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Introduction

Rhabdomyolysis is a syndrome characterized by

muscle necrosis and the release of intracellular muscle

constituents into the circulation. The severity of ill-

ness ranges from asymptomatic elevations of muscle

enzymes in the serum to life-threatening cases asso-

ciated with extreme enzyme elevations, electrolyte

imbalances, and acute kidney injury
1)
. The occurrence

of acute kidney injury (AKI) following untreated

rhabdomyolysis has been put at between 17 and 33% of

cases and accounts for 3 to 15% of all cases of AKI
2)
.

The animal model of experimental rhabdomyolysis is

produced by intramuscular injection of hypertonic

glycerol, which results in AKI and tubular dysfunction
3,

4)
. Previous report demonstrated increased fractional

sodium excretion and decreased cortical Na, K

-ATPase activities in experimental rhabdomyoly-

sis
5)
. Moreover, in glycerol-induced AKI, tubular in-

juries are most severe at cortical segments of the

proximal tubules and less extensive changes were ob-

Altered Regulation of type 3 Na＋/H＋ exchanger,

type 1 Na＋/HCO3
－ cotransporter, and

Na＋,K＋-ATPase in the Kidney of Rats with

Experimental Rhabdomyolysis

Seong Kwon Ma, M.D.
1
, Eun Hui Bae, M.D.

1
, JongUn Lee, M.D.

2
, Sun Young Kim, M.D.

3
,

Sung Zoo Kim, M.D.
3
, Ki Chul Choi, M.D.

1
and Soo Wan Kim, M.D.

1

Departments of
1
Internal Medicine and

2
Physiology, Chonnam National University Medical School, Gwangju

3
Department of Physiology, Chonbuk National University Medical School, Jeonju, Korea

Metabolic acidosis was shown to correlate with deterioration of renal function in patients with rhab-

domyolysis. The present study was aimed to investigate whether the changes of type 3 Na /H ex-

changer (NHE3), type 1 Na /HCO3 cotransporter (NBC1), and Na ,K -ATPase 1 subunit may play⍺
a role in the pathogenesis of metabolic acidosis in glycerol-induced experimental rhabdomyolysis. Male

Sprague-Dawley rats were deprived of fluid intake for 24 hours, and then were injected with 50%

glycerol in normal saline (10 mL/kg, intramuscularly). At 24 hours after the glycerol injection, rats

were sacrificed by decapitation. Control rats were injected with normal saline. The protein expression

of NHE3, NBC1 and Na ,K -ATPase 1 subunit was determined in the cortex of the kidney by⍺
immunoblotting and immunohistochemistry. Following the treatment of glycerol, creatinine clearance

was significantly decreased, and high anion gap metabolic acidosis developed. In the experimental group,

the expression of Na ,K -ATPase 1 subunit was significantly decreased in the cortex of the kidney.⍺
On the contrary, the expression of NHE3 and NBC1 was significantly increased. Immunohistochemical

analyses confirmed the immunoblotting data. In conclusion, the coordinate up-regulation of NHE3 and

NBC1 may play an adaptive role against the metabolic acidosis in glycerol-induced rhabdomyolysis.

Rhabdomyolysis, Metabolic acidosis, Type 3 Na /H exchanger, Type 1 Na /HCO3 cotransporter

Original article



SK Ma et al. : NHE3, NBC1, and Na ,K -ATPase in Experimental Rhabdomyolysis

served in the distal tubules
5-7)
.

In the kidney, Na, K -ATPase is expressed along

the entire length of the basolateral membrane of the

renal tubule and actively pumps sodium from the cell

into the interstitium to set up the electrochemical

gradient to allow sodium to be reabsorbed. In the

proximal tubule, the primary route for the apical sodium

transport is via type 3 Na /H exchanger (NHE3). The

proximal tubule reabsorbs 70-80%of the filtered load of

bicarbonate, where apically expressed NHE3 provides

the major route for proton secretion and type 1 Na

/HCO3 cotransporter (NBC1) enables the exit of bicar-

bonate across the basolateral membrane
8-10)

. Therefore,

several acid-base disorders can be accounted for by

dysregulation of NHE3 and NBC1
11-13)

.

