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Review article

Electrolyte and Acid-Base Disturbances Induced by
Clacineurin Inhibitors
Chang Hwa Lee, M.D. and Gheun-Ho Kim, M.D.

Department of Internal Medicine, Hanvang University College of Medicine, Seoul, Korea

Nephrotoxicity is the most common and clinically significant adverse effect of calcineurin inhibitors.
Cyvclosporine and tacrolimus nephrotoxicity is manifested by both acute azotemia and chronic progressive
renal disease and tubular zdvsfunction. An elevation in the plasma potassium concentration due to reduced
efficiency of urinary potassium excretion is common in cvclosporine—treated patients; it may be severe
and potentially life-threatening with concurrent administration of an angiotensin converting enzvme
inhibitor, which diminishes aldosterone release. Tubular injurv induced by cvclosporine can also impair
acid excretion. This may be presented as a hvperchloremic metabolic acidosis associated with decreased
aldosterone activity and suppression of ammonium excretion by hyperkalemia. Some patients treated with
cvclosporine develop hypophosphatemia due to urinary phosphate wasting. Renal magnesium wasting is
also common presumably due to drug effects on magnesium reabsorption. Hypomagnesemia has also been
implicated as a contributor to the nephrotoxicity associated with cyclosporine. Both cyclosporine and
tacrolimus are associated with hypercalciuria. Attention must be paid to drug dose, side effects, and drug

interactions to minimize toxicity and maximize efficacy.
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Introduction

Cyclosporine is a lipophilic cyclic peptide of 11 amino
acids, while tacrolimus is a macrolide antibiotic. Both
drugs have been isolated from fungi and possess
similar suppressive effects on cell mediated and hu-
moral immune responses. Patients treated with the
calcineurin inhibitors are at high risk of developing
renal injuryl). Calcineurin inhibitor nephrotoxicity in-
cludes acuteazotemia, chronic progressive renal disease,
and tubular dysfunction. Although renal insufficiency

induced by calcineurin inhibitors has received the most
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attention, tubular dysfunctions are also clinically im-
portant and will be briefly reviewed in this article.
Calcineurin inhibitor-associated tubular dysfunction is
manifested by metabolic acidosis, hyperkalemia, cal-

cium, phosphate wasting, and magnesium loss.

Metabolic acidosis

Metabolic acidosis is common in patients with kidney
transplantation. The first case report with post-trans-
plant renal tubular acidosis was described by Massry
et al. almost three decades agoz). Renal tubular acidosis
(RTA) is non-anion gap metabolic acidosis and is
generally mild and a symptomatic in kidney recipientsgj.
The reported prevalence of calcineurin inhibitor-as-
sociated RTA is 13-17% intransplanted patients476).
Calcineurin inhibitor-associated RTA can be both
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proximal and distal RTA. The former form of acidosis
is characterized by bicarbonate wasting due to the toxic
effects of calcineurin inhibitors. In contrast, distal or
type IV RTA is characterized by the inability to excrete
hyvdrogen ions?.

Use of calcineurin inhibitor cyclosporine can fre-
quently cause type 4 RTA, a mild hyperchloremic
acidosis, sometimes with elevated potassium. This may
be reflecting decreased aldosterone activity and sup-
pression of ammonium excretion by hyperkalerrlia7’.
There are some reports now that provide some insight
as to how that might occur. Collecting ducts have 2
types of intercalated cells - the acid or hydrogen ion-
secreting alpha-intercalated cells and the bicarbonate-
secreting beta-intercalated cells (Fig. 1). The prepon-
derance of which cell dominates rests on the type of
diet. An acid diet leads to more alpha-intercalated cells,
whereas an alkaline diet leads to more expression of
beta-intercalated cells. These cells can interconvert
according to the acid-base status. It has been reported
that protein hensin is actually important in mediating
transformation between beta—and alpha-intercalated
cells. Metabolic acidosis normally induces the poly-
merization of the extracellular protein called hensin®.
Deposition of hensin leads to the conversion of bicar-
bonate-secreting beta-intercalated cells into the acid-
secreting alpha-intercalated cell. FK506 and cyclo-

sporine inhibit polymerization of hens in protein. Con-
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Fig. 1. Intercalated cells of collecting ducts. Collecting
ducts have 2 types of intercalated cells: acid or hydro-
gen ion secreting alpha intercalated cell and bicar-
bonate secreting beta intercalated cell.

