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INTRODUCTION

ypokalemia is a common electrolyte abnormality

in clinical practice.’ Potassium is predominantly
an intracellular cation with the intracellular to extra-
cellular potassium ratio being crucial in maintaining
the resting cell membrane potential. Extracellular po-
tassium depletion increases this ratio, resulting in cell
membrane hyperpolarization of most cells except Pur-
kinje fibers. Purkinje fibers have paradoxical depolar-
ization from sodium influx through K" channel isoform
1 channels.” Chronically low
levels <3.5 mEq/l have been associated with charac-
teristic histopathological features of nonfatty degener-
ation of the convoluted tubules, varying from mild
cytoplasmic vacuolization to extensive necrosis and
sloughing of tubular cells.”* Herein, we present an
interesting renal biopsy case of acute on chronic kid-
ney injury from hypokalemic nephropathy, review
effects of low K on renal pathophysiology in experi-
mental animal models and patient case series, and
discuss association of low K with renal disease pro-
gression and mortality.

CASE PRESENTATION

A 49-year-old white woman presented to the renal clinic
for evaluation of persistent low K. Her medical history is
notable for biopsy-proven lymphocytic collagenous
colitis treated with oral prednisone for 20 years with
intermittent flares, rosuvastatin-associated myopathy,
and numerous hospitalizations for myopathy secondary
to low K beginning 7 years before her current presen-
tation. Her medications include duloxetine, pregabalin,
and trazodone. She denied use of any over-the-counter

serum potassium
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medications. She had no family history of renal disease
or low K. Physical examination revealed a thin but well-
developed woman of stated age, with a blood pressure of
123/84 mm Hg, a heart rate of 96 beats/min, and weight
of 57 kg. Orthostatic vital signs revealed standing blood
pressure of 107/75 mm Hg and heart rate of 94 beats/
min. Skin turgor was normal. Her cardiopulmonary
examination was benign with regular heart sounds, no
murmurs, no lower extremity swelling, and clear lungs.
Her abdominal examination demonstrated no evidence
of tenderness or masses. She had no joint pain or
swelling or skin rash, and her muscle bulk and strength
were noted to be normal with appropriate gait and
stance. Initial laboratory parameters in comparison to
her previous available laboratory test results (Table 1)
revealed an increase in serum creatinine levels from 1.7
to 2.1 mg% over 2 weeks. Dipstick urinalysis was
notable for a specific gravity of 1.005 and a urine protein
level of 19.8-49.6 mg/dl; microscopy showed 1 to 2 red
blood cells per high power field and 1 to 3 white blood
cells per high power field (present in previous urinal-
yses) with no cellular casts. A random urine protein to
creatinine ratio was found to be elevated (1.2 and 1.5) on
2 occasions, which paralleled an increase in serum
creatinine level. The urine potassium to creatinine ratio
was 17.3 mEq/g, and the urine potassium level was 2.7
mmol/l. The urine potassium to creatinine ratio is
usually <13 mEq/g in low K cases because of the
transcellular shift of potassium.’ The higher urine po-
tassium to creatinine ratio makes transcellular shift a less
probable cause of her hypokalemia, and the low urine K
level supports nonrenal losses of potassium in her stool.
Her serum creatinine phosphokinase levels were 81 to
218 U/l (normal range) on multiple occasions when her
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Table 1. Chronology of serum laboratory parameters of the case

Time of the laboratory test
(month-year)

BUN level (mg/dl) ~ SCr level (mg/dl) K level (mEg/)

01-2012 12.0 1.22 3.1
01-2015 19.3 1.76 3.1
02-2015 (biopsy) 19.3 2.10 24
05-2015 124 1.72 3.7

BUN, blood urea nitrogen; K, serum potassium; Scr, serum creatinine.

