type includes 
poisons that cause a high anion gap metabolic acidosis. 
Iatrogenic toxins that are included in the discussion are 
the most well known, frequently discussed, and may require 
emergent intervention. These are followed by the most 
common and well-known poison-derived toxins causing 
metabolic acidosis. Some of the most common toxins causing 
metabolic disturbances are reviewed in Table 71.1.

High Anion Gap Metabolic Acidosis
Propofol
Propofol is a short-acting, intravenously administered 
sedative commonly given in the intensive care unit.6 One 
of the rare complications of intravenous (IV) administra-
tion of propofol, particularly in high doses (>4 mg/kg/

TABLE 71.1 

Mnemonic for Common Poison- and Iatrogenic-Derived 
Acid-Base Disturbances Causing Anion Gap  
Metabolic Acidosis53–80

C Carbon monoxide, cyanide
A Aminoglycosides
T Theophylline (β-agonists)
M Methanol
U Uremia
D Diabetic, alcohol, starvation ketoacidosis
P Paracetamol (APAP), phenformin, propofol, propylene 

glycol
I Iron, isoniazid
L Lactic acidosis, lithium
E Ethanol, ethylene glycol
S Salicylate
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use. Hemodialysis with a bicarbonate buffer may provide 
some benefit to patients with severe metabolic acidosis.12

Propylene Glycol
Propylene glycol (PG) is a water-soluble alcohol that serves 
as a solvent in a variety of intravenously administered drugs 
in the intensive care unit and the general medicine ward. It 
is similar chemically and physiologically to ethylene glycol, 
albeit less toxic.6 Most commonly used drugs administered 
intravenously containing varying amounts of PG are found 
in benzodiazepines (lorazepam and diazepam), esmolol, 
and nitroglycerin infusions as well as in phenobarbital 
and phenytoin (Fig. 71.1). PG is added to drug formula-
tion to improve solubility of hydrophobic compounds.13 
Toxicity associated with PG results as PG is metabolized 
by alcohol and aldehyde dehydrogenase in the liver to 
lactic and pyruvic acids, which can lead to varying degrees 
and severity of anion gap metabolic acidosis and hepatic 
dysfunction. PG is also eliminated in the urine unchanged, 
which can exacerbate toxicity in patients with acute kidney 
injury owing to accumulation of the compound.13

Studies have shown that PG toxicity is likely to occur 
at doses exceeding 25 mg/dL. However, measurements 
of serum concentration of PG are difficult to obtain, and 
serum testing turnaround times are slow.14 One reasonable 
approach to monitoring for PG toxicity is calculating for an 
increase in osmolar gap. Increasing osmolar gap (>10 mOsm/
kg) has been shown to correlate well with the likelihood of 
PG toxicity.14 Treatment for PG toxicity includes removal 
of the offending infusion and inclusion of cardiovascular 
support and hemodialysis. Given the pharmacokinetics of 
PG, particularly its metabolism by alcohol and aldehyde 
dehydrogenase to pyruvate and lactate, current evidence 
suggests the use of fomepizole as an inhibitor in PG toxicity.15

Acetaminophen
Acetaminophen (APAP) is an over-the-counter (OTC) 
analgesic and one of the most commonly used, misused, 
and abused drugs in the United States; it is now the 
most common cause of acute liver failure. It is found as 
a standalone analgesic OTC or in combination with many 
prescription narcotics such as codeine or oxycodone. APAP 
poisoning usually occurs either as an accidental poisoning 
resulting from consumption of a dose higher than recom-
mended or in suicidal attempts. APAP accounts for more 
than 50% of overdose-related acute liver injury and 20% of 
liver transplant cases.16 APAP, in its parent compound, is 
not the culprit for causing acute kidney injury. Rather, its 
toxic metabolite, N-acetyl-p-benzoquinoneimine (NAPQI), 

