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Abstract 
Hyperkalemia is one of the most important risk factors in patients suffering from 
crush syndrome with rhabdomyolysis. Glycerol-injected animals have been used as 
an experimental model of rhabdomyolysis-induced acute kidney injury (AKI), but 
little information is available for the onset and molecular mechanism of hyperkale-
mia. In our murine model, plasma potassium levels increased after a single injection 
of 50%-glycerol solution (10 ml/kg, i.m.) during the progression of muscular and 
renal injuries. Renal tubular Na+-K+-ATPase functions as ion-exchange pomp for 
potassium clearance from blood into renal tubular epithelial cells. Renal histochemi-
stry revealed an apparent decrease in the tubular Na+-K+-ATPase expression, espe-
cially at 24 hours post-glycerol challenge in our AKI model. In contrast to the loss in 
active Na+-K+-ATPase, there was a significant increase in the renal levels of trans-
forming growth factor-β (TGF-β) that is known to suppress Na+-K+-ATPase produc-
tion in vitro. When anti-TGF-β antibody was administered in mice after the glycerol 
challenge, the suppression of renal Na+-K+-ATPase activity was partially restored. As 
a result, hyperkalemia was improved in the TGF-β-neutralized AKI mice, associated 
with a significant decrease in plasma potassium concentration. Taken together, we 
predict that endogenous TGF-β is a key regulator for inhibiting Na+-K+-ATPase 
production and, in part, enhancing hyperkalemia during progression of rhabdomyo-
lysis-induced AKI. This is, to our knowledge, the first report to determine a critical 
role of endogenous TGF-β in renal potassium metabolism during crush syndrome. 
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1. Introduction 

Crush syndrome (CS) is clinically characterized by the primary muscular injury and 
subsequent acute kidney injury (AKI), often associated with an increase in plasma po-
tassium levels [1] [2]. These pathological conditions are caused by muscular traumatic 
stresses, as noted in traffic accident or earthquake. The clinical findings are induced by 
destruction of muscle tissues and leakage of the contents of myocytes into blood. 
Myoglobin is toxic to renal epithelial cells [3], and occlusion of renal tubular fluid flow 
by cell debris leads to enhancement of AKI via a pathological circuit, such as oxidant 
stress and local inflammation, common to AKI after renal ischemia [4]. Especially, 
post-traumatic AKI often occurs in patients suffering from CS in the aftermath of ma-
jor earthquake. For example, more than 350 patients were estimated to die due to 
post-traumatic AKI in the disaster of Hanshin Awaji earthquake that struck Hyogo 
Prefecture of Japan in 1995 [5]. In addition, a total of 149 patients (8.2%) were diag-
nosed with CS in Wenchuan earthquake of China in 2008 [6]. 

Cardiac arrhythmia and arrest are a clinical hallmark of severe hyperkalemia during 
CS [1]. Given that kidney tissue plays a central role in regulating plasma potassium le-
vels, it is important to elucidate an intrinsic mechanism to inhibit or minimize the in-
tractable hyperkalemia after rhabdomyolysis. For example, Na+-K+-ATPase is located in 
a basolateral site of renal tubular epithelium and functions as an ion-exchange pump 
for potassium clearance from blood to renal cells [7], thus suggesting a compensatory 
role of Na+-K+-ATPase for minimization of hyperkalemia. Inversely, loss of this enzyme 
is associated with several types of AKIs, caused by ischemia, mercury chloride and cis-
platin in rats [8] [9] [10]. With regard to this, emerging evidence indicates that trans-
forming growth factor-β (TGF-β) plays a crucial role in renal homeostasis and AKI [11] 
[12] [13]. Nevertheless, less information is available about the cytokine-based mechan-
ism of hyperkalemia in animal models of rhabdomyolysis-induced AKI. 

So far, glycerol-treated rats have been used as a model of rhabdomyolysis-related 
AKI, since they manifested morphological and functional abnormalities in a stable fa-
shion [14] [15]. However, there are no reports showing the changes in plasma potas-
sium levels in mice treated with glycerol. In the present study, we determined the natu-
ral course of renal and muscular injuries in mice after an injection of 50%-glycerol. 
Here, we provide evidence that hyperkalemia occurs in glycerol-injected mice, possibly 
via a decrease in renal Na+-K+-ATPase and that these pathological events are, in part, 
dependent on up-regulation of renal TGF-β. 

2. Materials and Methods 
2.1. Preparation of a Murine Model of CS with AKI 

Specific pathogen-free ICR mice (6 weeks old, female, 20 - 24 g) were purchased from 
SLC (Hamamatsu, Japan). We attempted to induce rhabdomyolysis in mice, according 
to a previous report [16]. In brief, mice were treated with 50%-glycerol (diluted in dis-
tilled water) (Nacalai, Kyoto, Japan) at a dose of 10 ml/kg (i.m.). To determine the nat-
ural course of post-traumatic AKI, 24 mice were subjected to autopsy at 0, 12, 24 and 36 
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hours post-glycerol challenge (n = 6 per group). For the scheduled autopsy, glyce-
rol-injected mice were anesthetized by an injection of ketamine chloride (80 mg/kg, 
i.p.) and xyladine sulfate (8 mg/kg, i.p.), and then sacrificed by blood collection from 
the submaxillary artery, as reported [17]. All experiments were carried out according to 
the Guideline for Experimental Animal Care issued by the Prime Minister’s Office of 
Japan. 

