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A B S T R A C T   

Kidneys are pivotal organ in iron redistribution and can be severely damaged in the course of hemolysis. In our previous studies, we observed that induction of 
hypertension with angiotensin II (Ang II) combined with simvastatin administration results in a high mortality rate or the appearance of signs of kidney failure in 
heme oxygenase-1 knockout (HO-1 KO) mice. Here, we aimed to address the mechanisms underlying this effect, focusing on heme and iron metabolism. 

We show that HO-1 deficiency leads to iron accumulation in the renal cortex. Higher mortality of Ang II and simvastatin-treated HO-1 KO mice coincides with 
increased iron accumulation and the upregulation of mucin-1 in the proximal convoluted tubules. In vitro studies showed that mucin-1 hampers heme- and iron- 
related oxidative stress through the sialic acid residues. In parallel, knock-down of HO-1 induces the glutathione pathway in an NRF2-depedent manner, which 
likely protects against heme-induced toxicity. 

To sum up, we showed that heme degradation during heme overload is not solely dependent on HO-1 enzymatic activity, but can be modulated by the glutathione 
pathway. We also identified mucin-1 as a novel redox regulator. The results suggest that hypertensive patients with less active HMOX1 alleles may be at higher risk of 
kidney injury after statin treatment.   

1. Introduction 

Heme is a critical molecule for living organisms. It constitutes the 
prosthetic groups of hemoproteins, essential for the transport and stor
age of oxygen and for energy generation. Heme also affects gene 
expression by direct regulation of several transcription factors and re
pressors or by influencing miRNA processing [1]. At the same time, its 
overabundance – caused by extracellular overload, enhanced synthesis, 
breakdown of hemoproteins or impaired heme degradation – is detri
mental to cells [2]. This Janus-face nature of heme requires fine-tuned 
regulatory mechanisms. Heme must be degraded or rapidly seques
tered by heme binding proteins [1]. Most commonly, heme overload is 
triggered by increased red blood cell hemolysis or rhabdomyolysis (due 
to severe muscle injury) [3]. Importantly, despite not being the primary 

cause, the kidneys take the brunt of the damage. Hemolysis leads to the 
accumulation of iron in the tubules [4] and rhabdomyolysis is accom
panied by acute kidney injury [5]. 

Heme oxygenase-1 (HO-1, encoded by HMOX1 gene) is an inducible 
enzyme that degrades heme into ferrous ions, carbon monoxide and 
biliverdin. HO-1, regulated by nuclear factor erythroid 2–related factor 
2 (NRF2) transcription factor, is known to have antioxidant and anti- 
inflammatory properties and plays a pivotal role in maintaining kid
ney homeostasis [3,6–8]. Lack of HO-1 results in delayed kidney 
maturation and impaired iron detoxification in neonatal mice [9,10]. 
The level of HO-1 in the kidney increases significantly in disease con
ditions, and HO-1 deficiency exacerbates kidney dysfunction [3]. HO-1 
KO mice are especially vulnerable to rhabdomyolysis, where the acute 
kidney insufficiency-related mortality reaches 100% [11]. 
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Interestingly, although HO-1 is the only mammalian inducible heme- 
degrading enzyme [12], the lack of its activity does not trigger signifi
cant upregulation of constitutive heme oxygenase 2 (HO-2) and does not 
affect total intracellular heme content [13–15], suggesting the existence 
of other, non-enzymatic, mechanism of its degradation. Indeed, the 
occurrence of hydrogen peroxide (H2O2)-induced heme degradation is 
widely recognized in vitro [16], but in vivo it is rather overlooked, with 
some reports linking it to heme degradation in red blood cells [17]. 
Importantly, such a reaction occurs at the membrane level [18] and 
requires the glutathione system for detoxification [16,19]. In accor
dance, glutathione-related pathways are upregulated in response to 
hemin in HO-1 deficient cells [13] and play a pivotal role in protecting 
against kidney injury [20]. On the other hand, glutathione can effi
ciently form adducts with heme [21,22] and transition metals [23,24], 
which could also represent a way of detoxification and cell protection. 

This research was undertaken as a continuation of our previous 

work, in which we aimed to address the role of lipid-lowering statin 
(simvastatin) in the development of abdominal aortic aneurysm (AAA) 
in HO-1-deficient mice. Statins are inhibitors of 3-hydroxy-3-methylglu
taryl-coenzyme A reductase and thus, bearing the lipid lowering ca
pacity, are widely used in the treatment of cardiovascular diseases, 
including AAA. We were intrigued by the preliminary observation of 
enhanced mortality in HO-1-deficient mice administered with simva
statin upon induction of hypertension with angiotensin II (Ang II). It was 
accompanied by severe kidney failure. Based on available literature data 
showing that statins can cause muscle damage and thus increase the 
level of circulating hemoproteins [25], and considering the importance 
of kidney in the iron homeostasis [3], along with the susceptibility of 
HO-1 KO mice to rhabdomyolysis, we suspect that the heme and iron 
abnormalities may be the primary trigger of the kidney injury. Here, our 
aim was to verify this supposition. 