hr) and long-term (>48 hours) use is propofol infusion 
syndrome (PRIS).6 PRIS results in severe lactic acidosis, 
rhabdomyolysis, renal failure, and cardiac dysfunction. This 
is thought to be secondary to a combination of increased 
metabolic demand in critical illness (priming factor) coupled 
with catecholamine use, reduced glycogen reserve, and 
impaired fatty acid oxidation (triggering factors).7 The 
pathophysiology of PRIS is not very well understood, but 
one of the hypotheses surrounding PRIS relates to the 
inhibitory process propofol may have on fatty acid oxida-
tion, leading to impaired energy production in a catabolic 
state such as critical illness. This results in an inadequate 
energy production state, prompting anaerobic respiration, 
leading to peripheral muscle necrosis and lactic acid  
production.8

PRIS ultimately results in severe myocardial and car-
diovascular collapse as a result of excess serum fatty acids 
coupled with propofol’s ability to antagonize β- and calcium 
receptors.8 The risk of PRIS can be minimized by (1) using 
the lowest possible dose of propofol for the shortest duration, 
(2) early and adequate carbohydrate intake in patients on 
propofol infusion to prevent energy production by way of 
fatty acid metabolism, and (3) early recognition of early 
signs of PRIS, including unexplained metabolic acidosis, 
hypertriglyceridemia, as well as elevated creatinine kinase 
and myoglobin levels. Once PRIS is suspected, propofol 
infusion should be stopped and an alternative sedative 
agent should be used.8 Cardiovascular support and hemo-
dialysis are paramount in helping decrease the levels of 
circulating metabolic acids.

Metformin
Metformin is an oral hyperglycemic agent in the biguanide 
class. Metformin acts by increasing peripheral glucose 
uptake by increasing the capacity of insulin to bind to its 
receptors and increasing the synthesis of glucose trans-
porter. Metformin also inhibits gluconeogenesis, by way 
of non-competitively inhibiting the enzyme mitochondrial 
glycerophosphate dehydrogenase, resulting in a reduced 
conversion of lactate to glucose, ultimately resulting in 
metformin induced lactic acidosis.9 This occurs as a result 
of decreased conversion of pyruvate to glucose in the liver 
via inhibition of pyruvate carboxylase, responsible for the 
first step of gluconeogenesis. As a result of this inhibition, 
pyruvate is diverted into lactic acid formation, responsible 
for the anion gap metabolic acidosis. The lactic acidosis that 
forms as a result of metformin poisoning is different than 
the lactic acidosis that is well known in critical care. Lactic 
acidosis occurs as a result of hypoxia and hypoperfusion 
(type A) or elimination, clearance, liver dysfunction 
without clinical evidence of hypoxemia, or hypoperfusion 
(type B). Type B is associated with metformin poisoning 
resulting in gluconeogenesis inhibition and impairment 
of lactate metabolism.10 The most common factors that 
predispose a patient to metformin-induced lactic acidosis 
are renal insufficiency, drug-drug interaction, and liver  
injury.

Severe lactic acidosis associated with metformin is rare 
but can be serious and possibly fatal. It is characterized by 
generalized symptoms such as nausea, vomiting, abdominal 
pain, and malaise.11 Maintaining a high index of suspicion 
is of utmost importance. These patients may progress to a 
critically ill state with hypotension, altered mental status, 
respiratory failure, and hypothermia, which may mimic 
septic shock. These patients need aggressive symptomatic 
and supportive care with fluid resuscitation and vasopressor 
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FIGURE 71.1 Common critical care intravenous drugs containing 
propylene glycol.50–52 
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Ethylene Glycol
Ethylene glycol (EG) is a common toxicant and has been 
reported numerous times in the United States. It is found 
most commonly in antifreeze used in automobiles. Patients 
who are poisoned with it, either intentionally or accidentally, 
have severe, delayed metabolic acidosis, hypocalcemia, 
oxaluria, central nervous system damage, cardiovascular 
instability, and acute kidney injury.31 EG intoxication may 
be seen in early stages as altered mental status resembling 
alcohol intoxication. EG, like all alcohols, is absorbed rapidly 
and reaches peak serum levels about 1 to 2 hours after 
ingestion. Severe toxicity is rare with peak serum EG levels 
below 20 mg/dL.

