
The devil is in the details:
Approach to refractory hypokalemia

A 71-year-old man was told by his pri-
mary care physician to go to the emer-

gency department for evaluation of asymp-
tomatic hypokalemia detected on outpatient 
laboratory testing. He had a history of coro-
nary artery disease, hypertension, gout, and 
atrial fi brillation. He reported that his father 
and brother had well-controlled hyperten-
sion diagnosed in adulthood. He was a former 
smoker but denied alcohol consumption. Re-
cently, he had been exercising daily and fol-
lowing a diet to lose weight. He had visited his 
primary care physician because of new-onset 
lower-extremity edema.
 The patient said that he had intentionally 
lost 20 pounds over 2 months by decreasing his 
caloric intake, and that he had experienced 
no vomiting, diarrhea, or abdominal pain. He 
did not use over-the-counter medications or 
herbal supplements. His home medications 
included warfarin 7.5 mg daily, clopidogrel 75 
mg daily, atorvastatin 80 mg daily, lisinopril 
20 mg daily, amiodarone 200 mg daily, and al-
lopurinol 300 mg daily. 
 On physical examination, the patient was 
alert and oriented. He was not in any distress 
but appeared nervous. His temperature was 
37.0°C (98.6°F), heart rate 84 beats per min-
ute, blood pressure 186/100 mm Hg, respira-
tory rate 8 breaths per minute, and oxygen 
saturation 99% while breathing oxygen at 4 
L/minute by nasal cannula. He had central 
obesity, with a body mass index of 34 kg/
m2. His heart rhythm was irregular, his lungs 
were clear to auscultation without crackles or 
wheezing, and gastrointestinal and neurologic 
examinations were unremarkable. 

His initial serum potassium level was 2.1 
mmol/L (reference range 3.5–5.0 mmol/L). 
Other initial laboratory values are listed in 
Table 1. 
 He was admitted to the hospital and re-
ceived a total of 230 mmol of potassium in-
travenously and by mouth over the next 20 
hours, but his serum potassium level increased 
to only 2.9 mmol/L. Therefore, the nephrol-
ogy service was consulted to evaluate his re-
fractory hypokalemia. 

 ■ METABOLIC DISTURBANCES REVIEWED

1 What metabolic disturbance does the pa-
tient have?

 □ Metabolic alkalosis with respiratory acidosis
 □ Mixed metabolic and respiratory alkalosis
 □ Triple disorder with metabolic alkalosis,

 metabolic acidosis, and respiratory alkalosis 
 □ Compensated metabolic alkalosis 

Analyzing an acid-base disturbance is a 5-step 
process. 
 Step 1: Look at the pH. Our patient’s ar-
terial pH was 7.55, which, being higher than 
7.45, shows a state of alkalemia. 
 Step 2: Determine if the primary process 
is metabolic or respiratory. In primary meta-
bolic alkalosis, the serum bicarbonate level is 
high—and our patient’s bicarbonate level was 
signifi cantly elevated at more than 45 mmol/L 
(reference range 23–32 mmol/L). On the oth-
er hand, in primary respiratory alkalosis (as 
can occur during hyperventilation), the par-
tial pressure of carbon dioxide (Pco2) is low—
but our patient’s breathing was slow and his 
Pco2 was elevated, refl ecting a compensatory 
process (see Step 4, below). 
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 Step 3: Calculate the anion gap. Subtract 
the sum of the concentrations of the anions 
chloride and bicarbonate from the concen-
tration of the most abundant cation, sodium. 
Importantly, the anion gap should be adjusted 
for the effect of an abnormal serum albumin 
concentration. The difference between the 
normal and the measured serum albumin con-
centrations in grams per deciliter is multiplied 
by 2.5, and the result is added to the calcu-
lated anion gap. In our patient’s case, the an-
ion gap adjusted for albumin was 5.25 mmol/L 
(reference range 8–16 mmol/L). The absence 
of an elevated anion gap ruled out concomi-
tant metabolic acidosis. 
 Step 4: Assess compensation. In compen-
sating for metabolic alkalosis, the breathing 
can slow down, and the Pco2 can rise by as 
much as 0.7 mm Hg, from a normal of 40 mm 
Hg for every 1-mmol/L rise in the plasma bi-
carbonate concentration (from a normal level 
of 24 mmol/L). Therefore, as our patient’s bi-
carbonate level was 45 mmol/L (21 mmol/L 
above normal), his Pco2 could increase by 
about 15 mm Hg to approximately 55 mm 
Hg—for a measured value of 54 mm Hg. Note 
that this compensatory process of carbon diox-
ide retention involves slowing the respiratory 
rate, which is not always achievable. Also, 
this hypoventilation can result in hypoxemia, 
which was observed in our patient.
 Step 5: Calculate the delta gap in cases 
of metabolic acidosis. Our patient had meta-
bolic alkalosis, not acidosis, and therefore did 
not need this step. 
 In conclusion, the patient had metabolic 
alkalosis with appropriate respiratory compen-
sation.1 