2.2. Blood Chemistry 

To detect the possible rhabdomyolysis in mice, plasma creatinine kinase (CK) levels 
were determined with a kit (test Wako CK, Wako Pure Chem., Osaka, Japan) [18]. To 
assess the loss of renal functions, blood urea nitrogen (BUN) levels were measured, us-
ing a kit (urea nitrogen-B test, Wako), as reported [17]. Plasma potassium levels were 
determined, using a dry-chemistry kit (Fuji Drychem 800V, Fuji-film, Tokyo, Japan). 

2.3. Histology 

At the scheduled necropsy, femoral muscular tissues and kidney were collected, fixed in 
neutral buffered formalin (pH 7.4) and embedded in paraffin. These tissues were cut at 
a thickness of 4 μm, de-waxed and then stained with hematoxylin and eosin (H.E.) for 
histological examination. 

2.4. Renal Histochemistry 

Renal Na+-K+-ATPase activity was visualized, as reported [19]. In brief, renal tissues 
were perfused with 2% polyvinyl pyrrolidone, 0.8 mM CaCl2 and 100 mM histidine (pH 
7.3) for 20 min and refrigerated in dry ice acetone. Frozen section was cut at 5 μm and 
incubated at 37C for 2 hours in a reaction solution [30 mM KCl, 5 mM MgCl2, 5 mM 
p-nitrophenylphosphate and 70 mM 2-amino-2-methyl-1-propanol buffer (pH 9.0) 
with the addition of 1 mM ouabain] and then exposed to 2% CoCl2. 

2.5. Morphological Score 

To quantify the expression of Na+-K+-ATPase, renal sections were examined under a 
light microscopy and the degree of renal expression was represented as a mean value of 
the following scales: 0 = no staining; 0.5 = trace staining; 1 = light staining; 2 = mod-
erate staining; and 3 = intense staining, as checked in > 15 randomly chosen x200-field, 
as reported [17]. These analyses were all made in a blinded fashion. 

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) of TGF-β 

Renal tissues were homogenized and TGF-β1 levels in the renal extraction were meas-
ured, using a commercial kit (TGF-β1 quantikine ELISA, R&D systems, Minneapolis, 
MN, USA), as reported [17]. 

2.7. Neutralization of TGF-β in Vivo 

Anti-pan TGF-β rabbit antibody (AB-100NA, R & D systems) is known to react with 
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mouse TGF-β and neutralize its function in murine models of organ diseases [20] [21]. 
To determine the role of TGF-β during rhabdomyolysis, we administered anti-pan 
TGF-β rabbit IgG (60 μg/head/time, i.p.), or normal IgG (i.e., placebo control), into 
mice at 3 and 16 hours post-glycerol challenge. These mice were sacrificed at 24 hours 
after the start of this treatment. Blood was collected from tail veins at 6 hours post- 
induction under light anesthesia, and BUN and potassium levels were measured, as de-
scribed above. The kidneys were sampled and subjected to Na+-K+-ATPase staining, as 
mentioned above. 

2.8. Statistical Analysis 

Data were expressed as mean ± S.D. A Student’s t-test or ANOVA analysis was used to 
compare the group means and a value of p < 0.05 was considered to be significant. 

3. Results 
3.1. Chronology of Rhabdomyolysis and AKI in Mice 

Glycerol-injected mouse has been used as an animal model of muscular regeneration 
[22] [23], with a focus on myo-tubular differentiation in a late phase of rhabdomyolysis 
(i.e., 2 weeks post-trauma). However, there is no report describing an “initial” phase of 
muscular injuries, especially prior to the onset of AKI in mice. Thus, we first deter-
mined whether the intramuscular injection of 50%-glycerol (10 ml/kg) induced the 
rhabdomyolysis. As expected, hypertonic glycerol solution induced the myotubular de-
struction and atrophy between 3 and 12 hours post-injection, as evidenced by H.E. 
staining of muscular tissues (Figure 1(a)). The destructed areas of myotubules were re-
placed with infiltrated leucocytes (such as macrophages) and interstitial edema, in par-
ticular, at 36 hours post-glycerol challenge. Being consistent with the early onset of 
histological damage, plasma CK levels rapidly increased within 3 hours, reaching a peak 
at 6 hours after the glycerol injection (Figure 1(b)), thus suggesting the successful onset 
 

 
Figure 1. Change in muscular damage after a single injection of 50%-glycerol in mice. (a) Repre-
sentative findings of muscular tissues (H.E. staining, original magnification: ×400). (b) Time 
course of plasma CK levels during the muscular damages (mean ± S.D., n = 6). Statistical analy-
sis: #, p < 0.01 vs. pretreatment group. 
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of rhabdomyolysis in an “initial” phase after the glycerol injection. 
We next determined when rhabdomyolysis induces AKI in the glycerol-treated mice. 