The mechanism for the metabolic acidosis is well defined 
and is related to the accumulation of glycolic acid as an 
intermediate metabolite.32 Metabolism of EG is initiated by 
the enzyme alcohol dehydrogenase, which begins the cascade 
for the development of an anion gap metabolic acidosis 
and eventual acute kidney injury. Kidney injury is secondary 
to the formation of oxalic acid and its precipitation with 
calcium to form calcium oxalate crystals in the proximal 
renal tubule.33 The key to successful treatment of EG poison-
ing occurs by two distinct mechanisms: active removal of 
ethylene glycol and competitive inhibition of alcohol 
dehydrogenase with fomepizole and/or ethanol (Fig. 71.3). 
The initiation of fomepizole, an alcohol dehydrogenase 
inhibitor, or ethanol will competitively inhibit alcohol 
dehydrogenase, preventing the formation of glycolic and, 
ultimately, oxalic acid. Treatment should occur when 
acidosis is present and an EG level exceeds 20 mg/dL.34 
With elevated EG, hemodialysis also should be started early, 
even in the setting of normal acid-base balance and normal 
renal function. Hemodialysis (HD) decreases the half-life 
of EG to less than 4 hours and eliminates the parent EG 
compound, completely removing it from the metabolic 
cascade (see Fig. 71.3). If the acidosis and acute renal failure 
already have appeared and the EG level is above 20 mg/
dL, then fomepizole or ethanol and HD should be instituted. 
However, if the EG level is below 20 mg/dL and the patient 
has acute kidney injury with an anion gap metabolic aci-
dosis, HD alone is sufficient because the serum concentration 
of EG is at a level where prevention of future toxic metabo-
lites is clinically insignificant.34

Methanol
Methanol is a common ingredient in automotive and 
industrial products, which makes it an easily accessible 
poison causing acid-base disturbance. Methanol also uses 
the same metabolic enzyme, alcohol dehydrogenase, which 
converts methanol to the toxic metabolic, formic acid, 

metabolized through cytochrome P-450 (CYP450) (2E1, 1A2, 
and 3A4) is the culprit that causes acute liver injury and 
acute liver failure by depleting hepatic glutathione stores, 
resulting in oxidative stress, and mitochondrial dysfunc-
tion leading to depletion of adenosine triphosphate (ATP) 
stores.17–20 Aside from the above-mentioned mechanism 
causing acute liver failure, NAPQI also generates free radicals 
that affect mitochondrial ATP synthesis and cause necrotic 
injury most notably in the central lobular area or zone 3 of 
the liver because of the greater concentration of CYP450 
pathways in this specific anatomic location.21 Acute renal 
failure (ARF) in the setting of APAP toxicity is seen most 
commonly in conjunction with acute liver failure. However, 
ARF alone in this setting does occur and may be a direct 
effect of NAPQI presence in the renal tubule, occurring in 
around 5% of patients exposed to toxic levels of APAP. 
APAP-induced renal failure may require acute hemodialysis 
as a bridge until normal renal function returns, but most 
cases do not require it.22

The acid-base disturbances seen in the setting of APAP 
toxicity are associated with the above processes, the genera-
tion of NAPQI and glutathione storage depletion, ultimately 
contributing to the development of lactic acidosis and 
uremia.18 In severe poisonings, an elevated lactic acid is 
present and is the primary cause of the elevated anion gap. 
The Rumack-Matthew nomogram was devised in the 1970s, 
looking at the pediatric population, noting that a single-
plasma APAP level is not a reliable prognostic indicator. 
Thus the nomogram was devised, obtaining an APAP level 
4 hours after the initial acute ingestion of APAP, plotting 
the APAP level, and looking into whether probable hepa-
totoxicity is involved.23 Treatment of the anion gap metabolic 
acidosis as a result of APAP poisoning relies on treating 
the acute liver failure with the antidote N-acetylcysteine 
(a precursor of glutathione that inhibits formation of NAPQI), 
aggressive symptomatic and supportive care, and possibly 
acute hemodialysis for the anuric patient with worsening 
acidosis.18