sequently acid-secreting cells will be less abundant and
risk for amild normal anion gap metabolic acidosis will
increase™ *'(Fig. 2). Aldosterone resistance is usually
responsible for hyperkalemia induced by calcineurin
inhibitor'* '

Treatment of calcineurin inhibitor-associated acido-

3]

sis is mainly with oral supplement of bicarbonate™ ',
Synthetic mineralo corticoid is apotential treatment

option, but has more frequent side effects!”.

Hyperkalemia

Hyperkalemia is a recognized complication of cy-
closporine and tacrolimus. Reported incidence of hyper-
kalemia is 5-40% among calcineurin inhibitor-treated
patientsls' =

An elevation in plasma potassium concentration due
to reduced efficiency of urinary potassium excretion is
common in calcineurin inhibitor—treated patients. It may
be severe and potentially life-threatening with concur-
rent administration of an angiotensin converting en-
zyme inhibitor or angiotensin receptor blocker. Cyclo-
sporine may reduce potassium excretion by altering the
function of several transporters, decreasing the activity
of the renin—angiotensin-aldosterone system, and im-
pairing tubular responsiveness to aldosterone 19,

Renal potassium excretion is primarily derived from

potassium secretion in the distal cortical nephron via
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Fig. 2. Presumed mechanism o cyclosporine induced
metabolic acidosis. Cyclosporine inhibits polymerization of
hensin protein, consequently acid secreting cells will be
less and then become at risk for mild normal anion gap
metabolic acidosis.
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potassium channels in the luminal membrane. This
process is stimulated by sodium reabsorption, aldo-
sterone, and the basolateral Na* K~ -ATPase pump. In
vitro studies suggest that cyclosporine may directly
impair the function of the potassium secreting cells in
the cortical collecting tubule by affecting each of these
steps: reduced activity of the Na+,K_—ATPase pump
17’19’, inhibition of the luminal potassium channelzo', and
increased chloride reabsorptionm". Sodium reabsorption
creates a lumen—negative electrical gradient that pro-
motes potassium secretion. Cyclosporine increases pa-
racellular or transcellular chloride reabsorption, which
prevents generation of lumen-negative potential that
drives potassium secretion. Calcineurin inhibitors inhi-
bit luminal potassium channels and increase chloride
reabsorption via alteration of WNK kinases™ (Fig. 3).

Cyclosporine may also have a secondary effect on
potassium homeostasis in patients concurrently treated
with a beta-blocker. In this setting, there is often a
modest and transient elevation in the plasma potassium
concentration due to movement of potassium out of
cells into the extracellular fluid™. Why this occurs is

not known.

Treatment is similar to that of hyperkalemia in
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Fig. 3. Chloride shunt theory and clacineurin inhibitors.
Cuaicineurin  infubitors inhibit the I[uminal potassium
channel and increase chloride reabsorption.

chronic kidney disease: reduction in potassium intake,
adjustment in medications, and so forth. One exception
occurs in the early posttransplant period, in which renal
insufficiency also contributes to the impairment in
potassium excretion. Administration of a cation ex-
change resin increases the risk of intestinal necrosis at
this time™ . Hydration and a low-potassium diet are

preferred during that period.

Hypophosphatemia

Urinary phosphate wasting induced by calcineurin
inhibitors can cause hypophosphatemia. Cyclosporine
inhibits the type Ila sodium phosphate cotransporter
and probably the type IIb sodium phosphate cotrans-
porter of the intestine™’,

Many patients have hypophosphatemia during the
first 6 months after transplant. This is due to increased
urinary excretion of phosphate and probably decreased
intestinal absorption. Post-transplant hypophophatemia
is usually asymptomatic, but can rarelv be severe
enough to cause severe muscle weakness, including
weakness of respiratory muscle. Phosphate supplemen-
tation should be prescribed for severe or symptomatic

cases.