In a peak time of plasma CK levels (i.e., 3 - 6 hours), renal tubular and glomerular 
structure was still normal, as evidenced by histological examinations (Figure 2(a)), and 
this was also convinced by blood biochemistry of BUN (Figure 2(b)), implying a 
time-lag (i.e., latent phase) between rhabdomyolysis and AKI. Follow-up study revealed 
that there were severe lesions (such as tubular dilatation with luminal debris, cast oc-
clusion and peri-tubular inflammation), especially from 24 hours post-challenge 
(Figure 2(a)). These lesions were followed by the regenerative response (i.e., appear-
ance of basophilic tubular epithelium in Figure 2(a)) till 36 hours post-challenge. Bio-
chemical data were consistent with these histological changes: BUN levels reached a peak 
at 24 hours and then returned near the basal level till 36 hours post-challenge (Figure 
2(b)). Little is known about a relationship between rhabdomyolysis and AKI in mouse 
models of CS. Our results clearly demonstrated the pathological sequence (i.e., muscular 
injuries to AKI), being similar to that of human patients suffering from CS [1] [4]. 

3.2. Decrease in Na+-K+-ATPase and Up-Regulation of TGF-β in Mice 

Hyperkalemia is an important life-threatening factor of CS [1] [4], but little informa-
tion is available about the potassium abnormality in mice undergoing rhabdomyolysis. 
Thus, we determined the time course of plasma potassium levels. As a result, there was 
an increase in plasma potassium at 24 hours, then reversed near the basal value within 
48 hours post-injury (Figure 3(a)), suggesting a transient hyperkalemia in the glyce-
rol-treated mice. Renal tubular Na+-K+-ATPase activity is known to determine the pre-
disposition to hyperkalemia [24]. Thus, we next checked the possible alternation in this 
ion-exchanging pomp enzyme, using an in situ histochemistry. As a result, we found 
that Na+-K+-ATPase activity was evident in distal and collecting tubules of the renal 
medulla in control mice (Figure 3(b)). In contrast, renal tubular Na+-K+-ATPase activ-
ities became faint in glycerol-injected mice, especially from 6 to 24 hours post-challenge. 
 

 
Figure 2. Natural course of AKI after glycerol challenge in mice. (a) Typical microphotograph of 
kidney tissues (H.E. staining, original magnification: ×40). (b) Changes in BUN levels during the 
renal damages (mean ± S.D., n = 6). #: p < 0.01 vs. pretreatment group. 
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Indeed, there was a significant difference in Na+-K+-ATPase staining score between 
control and 24 hr groups (in Figure 3(b), p < 0.05). With regard to this, TGF-β is 
shown to inhibit Na+-K+-ATPase activation in culture of renal epithelial cells [25]. 
Thus, we checked the change in TGF-β1 levels, using an ELISA kit. As expected, there 
was a difference in renal TGF-β1 between control and glycerol groups (Pretreatment: 
166.3 ± 27.1 ng/g vs. 24 hours: 251.3 ± 38.1 ng/g, p < 0.05) (Figure 3(c)). 

3.3. Contribution of TGF-β to a Decrease in Na+-K+-ATPase Activity 

The change in renal TGF-β1 correlated inversely with that of Na+-K+-ATPase activity in 
vivo. Thus, we hypothesized that endogenous TGF-β1 play a key role in CS-associated 
pathological conditions. To test this hypothesis, we injected anti-pan TGF-β antibody 
into mice at 3 and 12 hours after glycerol challenge. Interestingly, the glycerol-induced 
loss in renal Na+-K+-ATPase activity (i.e., 24 hours post-challenge) was partially but 
significantly restored by the anti-TGF-β1 antibody treatment (Figure 4(a)), with a sig-
nificant difference in staining score (control: 2.11 ± 0.24 vs. TGF-β1 neutralization: 2.55 ± 
0.27, p < 0.01). Consistently with the reversed expression of renal tubular Na+-K+ATPase, 
plasma potassium levels were decreased in the TGF-β1-neutralized group than in con-
trol group (Figure 4(b)). There was a tendency to attenuate AKI by TGF-β1 neutraliza-
tion, but there was no significant difference in BUN levels between both groups (con-
trol: 108.5 ± 18.3 mg/dl vs. TGF-β1 neutralization: 88.3 ± 17.2 mg/dl, p = 0.22) (Figure 
4(c)). 

4. Discussion 

Hyperkalemia is a common hallmark of AKIs and occurs via dysregulation of  
 

 
Figure 3. Change in hyperkalemia-related pathological events during rhabdomyolysis-induced 
AKI in mice. (a) Changes in plasma potassium levels. (b) Representative images of Na+-K+ AT-
Pase activity in the renal tissues. [ ]: Na+-K+ ATPase staining score per each time-point. (c) 
Change in renal TGF-β concentration, as determined by ELISA [17]. Data are expressed as 
mean ± S.D. (n = 6). *: p < 0.05 or #: p < 0.01 vs. pretreatment group. 
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Figure 4. Effects of anti-TGF-β antibody (Ab) on AKI-associated phenotypes. (a) Typical find-
ings of Na+-K+ ATPase activity in the kidneys between control and anti-TGF-β Ab groups. (b) & 
(c) Comparison of plasma potassium levels (b) and BUN levels (c) between control (open bar) 
and neutralization (closed bar) groups. Data are expressed as mean ± S.D. (n = 6). Statistical 
analysis: *, p < 0.05 vs. control group (24 hr).   

 
potassium metabolism. Experimentally, hyperkalemia is inducible in rodents after renal 
ischemia and re-perfusion [26], sepsis [27] and chemical exposure [28], and this was 
associated with acute tubular destruction or dysfunction. In a rat model of muscular 
compression, hyperkalemia becomes evident post-muscular decompression or damage 
[29] [30], but molecular mechanism of hyperkalemia is not yet fully understood. In the 
present study, we obtained evidence that plasma potassium levels increased during the 
rhabdomyolysis-induced AKI in mice. This was concomitant with the loss in Na+-K+- 
ATPase activity in the affected kidney. We discuss the possible molecular events (in-
cluding cytokine’s role), leading to hyperkalemia, as followed. 