Isopropyl Alcohol
Isopropanol or isopropyl alcohol is a clear, colorless liquid 
that is a major component of rubbing alcohol as well as 
regular household items such as cleaners, disinfectants, and 
hand sanitizers; it also can be found in pharmaceuticals.24 
Similar to other toxic alcohol ingestion, clinical symptoms 
of isopropanol ingestion range from clinical intoxication 
to profound obtundation. Diagnosis of isopropanol inges-
tion relies on astute history and physical examination, 
laboratory values that are significant for an elevated urine 
acetone level, and a wide serum osmolar gap.25 Interestingly, 
unlike the other toxic alcohols and their metabolites, which 
produce large anion gap metabolic acidosis, isopropanol 
is metabolized by alcohol dehydrogenase to its metabolite, 
acetone, which does not cause an anion gap metabolic 
acidosis and cannot be metabolized to a compound that 
does.26–27 As such, treatment with fomepizole, an alcohol 
dehydrogenase competitive inhibitor, actually prolongs 
the effect of isopropanol, because isopropanol cannot be 
metabolized to its byproduct for elimination (Fig. 71.2).25

Treatment of isopropanol poisoning is largely support-
ive.28 Hemodialysis can be initiated to enhance elimination 
of the parent drug but is rarely indicated because patients 
rapidly improve with supportive care alone.29–30 Further-
more, there is no definitive clinical evidence that hemo-
dialysis improves patient outcome in severe isopropanol  
poisoning.30

Isopropanol

Acetone

Alcohol dehydrogenase

FIGURE 71.2 The metabolic cascade of isopropanol. Acetone, the 
byproduct of isopropanol, is a ketone which does not cause an 
anion gap metabolic acidosis or elevated osmolar gap. 
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Salicylates
Salicylates are another commonly encountered over-the-
counter (OTC) medication frequently found in aspirin, 
Pepto-Bismol, and oil of wintergreen. They are metabolized 
in the stomach to salicylic acid and then rapidly absorbed. 
Salicylates are weak acids and can change chemical states 
depending upon the pH of the ambient environment. As 
the pH of the ambient environment (blood) becomes more 
acidic, the salicylic acid is driven into its nonionized or 
HA state, which renders it more amenable to crossing cell 
membranes, none more important than the blood-brain 
barrier. Given the unique ionic property of salicylic acid, 
its form can be manipulated by changing the pH of its 
environment. This underlies the fundamental concept for 
treating patients with salicylate poisoning. By increasing 
the pH of the blood, salicylic acid gets “ion trapped” in its 
ionic or charged form, preventing its passage across mem-
branes and the blood-brain barrier. This results in decreased 
cellular absorption and increases the renal excretion of H+ 
A-. Salicylates are primarily mitochondrial toxins and exert 
their effect via uncoupling of oxidative phosphorylation, 
which contributes to an incomplete production of ATP. 
The associated metabolic acidosis is a result of the hydrolysis 
of ATP with the accumulation of lactate and ketones with 
a dissipation of heat observed clinically as hyperpyrexia. 
Salicylates also directly stimulate the respiratory centers 
in the medulla, resulting in the classic clinical signs of 
tachypnea, hyperpnea, and respiratory alkalosis.38 Salicylate 
intoxication presents clinically with tinnitus, nausea, 
vomiting, fever, tachypnea, and profound mental status 
changes and shock. Salicylate-exposed patients may have 
a metabolic acidosis with a compensatory respiratory 
alkalosis early in the course and, without adequate therapy, 
may progress to an overwhelming uncompensated metabolic 
acidosis. The mainstay of treatment is urine alkalinization 
(urine pH 7.5–8) with sodium bicarbonate infusion and, 
in certain instances, hemodialysis. Hemodialysis is indicated 
for patients with an absolute level of 60 mg/dL in chronic 
intoxication and 100 mg/dL in acute intoxication. Patients 
with focal neurologic deficit, seizure, or mental status change 
at any salicylate level should undergo hemodialysis. Other 
indications for hemodialysis are pulmonary edema, increas-
ing salicylate level despite adequate decontamination and 
urinary alkalinization, worsening metabolic acidosis despite 