Hypomagnesemia

The calcineurin inhibitors cause hypomagnesemia by
suppressing reabsorption of magnesium from renal
tubules. Several case reports suggest that hypomag-
nesemia may contribute to calcineurin inhibitor-in-

95-27) .
=" Hypomagnesemia has also

duced encephalopathy
been implicated as a contributor to the nephrotoxicity

associated with cyclosporinezg).
Hypercalciuria
It is known that cyclosporine treatment induces high

bone-turnover osteopenia and hypercalciuria. Both cv-

closporine and tacrolimus are associated with hyper-
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calciuria. Animal studies suggest that hypercalciuria
induced by cyclosporine administration is associated
with an inhibition of calbindin D28k expression, re-

sulting in calcium transport defect in the distal tubule™".

Conclusion

In conclusion, attention must also be paid to the
calcineurin inhibitor associated renal tubular dyvsfunc-
tion such as renal magnesium wasting, calcium and
phosphate wasting, distal tubular acidosis, and impaired
renal potassium excretion, in addition to the well known
side effects, such as tubulointerstitial fibrosis and

glomerular or vascular damage.

References

1) Burdmann EA, Andoh TF, Yu L, Bennett WM:
Cvclosporine nephrotoxicity. Semin Nephrol 23:465-
476, 2003

Massry SG, Preuss HG, Maher JF, Schreiner GE:
Renal tubular acidosis after cadaver kidney homo-
transplantation. Studies on mechanism. Am J Med
42:284-292, 1967

Keven K, Ozturk R, Sengul S. Kutlay S, Ergun I,
Erturk S, Erbay B: Renal tubular acidosis after
kidney transplantation—incidence, risk factors and
clinical implications. Nephrol Dial Transplant 22:
906-910, 2007

Yakupoglu HY, Corsenca A, Wahl P, Wiithrich RP,
Ambiihl PM: Posttransplant acidosis and associated
disorders of mineral metabolism in patients with a
renal graft. Transplantation 84:1151-1157, 2007
Bartosh SM, Alonso EM, Whitington PF: Renal
outcomes In pediatric liver transplantation. Clin
Transplant 11:354-360, 1997

Schwarz C, Benesch T, Kodras K, Oberbauer R.
Haas M: Complete renal tubular acidosis late after
kidney transplantation. Nephrol Dial Transplant 21:
2615-2620, 2006

7) Kahan BD: Cyvclosporine. N Engl J Med 321:1725-
1738, 1989

Schwartz GJ, Al-Awqati Q: Role of hensin in
mediating the adaptation of the cortical collecting
Curr Opin Nephrol

2

=

3

g

4

—

(o]}
<

6

R

3

R

duct to metabolic acidosis.
Hypertens 14:383-388, 2005
Watanabe S, Tsuruoka S, Vijavakumar S, Fischer G,
Zhang Y, Fujimura A, Al-Awqati Q, Schwartz GJ:
Cvclosporin A produces distal renal tubular acidosis

9

Rt

10

11

12

13

14

15

16

17

18

19

21

=

~——

=

=

)

=

)

~

R

)