Na+-K+-ATPase is located in a basolateral site of renal tubules and plays a key role as 
an ion-exchange pump for intake of blood potassium by renal epithelial cells. Activa-
tion levels of this pomp likely determine a predisposition to hyperkalemia. For exam-
ple, cyclosporin-A suppresses Na+-K+-ATPase production in a culture of renal tubular 
cells [31], while forced induction of this pump by thyroxine leads to the attenuation of 
hyperkalemia in a rat model of cyclosporin-A-induced AKI [19]. Inversely, inhibition 
of this pump by drugs underlies the mechanism of their toxicity, including hyperkale-
mia [32] [33]. These previous reports prompted us to determine whether renal 
Na+-K+-ATPase governs a degree of rhabdomyolysis-induced AKI. Using a murine 
model of CS, we found that: (i) Na+-K+-ATPase expression levels rapidly declined from 
6 hours post-challenge; and (ii) there was an inverse correlation between plasma potas-
sium and renal Na+-K+-ATPase, hence suggesting a definitive role of this pump in po-
tassium handling under CS. 

The forced restoration of Na+-K+-ATPase activation may be useful for determining 
its physiological function in our CS model. Thus, we attempted to elucidate the mole-
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cular mechanism whereby renal Na+-K+-ATPase activity is impaired under such an 
AKI-associated pathological condition. Our attention was paid to the dynamism of 
TGF-β, because of the following reasons: (i) TGF-β is up-regulated in a rat model of 
glycerol-induced AKI [34] [35]; (ii) this cytokine can inhibit production and activation 
of Na+-K+-ATPase in vitro [25] [36]; and (iii) renal phenotype of AKI (such as repair or 
fibronesis) depends on local TGF-β expression levels [37] [38]. In our murine model, 
TGF-β expression levels became higher, especially around 24 hours post-challenge, as 
evidenced by ELISA. In this time-point, TGF-β was detected in the interstitial cells (not 
sown), as reported in a rat model of glycerol nephropathy [37]. 

One of the most highlighted findings is that the lowered activity of Na+-K+-ATPase is 
restored by TGF-β neutralization. When anti-TGF-β polyclonal antibody was injected 
in mice post-glycerol challenge, renal Na+-K+-ATPase staining was significantly en-
hanced. Of interest, this was concomitant with the significant decrease in plasma potas-
sium level. Thus, we predict that interstitial cell-secreted TGF-β is, in part, responsible 
for the enhancement of hyperkalemia, via inhibiting Na+-K+-ATPase activity in renal 
tubules. The effect of anti-TGF-β antibody was significant, but ‘marginal’ on hyperka-
lemia, thus implying the possible involvement of “other” mechanism in renal potassium 
metabolism. Pro-inflammatory cytokines (such as TNF-α and IL-1β) are known to be 
up-regulated during glycerol-induced AKI in rats [39] [40] [41]. Notably, these pro- 
inflammatory cytokines are able to suppress production of Na+-K+-ATPase in a cul-
ture of renal tubular epithelium [42]. Thus, we predict that not only TGF-β but also 
pro-inflammatory cytokines (such as TNF-α) likely induce or accelerate hyperkale-
mia. 

We finally discuss the possible functions of TGF-β during AKI. TGF-β induces 
apoptosis and growth arrest in renal tubular cells [43] [44]. TGF-β is also important for 
enhancing collagen synthesis in renal epithelium [45]. Of note, TGF-β plays a key role 
in epithelial-to-mesenchymal transition [46], resulting in a decrease in Na+-K+-ATPase 
production [36], and all of these events contribute to progression of AKI-to-chronic 
kidney disease. These data suggest a beneficial effect of anti-TGF-β antibody on AKI. 
Indeed, there was a tendency to show that TGF-β neutralization enhanced a recovery 
from the renal dysfunction in our mouse model. In addition, anti-TGF-β antibody or 
chemical peptides are shown to suppress ischemic AKI in animals [47] [48]. The poten-
tial clinical application of TGF-β-antagonists in the attenuation of AKIs warrants fur-
ther attention. 

In summary, TGF-β-induced decrease in Na+-K+-ATPase activity is, at least in part, 
contributable for hyperkalemia soon after rhabdomyolysis. Based on the present results, 
we conclude that glycerol-injected mouse can be a conceptual model to elucidate the 
molecular mechanism of hyperkalemia during CS. Maintenance or re-induction of 
Na+-K+-ATPase may be a pharmacological target for inhibiting AKI-based lethal events. 
Our model may be useful for development of anti-hyperkalemic agents (including cy-
tokine-antagonists). We are now under the process of screening candidate drugs, with a 
focus on roles of growth factors. 
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5. Conclusion 

Previous reports describe that a loss in renal Na+-K+ ATPase activity is responsible for 
hyperkalemia. Using a mouse model of crush syndrome, we demonstrated that an in-
crease in renal TGF-β levels contributes to the loss in Na+-K+ ATPase activity in the 
tubules of affected kidney. Indeed, anti-TGF-β antibody restored the loss in this pomp 
enzyme, leading to attenuation of hyperkalemia in mice. Thus, we conclude that endo-
genous TGF-β can be a pharmacological target to suppress hyperkalemia during rhab-
domyolysis-induced AKI. 