causing an anion gap metabolic acidosis as well as damage 
to a target organ, optic nerve (Fig. 71.4).25–26 Once the forma-
tion of formic acid occurs, it inhibits mitochondrial cyto-
chrome c oxidase and prevents oxidative metabolism, leading 
to a profound anion gap metabolic acidosis mostly from 
the accumulation of lactate.37 Methanol poisoning has a 
clinical appearance similar to other toxic alcohols, ranging 
from little to no sign of intoxication to overt obtundation. 
The classic findings in methanol poisoning are the develop-
ment of severe and progressive anion gap metabolic acidosis 
with optic nerve involvement, causing visual loss described 
as “snow blindness.” The treatment of methanol intoxication 
also requires the competitive inhibition of alcohol dehy-
drogenase with either fomepizole or ethanol along with 
hemodialysis if the methanol level is above 50 mg/dL.

A thorough clinical history and examination coupled 
with a heightened toxic serum alcohol suspicion is essential. 
Measuring anion and osmolar gaps can be extremely helpful 
in confirming a toxic alcohol exposure. The osmolar gap 
is the difference noted between the measured and calculated 
serum osmolality. Serum osmolality can be calculated by 
using the formula

Osm Na BUN Glucose= + ++( ) ( ) .2 2 8 18

Once the osmolar gap is known, using a conversion factor 
can help identify which alcohol is most likely (ethanol = 
4.6, isopropanol = 6, methanol = 3.2, ethylene glycol = 6.2).

Ethylene glycol

Glycoaldehyde

Glycolic acid*

Glyoxylic acid

Oxalic acid^

Ca2+

Alcohol dehydrogenase

Fomepizole/ethanol

Glycolic acid
dehydrogenase

NAD+

Aldehyde dehydrogenase
NADH

O2

Glycolic acid oxidase
H2O

Calcium oxalate

*Cause of metabolic acidosis. ^Cause of acute kidney injury.

FIGURE 71.3 Ethylene glycol (EG) has multiple toxic metabolites. 
The treatment of EG toxicity involves competitive inhibition of 
the proximal enzymatic process of alcohol dehydrogenase. Alcohol 
dehydrogenase fuels a metabolic pathway that results in the toxic 
metabolites of glycolic and oxalic acid. Competitive inhibition to 
prevent the production of glycolic and oxalic acid can be achieved 
either with fomepizole or ethanol (dark border). Another treatment 
modality, many times used in conjunction with competitive inhibi-
tion of alcohol dehydrogenase, is hemodialysis, whereby ethylene 
glycol and glycolic acid are removed from the circulation directly. 

Methanol

Formaldehyde

Formic acid**

Alcohol dehydrogenase

Fomepizole/ethanol

NAD+

Aldehyde dehydrogenase
NADH

**Causes metabolic acidosis and other systemic effects. 

FIGURE 71.4 The primary toxic metabolite of methanol is formic 
acid. The treatment of methanol toxicity involves competitively 
inhibit the enzyme alcohol dehydrogenase using either fomepizole 
or ethanol (dark border). Similar to EG toxicity, another important 
treatment modality used in conjunction with competitive inhibitors 
of alcohol dehydrogenase is hemodialysis. Hemodialysis removes 
methanol and formic acid from the circulation. 
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Treatment of β-agonist–induced lactic acidosis is mainly 
supportive. IV administration of fluids assists in the clear-
ance of lactic acid, but ultimately discontinuation of the 
offending agent is the definitive treatment.

