
1

Article
Open Access

Mineralocorticoid Receptor Pathway Is a Key 
Mediator of Carfilzomib-induced Nephrotoxicity: 
Preventive Role of Eplerenone
Panagiotis Efentakis1, Sofia Lamprou1, Manousos Makridakis2, Ioanna Barla3, Panagiota-Efstathia Nikolaou1, 
Andriana Christodoulou1, Costantinos Dimitriou2, Nikolaos Kostomitsopoulos2, Ioannis Ntanasis-Stathopoulos4, 
Irene Theochari5, Maria Gavriatopoulou4, Harikleia Gakiopoulou5, Androniki Tasouli6, Antonia Vlahou2,  
Evangelos Gikas3, Nikolaos Thomaidis3, Meletios-Athanasios Dimopoulos4, Evangelos Terpos4, Ioanna Andreadou1

Correspondence: Ioanna Andreadou (jandread@pharm.uoa.gr).

ABSTRACT
Carfilzomib is an irreversible proteasome inhibitor indicated for relapsed/refractory multiple myeloma. Carfilzomib toxicity includes renal 
adverse effects (RAEs) of obscure pathobiology. Therefore, we investigated the mechanisms of nephrotoxicity developed by Carfilzomib. 
In a first experimental series, we used our previously established in vivo mouse models of Carfilzomib cardiotoxicity, that incorporated 
2 and 4 doses of Carfilzomib, to identify whether Carfilzomib affects renal pathways. Hematology and biochemical analyses were per-
formed, while kidneys underwent histological and molecular analyses. In a second and third experimental series, the 4 doses protocol 
was repeated for 24 hours urine collection and proteomic/metabolomic analyses. To test an experimental intervention, primary murine 
collecting duct tubular epithelial cells were treated with Carfilzomib and/or Eplerenone and Metformin. Finally, Eplerenone was orally 
co-administered with Carfilzomib daily (165 mg/kg) in the 4 doses protocol. We additionally used material from 7 patients to validate our 
findings and patients underwent biochemical analysis and assessment of renal mineralocorticoid receptor (MR) axis activation. In vivo 
screening showed that Carfilzomib-induced renal histological deficits and increased serum creatinine, urea, NGAL levels, and protein-
uria only in the 4 doses protocol. Carfilzomib decreased diuresis, altered renal metabolism, and activated MR axis. This was consistent 
with the cytotoxicity found in primary murine collecting duct tubular epithelial cells, whereas Carfilzomib + Eplerenone co-administration 
abrogated Carfilzomib-related nephrotoxic effects in vitro and in vivo. Renal SGK-1, a marker of MR activation, increased in patients with 
Carfilzomib-related RAEs. Conclusively, Carfilzomib-induced renal MR/SGK-1 activation orchestrates RAEs and water retention both 
in vivo and in the clinical setting. MR blockade emerges as a potential therapeutic approach against Carfilzomib-related nephrotoxicity.

INTRODUCTION

Carfilzomib (Cfz) is an irreversible proteasome inhibitor 
indicated for relapsed/refractory multiple myeloma (R/R MM). 
ENDEAVOR study showed that Cfz improves the overall sur-
vival of patients with R/R MM compared to the reversible 

proteasome inhibitor Bortezomib, whereas it is accounted for 
higher occurrence of cardiovascular (CVAEs) and renal adverse 
effects (RAEs).1 Continuous monitoring of Cfz-treated patients 
is essential, and clinical management of CVAEs and RAEs is not 
uniform, because guidelines on preventive measures in patients 
with Cfz-induced adverse effects are limited.2

ENDEAVOR study showed that Cfz-treated patients present 
grade 1–3 renal complications (acute renal failure, renal fail-
ure, renal impairment, acute prerenal failure, anuria, oliguria, 
and prerenal failure) at higher occurrence (15%–19%) com-
pared to Bortezomib (10%–11%).1 However, the biology of the 
observed RAEs is obscure. Cfz-associated renal complications 
are common, occur acutely and are unpredictable.3 Cfz-related 
RAEs involve the manifestation of thrombotic microangiop-
athy (TMA), albuminuria associated with focal segmental 
glomerulosclerosis (FSGS) but also histopathological-only find-
ings with no clinical symptoms.3 Further investigation of Cfz-
induced nephrotoxicity is needed to highlight the mechanisms 
of these complications and discover novel and safe prophylactic 
therapies.3

We have previously established an in vivo Cfz-induced 
cardiotoxicity model that mimics the clinical observations4 
and demonstrated that the observed cardiotoxicity is medi-
ated by a dysregulation of the AMP-activated kinase α 
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(AMPKα)-autophagy axis in the myocardium.4 However, in 
this study, other adverse effects of Cfz were not investigated. 
Considering that the management of Cfz-induced RAEs remains 
an unmet clinical need, herein, we sought to investigate the 
molecular signaling of Cfz-induced nephrotoxicity and to assess 
possible preventive therapies.

METHODS

For Complete Materials and Methods please refer to the 
Suppl. Materials.

Animals
Eighty-nine male C57Bl/6J (13–14 weeks of age) mice were 

used in this study. Mice were bred and housed in the Animal 
Facility of Biomedical Research Foundation Academy of Athens 
and in accordance with the “Guide for the care and use of 
Laboratory animals” and experiments were approved by the 
Ethics Committee (Approval No: 182464;14-05-2019) accord-
ing to ARRIVE guidelines.5,6 In the first experimental series, mice 
were randomized as follows: two-dose protocol: (1) control 
(NaCl 0.9%), (2) Cfz (8 mg/kg), for 2 consecutive days; four-dose 
protocol: (1) control (NaCl 0.9%), (2) Cfz (8 mg/kg), for 6 days,4 
(n = 5–6 per group). NaCl and Cfz were injected intraperitone-
ally daily on the 2-dose protocol and on alternate days in the 
4-dose protocol (Figure S1A, B). Cfz regimens were based on our 
previous study addressing its cardiotoxicity.4 Briefly, Cfz initial 
dosing is selected to be 27 or 56 mg/m2 and can be reduced to 
15 mg/m2 upon manifestation of life-threatening CVAEs, before 
medication discontinuation. In a translational scope, the dose reg-
imen selected for the 2-dose protocol is equivalent to a human 
equivalent dose (HED) of 14.85 mg/m2 which is the lowest dose 
used in MM patients, whereas the dose regimen selected for the 
4-dose protocol is equivalent to a HED of 29.65 mg/m2, which is 
within the range of the initial dose of Cfz. Therefore, the dose reg-
imens used in this study are in line with the dose regimens used in 
humans. However, metabolism and drug clearance in mice differs 
in comparison with humans; therefore, more frequent adminis-
tration of Cfz in the murine model is needed to maintain the same 
proteasome inhibitory effects with the clinical setting.7