Acknowledgements 

This work was supported by grants from the Ministry of Education, Science, Technol-
ogy, Sports and Culture of Japan (No. 14570187 and No. 15K08402 to S.M.) and from 
Osaka Kidney Bank (OKF03-0011 to S.M.). 

References 
[1] Chavez, L.O., Leon, M., Einav, S. and Varon, J. (2016) Beyond Muscle Destruction: A Sys-

tematic Review of Rhabdomyolysis for Clinical Practice. Critical Care, 20, 135.  
https://doi.org/10.1186/s13054-016-1314-5 

[2] Scharman, E.J. and Troutman, W.G. (2013) Prevention of Kidney Injury Following Rhab-
domyolysis: A Systematic Review. Annual Pharmacotherapy, 47, 90-105.  
https://doi.org/10.1345/aph.1R215 

[3] Zager, R.A. and Burkhart, K. (1997) Myoglobin Toxicity in Proximal Human Kidney Cells: 
Roles of Fe, 2

+Ca , H2O2, and Terminal Mitochondrial Electron Transport. Kidney Interna-
tional, 51, 728-738. https://doi.org/10.1038/ki.1997.104 

[4] Bosch, X., Poch, E. and Grau, J.M. (2009) Rhabdomyolysis and Acute Kidney Injury. New 
England Journal of Medicine, 361, 62-72. https://doi.org/10.1056/NEJMra0801327 

[5] Tanaka, H., Oda, J., Iwai, A., Kuwagata, Y., Matsuoka, T., Takaoka, M., Kishi, M., Morimo-
to, F., Ishikawa, K., Mizushima,Y., Nakata, Y., Yamamura, H., Hiraide, A., Shimazu, T. and 
Yoshioka, T. (1999) Morbidity and Mortality of Hospitalized Patients after the 1995 Han-
shin-Awaji Earthquake. American Journal of Emergency Medicine, 17, 186-191.  
https://doi.org/10.1016/S0735-6757(99)90059-1 

[6] Zhang, L., Fu, P., Wang, L., et al. (2012) The Clinical Features and Outcome of Crush Pa-
tients with Acute Kidney Injury after the Wenchuan Earthquake: Differences between El-
derly and Younger Adults. Injury, 43, 1470-1475.  
https://doi.org/10.1016/j.injury.2010.11.036 

[7] Féraille, E., Mordasini, D., Gonin, S., Deschênes, G., Vinciguerra, M., Doucet, A., Vande-
walle, A., Summa, V., Verrey, F. and Martin, P.Y. (2003) Mechanism of Control of Na,K- 
ATPase in Principal Cells of the Mammalian Collecting Duct. Annual New York Academy 
Science, 986, 570-578. https://doi.org/10.1111/j.1749-6632.2003.tb07255.x 

[8] Matsuzaki, T., Watanabe, H., Yoshitome, K., Morisaki, T., Hamada, A., Nonoguchi, H., 
Kohda, Y., Tomita, K., Inui, K. and Saito, H. (2007) Downregulation of Organic Anion 
Transporters in Rat Kidney under Ischemia Reperfusion-Induced Acute Renal Failure. 
Kidney International, 71, 539-547. https://doi.org/10.1038/sj.ki.5002104 

[9] Klonne, D.R. and Johnson, D.R. (1988) Enzyme Activity and Sulfhydryl Status in Rat Renal 
Cortex Following Mercuric Chloride and Dithiothreitol Administration. Toxicology Letter, 

https://doi.org/10.1186/s13054-016-1314-5
https://doi.org/10.1345/aph.1R215
https://doi.org/10.1038/ki.1997.104
https://doi.org/10.1056/NEJMra0801327
https://doi.org/10.1016/S0735-6757(99)90059-1
https://doi.org/10.1016/j.injury.2010.11.036
https://doi.org/10.1111/j.1749-6632.2003.tb07255.x
https://doi.org/10.1038/sj.ki.5002104


S. Mizuno, Y. Mizuno-Horikawa 
 

490 

42, 199-205. https://doi.org/10.1016/0378-4274(88)90078-1 

[10] Bae, E.H., Lee, J., Ma, S.K., Kim, I.J., Frøkiaer, J., Nielsen, S., Kim, S.Y. and Kim, S.W. 
(2009) Alpha-Lipoic Acid Prevents Cisplatin-Induced Acute Kidney Injury in Rats. Neph-
roogyl Dialysis Transplantation, 24, 2692-2700. https://doi.org/10.1093/ndt/gfp176 

[11] Matsuki, K., Hathaway, C.K., Chang, A.S., Smithies, O. and Kakoki, M. (2015) Transform-
ing Growth Factor β1 and Aldosterone. Current Opinion Nephrology Hypertension, 24, 
139-144. https://doi.org/10.1097/MNH.0000000000000100 