Theophylline, like caffeine, is a derivative of xanthine 
and resembles the chemical structure of adenosine. It is 
used as a bronchodilator and respiratory stimulant for the 
management of asthma and emphysema. It is absorbed 
completely via the oral route and has a small volume of 
distribution except in the extremes of age. In this population, 
theophylline has a prolonged half-life and a larger volume 
of distribution. Theophylline undergoes Michaelis-Menten 
kinetics and in an overdose, the pharmacokinetics are 
unpredictable. Patients may develop chronic or acute 
theophylline toxicity; chronic is the most common. The-
ophylline’s toxic effects are usually secondary to its activity 
at the adenosine receptors, resulting in an indirect increase 
of catecholamines and subsequent alpha and beta stimula-
tion. It also is a phosphodiesterase inhibitor, which increases 
cyclic adenosine monophosphate, possibly affecting intracel-
lular calcium. Toxicity from xanthines affects primarily 
the gastrointestinal, cardiovascular, and central nervous 
systems. Theophylline also produces classic metabolic 
effects, including hypokalemia, hyperglycemia, and meta-
bolic acidosis. The most common form of acidosis generated 
is lactic acidosis, which occasionally causes profound 
alterations in serum pH. Fortunately, most of the metabolic 

adequate therapy, inability to tolerate hydration or alkaliniza-
tion, and acute kidney injury.

β-Agonist
β-agonists, such as albuterol and theophylline, are used 
widely in the critical care setting and are one of the mainstay 
therapeutic agents to help treat patients with asthma or 
chronic obstructive pulmonary disease (COPD) exacerbation. 
β-agonists are used commonly but are an uncommonly 
recognized culprit that causes iatrogenic acid-base distur-
bance, resulting in lactic acid formation. In the setting of 
β-agonist use, lactic acid formation is regarded as type B. 
This is because lactate is generated in the absence of 
hypoxemia or hypoperfusion.39 Type B lactic acidosis in 
the setting of albuterol use occurs as a result of the effect 
of albuterol metabolically. Albuterol directly causes a 
hyperadrenergic state, which signals the body to undergo 
glycogenolysis and gluconeogenesis.39 Enhanced glyco-
genolysis and gluconeogenesis result in increased production 
of glucose and pyruvate. Concomitantly, enhanced lipolysis 
and increased fatty acid production inhibit the enzyme 
pyruvate dehydrogenase, which shunts pyruvate away from 
the Krebs cycle.39 This ultimately results in increased 
pyruvate production directed to undergo anaerobic metabo-
lism and increased lactic acid production (Fig. 71.5).39 

Albuterol

Enhanced
glycogenolysis

Enhance
β2 receptor activation

Increased
gluconeogenesis

Increased glucose
production

Pyruvate
dehydrogenase

Pyruvate
production

Increased Krebs cycle
Lactic acid
production

Enhance lipolysis and
fatty acid production

Pyruvate
dehydrogenase

inhibition

FIGURE 71.5 β-agonist and its role in lactic acid production. Pyruvate dehydrogenase is inhibited by enhanced lipolysis and fatty acid 
production (dark border) as a result of activation of β2 receptor (dotted line). This results in diversion of pyruvate from the Krebs cycle 
to anaerobic respiration and lactic acid production. 
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acidosis (RTA). Proximal RTA is caused by impaired 
HCO3

− reabsorption in the proximal tubule causing HCO3
− 

wasting. These patients will present with hyperchloremic 
metabolic acidosis with a normal serum anion gap.6 The 
difference between drug-induced proximal RTA and 
hyperchloremia is the presence of urine pH of less than 
5.5 (in the setting of an intact distal H+ secretion) or a 
negative urine anion gap.