Fig. 1. HO-1 deficiency triggers iron accumulation in the renal cortex. A) kidney morphology (upper panel) and its cross-section (bottom panel) in 12-month-old HO- 
1 WT and KO mice; B) whole-mount iron detection by Prussian blue staining in 12-month-old HO-1 WT and KO mice; C-D) iron detection by Prussian blue staining in 
(C) 12- and (D) 6-month-old HO-1 WT and KO mice; iron deposits stained in blue; representative images, scale bar 50 μm. 
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2. Results 

2.1. Deposition of iron in the renal cortex and higher susceptibility of HO- 
1-deficient kidneys to acute injury 

Previous studies have reported the existence of microscopic iron 
deposition in the kidneys upon HO-1 abrogation [10,26]. In accordance, 
macroscopically, we observed browning of the kidneys in 12-month-old 
HO-1 KO mice (Fig. 1A). The color alterations localized only to the 
cortex (Fig. 1A, bottom panel) and proved to be Prussian blue-positive 
(Fig. 1B), clearly corroborating the increased iron deposition in HO-1 
KO mice. The inclusions were mostly present in the proximal tubules 
(Fig. 1C). In younger, 6-month-old mice iron deposition was also pre
sent; however, the level of ferric ions was notably lower in the tubules 
and epithelial cells lining Bowman capsules start to accumulate iron 
(Fig. 1D). 

In our previous study, we focused on establishing the role of statins 
(namely simvastatin) in the development of abdominal aortic aneurysm 
(AAA) in HO-1 deficiency. Surprisingly, we found that mice that 
received simvastatin along with administration of Ang II (the three- 
combination model) show a strong increase in mortality. The early 

mortality occurred approximately 3 days after Ang II infusion and was 
independent of aneurysm formation. The highly plausible cause of death 
was kidney failure, as we repeatedly observed kidney yellowing, a ne
phropathy caused by accumulation of bile pigments [27], products of 
heme metabolism. In the surviving mice, the urine was red or brown, 
which may be related to hematuria or occurring rhabdomyolysis [28] 
(Fig. 2A). Importantly, while the level of ferrous ions in the kidneys was 
comparable between all the inspected groups (Fig. 2B), there was a clear 
impact of HO-1 deficiency on the accumulation of ferric ions. Moreover, 
the co-treatment of HO-1 KO mice with Ang II and statin synergistically 
increased the non-heme ferric iron deposition (Fig. 2C). To conclude, 
HO-1 deficiency results in ferric iron accumulation in the renal cortex, 
which coincides with higher mortality in mice. 

2.2. Mucin-1 accumulation accompanies kidney failure 

To verify if the aforementioned symptoms may be related to renal 
damage, we performed Periodic Acid Schiff (PAS) staining to visualize 
the kidney structure (Fig. 3A). We observed thick and distinct PAS- 
positive rim around the glomerulus in the three-combination model. 
Moreover, in this group, PAS-positive material accumulated in some of 

Fig. 2. Co-administration of angiotensin II and sim
vastatin triggers kidney injury which coincides with 
increase in non-heme iron. A) incidence of kidney 
abnormalities in 6-month-old HO-1 WT and KO mice 
treated with Ang II and/or simvastatin; death – death 
likely related to renal failure, noted by yellowing of 
the kidney detected on necropsy without any other 
anomalies; Fisher exact test; B–C) the level of heme- 
(B) and non-heme- (C) iron, three-way ANOVA fol
lowed by Tukey’s post hoc test; *p < 0.05, **p < 0.01, 
***p < 0.001.   
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the tubules (black arrows) and we could distinguish intensely blue 
staining all over the specimen. Importantly, such blue staining can be a 
sign of increased protein aggregation, and is observed in the cytoplasm 
of proximal convoluted tubular epithelial cells in renal biopsies from 
nephrotic syndrome patients [29]. We did not notice significant changes 
in the inspected groups, except for the three-combination model, where 
we could observe thickening of the basal membrane and possible onset 
of focal segmental glomerulosclerosis (Fig. 3A). 

In further studies, we focused on mucin-1, which stains positively in 
PAS. Mucin-1 has a protective impact on the kidney [30] and can 
mitigate oxidative stress [31]. Indeed, immunofluorescent staining 
confirmed the strong expression of mucin-1 in the lumen of convoluted 
tubes of the Ang II + simvastatin-treated HO-1 KO mice (Fig. 3B). As 
mucin-1 staining pattern was unusual and the protein seemed to 
aggregate in the renal tubules, we decided to inspect the level and 
localization of its interacting protein galectin-3, that showed much more 

Fig. 3. Mucin-1 accumulation accompanies kidney failure. A) kidney microscopical morphology (PAS staining), in HO-1 KO mice treated with Ang II and simva
statin, representative images showing the accumulation of PAS-positive material in the proximal tubules (arrows) scale bar 25 μm; B–C) immunofluorescent staining 
of mucin-1 (B) and galectin-3 (C); proteins are stained in green, nuclei in blue, representative images, scale bar 25 μm. 
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uniform staining intensity (Fig. 3C). Noteworthy, the staining intensity 
of galectin-3 reflected the protein abundance assessed by mass spec
trometry (Table 1). 

2.3. Mucin-1 protects against hemin-related oxidative stress in the 
absence of HO-1 

To address the functional significance of mucin-1 upregulation, we 
moved to in vitro studies. The available literature suggests that the sialic 
acids in mucin-1 act as potent scavengers of hydroxyl radical [31], thus 
we suppose that mucin-1 could protect against reactive oxygen species 
(ROS) in the kidneys. Indeed, we found that mucin-1 protects 
HMOX1-silenced renal tubular cells from hemin-induced oxidative stress 
(Fig. 4A). Furthermore, mucin-1 knock-down intensifies ferric 
ion-induced lipid peroxidation in HO-1 deficient cells (Fig. 4B). To 
address the impact of sialic acid, we used neuraminidase, which cleaves 
terminal sialic acids. Their removal triggered hemin-induced lipid per
oxidation in HO-1-deficient cells (Fig. 4C). 