serum potassium level was <2.5 mmol/l. Differential
diagnoses of the progressive loss of renal clearance, fe-
male sex, age, proteinuria, and microscopic hematuria
included glomerulonephritis, interstitial nephritis, and/
or infiltrative diseases. Serological testing including
antinuclear antibody, double-stranded DNA, anti-
neutrophil cytoplasmic antibodies, hepatitis B, and
hepatitis C was negative, and complement levels were
not elevated. Urine protein electrophoresis showed
abnormal bands in gamma and beta regions, but serum
electrophoresis did not reveal monoclonal bands or
spikes. Renal ultrasound revealed slightly hyperechoic
cortices of both kidneys (size, 10.5 cm each) with a 7-mm
nonobstructing stone found in the mid right kidney.
Stone risk analysis revealed hypocitraturia (low citrate
excretion, 39 mg/d), low potassium excretion (8 mEq/d),
and low magnesium excretion (25 mg/d). The serum
magnesium level was 2.3 mg/dl and phosphorus level
3.7 mg/dl (normal range) at the time of renal biopsy.
Renal biopsy was done in February 2015 for wors-
ening renal function with proteinuria and abnormal
urine protein electrophoresis. Light microscopy
revealed 17 of 33 glomeruli to be globally sclerotic.
Nonsclerotic glomeruli were normocellular with
segmentally increased mesangial matrix and no cres-
cents. Moderate tubular atrophy with 40% cortical
interstitial fibrosis and patchy lymphoplasmacytic in-
filtrates was present. Nonatrophic tubules were dilated
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Figure 1. Light microscopy image of a kidney bhiopsy specimen in a
patient with hypokalemia showing extensive vacuolization of the
proximal tubules with acute tubular injury. Hematoxylin and eosin,
original magnification x200.
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Figure 2. High-magnification image of a kidney hiopsy specimen in
the same patient showing irregular large intracytoplasmic vacuoles
and tubular degeneration. Hematoxylin and eosin, original magnifi-
cation x400.

with flattened epithelial cells, many of which contained
irregular cytoplasmic vacuoles that were periodic acid—
Schiff negative. Arterioles demonstrated moderate
hyalinosis and intimal fibrosis of interlobular arteries.
Immunofluorescence microscopy was negative for de-
posits. Electron microscopy showed no electron dense
deposits and minimal podocyte foot process effacement,
and the proximal and distal tubules contained many
lysosomal vacuoles with a typical vacuolar membrane
and electron lucent contents with or without various
lipid materials (Figures 1-4).

Clinical Follow-up

The patient was treated with oral potassium chloride 60
mEq twice daily until diarrhea resolved. Evaluation of
the patient’s acute diarrhea led to a repeat biopsy of the
terminal ileum and colon, reconfirming the presence of
lymphocytic collagenous colitis in March 2015. Oral

Figure 3. Light microscopy (trichrome-stained) image of a kidney
biopsy specimen in the same patient showing sclerotic glomeruli
and moderate interstitial fibrosis. Original magnification x100.
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Figure 4. Electron microscopy image of a kidney biopsy specimen in
the same patient showing lysosomal vacuoles (arrows) with a typical
vacuolar membrane and electron lucent contents in the proximal
and distal tubules. Original magnification x4000.

budesonide twice daily (dose range, 3—9 mg) resulted in
remission of her colitis and improvement in low K.
Sodium bicarbonate was added to correct mild meta-
bolic acidosis during her acute diarrheal flares. The
patient achieved clinical remission with a serum po-
tassium level of 4.3 mEq/l, a serum creatinine level of
1.68 mg/dl, and a spot urine protein to creatinine ratio
of 0.3. Persistent microscopic hematuria (7 red blood
cells per high power field) is presently attributed to her
renal lithiasis and negative urologic evaluation.