 ■ FURTHER EVALUATION OF METABOLIC 
ALKALOSIS

2 What is the best next step to further evalu-
 ate this patient’s metabolic disorder? 

 □ Random urine chloride measurement
 □ Random urine sodium measurement
 □ Random urine potassium measurement
 □ Random urine ammonium measurement

 Metabolic alkalosis should fi rst be evalu-
ated by obtaining a random urine chloride 
measurement (Figure 1). This helps classify 

metabolic alkalosis as either volume-respon-
sive (urine chloride < 20 mmol/L) or volume-
resistant (urine chloride ≥ 20 mmol/L).1 
 Urine chloride is more accurate than urine 
sodium as an indicator of intravascular vol-
ume depletion because chloride has a nega-
tive charge. In states of hypovolemia, sodium 
and chloride are reabsorbed from the urine 
as a consequence of activation of the renin-
angiotensin-aldosterone system. In metabolic 
alkalosis, the kidneys respond by excreting 
bicarbonate in the urine. The negative charge 
of bicarbonate, particularly in early stages of 
volume-depleted metabolic alkalosis, drags the 

TABLE 1

The patient’s laboratory values on admission

Test Resultsa Reference range

Sodium 140 mmol/L 132–148 mmol/L

Potassium 2.1 mmol/L 3.5–5.0 mmol/L

Chloride 93 mmol/L 98–111 mmol/L

Bicarbonate > 45 mmol/L 23–32 mmol/L

Blood urea nitrogen 30 mg/dL 10–25 mg/dL

Creatinine 1.11 mg/dL 0.7–1.4 mg/dL

Calcium 8.0 mg/dL 8.4–10.5 mg/dL

Albumin 2.7 g/dL 3.5–5.0 g/dL

Hemoglobin A1c 6.8% < 5.7%

Hemoglobin 14.5 g/dL 12–16 g/dL

White blood cell count 14.3 × 109/L 3.7–11.0 × 109/L

Platelet count 79 × 109/L 140–400 × 109/L

Alanine aminotransferase 79 U/L 0–45 U/L

Aspartate aminotransferase 81 U/L 7–40 U/L

Alkaline phosphatase 129 U/L 40–150 U/L

Bilirubin, total 1.4 mg/dL 0–1.5 mg/dL

Arterial blood gasses

   pH 7.55 7.35–7.45

   PCO2 54 mm Hg 35–45 mm Hg

   PO2 34 mm Hg 75–100 mm Hg

   Bicarbonate 47 mmol/L 18–23 mmol/L

a Abnormal results are shown in bold.
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positively charged ions sodium and potassium 
into the urine to maintain electroneutrality. 
Therefore, urine sodium and potassium levels 
are elevated in the fi rst 24 to 72 hours of vol-
ume depletion, but after 72 hours they drop.
 Urine ammonium is measured when evalu-
ating non-gap metabolic acidosis but has no 
role in states of alkalosis.2

 ■ CASE CONTINUED:
RESULTS OF FURTHER TESTING

Results of additional testing (Table 2) showed 
a urine chloride level of 32 mmol/L, indicating 
his metabolic alkalosis was volume-resistant. 
 Further, his urine potassium level was 68 
mmol/L and his urine creatinine level was 80 

mg/dL. (ie, 7.04 mmol/L) Therefore, his urine 
potassium-to-creatinine ratio was 9.66—and 
values greater than 1.5 indicate urinary loss of 
potassium. 
 Several days later, the patient’s renin level 
was measured and was normal, and his aldo-
sterone level was low. Note that he was taking 
lisinopril at home. Angiotensin-converting 
enzyme (ACE) inhibitors such as lisinopril 
block production of angiotensin II, thereby 
interrupting the negative feedback loop of the 
renin-angiotensin-aldosterone cascade and 
stimulating renin synthesis.3 However, a state 
of hypercortisolemia will suppress renin levels, 
which in our patient might appear artifi cially 
normal due to the concomitant use of an ACE 
inhibitor. 