At the end of the experiments, animals were anesthetized 
with ketamine (100 mg/kg) and euthanized by cervical disloca-
tion. Whole blood, plasma, and kidney samples were collected. 
In a second experimental series, the previous experiments were 
repeated only for the 4-dose protocol (n = 5–6 per group), and 
blood, sera, and kidney samples underwent biochemical (serum 
creatine, urea-bound-nitrogen [BUN], lactate Dehydrogenase 
[LDH], C-reactive protein  [CRP], and full blood count), pro-
teomic and western blot analysis. In a third series of experiments, 
mice were randomized as in the 4-dose protocol (n = 6 per group) 
and individually housed in metabolic cages in which they were 
provided with food and water ad libitum for urine collection. 
Blood, sera, and urine samples were subjected to metabolomic 
analysis. Finally, in a fourth experimental series mice were ran-
domized as follows: (1) control (NaCl 0.9%), (2) Cfz (8 mg/kg), 
(3) Eplerenone (165 mg/kg), and (4) Cfz (8 mg/kg) (4 dose) + 
Eplerenone (165 mg/kg) administered for 6 days (Figure S1C) (n = 
6 per group). Eplerenone dose was calculated based on the inter-
species dose conversion formulas which corresponds to a low dose 
of Eplerenone at a HED of 25 mg and in compliance with the liter-
ature.8 Molecular, renal histology and biochemical analyses were 
performed, whereas in a fifth experimental series the experiments 
were repeated for metabolomic analyses (n = 6 per group).

Patients
Herein, we report data for 7 R/R MM patients who were 

treated with Cfz-based regimens in the Department of Clinical 
Therapeutics, Medical School, National and Kapodistrian 
University of Athens and presented with Cfz-related RAEs. 

Patients were closely monitored and evaluated for renal compli-
cations and renal biopsies were obtained upon manifestation of 
nephrotoxicity. RAEs related to myeloma progression were not 
rated as Cfz-related. RAEs were rated according to National 
Cancer Institute Common Terminology Criteria for Adverse 
Events, v4.03. Approval was obtained from the institutional 
review board/Ethics Committee of the hospital. Patients’ clinical 
characteristics are presented in Table 1 and renal biopsies charac-
teristics are presented in Table S1. Renal biopsies originating from 
macroscopically healthy parenchyma from 3 patients who under-
went nephrectomy due to other reasons unrelated to MM or Cfz 
treatment were used as Control samples. The estimated glomer-
ular filtration rate (eGFR, mL/min/1.73m2) was estimated using 
the chronic kidney disease epidemiology collaboration formula9 
and biochemical analyses were performed by the Department of 
Clinical Therapeutics, Medical School, National and Kapodistrian 
University of Athens using automated analyzers.

Statistical analysis
Data are presented as means ± standard error (mean ± SEM). 

Continuous variables were compared between 2 groups using 
an unpaired, 2-tailed, Student’s T-Test, among >3 groups using 
one-way analysis of variance, and post hoc comparisons were 
made using Tukey’s test. For clinical data, Mann-Whitney Test 
was performed, without assumption of normal distribution of 
the samples with an unpaired 2-tailed T-Test. No assumption 
of equal variability of differences was performed and data were 
corrected with Greenhouse-Geisser correction. A P-value of 
<0.05 was considered statistically significant. All statistical anal-
yses and graph preparation were performed using GraphPad 
Prism 8.5 analysis software (GraphPad Software, Inc., La Jolla, 
CA). No outliers due to biological diversity were excluded. The 
absence of outlying values was confirmed by GraphPad Prism 
analysis software, using ROUT method and Q = 1%.

RESULTS

Four doses of Cfz increased serum creatinine and BUN and 
presented early histological signs of nephrotoxicity

We initially applied our previously established translational 
protocols of Cfz cardiotoxicity4 and we monitored biomarkers 

Table 1 

Patient Clinical Characteristics

Biometrical parameters
  Age, years, median (range) 66 (56–67)
  Gender, male/female 71.4%/28.6%
  Median baseline eGFR (mL/min/1.73 m2) (range) 69.2 (62.5–89.7)
Comorbidities
  Hypertension 57.1%
  Diabetes mellitus 28.6%
  Peripheral angiopathy 13.3%
  Coronary heart disease 13.3%
MM immunoglobulin type
  κLC 71.40%
  λLC 28.60%
  Non-secretory 0%
  Previous HDM/ASCT 42.90%
Carfilzomib dose (mg/m2)
  20/27 44%
  20/36 13.3%
  20/56 42.9%
  Carfilzomib-dexamethasone (Kd) 73%
  Kd+ Lenalidomide (KRd) 13.3%
  Other Cfz combinations 13.3%

Cfz = Carfilzomib; eGFR = estimated glomerular rate; HDM/ASCT = high-dose melphalan therapy 
with autologous stem cell transplantation; MM = multiple myeloma; κLC = kappa light chain;  
λLC = lambda light chain.
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of renal impairment, such as serum creatinine, BUN, and LDH. 
We observed that 2 doses of Cfz did not inhibit renal protea-
some activity and did not lead to a significant increase of serum 
creatinine or BUN, while significantly increased LDH and cir-
culating neutrophils (Figure S2A–E). No noteworthy histologi-
cal deficits were reported, while an infiltration of immune cells 
(ICs) was observed only in the Cfz group (Figure S2F–G). On 
the contrary, 4 doses of Cfz, led to an increase of serum cre-
atinine and BUN (Fig. 1A, B) and successfully inhibited renal 
proteasome activity (Fig. 1C) additionally to the inhibition of 

proteasome activity in the peripheral blood mononuclear cells 
(PBMCs), as previously shown at the same dose.4 This increase 
in serum creatinine and BUN was accompanied by a significant 
increase in LDH and circulating total white blood cells (WBCs) 
and neutrophils (Fig. 1D, E). Four doses of Cfz led to a signifi-
cant Lcn2 (NGAL) mRNA increase without changes in Kidney 
injury molecule-1 mRNA expression (Fig. 1F), which are 2 sen-
sitive renal injury markers,10 and to histological deficits such 
as glomerular volume increase and juxtaglomerular apparatus 
hyperplasia (JAH), mild IC infiltration and fibrosis (Fig. 1G–J). 