DISCUSSION

Uncomplicated potassium depletion over 2 to 6 weeks in
rats produces a spectrum of lesions in the convoluted
and collecting tubular epithelium, including cloudy
swelling, extensive vacuolization, fatty and calcific
degeneration, thickening and fibrillation of the base-
ment membrane of the thin ascending limb of loop of
Henle, necrosis, and atrophy.(’ “Vacuolar degeneration”
in the kidneys of deceased patients with chronic dys-
entery, first described in 1919 by Jaffe and Sternberg,
was attributed to intestinal losses of unspecified
“nutritional substances”.” Perkins et al. recognized this
entity in 1950 in humans.® Conn and Johnson coined the
term “kaliopenic nephropathy” for renal lesions with
tubular vacuolization in association with long-standing
potassium depletion of various etiologies.” “Hypokale-
mic nephropathy” was coined by Cremer and Bock in
the late 1970s when they recognized similar histological
findings of vacuolar lesions with chronic interstitial
fibrosis in hypokalemic rat renal biopsies as well as
human renal biopsies and autopsies.'’ Human renal bi-
opsies by light microscopy revealed large empty vacu-
oles that did not stain for fat or glycogen.
Approximately two-thirds of the changes were found in
the proximal tubules and one-third in the distal tubules.
Electron microscopy showed extracellular vacuoles in
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the tubular basal membrane'' and various sized vesicles
in the intracellular space surrounded by the basement
membrane. Disappearance of both the vacuolar and the
nonspecific degenerative tubular changes after repletion
of the potassium deficit in 2 patients led support to the
hypothesis that both lesions were in fact related to po-
tassium deficiency.’

Cytoplasmic vacuolar changes in the tubular epithe-
lium can be seen in various conditions such as treatment
with hypertonic solutions, acute calcineurin inhibitor
toxicity, and sodium ethylenediamine tetraacetate
poisoning as described below. The hydropic changes
consist of a fine diffuse vacuolar clearing of the cyto-
plasm of the proximal tubular epithelium in patients
treated with hypertonic solutions (sucrose, mannitol,
high-molecular-weight dextrans, radiopaque contrast
material, or i.v. Ig),'” whereas isometric vacuolization
reflects distended lysosomes and dilated endoplasmic
reticulum in patients with acute calcineurin inhibitor
toxicity.'” Ethylenediamine tetra-acetic acid poisoning
shows the cytoplasm of renal tubules filled with fine,
small, clear vacuoles best seen at the base of the prox-
imal tubular epithelium with brush border usually well
preserved.'” The vacuoles in hypokalemic nephropathy
in comparison to these conditions are larger, irregular,
and more coarse and do not stain for fat or glycogen.'’
Electron microscopy showed extracellular vacuoles in
the basal compartment of the tubules'' and variously
sized vesicles in the intracellular space.'®

On the basis of both animal and human studies,
pathogenesis of hypokalemic nephropathy is presumed
to be due to renal vasoconstriction, reduced medullary
blood flow, and impaired renal angiogenesis. There is
evidence of progressive capillary loss, reduced endo-
thelial cell proliferation, and loss of vascular endothe-
lial growth factor expression.17 In addition, there is
increased renal ammonia genesis'® activating the
alternative complement pathway and increased profi-
brotic cytokine expression (insulin-like growth factor-
1 and transforming growth factor). Animal studies in
hypokalemic rats suggest an imbalance of intrarenal
vasoactive mediators from increased angiotensin-
converting enzyme expression by interstitial cells at
the site of damage and by the proximal tubule brush
border. This leads to increased levels of intrarenal and
cortical angiotensin II as well as endothelin 1 and
decreased levels of urinary nitrites and kallikrein."”

Functional effects of low K on the kidney include a
vasopressin-resistant urinary concentrating defect
mediated by rapid reversible aquaporin 2 channel de-
fects in the collecting duct. Decreased numbers of
apical Na-K-Cl cotransporters and renal outer medul-
lary potassium channels in the thick ascending loop of
Henle leads to decreased sodium reabsorption and

Kidney International Reports (2018) 3, 1482-1488
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Table 2. Summary of hypokalemic nephropathy cases found in the literature search

Age K level
Study yn M/F (mEq/) Etiology
Watson and 44 F 1.9-2.3  Excessive 9a-fluorohydrocortisone  +