[12] Barrera-Chimal, J., et al. (2013) Spironolactone Prevents Chronic Kidney Disease Caused 
by Ischemic Acute Kidney Injury. Kidney International, 83, 93-103.  
https://doi.org/10.1038/ki.2012.352 

[13] Gewin, L., et al. (2012) Deleting the TGF-β Receptor Attenuates Acute Proximal Tubule 
Injury. Journal of American Society of Nephrology, 23, 2001-2011.  
https://doi.org/10.1681/ASN.2012020139 

[14] Singh, A.P., et al. (2012) Animal Models of Acute Renal Failure. Pharmacological Report, 
64, 31-44. https://doi.org/10.1016/S1734-1140(12)70728-4 

[15] Nara, A., Yajima, D., Nagasawa, S., Abe, H., Hoshioka, Y. and Iwase, H. (2016) Evaluations 
of Lipid Peroxidation and Inflammation in Short-Term Glycerol-Induced Acute Kidney 
Injury in Rats. Clinical and Experimental Pharmacology and Physiology, 43, 1080-1086.  
https://doi.org/10.1111/1440-1681.12633 

[16] Trachtman, H., Valderrama, E., Dietrich, J.M. and Bond, J.S. (1995) The Role of Meprin A 
in the Pathogenesis of Acute Renal Failure. Biochemistry Biophysics Research Communica-
tions, 208, 498-505. https://doi.org/10.1006/bbrc.1995.1366 

[17] Mizuno, S., Matsumoto, K., Kurosawa, T., Mizuno-Horikawa, Y. and Nakamura, T. (2000) 
Reciprocal Balance of Hepatocyte Growth Factor and Transforming Growth Factor-β1 in 
Renal Fibrosis in Mice. Kidney International, 57, 937-948.  
https://doi.org/10.1038/sj.ki.4491416 

[18] Nakamura, T., Mizuno, S., Matsumoto, K., Sawa, Y., Matsuda, H. and Nakamura, T. (2000) 
Myocardial Protection from Ischemia-Reperfusion Injury by Endogenous and Exogenous 
HGF. Journal of Clinical Investigation, 106, 1511-1519. https://doi.org/10.1172/JCI10226 

[19] You, C.W., Park, Y.H., Lee, E.S., Kim, Y.J., Shin, S.M. and Park, M.O. (2002) Effects of 
Thyroxine on Hyperkalemia and Renal Cortical Na+, K+-ATPase Activity Induced by Cyc-
losporin A. Journal of Korean Medical Science, 17, 625-632.  
https://doi.org/10.3346/jkms.2002.17.5.625 

[20] Yamamoto, T., Takagawa, S., Katayama, I. and Nishioka, K. (1999) Anti-Sclerotic Effect of 
Transforming Growth Factor-β Antibody in a Mouse Model of Bleomycin-Induced Sclero-
derma. Clinical Immunology, 92, 6-13. https://doi.org/10.1006/clim.1999.4720 

[21] Habashi, J.P., et al. (2006) Losartan, an AT1 Antagonist, Prevents Aortic Aneurysm in a 
Mouse Model of Marfan Syndrome. Science, 312, 117-121.  
https://doi.org/10.1126/science.1124287 

[22] Arsic, N., et al. (2004) Vascular Endothelial Growth Factor Stimulates Skeletal Muscle Re-
generation In Vivo. Molecular Therapy, 10, 844-854.  
https://doi.org/10.1016/j.ymthe.2004.08.007 

[23] Mahdy, M.A., Lei, H.Y., Wakamatsu, J., Hosaka, Y.Z. and Nishimura, T. (2015) Compara-
tive Study of Muscle Regeneration Following Cardiotoxin and Glycerol Injury. Annual 
Anatomy, 202, 18-27. https://doi.org/10.1016/j.aanat.2015.07.002 

[24] Chen, Z., et al. (2014) Activation of mTORC1 in Collecting Ducts Causes Hyperkalemia. 
Journal of American Society Nephrology, 25, 534-545.  

https://doi.org/10.1016/0378-4274(88)90078-1
https://doi.org/10.1093/ndt/gfp176
https://doi.org/10.1097/MNH.0000000000000100
https://doi.org/10.1038/ki.2012.352
https://doi.org/10.1681/ASN.2012020139
https://doi.org/10.1016/S1734-1140(12)70728-4
https://doi.org/10.1111/1440-1681.12633
https://doi.org/10.1006/bbrc.1995.1366
https://doi.org/10.1038/sj.ki.4491416
https://doi.org/10.1172/JCI10226
https://doi.org/10.3346/jkms.2002.17.5.625
https://doi.org/10.1006/clim.1999.4720
https://doi.org/10.1126/science.1124287
https://doi.org/10.1016/j.ymthe.2004.08.007
https://doi.org/10.1016/j.aanat.2015.07.002


S. Mizuno, Y. Mizuno-Horikawa 
 

491 

https://doi.org/10.1681/ASN.2013030225 

[25] Tang, M.J., Wang, Y.K. and Lin, H.H. (1995) Butyrate and TGF-β Down Regulate Na,K- 
ATPase Expression in Cultured Proximal Tubule Cells. Biochemistry Biophysics Research 
Communications, 215, 57-66. https://doi.org/10.1006/bbrc.1995.2433 