Systemic acidosis was shown to correlate with

deterioration of renal function in patients with rhab-

domyolysis
14)
. Thus we hypothesize that the changes

of NHE3 and NBC1 activity may play a role in the

pathogenesis of metabolic acidosis in experimental

rhabdomyolysis. We examined 1) whether there are

changes in the protein abundance of NHE3 and NBC1 in

the renal cortex in experimental rhabdomyolysis; 2)

whether there are changes in the protein abundance of

Na ,K -ATPase.

Materials and Methods

1. Animals and biochemical parameters

The experimental procedure conformed to the In-

stitutional Guidelines for Experimental Animal Care and

Use. Male Sprague-Dawley rats weighing 250 to 270 g

were used. They were deprived of fluid intake for 24

hours, and were injected with 50 % glycerol in normal

saline (10 mL/kg, intramuscularly). Control rats were

injected with normal saline. The rats were maintained

individually in metabolic cages to collect urine samples.

At 24 hours after the glycerol injection, they were

sacrificed for semiquantitative immunoblotting and

immunohistochemical studies. Rats were anesthetized

with ketamine (50 mg/kg, intraperitoneally) and a large

laparotomy was made. Blood was collected from the

inferior vena cava and analyzed for Na , creatinine,

HCO3 and pH. The right kidney was rapidly removed

and processed for immunoblotting as described below.

The left kidney was fixed by retrograde perfusion as

described below.

2. Protein preparation and Western blot analyses

The renal cortex was dissected and homogenized at

3,000 rpm in a solution that contained 250 mM sucrose,

1 mM ethylenediaminetetraacetate, 0.1 mM phenyl-

methylsulfonyl fluoride, and 10 mM Tris-HCl buffer

(pH 7.6). The homogenates were centrifuged at 1,000

g for 15 min at 4 C to remove the whole cells, nuclei°
and mitochondria; the supernatant was then pipetted off

and kept on ice. The protein concentrations were mea-

sured by the Bicinchonic Acid Assay Kit (BioRad,

Hercules, CA, USA).

All the samples were adjusted with isolation solu-

tion to reach the same final protein concentrations and

solubilized at 65 C for 15 min in SDS-containing sam° -

ple buffer, and then stored at -20 . To confirm equal

loading of protein, an initial gel was stained with Co-

omassie Blue. SDS-PAGE was performed on 6% poly-

acrylamide gels. The proteins were transferred by gel

electrophoresis (BioRad Mini Protean II) onto nitrocel-

lulose membranes (Hybond ECL, Amersham Pharma-

cia Biotech, Little Chalfont, UK). The blots were sub-

sequently blocked with 5% milk in PBS-T (80 mM

Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl and 0.1%

Tween 20, pH 7.5) for 1 hour and incubated overnight

at 4 with anti-rabbit polyclonal antibodies against

NHE3 (1:750; Alpha Diagnostic, San Antonio, TX,

USA) and NBC1 (1:750; Alpha Diagnostic, San Anto-

nio, TX, USA), or anti-mouse monoclonal antibody

against Na ,K -ATPase 1 sub⍺ unit (1:2,500;

Upstate Biotechnology, Lake Placid, NY, USA). The

membranes were then incubated for 2 h with se-

condary horseradish peroxidase-labeled anti-rabbit

or anti-mouse IgG (1:1,200) antibodies. The labeling

was visualized using an enhanced chemiluminescence
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system (Amersham, Buckinghamshire, UK) and it was

finally analyzed using an Image Reader (LAS-3000

Imaging System, Fuji Photo Film).

3. Immunohistochemistry

The kidneys were fixed by in vivo perfusion of the

abdominal aorta with cold 3% paraformaldehyde in 0.1

M cacodylate buffer (pH 7.4) for 3 min. The tissue was

dehydrated in graded ethanol and left overnight in

xylene. After embedding in paraffin, tissue sections

were made at 6 m and mounted on gelatin-coatedµ
glass slides.

The sections were de-paraffinized with xylene and

rehydrated with graded ethanol. Sections had endo-

genous peroxidase activity blocked with 0.5% H2O2 in

absolute methanol for 10 min. In a microwave oven the

sections were boiled in target retrieval solution (1

mmol/L Tris, pH 9.0, with 0.5 mM EGTA) for 10 min.