Importantly, lack of mucin-1 and treatment with neuraminidase 
have similar outcomes, implying that the sialic acids in mucin-1 are 
involved in the protection against ROS. To sum up, Ang II and 
simvastatin-treated HO-1 KO mice upregulate mucin-1, which accu
mulates in the renal proximal tubules. Based on in vitro studies, we 
suppose that the increase in mucin-1 can serve as protection against 
heme overload-related oxidative stress. 

2.4. Surviving HO-1 KO mice have higher glutathione transferase levels in 
the kidneys 

To understand the mechanism governing the kidney dysfunction, we 
performed the whole proteome analysis. We could clearly distinguish a 
cluster of significantly upregulated proteins in Ang II + simvastatin- 
administered HO-1 KO animals (Fig. 5A, Supp. Fig. 1, Table 1). It mainly 
consisted of proteins assisting the redox homeostasis, involved in the 

glutathione (GSTP1, GSTA, GSTM), and thioredoxin (TXND5) systems. 
Moreover, there was a clear upregulation of macrophage inhibitory 
factor (MIF), which is involved in the tubular regeneration [32] and 
possess a moonlighting activity of glutathione transferase [33]. 
Although in the high-throughput analysis we did not include the saline 
+ simvastatin group, we evidenced that it has no effect on the expression 
of the glutathione pathway (Supp. Fig. 2). 

Importantly, the pathway analysis of proteins exclusively present in 
the three-combination model, indicated for the enrichment of ‘gluta
thione conjugation’ regulators (Reactome database, p < 2.97e− 7) and 
the cluster related to iron or heme binding (DAVID, p < 4e− 5). Peering 
closer, we could find a HO-1 deficiency-related upregulation of gluta
thione transferases (GSTs) and some regulators of glutathione synthesis 
(GCLC), whereas the levels of glutathione-degradation degrading en
zymes (GPXs) were unchanged (Fig. 5B). Furthermore, the abundance of 
proteins related to H2O2 metabolism remained largely stable in all 
groups compared, with the exception of peroxiredoxin-1 (PRDX1) 
known as heme binding protein-23, which tended to increase in HO-1 
KO mice, and extracellular superoxide dismutase (SOD3), which was 
significantly downregulated in Ang II + simvastatin-treated KO mice 
(Fig. 5C). 

The analysis of iron or heme related proteins revealed a possible shift 
in iron and heme availability. While iron-binding ferritin heavy chain-1 
(FTH1) and ferrochelatase (FECH) were pronouncedly upregulated upon 
HO-1 deficiency, NADH:ubichinon oxidoreductase (NDUC2, iron:sulfur 
protein) was affected both by lack of HO-1 and the used compounds. On 
the other hand, heme binding α-microglobulin (AMRP) was significantly 
downregulated by Ang II, which could enhance heme availability 
(Fig. 5D). 

Given the significant alterations in the redox regulators, we inspec
ted the oxidation status within the kidneys. We observed a significant 
increase in the level of oxidative posttranslational modifications 
assessed by mass spectrometry in the three-combination model 
(Fig. 6A). Furthermore, lipid peroxidation (assessed by appearance of 

Fig. 4. Mucin-1 protects against hemin-related oxidative stress in HO-1-deficient cells. A-C) lipid peroxidation assessed by the level of thiobarbituric reactive 
substance (TBARS): (A) Human kidney tubular cells were transfected with siRNA targeting HMOX1 and/or MUC1 and then were treated with 25 μM hemin for 24 h 
(A) or 10 μM ferric chloride for 24 h or pre-treated with 50 mU/ml neuraminidase followed by incubation with 25 μM hemin for 24 h (C). ***p < 0.001; three-way 
ANOVA followed by Tukey’s post hoc test. 
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thiobarbituric acid reactive substances (Fig. 6B)) and 8-isoprostane level 
(Fig. 6C) showed that HO-1 deficiency irrespectively of treatment led to 
approximately 50% increased oxidation. Notably, while protein-bound 
heme level was comparable between all the inspected groups 
(Fig. 6D), the non-protein-bound heme (Fig. 6E) and reduced gluta
thione level (GSH; Fig. 6F) were increased significantly in HO-1 KO mice 
administered Ang II + simvastatin. The level of oxidized glutathione 
(GSSG) showed no difference between all analyzed groups (Fig. 6G). 
Altogether, we noted an appreciable increase in GSH/GSSG in the kid
neys of HO-1 KO mice treated with Ang II and simvastatin (Fig. 6H). 
Importantly, the method employed to assess ‘labile’ heme likely does not 
discriminate between fully labile and small molecule- or peptide- 
conjugated heme. Therefore, we cannot rule out the possibility of the 
formation of glutathione-heme adducts in HO-1 KO mice administered 
Ang II + simvastatin [21,34], which is another way for heme detoxifi
cation. Supportively, these mice had increased protein oxidation 
(Fig. 6A) but not lipid peroxidation (Fig. 6B and C) in comparison to the 
rest of the HO-1-deficient animals. 

Then we inspected how hemin stimulation in vitro affects 
glutathione-related genes upon HMOX1-deficiency and whether the 
major oxidative stress regulator NRF2, drives this protective pathway. 
We observed that in renal tubular cells the mRNA level of canonical 
NRF2 targets [35], GCLM, GCLC, GSS, GSTP1 and NQO1, is mainly 
affected by heme overload in cells lacking HO-1. Importantly, this 
augmentation was abolished by NFE2L2 silencing (Fig. 7). 

To conclude, HO-1 deficiency does not affect the total heme level, 
however it promotes the oxidative state of cells. Knock-down of HO-1 
induces the expression of glutathione regulators in an NRF2- 
dependent manner. 