Figure 1.  Four doses of Carfilzomib increased serum creatinine, urea-bound-nitrogen (BUN), LDH, and circulating white blood cells and neutro-
phils. Early histological signs of nephrotoxicity. Graphs of (A) serum creatinine (mg/dL), (B) serum BUN (mg/dL) (n = 5–6 per group) and (C) renal % LLVY 
chymotrypsin-like activity expressed as fold change of control (n = 5–6 per group). (D) Total blood cell count (×103 cells) (n = 5–6 per group) and (E) graph of 
lactate dehydrogenase (LDH, U/L) and C-reactive protein (CRP, mg/L) (n = 5–6 per group). (F) Relative mRNA expression of Kim-1 and Lcn2 expressed as fold 
change of controls (n = 5–6 per group). (G) Representative hematoxylin-eosin histology images of kidney tissue and (H) graphs of glomerular volume (Vglom/
field area) (20×, bar corresponds to 20 μm). (I) Representative hematoxylin-eosin histology images of kidney tissue and (J) graph percentage of positive samples 
presenting juxtaglomerular apparatus (JA) hyperplasia, hypertrophy, and immune cell (IC) infiltration (n = 5–6 per group; 40×, bar corresponds to 15 μm). Blue 
scatter bars refer to the control and red scatter bars refer to Cfz groups. Data are presented as mean ± SEM. Student’s T-Test, unpaired, 2-tailed. *P < 0.05, 
**P < 0.01.
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Since increased serum creatinine, BUN, LDH,3 NGAL,10 glomer-
ular volume,11 and JAH12 are all implicated with renal injury in 
clinical settings, we established an initial interconnection of Cfz 
4 doses administration and renal dysfunction and subsequently 
proceeded to the investigation of the molecular mechanism, 
through unbiased proteomic analysis.

Metabolic, protein repair, and molecular transport pathways are 
differentially regulated by Cfz in the kidneys: emerging role of 
AMPKα

To investigate, in an unsupervised manner, the underlying 
signaling that is induced by Cfz in the kidneys we performed 
liquid chromatography-mass spectrometry/mass spectrometry 
(LC-MS/MS) proteomic analysis. In the multivariate principal 
component analysis (PCA), Control and Cfz samples were suc-
cessfully separated in the first component (t1; Fig. 2A). Pathway 
enrichment analysis of the statistically significant or differen-
tially expressed proteins revealed that protein repair, mito-
chondrial and non-mitochondrial metabolic, and endoplasmic 
reticulum–stress-related pathways are implicated in Cfz’s renal 
effect. Additionally, vascular endothelial growth factor recep-
tor 2 (VEGFR2) related vascular permeabilization, platelet 
activation and aggregation, embryonic lethal abnormal visual 
protein (ELAV)-protein 1 (HuR), and apoptosis execution path-
ways were also found to be affected (Fig. 2B). We subsequently 
focused on surrogate markers of the significant proteomic path-
ways through western blot analysis.

We found that -as far as protein repair and autophagy are 
concerned- Cfz did not lead to any changes in mammalian tar-
get of rapamycin (mTOR) or Regulatory-associated protein 
of mTOR (Raptor) expression or phosphorylation (Fig.  2C). 
However, Cfz led to a decreased phosphorylation of AMPKα 
and an increase in autophagy marker microtubule-associated 
proteins 1A/1B light chain 3B (LC3B) (Fig.  2C). Regarding 
apoptosis initiation and execution, we observed that Cfz did not 
affect anti-apoptotic molecules, namely protein kinase B (Akt) 
phosphorylation or expression and B-cell lymphoma–extra-
large (Bcl-xl), while increased pro-apoptotic Bcl-2-associated 
X protein (Bax) expression and decreased apoptosis-executive 
molecule cleaved caspase 1. The latter indicate a possible apop-
tosis initiation that does not progress into apoptosis execution 
at the investigated timepoint (Fig. 2D). Taking into account that 
HuR pathway is implicated with oxidative stress- and inflamma-
tory-dependent progression of kidney diseases,13 we investigated 
oxidative stress- and inflammation-related pathways. We found 
that nuclear factor κ beta (NF-κβ) and manganese superoxide 
dismutase (MnSOD) expression remained unchanged, whereas 
NF-κβ phosphorylation was decreased. However, inducible 
nitric oxide synthase (iNOS) expression was significantly upreg-
ulated by Cfz, which can be related with the mild IC infiltration 
observed in the kidneys of the Cfz-treated mice (Figs. 1I, J and 
2E). In line with increased iNOS expression and IC infiltration, 
we validated the increased VEGFR2 expression, which is asso-
ciated with increased vascular permeability.14 However, endo-
thelial cell homeostasis functional markers such as endothelial 
nitric oxide synthase (eNOS) expression and phosphorylation 
and vascular endothelial growth factor A (VEGF-A) expression 
remained unchanged (Fig. 2F).

Since platelet activation and aggregation, metabolism, and 
transport of molecules also emerged as significant pathways 
from proteomics data (Fig.  2B), we subsequently focused our 
interest on these additional pathways.

Cfz did not induce TMA in the in vivo murine model
Since TMA is highly implicated with Cfz’s RAEs3 we 

investigated platelet homeostasis and von Willebrand factor 
(vWF)-cleaving protease (ADAM-TS13) activity—a diagnostic 
marker of TMA—15 and vWF cleavage in the blood. We found 
that 4 doses of Cfz did not lead to changes in platelet number 

but led to decreased platelet distribution width (PDW) (Figure 
S3A). Decreased PDW is associated with decreased platelet 
activity and thus decreased thrombogenicity.16 Moreover, Cfz 
led to an increased ADAM-TS13 activity and increased cleavage 
of vWF (Figure S3B-D). Since TMA is associated with decreased 
ADAM-TS13 activity, which leads to decreased vWF cleavage,17 
it seems that TMA does not contribute to the molecular mech-
anism of Cfz’s nephrotoxicity in mice. Therefore, we subse-
quently focused on the other identified, differentially regulated 
pathways, namely metabolism and transport of molecules.

Cfz led to water retention and metabolic alterations in the kidneys, 
plasma, and urine in vivo

To investigate the metabolic profile of the Cfz-treated mice, we 
accommodated them in metabolic cages for 24 hours, with free 
access to water and food. We observed that 4 doses of Cfz led 
to a statistically significant decrease in body weight and in urine 
volume and an increase in 24 hours protein concentration, indi-
cating the manifestation of proteinuria, which is an additional 
indicator of Cfz-induced nephrotoxicity.3 Water, food intake, 
and feces weight remained unaltered (Fig. 3A–F). Hydrophilic 
interaction chromatography-MS metabolomic analysis revealed 
that metabolic profile primarily of the Cfz-treated kidneys, but 
also urine and plasma were successfully separated in the PCA 
multivariate analysis (Fig. 3G). Pathway enrichment analysis of 
the metabolites revealed that taurine/hypotaurine metabolism, 
bile acid biosynthesis, and amino-acids metabolism are differen-
tially regulated by Cfz in the kidneys, whereas glycerophospho-
lipid metabolism and nicotinate and nicotinamide metabolism 
were additionally differentially regulated by Cfz in the urine 
and plasma respectively (Fig. 3H). Changes in taurine/hypotau-
rine metabolism relate to dysregulation of renal osmolarity,18,19 
pointing towards changes in transport of anion and molecules 
in the kidneys, in line with the proteomic data. Taking together 
the decreased diuresis induced by Cfz, and collectively the meta-
bolic and proteomic data, we thereupon investigated the mech-
anisms of water/salt reabsorption in the kidneys.