=

p—

by blocking peptidvl prolvl cis-trans isomerase
activity of cyclophilin. Am J Physiol Renal Physiol
288:F40-F47, 2005
Heering PJ, Kurschat C, Vo DT, Klein-Vehne N,
Fehsel K, Ivens K: Aldosterone resistance in kidney
transplantation is in part induced by a down-re-
gulation of mineralocorticoid receptor expression. Clin
Transplant 18:186-192, 2004
Bobadilla NA, Gamba G: New insights into the
pathophysiology of cyclosporine nephrotoxicity: a
role of aldosterone. Am J Physiol Renal Physiol 293:
F2-F9, 2007
Tsuruoka S, Schwartz GJ, Ioka T, Yamamoto H,
Ando H, Fujimura A: Citrate reverses cyclosporin
A-induced metabolic acidosis and bone resorption in
rats. Am J Nephrol 25:233-239, 2005
Kaplan B, Wang Z, Abecassis MM, Frver JP, Stuart
FP, Kaufman DB: Frequency of hyvperkalemia in
recipients of simultaneous pancreas and Kidney
transplants with bladder drainage. Transplantation
62:1174-1175, 1996
Kim HC, Hwang EA, Han SY, Park SB, Kim HT,
Cho WH: Primary immunosuppression with tacroli-
mus in kidney transplantation: three-vear follow-up
in a single center. Transplant Proc 36:2082-2083,
2004
Derayv G, Benhmida M, Le Hoang P, Maksud P,
Aupetit B, Baumelou A, Jacobs C: Renal function and
blood pressure in patients receiving long-term,
low-dose cyclosporine therapy for idiopathic auto-
immune uveitis. Ann Intern Med 117:578-583, 1992
Kamel KS, Ethier JH, Quaggin S, Levin A, Albert S,
Carlisle EJ, Halperin ML: Studies to determine the
basis for hyperkalemia in recipients of a renal trans-
plant who are treated with cvclosporine. J Am Soc
Nephrol 2:1279-1284, 1992
Tumlin JA, Sands JM: Nephron segment-specific
inhibition of Na+/K(+)-ATPase activity by cvclo-
sporin A. Kidney Int 43:246-251, 1993
Aker S, Heering P, Kinne-Saffran E, Deppe C,
Grabensee B, Kinne RK: Different effects of cy-
closporine a and FK306 on potassium transport sys-
tems in MDCK cells. Exp Nephrol 9:332-340, 2001
Deppe CE, Heering PJ, Tinel H, Kinne-Saffran E,
Grabensee B, Kinne RK: Effect of cyvclosporine A on
Na+/K(+)-ATPase, Na+/K+/2Cl- cotransporter, and
H-/K(+)-ATPase in MDCK cells and two subtypes,
7 and Cl11. Exp Nephrol 5:471-480, 1997
Ling BN, Eaton DC: Cyclosporin A inhibits apical
secretory K channels in rabbit cortical collecting
tubule principal cells. Kidney Int 44:974-984, 1993
Garzén—-Muvdi T, Pacheco-Alvarez D, Gagnon KB,
Vazquez N, Ponce-Coria J. Moreno E, Delpire E,
Gamba G WNK4 kinase is a negative regulator of
K -Cl' cotransporters. Am J Physiol Renal Physiol



130

CH Lee et al.:Electrolvte and Acid-Base Disturbances Induced by Clacineurin Inhibitors

22)

23

R

24

e

25)

292:F1197-F1207, 2007

Pei Y, Richardson R, Greenwood C, Wong PY,
Baines A: Extrarenal effect of cvclosporine A on
potassium homeostasis in renal transplant recipients.
Am J Kidney Dis 22:314-319, 1993

Gerstman BB, Kirkman R, Platt R: Intestinal ne-
crosis associated with postoperative orally admini-
stered sodium polvstyvrene sulfonate in sorbitol. Am
J Kidney Dis 20:159-161, 1992

Moz Y, Levi R, Lavi-Moshavoff V, Cox KB,
Molkentin JD, Silver J, Naveh-Many T: Calcineurin
Abeta is central to the expression of the renal type
II Na/Pi co-transporter gene and to the regulation of
renal phosphate transport. /| Am Soc Nephrol 15:
2972-2980, 2004

Al-Khursany I, Thomas TH, Harrison K, Wilkinson
R: Reduced erythrocyte and leukocyte magnesium is
associated with cyclosporin treatment and hyper-
tension in renal transplant patients. Nephrol Dial

26)

27

S~

Transplant 7:251-255, 1992

Barton CH, Vaziri ND, Martin DC, Choi S, Alikhani
S: Hypomagnesemia and renal magnesium wasting
in renal transplant recipients receiving cyvclosporine.
Am J Med 83:693-699, 1987

Nijenhuis T, Hoenderop JG, Bindels RJ]: Down-
regulation of Ca> and Mg®™ transport proteins in the
kidney explains tacrolimus (FK506)-induced hyper-
calciuria and hypomagnesemia. /| Am Soc Nephrol
15:549-557, 2004

Miura K, Nakatani T, Asai T, Yamanaka S, Tamada
S, Tashiro K, Kim S, Okamura M, Iwao H: Role of
hvpomagnesemia in chronic cyvclosporine nephro-
pathy. Transplantation 73:340-347, 2002

) Lee CT, Huvnh VM, Lai LW, Lien YH: Cvclosporine

A-induced hypercalciuria in calbindin-D28k knock-
out and wild-type mice. Kidney Int 62:2055-2061,
2002