3. Discussion 

Our study, although centered on the kidney pathophysiology, pro
vides some important, oxidative stress- and heme-related observations. 
We showed that statin co-administered with Ang II induces iron accu
mulation in the kidney of HO-1 KO mice and may lead to nephropathy. It 
seems that protection against oxidative stress induced by heme overload 
does not rely exclusively on HO-1-mediated heme degradation. We 
propose that mucin-1 can act as a scavenger of ROS and thereby protect 
the kidney from robust oxidative damage. On the other hand, when 
overabundant, mucins may deteriorate kidney function [36]. 

Statins, which bear lipid lowering capacity, are widely used in the 
treatment of cardiovascular diseases, still their impact on the formation 
of abdominal aortic aneurysm (AAA) remains elusive. Therefore, in our 
previous studies, we aimed to address the role of simvastatin on the AAA 
formation in models of NRF2 or HO-1 deficiency. 

Indeed in the model of NRF2 deficiency, we proved they protect 
against the aortic malformation [37]. However, in the HO-1-related 
studies, we did not observe the inhibitory influence of the drug in WT 
mice (data not shown). Moreover, as shown in this study, HO-1 KO mice 
were very susceptible to kidney failure, which impeded the unequivocal 
analysis of the impact on AAA formation. The kidney malfunction had 
significantly faster kinetics than the AAA formation in this strain of mice 
[38]. 

Statins possess potent antioxidant and anti-inflammatory properties 
[39]. However, their influence on the renal system remains controver
sial and the results depend on the experimental setup and patients’ 
conditions [40]. Here, we showed that simvastatin alone did not trigger 
evident kidney malfunction. Only the combination of Ang II and sim
vastatin led to significant mortality in HO-1 KO mice probably due to 
kidney damage, manifested by abnormal urine production. Given that 
one of the major side effects proposed for statins is the muscle damage 
[25], we suppose that statins could cause muscle injury, and thus in
crease the level of circulating hemoproteins (such as myoglobin), trig
gering heme stress in the kidneys. However, it must be emphasized that 
statins alone did not affect heme and non-heme iron. In humans the 

Fig. 5. Surviving HO-1 KO mice upregulate glutathione transferases. A) part of 
the heat-map, depicting a protein cluster significantly affected by HO-1 defi
ciency; FDR<1%, (B–D) level of selected proteins involved in glutathione 
metabolism (B), hydrogen peroxide metabolism (C) and iron/heme binding (D); 
data normalized to the WT saline group and represented as fold change; blue – 
proteins upregulated by HO-1 deficiency; grey – unchanged; red – down
regulated in some of the inspected groups. Notably, although the protein level is 
a discrete value, we added the connecting lines for the better legibility. 

A. Kopacz et al.                                                                                                                                                                                                                                 



Free Radical Biology and Medicine 205 (2023) 188–201

194

adverse effects of statins are attributed to abnormal calcium homeostasis 
[41], which is also perturbed by Ang II [42]. 

One of the most commonly used models of acute kidney injury is 
intramuscular injection of hypertonic glycerol. In this model, HO-1 in
duction is the highest in the kidney and occurs 48 h after injury [11]. 
Supportively, even a lower dose of simvastatin than that used in our 
study, aggravates muscle necrosis in the mouse model of muscle dys
trophy [43]. Thus, we suppose that even mild muscle lesions induced by 
simvastatin could account for the kidney-damaging impact of Ang II [44, 
45], especially as HO-1 KO mice are extremely susceptible to 
rhabdomyolysis-related acute kidney injury (AKI) [11]. It is worth 

stressing that the characteristic manifestation of rhabdomyolysis-related 
tubular kidney injury is urine discoloration, which occurred in the sur
viving group of HO-1 KO animals treated with Ang II and statin. 
Moreover, kidney yellowing observed during necropsy of dead HO-1 KO 
mice, could be related to the accumulation of bile pigments [27], both of 
which are the products of non-enzymatic heme degradation [16]. 

The accumulation of bilirubin, which is also the product of enzy
matic activity of heme oxygenases, may suggest the compensatory in
duction of HO-2. Indeed, the age-related impairment of HO-2 induction 
sensitizes older mice to acute kidney injury triggered by hemoglobin 
injection as evidenced by slight increase in biochemical markers of 

Fig. 6. HO-1 deficiency affects labile heme and reduced glutathione level. The level of (A) protein oxidation assessed by mass spectrometry, all MS-detectable 
oxidative modification are included, data shown as fold change of WT saline; (B–C) lipid peroxidation analyzed by (B) the measurement of thiobarbituric reac
tive substance (TBARS) and (C) 8-isoprostane level; (D) protein-bound and (E) labile heme content; (F) reduced and (G) oxidized glutathione; (H) GSH/GSSG ratio; 
*p < 0.05, **p < 0.01, ***p < 0.001; three-way ANOVA followed by Tukey’s post hoc test. 
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Fig. 7. NRF2 drives the upregulation of the glutathione pathway in response to heme overload. Relative expression of GCLM, GCLC, GSS, GSTP1, NQO1. Human 
kidney tubular cells were transfected with siRNA targeting HMOX1 and/or NFE2L2 and after 48 h were treated with 25 μM hemin for 24 h; *p < 0.05, three-way 
ANOVA followed by Tukey’s post hoc test. 
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kidney injury and some histological changes. At the same time, in the 
studied model in young mice, the authors observed only 1.4 fold in
duction of HMOX2, while the induction of HMOX1 was 4 times higher. In 
older animals, more susceptible to kidney injury, the induction of 
HMOX1 was 20 fold, with no changes in the constitutive form [46]. In 
parallel, the hemin stimulation of HO-1-lacking mesenchymal stromal 
cells did not lead to induction of HMOX2 [13]. The reason behind may 
be the scarcity of regulatory elements in the HMOX2 promoter in com
parison to HMOX1 [47]. Moreover, we need to bear in mind that HO-1 
KO, not HO-2 KO, mice are at 80% mortality risk in the heme-related 
models of AKI [11]. 