Cfz increased collecting duct transporter gene expression and 
activated mineralocorticoid receptor signaling, independently of 
Renin-Angiotensin-Aldosterone axis

Initially, we focused on the primary axis inducing 
water reabsorption in the kidneys, the Renin-Angiotensin-
Aldosterone System (RAAS). We found that 4 doses of Cfz 
did not activate RAAS, as shown by the unchanged levels of 
angiotensin-converting enzyme (ACE) activity and angioten-
sin II (AngII)  levels in the sera. Moreover, aldosterone levels 
were found to be decreased in the serum and without any sig-
nificant changes in 24 hours aldosterone excretion as assessed 
in the urine (Fig. 4A–D). The latter might indicate a negative 
feedback loop on Aldosterone biosynthesis that was herein 
not investigated. Taking under consideration that AMPKα 
plays a key transcriptional role in the kidneys, by regulat-
ing numerous transporters' gene expression in the proxi-
mal tubules, Henle loop, and collecting duct20 and since we 
already found that AMPKα phosphorylation is decreased in 
the kidneys of the Cfz-treated mice (Fig. 2C), we thereupon 
investigated the gene expression of AMPKα down-stream tar-
gets in the kidneys. We found that gene expression of trans-
porters in the proximal tubes (Na+-glucose cotransporter 1; 
Sglt1 and Sodium/proton exchanger 1; Nhe1) and Henle loop 
(Na+-K+-Cl- cotransporter 2; Nkcc2) remained unchanged, 
whereas gene expression of transporters in the collecting duct 
(epithelial sodium channel beta; β-Enac, urea transporter-1 
Uta1) and the ubiquitously expressed Sodium-Potassium 
ATPase (Na+-K+-ATPase) were significantly increased in the 
Cfz group (Fig.  4E). Since collecting duct epithelium and 
especially β-ENaC are key mediators of Na+ reabsorption,21 
while Na+ reabsorption and Na+ gradient are involved with 
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Figure 2.  Metabolic, protein repair, and molecular transport pathways are differentially regulated by Carfilzomib in the kidneys. Emerging role 
of AMPKα. (A) Three-dimensional representation of principal components analysis (PCA) of the proteomic analysis (R2 = 0.989; R2Xo1 = 0.070). (B) Grouped 
graph of % associated genes (blue bar) and −logP value corrected with Benjamini-Hochberg test (red bar) regarding the significantly or/and differentially regulated 
proteins in the kidneys (n = 5–6 per group). (C–F) Representative Western blot images and relative densitometry analysis of protein repair-autophagy, apoptosis, 
inflammation-oxidative stress, and endothelial homeostasis-related pathways. Blue scatter bars refer to the control and red scatter bars refer to Cfz groups  
(n = 5–6 per group). Lines on the representative Western blot images facilitate the separation of groups/samples which were assessed on the same SDS-PAGE 
gel. All phosphorylated proteins are normalized to their respective total proteins and total proteins are normalized to GAPDH (loading control). Data are presented 
as mean ± SEM. Student’s T-Test, unpaired, 2-tailed. *P < 0.05, ***P < 0.005. Akt = protein kinase B; AMPKα = AMP-activated kinase α subunit; Bax = Bcl-2-associated X 
protein; Bcl-xL = B-cell lymphoma-extra-large; Cl.Casp1 = cleaved caspase 1; eNOS = endothelial nitric oxide synthase; iNOS = inducible nitric oxide synthase; LC3B = microtubule-associated 
proteins 1A/1B light chain 3B; MnSOD = manganese superoxide dismutase; mTOR = mammalian target of rapamycin; NFκB = nuclear factor kappa-light-chain-enhancer of activated B cells;  
Raptor = regulatory-associated protein of mTOR; VEGF-A = vascular endothelial growth factor A; VEGFR2 = vascular endothelial growth factor receptor 2.
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mineralocorticoid receptor (MR) activation, we focused our 
interest on the MR signaling. We found an upregulation of β-
ENaC expression in whole kidney lysates (Fig. 4F, G), while in 
the subcellular fractionation experiments, we found an upreg-
ulation of MR in the nucleus, an upregulation of neural pre-
cursor cell expressed developmentally down-regulated protein 
4 (NEDD-4) and an increased phosphorylation and expres-
sion of Serum/Glucocorticoid-Regulated Kinase 1 (SGK-1) in 
the cytosol (Fig. 4F, H, J). Moreover, the MR cytosolic/nuclear 

expression ratio was found to be decreased in the Cfz group, 
indicating a translocation of the receptor to the nucleus and 
thus increased MR activity (Fig. 4F, I).22 Collectively our data 
suggest that Cfz increased collecting duct transporters mRNA 
expression and activated MR/ SGK-1 signaling in the kid-
neys, independently of RAAS activation. Since MR activation 
is implicated with Na+ reabsorption and K+ sparing from the 
urine,23 we further confirmed our finding by measuring plasma 
and urine electrolytes, collected from the metabolic cages. We 

Figure 3.  Four doses of Carfilzomib led to decreased diuresis and to metabolic alterations in the kidneys, plasma, and urine in vivo. Graphs of 
metabolic parameters assessed in the metabolic cages after 24 h: (A) body weight (g) change (Δ body weight), (B) food intake/body weight, (C) feces weight/
body weight, (D) water intake (ml)/body weight(g), (E) urine protein excretion (g/24 h) and (F) urine volume (mL)/body weight(g) (n = 6 per group). (G) Three-
dimensional representation of principal components analysis (PCA) of the proteomic analysis of the kidney’s urine and plasma (n = 6 per group) and (H) metab-
olite enrichment overview of the top 25 metabolic pathways as emerged from the metabolomic analysis and MetaboAnalyst 5.0 software with enrichment and P 
value ascension. Blue scatter bars refer to the Control and red scatter bars refer to Cfz groups. Data are presented as mean ± SEM. Student’s T-Test, unpaired, 
2-tailed. ***P < 0.005, ****P < 0.001.
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found that 4 doses of Cfz did not lead to any electrolyte imbal-
ance in the plasma, whereas it induced a significant decrease 
in Na+ content—indicating water/salt retention—and Na+:K+ 
ratio in the urine with a parallel increase in urinal K+ con-
tent. The latter confirms our mechanistic hypothesis for MR/
SGK-1 activation by Cfz (Table S2). All the above pathways 
are implicated with water/salt retention, increase of pre-load 
and arterial blood pressure, adverse phenomena commonly 
observed in the Cfz-treated patients.1,24 To investigate the 
effect of MR/SGK-1 activation on blood pressure in vivo, we 
assessed systolic blood pressure (SBP) and heart rate (HR) in 

the 2- and 4-dose protocols. We found that SBP was increased 
only in the 4-dose protocol, in which renal MR/SGK-1 axis 
is shown to be activated in line with the presence of nephro-
toxicity, whereas SBP remained unchanged in the 2-dose pro-
tocol (Figure S4A-D). Thus, the increased blood pressure in 
the 4-dose protocol complements our findings on MR/SGK-1 
derived phenotype in vivo. Subsequently, we focused on dis-
covering a potent prophylactic therapy, based on our molecu-
lar mechanism findings. Therefore, we performed preliminary 
experiments on primary murine collecting duct tubular epi-
thelial cells (PrCDTECs).