After cooling, nonspecific binding was blocked with 50

mMNH4Cl in PBS for 30 min followed by 3x10min with

PBS blocking-buffer containing 1% BSA, 0.05%

saponin and 0.2% gelatin. The sections were incubated

with primary antibody (diluted in PBS with 0.1% BSA

and 0.3% Triton-X-100) overnight at 4 C. The sec° -

tions were washed 3 times at 10 minute intervals with

PBS wash-buffer containing 0.1% BSA, 0.05% saponin

and 0.2% gelatin and incubated with horseradish

peroxidase conjugated secondary antibody for 1 hr at

room temperature. After rinsing with PBS wash-

buffer three times, the sites with antibody-antigen re-

action were visualized with a brown chromogen pro-

duced within 10 min by incubation with 0.05% 3,3'-

diaminobenzidine tetrachloride dissolved in distilled

water with 0.1% H2O2. Mayer s hematoxylin was used’
for counterstaining and thereafter dehydration cover-

slips were mounted with hydrophobic medium. Micro-

scopy was carried out using an Olympus light micro-

scope (Olympus, Tokyo, Japan).

4. Drugs and statistical analysis

All the drugs were purchased from Sigma Chemical

Co. (St. Louis, MO, USA), unless otherwise stated. The

results are expressed as mean SEM. The statis± tical

Control
(n=6)

Experimental
(n=6)

Body weight (g)

Plasma cr (mg/dL)

Ccr (mL/min)

Urine output (mL/day)

FENa (%)

Plasma pH

Plasma HCO3
－
(mEq/L)

Plasma anion gap (mEq/L)

260.0 5.16±
0.60 0.01±
0.84 0.03±
9.59 1.07±
0.69 0.19±
7.41 0.02±
26.40 0.74±
12.43 1.15±

248.3 1.67±
3.65 0.48± *

0.08 0.04± *

4.40 1.51± *

1.75 0.41± *

7.34 0.02± *

17.82 1.60± *

25.52 1.27± *

Values are mean SEM. Cr, creatinine; Ccr, creatinine±
clearance; FENa, fractional excretion of sodium into urine.
*
p<0.05 vs control rats.

Fig. 1. Hematoxylin and Eosin stained sections of kidneys. There is
tubular cell necrosis, intraluminal casts, hemorrhagic casts, tubular
obstruction, and tubular dilatation, swelling and flattening of proximal
tubular cells with brush border loss in glycerol-treated kidneys while
glomerular morphology remains unchanged. Magnification 100.×



SK Ma et al. : NHE3, NBC1, and Na ,K -ATPase in Experimental Rhabdomyolysis

significance of the differences among the groups was

determined using the unpaired t-tests.

Results

1. Biochemical parameters

Table 1 shows the biochemical parameters. Gly-

cerol-treated rats showed decreased creatinine clear-

ance and increased plasma creatinine levels compared

with that of controls. Accordingly, urine output was

decreased. Fractional excretion of sodium was signi-

ficantly increased, suggesting impaired tubular sodium

reabsorption in glycerol-treated rats. Plasma pH and

bicarbonate concentrations were decreased, and pla-

sma anion gap was increased, suggesting the de-

velopment of high anion gap metabolic acidosis.

2. Renal morphology

Fig. 1 demonstrates the histological changes fol-

lowing treatment with glycerol. Tubular cell necrosis,

intraluminal casts, hemorrhagic casts, tubular obstruc-

tion, and tubular dilatation, swelling and flattening of

proximal tubular cells with brush border loss were

present in glycerol-treated kidneys while glomerular

morphology remained unchanged.

3. Expression of Na ,K -ATPase 1 subunit, NHE3⍺
and NBC1

In the experimental group, the expression of Na ,K

-ATPase 1 subunit was significantly decreased in⍺
the cortex of the kidney (Fig. 2). However, the protein

expression of NHE3 and NBC1 was significantly in-

creased following the glycerol treatment (Fig. 3). Im-

munohistochemistry of NHE3 revealed apical mem-

brane labeling of proximal tubule cells and thick as-

cending limb in the cortex and outer medulla, whereas

Fig. 3. Expression of type 3 Na＋/H＋ exchanger (NHE3) (A) and type 1 Na＋/HCO3－ cotransporter (NBC1) (B)
in the cortex of the kidney. The protein expression of NHE3 and NBC1 was significantly increased following the
glycerol treatment. *p<0.05 vs control rats.

Fig. 2. Expression of Na＋,K＋-ATPase 1 subunit in the⍺
cortex of the kidney. The protein expression of Na＋,K＋
-ATPase 1 subunit was significantly decreased in the⍺
cortex of the kidney following the glycerol treatment.
*p<0.05 vs control rats. Magnification 100.×
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the basolateral membranes were unlabeled. Consistent

with the immunoblotting data, the NHE3 labeling was

markedly increased in the experimental group (Fig. 4A,

B). Immunolabeling of NBC1 appeared in the

basolateral membrane of the proximal tubules, which

was also more prominent in the experimental group

(Fig. 4C, D).