Non-enzymatic H2O2-dependent heme degradation in vivo has been 
studied in erythrocytes [48]. Here, in proteome profiling, we did not 
detect changes in the level of the majority of H2O2-related enzymes. In 
general, catalase and other H2O2-disposing enzymes are assumed to be 
protective, fine-tuning the heme degradation [17]. Among the signifi
cantly altered H2O2-related proteins, we could distinguish an impact of 
HO-1 deficiency on the level of peroxiredoxin-1 (PRDX1). Interestingly, 
it is also known as heme binding protein-23 [49]. Thus, PRDX1 serves 
two functions: cysteine-dependent peroxidase and cytosolic heme 
scavenger [50]. Binding heme to PRDX1 can reduce heme toxicity and 
degradation. Moreover, due to its cellular abundance (approximately 20 
μM), PRDX1 significantly exceeds the level of heme under the basal 
conditions (approximately 1 μM), permitting efficient scavenging [50]. 

Another way of non-enzymatic heme detoxification relies on gluta
thione (GSH) [16,19], which is a scavenger of free heme [22]. Addi
tionally, GSH can detoxify chemicals through direct binding or 
enzymatic conjugation by glutathione-S-transferases (GST) [51]. This 
seems especially relevant taking into consideration that GSTs are among 
the most altered proteins in HO-1 deficient kidneys in our study. GSH 
efficiently reacts with heme even in the presence of serum proteins; 
glutathione-heme complexes are present in healthy human erythrocytes 
and increase with hemolysis [21]. While glutathione-heme adducts have 
not been detected in kidneys yet, the literature documented other 
GSH-oxidant reactions, for example, the appearance of GSH-menadione 
adducts, which are exported from renal tubular cells [52]. 

Notably, another significantly altered protein in the HO-1 KO Ang II 
+ simvastatin group is macrophage inhibitory factor (MIF). It is a 
regulator of inflammatory and immune responses, but also a moon
lighting GST [33]. Moreover, it is a potent protector against acute kid
ney injury [32,53,54]. Still, it also emphasizes the importance of GSTs, 
and suggests that protective mechanisms may reach beyond the typical 
glutathione enzymes. Based on the detoxification capacity and the 
literature data, we can suspect that glutathione pathway induction was 
protective in our experimental setting. Nevertheless, the distinguishing 
factors between surviving and dead mice, and their relevance to the 
glutathione pathway remain to be established. 

Interestingly, non-enzymatic heme degradation occurs at the cell 
membrane [18]. The functionality of this location has not been pin
pointed, however, based on our results, we may speculate that mem
branous proteins are capable of harnessing the oxidative stress related to 
the heme degradation. Here, we confirmed that membrane-bound 
mucin-1 protects against lipid peroxidation, which stays in accordance 
with previous reports showing mucin-1 is a ROS scavenger [31]. In 
parallel, different subsets of mucins accumulate in the skin during 
rhabdomyolysis [55], and mucin-1 is a marker of chronic kidney disease 
in humans [56]. Analysis of the raw data of transcriptome profiling 
shows a 3-5-fold increase in mucin expression after acute kidney injury 
[57,58]. This upregulation is likely a protective mechanism, as mucin-1 
knockout significantly aggravates kidney injury [59,60]. However, until 
now, among mucin-related mechanisms governing kidney homeostasis, 
the ROS-related mechanisms have not been addressed. Nevertheless, a 
mutation in mucin-1 resulting in a truncated, aggregation-prone protein, 
triggers kidney failure by clogging the tubules [30]. As in this study, 
mucin-1 accumulates in kidney tubules, and it likely plays a role in the 
deterioration of kidney function in the surviving subset of mice treated 

with Ang II and statin. Based on in vitro experiments, we propose, the 
ROS-harnessing properties of mucin-1 are related to sialic acids. 
Importantly, O-glycosylation plays a pivotal role in the protection 
against kidney injury [61], and the chemical decrease in sialyation re
sults in irreversible kidney failure [62]. 

It still remains unidentified what triggers the expression of mucin-1 
in HO-1 KO mice co-treated with Ang II and simvastatin. It could be 
related to oxidative stress, as proved in the airways for other subtypes of 
mucins [63]. Heme responsive element (TGATGCA), exactly the same as 
reported in the HMOX1 promoter [64], is present in the MUC1 promoter 
(− 11k b.p., ATACdb), however its functional relevance in the regulation 
of mucin-1 gene transcription has not been elucidated yet. Moreover, the 
mucin-1 promoter contains multiple AP-1 binding sites, which could be 
relevant in its regulation during stress [65]. Conversely, mucin [66], 
along with NRF2 [67] regulates the expression of the cystine/glutamate 
transporter (SLC7A11), which is critical in establishing cellular gluta
thione levels and pivotal in preventing iron-related cell death [68], also 
in the kidneys [69]. 