Figure 4.  Carfilzomib increased collecting duct transporters gene expression and activated mineralocorticoid receptor signaling, independently 
of renin-angiotensin-aldosterone axis. Graphs of (A) plasma angiotensin-converting enzyme (ACE) activity (nmol/min, n = 10 per group), (B) serum angio-
tensin II (AngII, n = 5 per group), (C) Plasma aldosterone (pg/mL, n = 5–6 per group) and (D) urine aldosterone excretion (pg/24 h, n = 5–6 per group). (E) Graph 
of relative mRNA levels expressed as fold change of controls of Sglt1. Nhe1, Nkcc2, Aqp2, β-Enac, Uta1, Na-K-atpase in the kidneys (n = 5–6 per group).  
(F) Representative Western blot images and (G–J) relative densitometry analysis of mineralocorticoid receptor (MR)-SGK-1 related proteins in the cytosolic 
and nuclear fractions of the kidneys (n = 5–6 per group). Data are presented as mean ± SEM. All phosphorylated proteins are normalized to their respec-
tive total proteins and total proteins are normalized to GAPDH or α-actinin (loading controls) Student’s T-Test, unpaired, 2-tailed. *P < 0.05. Aqp2 = aqua-
porin 2; β-ENaC = epithelial sodium channel ENaC beta subunit; MR = mineralocorticoid receptor; NEDD4 = neural precursor cell expressed developmentally down-regulated protein 4;  
Nhe1 = sodium-hydrogen antiporter 1; Nkcc2 = Na-K-Cl cotransporter; Sglt1 = sodium-glucose cotransporter 1; SGK-1 = serum and glucocorticoid-regulated kinase 1; Uta1 = urea transporter A1.

http://links.lww.com/HS/A315
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Eplerenone preponderantly inhibited Cfz-induced cytotoxicity 
on PrCDTECs compared to Metformin and normalized SGK-1 
expression

Initially, we identified the IC50 of Cfz in PrCDTECs, by per-
forming the cellular viability assay, MTT (Fig. 5A). To investi-
gate whether Na+ is important in Cfz cytotoxicity, we initially 
investigated the effect of NaCl on PrCDTECs in a range of 
12.5–200 mM. We observed that NaCl induces a hormetic 
effect on PrCDTECs as at low doses it induces PrCDTECs 
proliferation, whereas at higher doses it induces cytotoxic-
ity, an effect which is in line with the literature (Fig.  5B).25 

Subsequently we co-incubated the cells with Cfz and NaCl 
at its IC50 concentration of 150 mM. We observed that NaCl 
prevented Cfz-induced cytotoxicity (Fig.  5C). Taking into 
consideration that Na+ is an endogenous inhibitor of ENaC,26 
the latter reenforces the hypothesis that Cfz-induced cytotox-
icity is MR/SGK-1/ENaC dependent. Thereafter, we identified 
(1) the significance of MR activation and Na+ regulation in 
Cfz-induced nephrotoxicity and (2) the significant decrease in 
AMPKα phosphorylation, we sought to identify which of the 
2 mechanisms is preponderant in managing Cfz renal effects 
in vitro. Therefore, we treated the cells with Eplerenone, a 

Figure 5.  Eplerenone preponderantly inhibited Carfilzomib-induced cytotoxicity in primary murine collecting duct tubular epithelial cells 
(PrCDTECs) compared to Metformin and normalized SGK-1 expression. Graphs of MMT viability assay and IC50 calculations of PrCDTECs treated 
with (A) Carfilzomib (IC50 = 0.02 nM), (B) sodium chloride (NaCl) and (C) Carfilzomib in presence or absence of NaCl (150 mM) and (D) Carfilzomib (0.02 nM) and 
Metformin or Eplerenone (n = 6 per group). (E–F) Representative immunofluorescence images of PrCDTECs stained with anti-SKG-1 antibody (red) and DAPI 
(blue) and integrated fluorescence density of SGK-1/DAPI (n = 6–8 per group; 60×, bar corresponds to 20 μm). Data are presented as mean ± SEM. One-way 
ANOVA, Tukey’s post hoc test. *P < 0.05, **P < 0.01.
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clinically relevant MR blocker and Metformin, a clinically 
used AMPKα activator, at a concentration range of 0.5–500 
μΜ.7,27 We observed that Eplerenone inhibited Cfz’s cytotox-
icity (Half maximal effective concentration; EC50 = 0.14 μΜ) 
which was 10-times more effective than Metformin’s prophy-
lactic potential (EC50 = 1.46 μΜ) (Fig. 5D). Eplerenone, at the 
same dose, inhibited SGK-1 upregulation, which was increased 
by Cfz in line with our previous in vivo results (Fig.  5E–F). 
Therefore, we established that Eplerenone can act as a poten-
tial prophylactic therapy against Cfz-induced cytotoxicity in 
vitro, which we sought to confirm in vivo.

Eplerenone co-administration with Cfz prevented the increase in 
BUN and in Lcn2, urine retention, and histological deficits in vivo

Co-administration of Eplerenone and Cfz at clinically trans-
lational doses, partially prevented the Cfz-induced increase 
in creatinine and abrogated the Cfz-induced increase in BUN 
(Fig. 6A, B), without interfering with Cfz’s inhibitory effect in 
proteasome activity neither in the kidneys nor in the PBMCs 
(Fig.  6C). Concerning the metabolic parameters, Eplerenone 
maintained diuresis in the co-administration group at the levels 
of Control (Fig. 6D), glomerular volume (Fig. 6E, G) and abro-
gated the Cfz-induced increase in kidney injury marker Lcn2 

Figure 6.  Eplerenone co-administration with Carfilzomib prevented increase in blood pressure and Lcn2, urine retention, and histological defi-
cits in vivo. Graphs of (A) serum creatinine (mg/dL) and (B) serum urea-bound-nitrogen (BUN) (mg/dL) (n = 6 per group) and (C) % LLVY chymotrypsin-like 
activity expressed as Fold change of control in the kidneys and peripheral blood mononuclear cells (PBMCs, n = 6 per group). (D) Graphs of metabolic parame-
ters assessed in the metabolic cages after 24 h namely urine volume (mL)/body weight(g), feces weight/body weight, food uptake/body weight and water intake 
(mL)/body weight(g) (n = 6 per group). (E) Representative hematoxylin-eosin histology images of kidney tissue and (F) relative mRNA expression of Lcn2 and 
Kim-1 expressed as fold change of controls (n = 6 per group). (G) Graph of glomerular volume (Vglom/field area) (20×, bar corresponds to 20 μm) (n = 5 per 
group). One-way ANOVA, Tukey’s post hoc test. *P < 0.05, **P < 0.01.
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(NGAL) (Fig. 6F). Finally, we sought to validate on a molecular 
and metabolomic level, whether Eplerenone can inhibit Cfz-
induced SGK-1/MR axis activation and metabolic alterations 
in vivo.