[26] Gimelreich, D., Popovtzer, M.M., Wald, H., Pizov, G., Berlatzky, Y. and Rubinger, D. 
(2001) Regulation of ROMK and Channel-Inducing Factor (CHIF) in Acute Renal Failure 
Due to Ischemic Reperfusion Injury. Kidney International, 59, 1812-1820.  
https://doi.org/10.1046/j.1523-1755.2001.0590051812.x 

[27] Rodrigues, C.E., et al. (2012) Effects of Continuous Erythropoietin Receptor Activator in 
Sepsis-Induced Acute Kidney Injury and Multi-Organ Dysfunction. PLoS ONE, 7, e29893.  
https://doi.org/10.1371/journal.pone.0029893 

[28] Marques, F.S., et al. (2013) Transplantation of Bone Marrow Mononuclear Cells Reduces 
Mortality and Improves Renal Function on Mercury-Induced Kidney Injury in Mice. Renal 
Failure, 35, 776-781. https://doi.org/10.3109/0886022X.2013.780660 

[29] Murata, I., Ooi, K., Sasaki, H., et al. (2011) Characterization of Systemic and Histologic In-
jury after Crush Syndrome and Intervals of Reperfusion in a Small Animal Model. Journal 
of Trauma, 70, 1453-1463. https://doi.org/10.1097/TA.0b013e31820ca00a 

[30] Shustin, L., Wald, H. and Popovtzer, M.M. (1998) Role of Down-Regulated CHIF mRNA in 
the Pathophysiology of Hyperkalemia of Acute Tubular Necrosis. American Journal of 
Kidney Disease, 32, 600-604. https://doi.org/10.1016/S0272-6386(98)70023-X 

[31] Tumlin, J.A. and Sands, J.M. (1993) Nephron Segment-Specific Inhibition of Na+/K+-ATPase 
Activity by Cyclosporin A. Kidney International, 43, 246-251.  
https://doi.org/10.1038/ki.1993.38 

[32] Goldman, R.H., et al. (1973) The Inotropic Effects of Digoxin in Hyperkalemia. Relation to 
(Na+, K+)-ATPase Inhibition in the Intact Animal. Circulation, 48, 830-838.  
https://doi.org/10.1161/01.CIR.48.4.830 

[33] Eiam-Ong, S., Kurtzman, N.A. and Sabatini, S. (1996) Studies on the Mechanism of Trime-
thoprim-Induced Hyperkalemia. Kidney International, 49, 1372-1378.  
https://doi.org/10.1038/ki.1996.193 

[34] Zager, R.A. and Johnson, A.C. (2010) Progressive Histone Alterations and Proinflammatory 
Gene Activation: Consequences of Heme Protein/Iron-Mediated Proximal Tubule Injury. 
American Journal of Physiology, 298, F827-F837.  

[35] Korrapati, M.C., Shaner, B.E. and Schnellmann, R.G. (2012) Recovery from Glycerol- 
Induced Acute Kidney Injury Is Accelerated by Suramin. Journal of Pharmacology and Ex-
perimental Therapy, 341, 126-136. https://doi.org/10.1124/jpet.111.190249 

[36] Rajasekaran, S.A., Huynh, T.P., Wolle, D.G., et al. (2010) Na,K-ATPase Subunits as Mark-
ers for Epithelial Mesenchymal Transition in Cancer and Fibrosis. Molecular Cancer Ther-
apy, 9, 1515-1524. https://doi.org/10.1158/1535-7163.MCT-09-0832 

[37] Soares, T.J., Costa, R.S., Volpini, R.A., Da Silva, C.G. and Coimbra, T.M. (2002) Long-Term 
Evolution of the Acute Tubular Necrosis (ATN) Induced by Glycerol: Role of Myofibrob-
lasts and Macrophages. International Journal of Experimental Pathology, 83, 165-172.  
https://doi.org/10.1046/j.1365-2613.2002.00223.x 

[38] Rodríguez-Romo, R., Berman, N., Gómez, A. and Bobadilla, N.A. (2015) Epigenetic Regu-
lation in the Acute Kidney Injury (AKI) to Chronic Kidney Disease Transition (CKD). 
Nephrology, 20, 736-743. https://doi.org/10.1111/nep.12521 

[39] Zager, R.A., Johnson. A.C., Hanson, S.Y. and Lund, S. (2005) Parenteral Iron Compounds 
Sensitize Mice to Injury-Initiated TNF-α mRNA Production and TNF-α Release. American 

https://doi.org/10.1681/ASN.2013030225
https://doi.org/10.1006/bbrc.1995.2433
https://doi.org/10.1046/j.1523-1755.2001.0590051812.x
https://doi.org/10.1371/journal.pone.0029893
https://doi.org/10.3109/0886022X.2013.780660
https://doi.org/10.1097/TA.0b013e31820ca00a
https://doi.org/10.1016/S0272-6386(98)70023-X
https://doi.org/10.1038/ki.1993.38
https://doi.org/10.1161/01.CIR.48.4.830
https://doi.org/10.1038/ki.1996.193
https://doi.org/10.1124/jpet.111.190249
https://doi.org/10.1158/1535-7163.MCT-09-0832
https://doi.org/10.1046/j.1365-2613.2002.00223.x
https://doi.org/10.1111/nep.12521


S. Mizuno, Y. Mizuno-Horikawa 
 

492 

Journal of Physiology, 288, F290-F297.  