Discussion

In rhabdomyolysis, potentially toxic myocyte con-

tents are released into the systemic circulation, and the

renal consequences of this disturbance have been at-

tributed to both intense vasoconstriction and renal

tubular necrosis
1)
. Myoglobinuria plays a key role in the

pathophysiology of AKI both in clinical settings that are

characterized by muscle tissue injury and in a widely

used animal model of glycerol induced rhabdo-

myolysis
1)
. In the present study, treatment with gly-

cerol resulted in an oliguric renal failure associated

with tubular necrosis in the proximal tubule. The serum

creatinine level was increased along with a decrease of

its renal clearance. Fractional excretion of sodium was

increased, indicating impairment of tubular sodium

reabsorption. In addition, plasma pH and bicarbonate

concentrations were significantly decreased and

plasma anion gap was increased, suggesting the de-

velopment of high anion gap metabolic acidosis.

The tubular sodium reabsorption occurs through a

two-step mechanism, i.e., primary active transport out

of the cell exerted by Na ,K -ATPase at the basola-

teral membrane, followed by a passive entry at the

luminal membrane via NHE3 or other sodium co-

transporters
15, 16)

. Previous studies have demonstrated

Fig. 4. Immunoperoxidase microscopy of type 3 Na＋/H＋ exchanger (NHE3) and type
1 Na＋/HCO3－ cotransporter (NBC1) in the cortex of the kidney. Immunohistochemistry
of NHE3 revealed apical membrane labeling of proximal tubule (PT) cells in the cortex,
whereas the basolateral membranes were unlabeled. Consistent with the immu-
noblotting data, the NHE3 labeling was markedly increased after the glycerol treatment
(A and B). Immunolabeling of NBC1 appeared in the basolateral plasma membrane of
PT cells, which was also more prominent in the experimental group (C and D).
Magnification 400.×
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that glycerol injection results in proximal tubular injury

and decreased renal cortical Na ,K -ATPase acti-

vities
5-7)
. The present study also revealed that the

expression of 1 subunits of Na⍺ ,K -ATPase was

markedly decreased in association with tubular ne-

crosis following treatment with glycerol. It is spe-

culated that downregulation of Na ,K -ATPase may

be attributed to proximal tubular injury. It is note-

worthy that the down-regulation of Na ,K -ATPase

may be causally related with an increased urinary

excretion of sodium even though NHE3 abundance was

increased. Thus it could be speculated that Na ,K -

ATPase activity overrules the NHE3-induced sodium

reabsorption in experimental rhabdomyolysis, and may

suggest that factors other than the acid-base state of

the animals may have affected proximal tubule func-

tion.

Metabolic acidosis significantly increases urinary

acid excretion, associated with a number of adaptive

changes in renal tubules that contribute to increased

urinary acidification. These adaptations may be at-

tributed to an increased activity of Na /H exchanger

and bicarbonate reabsorptive capacity in the proximal

tubules
17)
. Na /HCO3 cotransporter was initially lo-

calized by functional studies to the basolateral mem-

brane of the proximal tubule, where it plays a role in

mediating electrogenic HCO3 efflux
18)
. In the present

study, immunohistochemical analysis of the anti-

NBC1 antibody also produced a strong and exclusively

basolateral labeling in proximal tubules. These results

are consistent with a view that NBC1 mediates

basolateral proximal tubule HCO3 efflux
19, 20)

. Our

results revealed that the protein abundance of NBC1

and NHE3 in the proximal tubule was coordinately

increased in response to metabolic acidosis induced by

glycerol treatment, suggesting its functional up-re-

gulation in response to metabolic acidosis. Taken

together in vitro microperfusion studies, activities of

the apically expressed NHE3 and basolaterally ex-

pressed NBC1 are up-regulated in response to me-

tabolic acidosis
11)
, these findings may suggest that

systemic pH levels play a significant role in the re-

gulation of HCO3 reabsorption in the proximal tubule.

In conclusion, the coordinate up-regulation of NHE3

and NBC1 may play an adaptive role against the

metabolic acidosis in glycerol-induced rhabdomyoly-

sis.
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