In in vitro experiments we observed an NRF2-dependent glutathione 
pathway induction in heme-treated renal cells lacking HO-1. In fact 
genes incorporated in glutathione metabolism may be good indicators of 
NRF2 activation [70]. For instance, GCLC, GCLM are likely to represent 
direct targets of NRF2 in a variety of tissues [71,72]. Here, we estab
lished the role of NRF2 in cells treated with hemin. Such a model aimed 
to address the plausible impact of heme overload on renal cells rather 
than the influence of Ang II and simvastatin. Importantly, available data 
show the opposite impact of these two compounds on the NRF2 level. 
While Ang II downregulates NRF2 activity in renal cells [73], simva
statin upregulates NRF2 protein level in the kidney by 2-fold [74]. 
However, these changes are rather mild in comparison to heme-induced 
NRF2 upregulation [75]. 

Taking into account the largely overlapped phenotypes of HO-1 
deficiency in mice and humans, including kidney tubular injury [76], 
the proper understanding of all heme degradation pathways may have a 
therapeutic potential. Our results shed some light on the protective 
mechanisms in the kidney, which may be clinically relevant given the 
gene polymorphism-dependent variation in HO-1 expression and enzy
matic activity [77]. Interestingly, the low HO-1 activity-related poly
morphisms have been associated with a higher risk for AKI after cardiac 
surgery [78]. Accordingly, similar conclusions were made in the cohorts 
of patients treated with statins [79]. Therefore, it is plausible that hy
pertensive patients with lower expression of HMOX1 s may be more at 
risk of kidney injury after statin treatment. 

4. Limitations of the study 

Our results highlight the possibility that glutathione-assisted heme 
detoxification occurs in vivo. Previous studies indicated the formation of 
glutathione-heme adducts in the probe [34], cultured cells and isolated 
erythrocytes [21], but not in organs, and not in the context of HO-1 
deficiency. Unfortunately, our working model largely impedes direct 
and unequivocal measurement of labile heme. Importantly, the method 
employed for the assessment of ‘labile’ heme likely does not discrimi
nate between fully labile and small molecule- or peptide-conjugated 
heme. Therefore, in this study we refer this fraction as to 
non-protein-bound heme. We cannot exclude the possibility of the for
mation of glutathione-heme adducts, as glutathione is not precipitated 
with majority of typical protein precipitation methods (acid or 
acetone-based) [80]. However, while the glutathione upregulation co
incides with the changes in the non-protein-bound heme pool, it does 
not with lipid peroxidation - one of the main products of iron toxicity 
[81]. Therefore, we may suspect that heme is somehow inactivated. It is 
plausible that in vivo experiments using glutathione precursors or syn
thesis inhibitor, along with the models of mucin-1 deficiency, could give 
us further insight into the studied processes. We hope this study will 
pave the way for exploration of the relevance of these pathways in vivo. 
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As this is a retrospective study, we did not fully address the origin of 
urine abnormalities. However, the histological changes suggest the 
incidence of nephrotic syndrome and myoglobinuria. 

Materials and methods 

Animals. This study was performed on 6- or 12-month-old male HO- 
1− /− mice (KO) [82] and their wild type littermates (WT), both on mixed 
C57/Bl6 × FVB background. The HO-1+/− breeding pairs were kindly 
provided by prof. Anupam Agarwal, University of Alabama of Bir
mingham. The genotype was verified prior to the experiment by DNA 
analysis. The animals were maintained under specific pathogen-free 
conditions in individually ventilated cages (14/10h light/dark cycle at 
a temperature of 22 ± 2 ◦C) and had free access to diet and water ad 
libitum. All experimental procedures were approved by the 2nd Institu
tional Animal Care and Use Committee (IACUC) in Kraków, Poland (No. 
74/2016 and 110/2016) and performed in accordance with the guide
lines from Directive 2010/63/EU of the European Parliament on the 
protection of animals used for scientific purposes. 

Administration of Ang II and simvastatin. WT and HO-1 KO mice 
(6-month-old) were randomly divided into the following groups: (1) 
saline (n = 3–5), (2) angiotensin II (Ang II group, n = 5), (3) saline +
simvastatin (sal + sim group, n = 5–6), and (4) angiotensin II + sim
vastatin (Ang II + sim group, n = 6–8). The animals were infused with 
Ang II (2500 ng/kg/min in saline, Sigma-Aldrich) or saline (sham group) 
using osmotic pumps (Alzet 2004) for up to 28 days. Simvastatin (20 
mg/kg/day in saline; Sigma-Aldrich) was administered each morning via 
intragastric gavage (i.g.) for 7 consecutive days before osmotic pumps 
placement and also during the Ang II infusion for another consecutive 28 
days. The detailed protocol is described in our previous papers [83,84]. 
During osmotic pump placement, the mice were under tribromoethanol 
anesthesia (250 mg/kg b.w., 1.5% solution, i.p.). Throughout the whole 
experiment the mice were on diet containing 25% fat (Supp. Fig. 3). 

Cell culture. Human kidney tubular cells (HKC-8) were grown in 
DMEM F/12 Medium (Lonza) supplemented with Insulin Transferin- 
Selenium (ITS-G, Gibco) and 5% fetal bovine serum (FBS) (EURx). 
Cells were cultured at 37 ◦C in a humidified incubator in 5% CO2 at
mosphere. The cells were treated with hemin (Sigma-Aldrich), ferric 
chloride (Avantor Performance Materials) and neuraminidase (Sigma- 
Aldrich) as indicated in the figure description. 