Metabolic alkalosis
Arterial pH > 7.44

Bicarbonate > 30 mmol/L

Measure urine chloride

Low (< 20 mmol/L) High (≥ 20 mmol/L)

Volume- or chloride-responsive alkalosis Volume- or chloride-resistant alkalosis

Congenital chloride-losing diarrhea
Diuretics (late effect)
Gastric fl uid losses (vomiting, nasogastric suction)
Nonabsorbable anion delivery
Posthypercapnea

Hypertension present:
Congenital adrenal
  hyperplasia

Cushing disease or 
  syndrome

Geller syndrome

Hyperaldosteronism 
  (primary or secondary)

Liddle syndrome

Renovascular disease

Renin-secreting tumor

Apparent mineralo-
  corticoid excess

Hypertension absent:
Bartter syndrome

Gitelman syndrome

Diuretics (early effect)

Severe potassium
   depletion

Figure 1. Metabolic alkalosis should fi rst be evaluated by obtaining a random urine chloride. This step 
helps classify it as volume-responsive (urine chloride < 20 mmol/L) or volume-resistant (urine chloride ≥ 20 
mmol/L). The latter is further divided based on the presence or absence of hypertension.
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 ■ CAUSES OF VOLUME-RESISTANT
METABOLIC ALKALOSIS
WITH LOW RENIN AND ALDOSTERONE

3 All of the following conditions can cause 
volume-resistant metabolic alkalosis with 
low renin and low aldosterone levels ex-
cept which one?

 □ Liddle syndrome
 □ Apparent mineralocorticoid excess  
 □ Cushing syndrome
 □ Glucocorticoid-remediable aldosteronism 

 Liddle syndrome is an autosomal-domi-
nant condition characterized by hyperactivity 
of the epithelial sodium channel. More than 
30 variants of the genes that code for the 4 
subunits of this channel have been described, 
and the clinical features of Liddle syndrome 
can differ signifi cantly, as it has variable pen-
etrance.4,5 
 The epithelial sodium channel is found 
in the principal cell of the cortical collect-
ing duct of the distal nephron. If activity of 
this channel is increased, the abnormality will 
resemble a high-aldosterone state by causing 
excessive sodium reabsorption and potassium 
excretion. The high sodium load leads to vol-
ume expansion and hypertension.1,2 Therefore, 
this syndrome usually presents as early-onset 
hyper tension, hypokalemia, volume-resistant 
metabolic alkalosis, and a low-renin and low-
aldosterone state, since these hormone levels 
are suppressed. Due to its variable penetrance, 
the severity of the hypertension and the age of 
onset can differ.4,5 

 Apparent mineralocorticoid excess is an 
autosomal-recessive disease caused by a defi -
ciency of the enzyme 11-beta hydroxysteroid 
dehydrogenase type 2.6,7 This enzyme converts 
cortisol to one of its inactive metabolites, cor-
tisone, in aldosterone target organs such as the 
collecting tubules in the kidney.1 
 Cortisol and aldosterone have the same af-
fi nity for the mineralocorticoid receptor, but 
cortisol circulates in the system in a higher 
concentration (Figure 2). Therefore, this en-
zyme limits cortisol from acting as the major 
endogenous mineralocorticoid.1,2 Licorice and 
medications like posaconazole can also in-
hibit this enzyme, resulting in a state of excess 
cortisol that activates the mineralo corticoid 

receptors and clinically resembles primary hy-
peraldosteronism.1,6 Volume-resistant meta-
bolic alkalosis, hypokalemia, low renin, and 
low aldosterone levels are characteristic of 
this syndrome.7

 Cushing syndrome is a state of cortisol ex-
cess caused by ectopic production of adreno-
corticotropic hormone (ACTH).8,9 ACTH 
stimulates the zona fasciculata of the adre-
nal gland, leading to excessive production of 
cortisol.8 The excess cortisol overwhelms the 
11-beta hydroxysteroid dehydrogenase en-
zyme in the distal tubules and activates the 
mineralo corticoid receptors, producing a clin-
ical picture of primary hyperaldosteronism.1 
The most common sources of ectopic ACTH 
production include small-cell lung cancer and 
carcinoid tumors.9,10 As described above, this 
excessive activation of the mineralocorticoid 
receptor presents with volume-resistant meta-
bolic alkalosis with low renin and low aldoste-
rone levels. 
 Glucocorticoid-remediable aldosteronism 
is an autosomal-dominant condition in which 
chimeric gene duplication leads to crossover 
between the 11-beta hydroxylase and aldoste-
rone synthase genes.11 As a result, aldosterone 
is produced ectopically in the zona fasciculata 
solely under the stimulation of ACTH.2,11 The 
clinical picture is characterized by early-onset 
severe hypertension, and cerebrovascular and 
cardiovascular complications with a mean age 
of 32 at the time of the initial event.11 
 Even though this is another cause of vol-
ume-resistant metabolic alkalosis, glucocorti-
coid-remediable aldosteronism is a mineralo-
corticoid-excess state in which aldosterone 