Katz?® to adrenalectomized patients,
causing hypokalemia for 1 wk
Benyajati ef a/® 33 M 3.6-5.6  Acufe diarrhea due to cholera for -
7h

24 M 4.1-7.1 Acute cholera diarrhea for 10 h  Anuric

56 M 3.7-43 Acute cholera diarrhea for 24 h  Anuric

53 M ND Acute cholera diarrhea for 6 h and  Anuric

opium addiction for 30 yr

18 M Normal Cholera diarrhea for 10 h Anuric
Galloway et al?’ 57 M 2.2 Diarrhea: tropical sprue for 3wk ND

41 F 0.5 Vomiting for 3 wk ND

30 F 3.1 Vomiting for 6 wk, struma ovarii ND
Cameron ef al?® 54 F 2-2.3 Diarrhea for 13 yr due fo ND

functioning
ganglioneuroblastoma
Wagner ef al?® 38 F 2-3.3 Abuse of diuretics for 10 yr ND
Buridi ef al.*° 53 F 1.3 Chronic osmotic diarrthea dueto +
the consumption of high fructose
corn syrup drink (Big Red,
Louisville, KY)
Ishikawa ef a/>' 29 F 1.7 Due fo anorexia nervosa for 10 yr,  +
purging and licorice ingestion
(30 tablets/d for 4 mo)
Yasuhara ef al®? 26 F 2 8-y h/o binge/purge anorexia ND
nervosa

Bock ef al** 1968 4M, 17 2.0-3.2 2-16 yr h/o hypokalemia ND

F Anorexia nervosa with drug abuse
(loxatives/diuretics) or 1°/2°
aldosteronism

Polyuria Albuminuria SG

Renal function:
BUN/CK/CrCl

Maximum
Kidney abnormality

- 1.010 BUN 16 mg% ND
ND ND BUN 46-264 mg% Autopsy: “fine fo occasionally
large vacuolization in the
cyfoplasm” and severe
ischemic ATN
ND ND BUN 42-133 mg% No vacuolization and ischemic
ATN
ND ND BUN 57-200 mg% Autopsy: “severe vacuolar
degeneration most marked in
the convoluted fubular cells”
and mild ATN
4F ND BUN 50-100 mg% Aufopsy: “severe degree of
vacuolar degeneration”
+ ND BUN 44-266 mg% ND
4F 1.0156 BUN 23 mg% ND
+ Not BUN 66 mg% Autopsy: “tubular vacuolization”
obtained
+ 1.010 BUN 104 mg% Autopsy: “diffuse degeneration of
the tubules with swelling”
ND 1.004- CrCl 66 I/d ND
1.022
ND 1.010- Cr 1.7-2.0 mg% “Focal vacuolization of the
1.014 proximal tubular epithelium”
ND 1.005 Cr 13 mg% Biopsy not done
ND 1.005 Cr 1.5 mg% “Severely damaged fubular cells
with infense vacuolar
formations”
ND ND BUN 10.3 mg% Initial biopsy: “juxfaglomerular
Cr 0.9 mg% hyperplasia”
CrCl 58 I/d Autopsy: “interstitial nephritis and
proximal tubular swelling”
Yes ND CrCl <90 ml/min per “Hydropic degeneration, atrophy,

1.73 m? in 14 of 21
patients

destruction, and regeneration of
tubular cells most striking in the
proximal fubule”

+, present; —, absent; 1°, primary; 2°, secondary; ATN, acute tubular necrosis; BUN, blood urea nitrogen; Cr, creatinine; CrCl, creatinine clearance; F, female; h/o, history of; K, serum

potassium; M, male; ND, no data; SCr, serum creatinine; SG, specific gravity.