Pentamidine, trimethoprim, and potassium-sparing 
diuretics are a group of drugs that directly interfere with 
the sodium channel in the collecting ducts. This results in 
an inability of sodium to be reabsorbed, and consequently 
an impaired creation of a lumen-negative voltage gradient, 
which inhibits H+ and K+ secretion, causing hyperkalemia 
and hyperchloremic metabolic acidosis. Management of 
drug-related acid-base disorders is focused primarily on 
removing the implicated drug and conservative support.6

Lithium
Lithium (Li+) intoxication initially is seen with gastro-
intestinal and neurologic findings that can progress to 
seizures and cardiovascular collapse. Renal dysfunction, 
including nephrogenic diabetes insipidus, also may be 
associated with Li+ intoxication. There is a grading scheme 
to characterize Li+ intoxication, modified to include four 
progressive grades of intoxication: grade 0, which is 
asymptomatic, and progressing to grade 4, which may occur 
with seizures, coma, myoclonus, and/or cardiovascular 
dysfunction.45 Li+ intoxication also may occur with a normal 
non-anion gap metabolic acidosis primarily from unmea-
sured cations and a type 4 renal tubular acidosis.46

Treatment is generally symptomatic and supportive care 
with additional decontamination and enhanced elimination 
via aggressive intravenous hydration to increase renal 
clearance. Hemodialysis has been used in severe cases; 
however, the use of extracorporeal removal remains con-
troversial. The indications for dialysis reported in the lit-
erature rely heavily on the clinical condition of the patient, 
the Li+ level, and renal function; however, there are no 
widely accepted guidelines for its use. The only well-
supported indication for dialysis is in the patient with 
significant renal dysfunction that would not support 
aggressive hydration and fluid resuscitation. Most clinicians 
also would include those Li+ intoxicated patients with grade 
3 or severe Li+ intoxication based on the grading system 
mentioned above.47

Metabolic alkalosis is related typically to an underlying 
abnormality but also can be attributed to poison-derived 
acid-base disturbance. It can occur as an unintentional 
sequela to fluid loss associated with hypercalcemia second-
ary to malignancy or exposure to certain toxins that pre-
dominantly act on the loop of Henle (aminoglycosides).6,48–49 
Hypercalcemia occurs in the form of calcium carbonate 
and/or phosphate released from bone involved in metastatic 
disease. The excess calcium activates the calcium-sensing 
receptor on the loop of Henle and generates arachidonic 
acid metabolites.48 These metabolites block the secretory 
potassium channel resulting in deactivation of the Na-2Cl-K 
transporter, resulting in urinary loss of sodium, potassium, 
calcium, and the inability to concentrate urine resulting 
in acute kidney injury from volume loss and metabolic 
acidosis.48

Aminoglycosides affect the tubular system in a manner 
similar to hypercalcemia. Aminoglycosides activate calcium-
sensing receptors in the loop of Henle, increasing calcium 
level as well as inhibiting the Na-2Cl-K transporter, leading 

changes associated with xanthine toxicity are of minor 
clinical significance.39 Treatment of theophylline toxicity 
is appropriate symptomatic and supportive care, decon-
tamination, and extracorporeal removal with hemodialysis 
or charcoal hemoperfusion. The indications for hemodialysis 
are related to the severity of clinical manifestations, comor-
bidity, and absolute theophylline levels.