Potassium 
infusions and 
supplements 
failed to raise 
his potassium 
level

TABLE 2

Additional workup

Tests Resultsa Reference range

Urine potassium, random 68 mmol/L 17.0–99.0 mmol/L

Urine chloride, random 32 mmol/L 30–260 mmol/L

Urine creatinine, random 80 mg/dL 40–278 mg/dL

Serum renin 2.17 ng/mL 0.25–5.82 ng/mL

Serum aldosterone < 1 ng/dL 3–16 ng/dL

a Abnormal results are shown in bold.
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levels are elevated and renin is suppressed. 
Therefore, this is the correct answer to the 
question above. Of importance, hypokalemia is 
uncommon in glucocorticoid-remediable aldo-
steronism, and when it occurs, it is usually trig-
gered by a potassium-wasting diuretic agent.2,11 
 The diagnosis of this condition is based 
on confi rming that aldosterone is suppressed 
when glucocorticoids are given, on genetic 
testing, or on detecting high levels of C-18 
oxidation products of cortisol in the urine.2,11 

 ■ CASE CONTINUED: A CANCER DIAGNOSIS

Liddle syndrome is characterized by early-onset 
hypertension and a strong family history, mak-
ing this condition less likely in our patient. 
Along the same lines, the inherited form of 
apparent mineralocorticoid excess presents 
in early childhood, while its acquired form, 
caused by inhibition of the enzyme 11-beta hy-
droxysteroid dehydrogenase type 2, is triggered 
by medications such as antifungals or by lico-
rice, which our patient was not consuming.

Figure 2. Processes of mineralocorticoid excess and effect of spironolactone. In the principal cells in 
the collecting ducts of the kidney, activation of the mineralocorticoid receptor (MR) increases the 
transcription, translation, and insertion of more epithelial sodium channels (ENaC) in the luminal 
side. Cortisol and aldosterone have the same affi nity for the mineralocorticoid receptor, but aldo-
sterone is present in higher concentrations. Activation of the mineralocorticoid receptor stimulates 
a cascade of intracellular reactions that results in increased expression of the epithelial sodium 
channel. Spironolactone blocks the mineralocorticoid receptor. The enzyme 11-β hydroxysteroid 
dehydrogenase (HSD) type 2 converts cortisol to its inactive metabolite, cortisone. This enzyme can 
be absent in apparent mineralocorticoid excess, or it can be inhibited by licorice or posaconazole. 
Notably, the increased number of epithelial sodium channels leads to sodium (Na+) reabsorption 
from the tubular lumen. To maintain electroneutrality, another positive ion (K+) is secreted into the
tubular lumen through the renal outer medullary potassium channel (ROMK).
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 Because Cushing syndrome was strongly 
suspected in this patient, further evaluation 
was pursued (Table 3), and ultrasonography 
of the liver was performed to evaluate the pa-
tient’s elevated aminotransferase levels and 
thrombocytopenia. Multiple hepatic masses 
were detected, the largest being 5 cm. This 
was followed by computed tomography of the 
chest, abdomen, and pelvis, which revealed 
a right suprahilar pulmonary nodule measur-
ing 2.7 cm, bilateral diffuse adrenal nodular-
ity (the probable source of his excess cortisol), 
and liver and pancreatic masses. Magnetic 
resonance imaging did not show any metasta-
ses in the brain or pituitary gland. Liver biopsy 
revealed metastatic small-cell lung cancer. 

 ■ ANTIHYPERTENSIVE THERAPY
IN HYPERMINERALOCORTICOID STATES

4 Which medication would be indicated to 
address this patient’s hypertension? 

 □ Spironolactone
 □ Verapamil
 □ Losartan
 □ Aliskiren

 Spironolactone is a synthetic steroid that 
competes with aldosterone. It also has affi nity 
for steroid receptors, specifi cally those of pro-
gesterone and androgen systemically.12 