abnormalities in the countercurrent mechanism.”’ The
most common urinary abnormality is a low fixed urine
specific gravity (1.003—1.005). This was evident in our
patient who presented with a persistent low specific
gravity of 1.005 despite ongoing diarrhea. Sodium
chloride retention can occur from upregulation of
angiotensin II, angiotensin 1 receptor, and sodium-
hydrogen exchanger 3 channels in the proximal tu-
bule.”’ Our patient did not have evidence for salt and
water retention on physical examination. Low K can
also lead to hypocitraturia by causing intracellular
acidosis and a decrease in tubular pH, both of which
lead to increased citrate uptake and metabolism by
proximal tubular cells,”” thus increasing risk of stone
formation as found in our patient. Persistent tubular
proteinuria in the form of minimal albuminuria is
another clinical feature of low K. Urinalysis can reveal

Kidney International Reports (2018) 3, 1482-1488

low-grade pyuria and microscopic hematuria, with
active urine sediment being uncommon. Low K has also
been associated with hypophosphatemia and/or
increased urinary phosphate excretion. In rat studies,
low K causes inhibition of Na/Pi cotransport activity
by posttranslational mechanisms including alterations
in glucosylceramide content and membrane lipid dy-
namics.”’ Patients with prolonged low K can present
with decreased renal clearance from chronic interstitial
fibrosis and vascular changes as found in our case.

A PubMed literature review was performed using
terms hypokalemia and nephropathy that produced 19
articles on adults over the past 60 years. Cases sum-
marized in Table 2°**? exclude 5 non-English language
articles that could not be accessed. Reported cases
present with various diagnoses including diarrheal
diseases (ulcerative colitis, regional enteritis, cholera,
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Table 3. Teaching points

« Hypokalemic nephropathy is a progressive renal disease that is associated with
chronic hypokalemia and may lead fo end-stage kidney disease without prompt
freatment.

Clinical features include low urine specific gravity, polyuria, tubular proteinuria, and
inactive urinary sediment.

Biopsy findings include infracytoplasmic vacuoles in renal tubular cells, chronic
inflammation, and interstitial fibrosis. The vacuoles in hypokalemic nephropathy are
larger, irregular, and coarse and do not stain for fat or glycogen.

Pathogenesis is mediafed via an imbalance in vasoactive mediafors, leading to
vasoconstriction and medullary ischemia.

Future prospective studies are needed fo identify the effect of timely treatment of low
potassium on reversal of renal damage.

bacillary dysentery, sprue syndrome, Whipple disease,
malabsorption syndrome, and laxative abuse), hyper-
adrenalism (primary aldosteronism and cortisone
treatment), renal disease with renal potassium wasting
(Fanconi syndrome, renal tubular acidosis, cystinosis,
and diuretic abuse), and anorexia nervosa. Common
clinical findings include polyuria, low urine specific
gravity, and tubular proteinuria with inactive urinary
sediment like the findings in our patient. The duration
of low K levels ranged from 18 days to 16 years,
affecting men and women equally; ages ranged from 18
to 68 years; serum potassium levels ranged from 0.5 to
3.2 mEq/l in noncholera cases, but from 3.6 to 5.6 mEq/1
in cholera cases with oligoanuric acute kidney injury.
It is interesting to note that vacuolar changes were
present despite normal serum potassium levels in pa-
tients with cholera, raising the possibility that total
body potassium depletion and intracellular K depletion
are probably more important than serum potassium
depletion in causing these vacuolar lesions.

In a case series of 21 patients by Cremer and Bock, 13
of whom had renal biopsies, intraglomerular lesions of
mesangial hyalinosis and mesangial sclerosis along with
basement membrane thickening with arteriosclerosis
were observed irrespective of an underlying history of
hypertension.10 This is like biopsy findings in our
patient. Upon carefully looking at biopsy differences in
a different case series of 14 patients by Bock et al., 7
patients with malnutrition and/or abuse of laxatives
and/or diuretics (group A) compared with 7 patients
with primary or secondary aldosteronism (group B), a
hyperplastic juxtaglomerular apparatus was seen in
those in group A; however, a hypoplastic juxtaglo-
merular apparatus was found in those in group B. Bi-
opsies in both groups A and B showed diffuse chronic
interstitial nephritis.”* Most renal biopsies in a study
by Riemenschneider and Bohle (mean duration of low K
levels, 10 years) showed fibrosis and lymphocytic
infiltration in the renal interstitium as seen in our
patient."’