Eplerenone co-administration with Cfz prevented SGK-1/MR axis 
activation and abrogated the Cfz-induced metabolic alterations

Eplerenone-Cfz co-administration prevented Cfz-induced 
increase in MR, NEDD-4, SGK-1, and ENaC both in the 
nuclear and cytosolic fraction, while maintaining SGK-1 
phosphorylation at the levels of Controls (Fig.  7A, B). 

Additionally, we performed plasma and urine electrolyte anal-
ysis and we found that Eplerenone led to a significant hypo-
natremia, as observed by the reduced Na+ levels in the plasma. 
However, concerning MR-induced Na+ retention and K+ spar-
ing, Eplerenone abrogated Na+ and K+ imbalance in the urine 
in the co-administration group, an effect which confirmed 
MR/SGK-1 inhibition (Table S3). Additionally, eplerenone 
prevented the Cfz-induced increase in SBP in vivo without 
altering HR (Figure S4E-F). Regarding the kidney, urine, and 
plasma metabolic phenotype, Cfz exhibited a distinct meta-
bolic profile, as shown by Partial Least-Squares Discriminant 

Figure 7.  Eplerenone prevented Carfilzomib-induced SGK-1/MR activation in the kidneys and restored the metabolic profile in the kidneys, 
urine, and plasma in vivo. (A) Representative Western blot images and (B) relative densitometry analysis of mineralocorticoid receptor (MR)–SGK-1 related 
proteins in the cytosolic and nuclear fractions of the kidneys (n = 6 per group). (C) Three-dimensional representation of principal components analysis (PCA) 
of the proteomic analysis of the kidneys, urine, and plasma (n = 6 per group) and (D) metabolite enrichment overview of the top 25 metabolic pathways as 
emerged from the metabolomic analysis and MetaboAnalyst 5.0 software with enrichment and P value ascension. Blue scatter bars refer to the controls and 
red scatter bars refer to Cfz groups. Data are presented as mean ± SEM. All phosphorylated proteins are normalized to their respective total proteins and total 
proteins are normalized to α-actinin (loading control). Student’s T-Test, unpaired, 2-tailed. *P < 0.05, **P < 0.01, ****P < 0.001. β-ENaC = epithelial sodium channel 
ENaC beta subunit; MR = mineralocorticoid receptor; NEDD4 = neural precursor cell expressed developmentally down-regulated protein 4; SGK-1 = serum and glucocorticoid-regulated kinase 
1; Uta1 = urea transporter A1.
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Analysis (PLS-DA) multivariate analysis in the first princi-
ple (t1), while Control, Eplerenone, and Cfz+Eplerenone 
groups cluster together presenting a similar metabolic pro-
file (Fig.  7C). Pathway enrichment analysis revealed that 
the same metabolic pathways that discriminated Cfz and 
Control groups as previously shown (Fig. 3H), discriminated 
Cfz and Cfz + Eplerenone groups in all analyzed samples, 
with primary bile acid biosynthesis and taurine/hypotaurine 
metabolism in the kidneys, glycerophospholipid metabolism 
in the urine and nicotinate/nicotinamide metabolism in the 
plasma being the top pathways separating the Cfz and Cfz + 
Eplerenone groups (Fig. 7D).

MR/SGK-1 axis is upregulated in renal biopsies of patients with Cfz-
related RAEs independently of serum creatinine and proteinuria

To solidify our finding in the clinical setting, we recruited 7 
RR M/M patients who presented with Cfz-related nephrotox-
icity. Two out of 7 (28.6%) patients were classified as IgGlambda, 
whereas 5 out of 7 (71.4%) as IgGkappa immunoglobulin Myeloma 
subtype. Their mean age was 66 years of age, while the median 
time since diagnosis was 6.8 years (Table 1, Table S1). FSGS was 
found in 44.2% of the glomeruli, compared to the age-corrected 
physiological range of 18-25%. Fibrosis was found to have 
affected an average of 24% in the renal cortexes of the patients, 
whereas 28.6% (2/7 patients) presented TMA in their kidney 

Figure 8.  Carfilzomib nephrotoxicity is presented with increased serum creatinine, LDH concentrations, and proteinuria. SGK-1 is upregulated in renal 
biopsies of patients with Carfilzomib-related nephrotoxicity. Graphs of serum (A) serum LDH (mg/mL), (B) creatinine (mg/mL) and (C) estimated glomerular fil-
tration rate (eGFR, mL/min/1.73m2) using the chronic kidney disease epidemiology collaboration (CKD-EPI) formula and (D) urine protein (g/24 h) prior (baseline, start of 
therapy) and post-Carfilzomib–induced nephrotoxicity (at the timepoint of clinical presentation of nephrotoxicity) (n = 7 per group). (E) Representative immunohistological 
stainings of SGK-1(upper panel) and MR (lower panel) in (a) control renal biopsies and (b–d) Renal biopsies from patients with Carfilzomib-induced nephrotoxicity [(b) 
low histology score (>1); (c) medium histology score (>2); (d) high histology score (>3); 5×, 10×, and 20×, scale bar represents 200 μm]. (F and G) Graphs of Relative 
Histology score of SGK-1 and MR expression in the control and Carfilzomib nephrotoxicity renal biopsies (n = 3 and n = 7, respectively). (H–J) Correlation graphs of 
SGK-1 expression and serum creatine, urine protein, and eGFR, respectively. Mann-Whitney test, paired and unpaired, 2-tailed T-Test, *P < 0.05, **P < 0.01.

http://links.lww.com/HS/A315
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biopsies. Light chain deposition disease was observed in 14.3% 
(1/7 patients) at the time of the diagnosis of Cfz-related nephro-
toxicity (Table S1). Serum LDH, creatinine and Urine protein, and 
eGFR were found to be increased in the aforementioned patients 
after manifestation of Cfz-related nephrotoxicity (post-toxicity) 
compared to their baseline values (prior-toxicity) (Fig. 8A–D). 
Immunohistological staining of the biopsies revealed that SGK-1 
was significantly upregulated in patients with Cfz-related neph-
rotoxicity, compared to Controls, whereas MR expression was 
found to be increased by a trend (P = 0.3) in the same patients 
(Fig.  8E–G), in compliance with our in vivo data. To identify 
whether SGK-1 expression was correlated with post-toxicity, we 
made additional correlation analyses for serum creatinine concen-
trations, urine protein, and eGFR. We found that SGK-1 was not 
significantly correlated with any of the 3 parameters (Fig. 8H–J), 
a fact implying that renal SGK-1 expression can be a novel serum 
creatinine- and urine protein-independent marker of Cfz-induced 
nephrotoxicity, which should be validated in a larger cohort of 
patients.