 In the kidney, spironolactone is delivered 
through the blood to the distal nephron, 
where it penetrates the basolateral membrane 
and binds the mineralocorticoid receptor, lo-
cated in the cytosol (Figure 2).13 When aldo-
sterone activates this receptor, a cascade of in-
tracellular reactions is triggered, culminating 
in a decrease in degradation of the epithelial 
sodium channel.14 As a result, aldosterone in-
creases sodium reabsorption and volume ex-
pansion, and its antagonist, spironolactone, 
blocks these effects.13,14 

 Importantly, in the absence of mineralo-
corticoid excess, other potassium-sparing di-
uretics such as amiloride (an epithelial sodium 
channel blocker) are preferred to minimize re-
nal losses of potassium, as they are better tol-
erated. 
 Verapamil is a nondihydropyridine cal-
cium channel blocker that causes peripheral 
vasodilation and cardiac depression.15 It is a 

therapeutic option for hypertension, but it 
does not affect the mineralocorticoid pathway.
 Losartan is a selective inhibitor of the an-
giotensin II receptor. Angiotensin II induces 
vasoconstriction and the release of hormones 
like aldosterone, as well as catecholamines 
and arginine vasopressin.16 Consequently, 
angio tensin II receptor blockers (ARBs) lower 
aldosterone levels and, due to negative feed-
back, they increase renin and angiotensin II 
levels.3 
 Even though ARBs are excellent thera-
peutic options in states of excess renin-angio-
tensin-aldosterone activation, specifi c condi-
tions of mineralocorticoid excess are better 
addressed by targeted therapy with miner-
alocorticoid receptor antagonists such as spi-
ronolactone.17 Furthermore, the hypertension 
in Cushing syndrome is not mediated by an 
excess of aldosterone but by excess cortisol.8 
 Aliskiren is a direct renin inhibitor that 
binds to renin at its active site, thereby stop-
ping the cleavage of angiotensinogen that 
produces angiotensin I. In normal condi-
tions, angiotensin I is converted by ACE to 
angiotensin II. Therefore, aliskiren blocks the 
renin-angiotensin-aldosterone system at an 
earlier stage than ACE inhibitors, ARBs, or 
spironolactone.18 As mentioned above, Cush-
ing syndrome causes hypertension through an 
excess of cortisol, which directly activates the 
mineralocorticoid receptor.

 ■ CASE CONCLUSION

The patient was treated with spironolactone, 
and his hypertension and hypokalemia im-
proved. Weeks later, he was readmitted to 

The patient was
treated with 
spironolactone, 
and his 
hypertension 
and 
hypokalemia
improved

TABLE 3

Further additional workup

Tests Resultsa Reference range

Cortisol, AM level 125 μg/dL 6–26 μg/dL

24-hour urinary  16,080 μg/24 hours 4–50 μg/24 hours 
cortisol excretion

Adrenocorticotropic 1,140 pg/mL 6–50 pg/mL
hormone

a  Abnormal results are shown in bold.
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start chemotherapy and received etoposide and 
carboplatin. Because the cancer was advanced 
and unresectable, adrenalectomy to treat the 
hypercortisolemia was ruled out, and the 11-beta 
hydroxylase inhibitor metyrapone was added to 
his regimen with the goal of decreasing the con-
version of 11-deoxycortisol to cortisol.
 Unfortunately, the patient developed 
septic shock and kidney failure secondary to 
disseminated aspergillosis and died less than 
2 months after his initial presentation with 
asymp tomatic, refractory hypokalemia. 

 ■ TEACHING POINTS

• Severe hypokalemia (serum potassium level 
< 3 mmol/L) or symptomatic hypokale-
mia warrants prompt repletion and closer 
monitoring of serum levels to determine 
response to therapy. A lower serum potas-
sium threshold should be applied for pa-
tients with heart disease, due to increased 
risk for arrhythmias, as in our patient.

• The expected respiratory compensation 

for metabolic alkalosis is a 0.7-mm Hg in-
crease in Pco2 from a normal Pco2 of 40 
mm Hg for every 1-mmol/L rise in the 
plasma bicarbonate concentration from a 
normal level of 24 mmol/L.

• Chloride is the best urine electrolyte to 
measure to evaluate volume status in 
metabolic alkalosis, allowing it to be clas-
sifi ed as either volume-responsive (urine 
chloride < 20 mmol/L) or volume-resistant 
(urine chloride ≥ 20 mmol/L).

• Liddle syndrome, apparent mineralo-
corticoid excess, and Cushing syndrome can 
cause volume-resistant metabolic alkalosis 
with low renin and low aldosterone levels.

• Spironolactone, a mineralocorticoid re-
ceptor antagonist, is the drug of choice for 
hypertension in states of mineralocorticoid 
excess. 
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