Transfection with small interfering RNA. Transfections were 
performed using 20 nM siRNA (Ambion) against human HMOX1 
(11056), NFE2L2 (s9493), MUC1 (s9067) or scrambled siRNA (siMock) 
(Life Technologies 4390846) using Lipofectamine™ RNAiMAX Trans
fection Reagent (Life Technologies) in Opti-MEM I Reduced Serum 
medium (Life Technologies). The experiments were performed 48 h after 
transfection. In case of transfections targeting multiple transcripts, the 
amount of siRNA was multiplied. Still the total amount of siRNA was 
maintained through the complementing level of scrambled siRNA. 

Histological and immunofluorescent staining. The periodic acid 
Schiff (PAS) staining kit (ab150680, Abcam) was used to visualize mucin 
deposition in 10 μm OCT-frozen kidney tissue samples. The samples 
were stained according to the manufacturer’s instructions. The Prussian 
blue staining for iron deposition was performed on paraffin-embedded 
kidney samples (8 μm) using staining kit and manufacturer in
structions (Sigma-Aldrich). All samples were analyzed under a light 
microscope (Nikon) with NIS elements BR software (Canon) at magni
fications of 100 × and 400 × . 

Immunofluorescent stainings (mucin-1 and galectin-3) were done on 
frozen 10 μm sections of the kidney. Samples were fixed with 4% 
paraformaldehyde and blocked in 3% goat serum in Ca2+ and Mg2+ free 
PBS with 0.05% Tween-20 for mucin-1 or rabbit/mouse blocking pro
tein from Abcam (Mouse and Rabbit Specific HRP/DAB (ABC) Detection 
IHC kit) for galectin-3, for 1 h at room temperature (RT). After washing 
in PBS, the samples were incubated overnight (4 ◦C) with antibodies: 
anti-mucin-1 (ab109185, Abcam) or anti-galectin-3 (ab209344, 

Abcam). On the next day, the samples were washed in PBS and incu
bated with secondary goat-anti-rabbit antibodies conjugated with Alexa 
Fluor 647 (Life Technologies) for 1 h at RT. The nuclei were counter
stained with Hoechst 33342 (Sigma-Aldrich). Samples were analyzed 
under a meta laser scanning confocal microscope (LSM-880, Carl Zeiss) 
at magnification 400 × and analyzed using ImageJ software (Wayne- 
Rasband (NIH)). 

Mass spectrometry. LC-MS measurements were performed at the at 
the Institute of Biochemistry and Biophysics PAS according to a modi
fied protocol [85]. The kidneys were mechanically disrupted and with 
sonication (Bioruptor, set: high 30 cycles 30 s on/30 s off, 8 ◦C) in 500 μl 
of 6 M guanidine chloride, 100 mM TRIS, 10 mM TCEP, 50 mM CAA and 
MS-Safe Sigma protease inhibitors (MSSAFE-1VL). After centrifugation 
(20 min at 16,000 g), the supernatant was collected and the pellet was 
discarded. 100 μl of each sample was taken and subjected to cold 
acetone precipitation. Pellet was resuspended in a digestion buffer: 50 μl 
of 6 M urea, 100 mM ABC, 1 μg of LycC/Trypsin mix (Promega V5071), 
vortexed at 800 rpm at 37 ◦C for 4 h, then 300 μl of 25 mM ABC was 
added, samples were vortexed at 800 rpm at 37 ◦C overnight. The 
samples were acidified with 10 μl of 5% TFA. The resulting peptide 
mixture was purified at Oasis HLB 10 mg sorbent (Waters), 96-well 
plates, vacuum-dried, and suspended in 40 μl of 2% MeCN, 0.1% TFA. 
The samples were measured in an online LC-MS setup of EvosepOne 
(Evosep Biosystems) coupled to an Orbitrap Exploris 480 (Thermo 
Fisher Scientific) mass spectrometer. Peptide mixtures were loaded on 
Evotips C18 trap columns, according to the vendor’s protocol: activation 
of sorbent with 0.1% FA in MeCN, 2-mine-incubation in 1-propanol, 
chromatographic sorbent equilibration with 0.1% FA in water; sam
ples were loaded in 30 μl of 0.1% FA, after each step, EvoTips were 
centrifuged at 600 g for 1 min. Chromatographic separation was carried 
out at a flow rate of 500 nl/min using the 88 min (30 samples per day) 
performed gradient on an EV1106 analytical column (Dr. Maisch C18 
AQ, 1.9 μm beads, 150 μm ID, 15 cm long, EvosepBiosystems, Odense, 
Denmark). Data were acquired in positive mode with a data-dependent 
method using the following parameters. The MS1 resolution was set to 
60 000 with a normalized AGC target of 300%,auto maximum inject 
time, and a scan range of 350 to 1400 m/z. For MS2, the resolution was 
set to 15000 with a standard normalized AGC target, auto maximum 
inject time, and the top 40 precursors with an isolation window of 1.6 
m/z considered for MS/MS analysis. Dynamic exclusion was set at 20 s 
with an allowed mass tolerance of ±10 ppm, with a precursor intensity 
threshold of 5 × 103. The precursors were fragmented in HCD mode with 
a normalized collision energy of 30%. The spray voltage was set to 2.1 
kV, with a funnel RF level of 40 and heated capillary temperature of 
275 ◦C. 

Raw data were analyzed with PEAKS X Studio [86] (build 10.6) and 
searched against mouse reference proteome (Uniprot proteome 
IDUP000000589, 55315 protein entries), digestion: trypsin semi spe
cific, 2 max missed cleavages, 0.1 Da MS and 0.2 Da MSMS error 
tolerance, fixed modification: carbamidomethylation, variable modifi
cation: PTM_PEAKS open mode, FDR 1%, common contamination da
tabases were included. The oxidative modifications included: arginine 
oxidation to glutamic semialdehyde; cysteine oxidation to cysteic acid; 
lysine oxidation to aminoadipic semialdehyde, proline oxidation to 
pyroglutamic acid, tryptophan oxidation (to hydroxykynurenine, oxo
lactone, 2-aminotyrosine), pyroglutamate formation, tyrosine nitration, 
oxidation of methionine, hydroxylation, and protein carbonylation. 