DISCUSSION

Cfz is an established therapy against R/R MM; however, Cfz-
related CVAEs and RAEs may lead to treatment discontinuation. 
To date, there are neither prospective studies nor expert con-
sensus on the prevention, monitoring, and treatment of RAEs 
in myeloma patients treated with Cfz.28 Cfz-related cardiorenal 
phenomena seem to be associated with electrolyte imbalance 
and fluid retention as fluid administration mitigates the cardio-
vascular and renal complications of the drug.29,30 However, the 
effect of Cfz on kidneys and the elucidation of the molecular 
mechanism of Cfz-induced nephrotoxicity have not been inves-
tigated yet.

Herein, for the first time, we have deciphered Cfz’s renal 
effects and we suggest that Cfz-induced activation of MR sig-
naling is implicated with water-salt reabsorption, and urine 
electrolyte imbalance leading to renal impairment. Cfz-induced 
renal injury was further supported by the dysregulation of bile 
acid homeostasis,31 glycerophospholipid metabolism,32 and 
amino-acid metabolism,33 which are closely related to impaired 
kidney function and kidney disease. Moreover, we have proven 
that Cfz-related activation of MR is mediated through increased 
accumulation of MR and MR-related proteins in the kidneys, 
leading to the activation of the cascade. Taking into consider-
ation that MR, SGK-1, and β-ENaC proteins physiologically 
undergo proteasome degradation, administration of the irre-
versible proteasome inhibitor Cfz possibly leads to decreased 
degradation of the MR-axis proteins and to a sustained MR-axis 
activity.34–37

Moreover, in the present study we thoroughly investigated 
pathobiology mechanisms implicated in Cfz’s nephrotoxic 
phenomena, including renal oxidative stress, apoptosis, and 
incidence of microvascular thrombotic phenomena, such as 
TMA.3,38 Regarding apoptosis, we found that Cfz did not 
resolve in apoptosis execution as it was confirmed by the lack 
of histological findings of apoptosis in the kidneys. A previous 
study has shown that Cfz at a dose of 4 mg/kg, twice weekly 
for 3 weeks increased caspase-3 activity—a marker of apopto-
sis—in rats.38 However, the different dose regimen and in vivo 
model can justify the discrepancy in our findings. Noteworthily, 
in the clinical setting, no signs of histological signs of apoptosis 
are observed in patients with Cfz-induced nephrotoxicity and 
nephrotoxic phenomena are usually transient and resolve upon 
discontinuation of the drug.39–42 Maladaptive MR signaling and 
MR sustained activation are already known to induce patholog-
ical consequences like extracellular matrix remodeling, apop-
tosis, or inflammation in the kidneys.43 Possibly, sustained and 
maladaptive MR activation by Cfz could later on lead to apop-
tosis execution in our in vivo model.

FSGS is commonly observed in Cfz-treated patients,3 which 
is an aftereffect of glomerular hyperplasia and hypertrophy.44 
In our in vivo model 4 doses of Cfz-induced glomerular hyper-
plasia/hypertrophy, a fact that increases the translational value 
of our findings. Moreover, in the aforementioned rat model of 
Cfz-induced nephrotoxicity, Cfz-induced renal oxidative stress 
and increased WBCs number in the circulation.38 The latter is in 
agreement with our findings, as we showed that Cfz increased 
iNOS expression, led to an increase of circulating WBCs and 
induced renal IC infiltration. However, the renal IC infiltration 
was also observed in our 2 days protocol, in which no signs of 
nephrotoxicity were observed. Therefore, despite the fact that 
oxidative stress is a key pathway in kidney injury and it is also 
recognized that reactive oxygen species can activate MR signal-
ing,45,46 we considered it as a secondary mechanism in the Cfz-
induced nephrotoxic phenomena.

Concerning TMA, it seems that this mechanism does not con-
tribute to the molecular mechanism of Cfz’s nephrotoxicity in 
mice. The latter comes in agreement with our molecular signal-
ing analysis. TMA is already known to be mediated by increased 
NF-κβ and VEGF activation and expression.47 On the contrary, 
in our protocol were found decreased NF-κβ phosphorylation 
and unchanged VEGF expression (Fig. 2E, F), which are contra-
dictory to the pathomechanisms of TMA. Therefore, we subse-
quently focused on the other identified, differentially regulated 
pathways, namely metabolism and transport of molecules.

A previous electrophysiology study presented that treatment 
of renal epithelial cells with proteasome inhibitors, bortezomib, 
and MG132, led to β-ENaC stimulation, resulting in increased 
ENaC expression at the cell surface. Proteasome inhibition 
mimicked SGK-1–dependent stimulation of ENaC by aldoste-
rone. However, the effects of Cfz were not investigated and the 
observed phenotype was not associated with the drug-related 
RAEs.48 The latter study is in complete agreement with our in 
vivo findings; however, we additionally noted that the higher 
incidence of Cfz-related RAEs might be related with the sus-
tained irreversible proteasome inhibition as induced by Cfz and 
not bortezomib. Supportively, bortezomib, is a reversible inhib-
itor of the 26S proteasome, whereas Cfz binds irreversibly and 
inhibits the 20S proteasome. This difference could explain the 
different kidney-related side effects of these agents. Given the 
information from the FOCUS trial, and several more case stud-
ies reporting a comparison of Cfz with bortezomib, it appears 
that Cfz is more nephrotoxic than bortezomib.29,49,50

On a bench-to-bedside approach, we sought to confirm our 
findings in the clinical setting. We found that Cfz nephrotox-
icity is manifested in patients in a similar manner as in our in 
vivo models, in compliance with the previous clinical reports 
on Carfizlomib-related RAEs.3 For the first time we found that 
SGK-1 expression is significantly upregulated in patients pre-
senting with Cfz-related nephrotoxicity, a finding that is in line 
with our preclinical model data. Importantly, this increase in 
SGK-1 expression was not correlated with serum creatinine 
increase, eGFR, or urine protein concentration. The lack of cor-
relation of SGK-1 with the aforementioned biochemical (creat-
inine and urine protein concentration increase) and functional 
parameters (eGFR) is implying that SGK-1 expression might 
be a novel biomarker of Cfz-related nephrotoxic phenomena. 
Systemically increased SGK-1 is previously shown in vivo to be 
a risk factor for the development of mineralocorticoid-depen-
dent kidney injury,51,52 whereas SGK-1 expression is found to 
be increased in human kidneys samples with diabetes, kidney 
tumors, and polycystic kidney disease53 and in urine and renal 
tubules in patients of Oxford classification T1 and T2 with IgA 
nephropathy.54 However to the best of our knowledge this is the 
first time that an association of SGK-1 and Cfz-related nephro-
toxic effects has been reported in vivo and in the clinical setting.