Because low K can lead to pathologic abnormalities
in the renal tubular cells and fibrosis of the renal
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interstitium, particularly with the presence of chroni-
cally low K levels, the possibility of chronic kidney
disease (CKD) progression in patients with low normal
or intermittent low K levels can be entertained. Five
observational studies have evaluated the effects of
potassium on mortality and end-stage renal disease
(ESRD).”” *7 A prospective observational study in 2010
of 820 patients with CKD followed for a mean duration
of 2.6 years showed a hazard ratio (HR) for mortality of
2.40 for a serum K level of 3.4 mEq/l, 1.65 for a serum K
level of 3.8 mEq/l, 1.34 for a serum K level of 6 mEq/l in
comparison to the reference serum K level of 5.0 mEq/l.
This study also showed for the first time that a serum K
level of =4.0 mmol/l was significantly associated with
an increased risk of ESRD with an HR of 1.87, which
reduced to 1.56 after adjustment for albumin.”” A
subsequent retrospective study in 2012 of 1227 male
patients with CKD also showed that low K was associ-
ated with higher mortality and faster CKD progression
independent of race (a lower potassium level of 1 mEq/1
was associated with an adjusted difference in slopes of
an estimated glomerular filtration rate of —0.13 ml/min
per 1.73 m” per yr).”" A retrospective evaluation of
36,359 patients with CKD in 2015 confirmed the U-
shaped mortality curve with an HR of 1.95 for a serum
K level of <3.5 mEq/1 but refuted the association of low
K with ESRD (HR, 0.97).”" However, a larger 2016
retrospective study of 55,266 patients with CKD
reconfirmed higher rates of death (HR, 1.06 for a serum
K level of 3.5-3.9 mEq/]; HR, 3.05 for a serum K level
of <3.5 mEq/l), major adverse cardiovascular events
(HR, 1.89 with a serum K level of <3.5 mEq/]; HR, 1.27
with a serum K level of 3.5-3.9 mEq/l), and hospitali-
zation associated with low K. A more recent retro-
spective study of 9651 community dwellers from the
Multi-Ethnic Study of Atherosclerosis and the Cardio-
vascular Health Study with a median follow-up dura-
tion of 10.5 years showed a J-shaped curve for
outcomes of mortality, cardiovascular disease death,
non—cardiovascular disease death, and serum K. The
group of patients with a serum K level of <3.5 mEq/l
had a nonsignificant HR of 1.13 for mortality.37 Taken
together, mild low K (a serum K level of =4) is asso-
ciated with higher mortality risk in CKD stages 3 to 5
but not in CKD stages 1 and 2, although specific reasons
are yet to be investigated. The risk of ESRD progression
with low K can be debated, given discrepant findings
from a prospective observational study and a large
retrospective observational study.’””’

In summary, hypokalemic nephropathy is a potential
complication of subacute and chronic low K (Table 3).
Biopsy findings include intracytoplasmic vacuoles in
tubular cells, chronic inflammation, and interstitial
fibrosis. Pathogenesis is mediated via an imbalance in

Kidney International Reports (2018) 3, 1482-1488
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vasoactive mediators, leading to vasoconstriction and
medullary ischemia. Neither the serum potassium level
nor the duration of low K level that leads to hypokale-
mic nephropathy is clearly known. Common clinical
findings include low urine specific gravity, polyuria,
tubular proteinuria, and inactive urinary sediment.
Although the risk of CKD and ESRD with untreated
hypokalemic nephropathy seems logical, it has yet to be
unequivocally confirmed. Given that large numbers of
patients are treated with diuretics for various disease
entities with the risk of subacute and chronic low K
levels, future prospective studies are needed to identify
the risk of low K and CKD progression and to identify
the effect of timely treatment of low K on the reversal of
renal damage.
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