Proteins identified as differing groups have been analyzed in terms of 
belonging to individual pathways with the Reactome platform [87]. 
Every six groups were compared semi-quantitatively (PEAKS quant, FDR 
1%) and plotted in a heatmap. Significantly changed proteins are 
included in Table 1. The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the PRIDE 
repository. 

Heme assessment. Briefly, a 3 mm part of the kidney or 105 cells 
were homogenized and lysed by 5 cycles of freeze-thaw. At that step, the 

A. Kopacz et al.                                                                                                                                                                                                                                 



Free Radical Biology and Medicine 205 (2023) 188–201

198

protein concentration was assessed by bicinchoninic acid method. The 
lysed proteins were precipitated by ice-cold acetone (Avantor Perfor
mance Materials) and centrifuged at 10,000 g for 10 min. Both the 
precipitate and the supernatant, after a 15-min break to allow excess 
acetone to evaporate, were resuspended in 2 M oxalic acid (Sigma- 
Aldrich) and used for further analysis according to Ref. [88]. Half of the 
sample volume was heated at 95 ◦C for 30 min leading to iron removal 
from heme. The fluorescence of the resultant protoporphyrin at excita
tion wavelength 400 nm and emission wavelength 662 nm, was assessed 
by the Tecan Spectra II Microplate Reader (Tecan). The endogenous 
protoporphyrin content was subtracted. Data were normalized to total 
protein concentration in each sample. This method permits dis
tinguishing between protein-bound and labile heme (Supp. Fig. 4). 

Glutathione assessment. Kidney total and oxidized glutathione 
were measured using a Colorimetric Glutathione Detection kit (Thermo 
Fisher Scientific). Briefly, kidney was homogenized in 5% 5-sulphosali
cilic acid solution (Sigma-Aldrich) and total glutathione was assayed 
spectrophotometrically using Tecan Spectra II Microplate Reader 
(Tecan) following the manufacturer’s instructions. Oxidized glutathione 
was measured in homogenized samples after glutathione masking with a 
2-vinylpiridine solution (Sigma-Aldrich). The results are presented as 
μmol per g of tissue. 

Lipid peroxidation assessment by the measurement of thio
barbituric acid reacting substances (TBARS). In brief, 3 mm frag
ments of kidney or 105 cells after treatment or transfection were washed 
with PBS and then 20% (w/v) trichloroacetic acid containing 0.8% (w/ 
v) thiobarbituric acid (Sigma-Aldrich) was added to each well. The cells 
were scratched off to the eppendorf tubes and boiled for 30 min. After 
cooling to room temperature and centrifugation (350 g, 10 min), the 
absorbance of the supernatant at 535 nm and for the nonspecific 
turbidity at 600 nm was subtracted. The amount of malondialdehyde 
(MDA) equivalents was calculated using the extinction coefficient of the 
MDA-TBA complex (1.56 × 105 M− 1 cm− 1), and the results are expressed 
as pmol MDA/mg protein. 

8-isoprostane measurement. 8-isoprostane was measured using 
OxiSelect™ 8-iso-Prostaglandin F2α ELISA Kit (Cell Biolabs) according 
to manufacturer’s protocol. 

Ferrous ions analysis. For the analysis, approximately 5 mg tissue 
was used, which was stained with FeRhoNox-1 fluorescent imaging 
probe (Goryo Chemical) for 30 min. After staining, we homogenized and 
lysed the tissue in 10% SDS in 0.01 M HCl in isopropanol. Upon 
centrifugation (10,000 g), the supernatant fluorescence was measured 
(excitation - 530 nm, emission - 570 nm). The level of ferrous ions was 
normalized to protein concentration. 

Ferric ions measurement. For the analysis, approximately 5 mg 
tissue was used. For ferric ions assessment, we used a modified Prussian 
blue staining protocol, we stained the whole tissue for 20 min in 5% 
potassium ferrocyanide in 10% HCl. After staining, we homogenized and 
lysed the tissue in 10% SDS in 0.01 M HCl in isopropanol. Upon 
centrifugation (10,000 g), the supernatant absorbance was measured at 
450 nm. The results were normalized to protein concentration. 

Total RNA Isolation, Reverse Transcription and Quantitative 
PCR. RNA from cells was isolated using Rneasy Mini kit (Qiagen). cDNA 
was synthesized using a High-Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher Scientific). RT-qPCR was conducted on Step-One Plus 
Real-Time PCR Systems using a Power SYBR® Green PCR Master Mix 
according to the manufacturer’s instructions (Thermo Fisher Scientific). 
The primer sequences are gathered in Table 2. Eukaryotic human 
translation elongation factor 2 (Eef2) was used as a reference gene. 
Relative gene expression was calculated using the ΔΔCt method. 

Statistical analysis. Data are presented as the mean ± SEM. 
Depending on normality checked by the Shapiro-Wilk test, the statistical 
assessment was done with analysis of variance (ANOVA), followed by 
Tukey’s post hoc test. Fisher’s exact test was used to calculate the fre
quency of kidney abnormalities. Grubb’s test was used to detect statis
tically significant outliers (p < 0.05), which were not included in the 

statistical analysis of the results (GraphPad Prism 9 software). P < 0.05 
was accepted as statistically significant. 
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