Non-Anion Gap Metabolic Acidosis
Hyperchloremia
Hyperchloremia is a common iatrogenically induced entity 
as a result of fluid resuscitation during shock.40 Iatrogenic 
hyperchloremic metabolic acidosis stems from excess 
chloride administration relative to sodium, commonly seen 
in 0.9% normal saline solution use. This results in a large 
increase in plasma chloride concentration relative to the 
plasma sodium concentration, causing a decreased strong 
ion difference (SID), the difference between positive and 
negative charged ions, resulting in acidosis to preserve the 
law of electroneutrality in serum as described by the 
quantitative acid-base analysis approach.41–42 Hyperchloremia 
has been identified in and potentially contributes to worsen-
ing kidney injury as well as contributes to increased morbid-
ity and resource utilization.40 Diagnosis of hyperchloremia 
is achieved more commonly by looking at the relative 
increase in the chloride-to-sodium ratio rather than the 
absolute value of chloride.41,43

For many years, the consequences of hyperchloremic 
metabolic acidosis have been downplayed and attributed 
to aggressive saline resuscitation in septic shock. However, 
recent studies may change this benign view of iatrogenic 
hyperchloremia, especially in patients with concomitant 
acute kidney injury and respiratory failure requiring 
mechanical ventilation. Patients with non-anion gap meta-
bolic acidosis secondary to hyperchloremia almost always 
experience an increase in their baseline minute ventilation 
to compensate for the extra acid. This may make it difficult 
for patients to be liberated from mechanical ventilation. A 
chloride level of more than 110 mEq/L in critically ill 
patients in septic shock was associated with an increase 
in all-cause hospital mortality.42 Treatment of non-anion 
gap hyperchloremic metabolic acidosis focuses on conserva-
tive use of normal saline during resuscitation. Once 
hyperchloremic metabolic acidosis and a normal anion gap 
exist, analysis of urine serum gap can help determine the 
presence of a renal tubular acidosis. Supplemental sodium 
bicarbonate may be of benefit particularly in intubated 
patients who have too high of a minute ventilation to liberate 
from mechanical ventilation.44

Antiviral and Antimicrobial Agents
Drug-induced acid-base disturbances are very common, 
particularly in the critical care settings, where patients have 
varying degrees of acute kidney injury. Acute kidney injury 
results in decreased renal clearance of drugs, and the drugs 
and/or their metabolites that are not efficiently cleared can 
linger, causing further acid-base disturbance because of the 
drug effect at different locations of the nephron.6 Most 
common drugs used in common clinical and intensive care 
practices are reviewed below.

Acetazolamide, antiretrovirals, ifosfamide, aminoglyco-
sides, and platins are a few drugs that directly cause 
acid-base disturbances as a result of proximal renal tubular 
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2. Poison-induced acidosis may be caused by several 
different mechanisms.

3. Recognition and maintenance of a high index of 
suspicion of the important poison-induced causes 
of metabolic disturbances are paramount.

4. Commonly used drugs in clinical and intensive 
care practice can cause metabolic disturbances.

5. Extracorporeal removal via hemodialysis and 
aggressive supportive care is essential in the treat-
ment of many acid-base disturbances.
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to urinary loss of sodium, potassium, and calcium, resulting 
in hypokalemia, metabolic alkalosis, and hypercalciuria.6

CONCLUSION

Acid-base disturbances are common in critically ill, poi-
soned patients. Metabolic acidosis is the most common and 
concerning of these and carries a long differential diagnosis. 
Historically, the use of an anion gap has been relied heavily 
upon to differentiate categories of toxins. In critically ill 
patients, comorbidities such as hypoalbuminemia may lower 
falsely the anion gap. The quantitative acid-base analysis 
approach may be helpful in identifying unmeasured ions in 
the form of an elevated strong ion gap. Unfortunately, this 
approach is used infrequently in the toxicology literature. 
Many xenobiotics and chemicals have been implicated in 
metabolic changes. Metabolic changes occur via multiple, 
well-described, or virtually unknown mechanisms. Under-
standing these mechanisms may help guide the recognition 
and possible therapy of poison-induced critical illnesses. 
If not recognized, poisoning-induced metabolic disorders 
can be a significant contributor to morbidity and mortality.

Key Points

1. Metabolic acidosis is by far the most common and 
concerning acid-base disturbance in iatrogenic and 
poison-induced critical illnesses.
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