[40] Homsi, E., Janino, P. and de Faria, J.B. (2006) Role of Caspases on Cell Death, Inflamma-
tion, and Cell Cycle in Glycerol-Induced Acute Renal Failure. Kidney International, 69, 
1385-1392. https://doi.org/10.1038/sj.ki.5000315 

[41] Kang, K.P., et al. (2014) Effect of Gender Differences on the Regulation of Renal Ischemia 
Reperfusion Induced Inflammation in Mice. Molecular Medical Report, 9, 2061-2068.  
https://doi.org/10.3892/mmr.2014.2089 

[42] Schmidt, C., Höcherl, K., Schweda, F., Kurtz, A. and Bucher, M. (2007) Regulation of Renal 
Sodium Transporters during Severe Inflammation. Journal of American Society Nephrolo-
gy, 18, 1072-1083. https://doi.org/10.1681/ASN.2006050454 

[43] Bhaskaran, M., Reddy, K., Radhakrishanan, N., Franki, N., Ding, G. and Singhal, P.C. 
(2003) Angiotensin II Induces Apoptosis in Renal Proximal Tubular Cells. American Jour-
nal of Physiology, 284, F955-F965. https://doi.org/10.1152/ajprenal.00246.2002 

[44] Tsubari, M., Taipale, J., Tiihonen, E., Keski-Oja, J. and Laiho, M. (1999) Hepatocyte 
Growth Factor Released Mink Epithelial Cells from Transforming Growth Factor Be-
ta1-Induced Growth Arrest by Restoring Cdk6 and Cyclin E-Associated Cdk2 Activity. 
Molecular Cell Biology, 19, 3654-3663. https://doi.org/10.1128/MCB.19.5.3654 

[45] Bae, J.S., Kim, I.S. and Rezaie, A.R. (2010) Thrombin Down-Regulates the TGF-β-Mediated 
Synthesis of Collagen and Fibronectin by Human Proximal Tubule Epithelial Cells through 
the EPCR-Dependent Activation of PAR-1. Journal of Cell Physiology, 225, 233-239.  
https://doi.org/10.1002/jcp.22249 

[46] Lan, H.Y. (2003) Tubular Epithelial-Myofibroblast Transdifferentiation Mechanisms in 
Proximal Tubule Cells. Current Opinion Nephrology Hypertension, 12, 25-29.  
https://doi.org/10.1097/00041552-200301000-00005 

[47] Spurgeon, K.R., Donohoe, D.L. and Basile, D.P. (2005) Transforming Growth Factor-β in 
Acute Renal Failure: Receptor Expression, Effects on Proliferation, Cellularity, and Vascu-
larization after Recovery from Injury. American Journal of Physiology, 288, F568-F577.  

[48] Chen, H., et al. (2015) Apelin Protects against Acute Renal Injury by Inhibiting TGF-β1. 
Biochimica et Biophysica Acta (BBA)—Molecular Basis of Disease, 1852, 1278-1287.  
https://doi.org/10.1016/j.bbadis.2015.02.013 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations 

TGF-β, transforming growth factor-β; CS, Crush syndrome; AKI, Acute kidney injury; 
BUN, blood urea nitrogen; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β. 

https://doi.org/10.1038/sj.ki.5000315
https://doi.org/10.3892/mmr.2014.2089
https://doi.org/10.1681/ASN.2006050454
https://doi.org/10.1152/ajprenal.00246.2002
https://doi.org/10.1128/MCB.19.5.3654
https://doi.org/10.1002/jcp.22249
https://doi.org/10.1097/00041552-200301000-00005
https://doi.org/10.1016/j.bbadis.2015.02.013


 
 

 

 
Submit or recommend next manuscript to SCIRP and we will provide best service 
for you:  

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.  
A wide selection of journals (inclusive of 9 subjects, more than 200 journals) 
Providing 24-hour high-quality service 
User-friendly online submission system  
Fair and swift peer-review system  
Efficient typesetting and proofreading procedure 
Display of the result of downloads and visits, as well as the number of cited articles   
Maximum dissemination of your research work 

Submit your manuscript at: http://papersubmission.scirp.org/ 
Or contact pp@scirp.org  

http://papersubmission.scirp.org/
mailto:pp@scirp.org

	Up-Regulation of Local TGF-β Contributes to a Decrease in Renal Tubular Na+-K+ ATPase and Hyperkalemia in a Mouse Model of Crush Syndrome
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Preparation of a Murine Model of CS with AKI
	2.2. Blood Chemistry
	2.3. Histology
	2.4. Renal Histochemistry
	2.5. Morphological Score
	2.6. Enzyme-Linked Immunosorbent Assay (ELISA) of TGF-β
	2.7. Neutralization of TGF-β in Vivo
	2.8. Statistical Analysis

	3. Results
	3.1. Chronology of Rhabdomyolysis and AKI in Mice
	3.2. Decrease in Na+-K+-ATPase and Up-Regulation of TGF-β in Mice
	3.3. Contribution of TGF-β to a Decrease in Na+-K+-ATPase Activity

	4. Discussion
	5. Conclusion
	Acknowledgements
	References
	Abbreviations