The fact that our clinical and preclinical data agree on 
the importance of MR/SGK-1 signaling in Cfz-induced 
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nephrotoxicity, adds to the translational value of our findings, 
especially when we consider the heterogeneity of toxicity in 
patients. The heterogeneity in patients compared to the animal 
models can be attributed to the variability of co-founders of renal 
diseases in MM patients, which are absent in the animal model. 
The presence and number of comorbidities, such as cardiovas-
cular diseases, diabetes mellitus, and hypercholesterolemia are 
already proven to be negative predictors of renal outcome in 
patients with chronic kidney disease55 and acute kidney injury,56 
as in Cfz-related nephrotoxicity. Taking into consideration that 
MM is an elderly disease, it is to be expected that the majority 
of MM patients are burdened with at least 1 of the co-founders 
of renal diseases. This can justify the heterogeneity of the clinical 
in contrast to the experimental observations in animal models.

Despite the widely appreciated difficulty in directly trans-
lating preclinical data to the clinical setting, we herein man-
aged to identify a novel druggable target, that of MR/SKG-1 
axis. As mentioned above, Cfz-related renal complications are 
common, occur acutely, are unpredictable and clinical practice 
requires novel approaches to fill the gap of diagnostic lack.3 
Monitoring of urinary rather than systemic levels of SGK-1 
might be a novel and reliable tool for the identification of an 
early Cfz-induced renal dysfunction.54 However we suggest that 
urinary SGK-1 levels should be co-evaluated with increases in 
circulating NGAL and Cystatin C, already proven to be sensi-
tive biomarkers in predicting an early-onset of renal injury in 
MM patients.57 The importance for the co-evaluation of uri-
nary SGK-1 and circulatory levels of NGAL and Cystatin C 
emerges also from the fact that NGAL expression is increased in 

presence of a wide range of comorbidities such as obesity, dia-
betes mellitus, diabetic nephropathy,58 and atherogenesis59 and 
its polymorphisms have been shown to contribute to cardiac 
remodeling, fibrosis, and development of heart failure.60 Thus, 
continuous monitoring of the patients and baseline assessment 
of the aforementioned sensitive markers can be considered as a 
clinical applicable approach, facilitating early diagnosis of Cfz-
related renal complications.

Furthermore, in the current study, the important role of 
AMPKα is still apparent and in agreement with our previous 
studies in the myocardium and aortas.4,7,61 However, regarding 
the renal function, the mechanisms regarding AMPKα func-
tion and signaling are divergent from the myocardium and are 
closely related to transcriptional regulation of ions and mole-
cules transporters, additionally to its effects on the metabolism 
and autophagy.20 Despite the fact that Metformin, a clinically 
relevant AMPKα activator served as a potential prophylaxis 
in vivo against Cfz-induced cardiotoxicity,7 herein Metformin 
provided moderate protection against Cfz-induced cytotoxic-
ity in the prCDTECs. Moreover, since our findings indicated 
acute kidney injury and metabolic acidosis in the kidneys, 
Metformin possesses explicit contradictions in these diseases 
and is related to worsening of the renal complications.62 
Interestingly, MR antagonism emerged as a promising pro-
phylactic intervention. Therefore, we used Eplerenone which 
lacks the endocrinologic side effects of spironolactone63 and 
is widely used in patients with heart and renal failure.64 Our 
in vitro and in vivo data presented that Eplerenone prevented 
Cfz-related renal deficits and MR activation (Fig. 9). At the 

Figure 9.  Proposed Mechanism of Carfilzomib-induced nephrotoxicity. Schematic representation of the proposed mechanism of Carfilzomib-induced 
hypertension and nephrotoxicity depicting the Carfilzomib-induced activation of SKG-1/MR axis and the prophylactic effect of Eplerenone. Arrows indicate acti-
vatory effects and blunted lines refer to inhibitory effects. β-ENaC = epithelial sodium channel 1 subunit beta; MR = mineralocorticoid receptor; Nedd4 = neural precursor expressed, 
developmentally down-regulated protein 4; Na+ = sodium; p-SGK-1 = phospho-serum and glucocorticoid-inducible.
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best of our knowledge, this is the first time that a prophy-
lactic therapy against Cfz-related nephrotoxicity, based on 
clear mechanistic indications, is proposed. Despite the fact 
that Eplerenone, leads to a hyponatremic phenotype in the 
sera of the mice, Eplerenone Post-AMI Heart Failure Efficacy 
and Survival Study trial has proven that hyponatremia is a 
common mild side effect of the drug and -regardless of the 
plasma Na+ levels- Eplerenone maintains its protective poten-
tial in patients with myocardial infarction and left ventricular 
dysfunction or heart failure.65 Therefore, we conclude that 
Eplerenone exhibits a safe pharmacological profile and can 
serve as a safe prophylactic candidate.

Eplerenone is a MR antagonist that is widely used in patients 
with heart and renal failure and hypertension and presents a 
safe pharmacological profile with minor and rare adverse 
effects.66 Therefore, a great percentage of the elderly MM 
patients would benefit from Eplerenone therapy and many of 
them might already have Eplerenone in their medication reg-
imen for the management of a co-existing cardiovascular dis-
ease. The main contraindication of Eplerenone is preexisting or 
new-onset hyperkalemia.66 Cfz therapy is associated with inci-
dence of severe electrolyte and metabolic abnormalities includ-
ing hyperkalemia, as a consequence of Cfz-induced tumor lysis 
syndrome.67 Therefore, in patients with MM-relevant or -irrel-
evant hyperkalemia, close monitoring of electrolytes should be 
performed. Additionally, Eplerenone should be administered 
with caution to patients that receive Cytochrome P450 3A4 
(CYP3A4) inhibitors (such as clarithromycin, erythromycin, 
diltiazem, itraconazole, ketoconazole, ritonavir, verapamil, 
etc) as the latter enzyme is the main metabolizing enzyme of 
Eplerenone and its inhibition is implicated with higher risk of 
hyperkalemia.68 However, to the best of our knowledge, none 
of the anti-myeloma drugs belong to the CYP3A4 inhibitors 
category.

An additional contraindication of Eplerenone has been sug-
gested to be the coexistence of increased urinary protein (albu-
minuria) and decreased creatinine clearance,69 an effect that is 
a shared side effect with Cfz.3 However, contemporary clinical 
studies have shown that Eplerenone exerts nephroprotective 
effects in patients with chronic kidney disease and diabetic 
nephropathy, decreasing albuminuria and improving estimated 
eGFR and creatinine clearance.70–72 Some concerns remain about 
the increased risk of hyperkalemia in patients with diabetic 
nephropathy,73 and maybe Eplerenone should be administered 
with caution in patients with MM and diabetic complications, 
as they would be the higher-risk population for manifesting 
hyperkalemia.

Conclusively, renal MR activation by Cfz, induces acute kid-
ney injury, water retention, and electrolyte imbalance in vivo, 
while SGK-1 emerges as a possible novel biomarker of Cfz-
related nephrotoxicity in the clinical setting. MR blockade by 
aldosterone receptor antagonist Eplerenone emerges as a potent 
prophylactic approach against Cfz-related nephrotoxicity; this 
has to be proven in patients.
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