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ABSTRACT

Oxidative stress due to excessive reactive oxygen species (ROS) production, mitochondrial 
dysfunction and subsequent cell death are key processes in acute kidney injury (AKI) and 
when chronically present fibrogenesis is induced. During incubation of murine and human 
precision-cut kidney slices (mPCKS and hPCKS respectively), spontaneous onset of fibrosis 
is observed. In this study, acute cell stress was evaluated as a possible cause of spontaneous 
fibrogenesis during incubation of PCKS. PCKS were incubated up to 48h for mPCKS and up 
to 72h for hPCKS. Gene expression of markers of proximal tubules, hypoxia, apoptosis and 
the p53 pathway were evaluated. Mitochondrial integrity (TOM20) and the pro-apoptotic 
BAX were assessed by immunohistochemistry. Ultramorphology of hPCKS was evaluated 
by large-scale scanning transmission electron microscopy (nanotomy). Antioxidant balance 
was determined by measuring reduced and oxidized glutathione. We show that hypoxia-
induced pathways are activated in PCKS as well as apoptosis initiation, as reflected by the 
BAX/BCL2 ratio. This was supported by nanotomy of hPCKS, demonstrating cell debris 
from apoptotic cells in the lumen of proximal tubules, already at 3h of incubation. Another 
important finding of this study is that slices develop mitochondrial damage as observed by 
nanotomy at 24h of incubation along with the concurrent decrease of the mitochondrial 
outer membrane receptor TOM20. Glutathione balance reflecting oxidative stress did not 
significantly change, although a trend was observed. To conclude, this study demonstrates 
early injury by mitochondrial damage and apoptosis initiation in PCKS. These results pave 
the way to future studies with PCKS to evaluate prevention of mitochondrial dysfunction 
using pharmacological agents. 
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INTRODUCTION

Acute kidney injury (AKI) is defined as a rapid decline in renal function for less than 3 months 
(1) and has a high mortality rate (overall rate 20-25%, highly increasing with severity) (2, 
3). Causes of AKI are classified as prerenal (hypoperfusion), renal (glomerulopathies, acute 
vasculitis, acute interstitial nephritis, acute tubular necrosis) and postrenal (urinary tract 
obstruction) (4). Also, AKI is an important risk factor for the development of chronic kidney 
disease (CKD) (5, 6). Accumulating evidence suggests that mitochondrial dysfunction is a 
significant contributor to the injury in the pathogenesis of AKI as well as CKD (7, 8). However, 
despite substantial research on the prevention of mitochondrial damage (9-11), no medical 
intervention is available yet that significantly impacts the prevention or recovery of early 
renal injury.
Mitochondria are intracellular organelles producing the bulk of cellular energy i.e. ATP. 
Our energy producing organelles consist of an outer membrane and a folded inner 
membrane named cristae that surrounds the matrix. The matrix contains a large variety of 
enzymes (NADH and FADH2), necessary for the conversion of pyruvate and fatty acids to 
final electron donors. Subsequently, high-energy electrons from these donors are passed 
along the respiratory chain complexes creating an electrochemical gradient that drives the 
production of ATP by ATP synthase. This entire process, named oxidative phosphorylation 
(OXPHOS), is damaged during AKI, leading to the production of reactive oxygen species 
(ROS) (12).
As described in chapter 3 and 4, precision-cut kidney slices (PCKS) develop spontaneous 
fibrogenesis during incubation (13, 14). Unique features of this model are the possibility 
to make renal slices from human as well as rodent renal tissue, to maintain the three-
dimensional organ architecture, and to test a multitude of conditions or treatment options 
in one experiment from the same kidney. In this study, we aimed to evaluate processes 
of oxidative stress, mitochondrial integrity and apoptosis in murine and human PCKS to 
further understand spontaneous onset of fibrosis in PCKS.

MATERIAL AND METHODS

Ethics statement
This study was approved by the Medical Ethical Committee of the University Medical 
Centre Groningen (UMCG), according to Dutch legislation and the Code of Conduct for 
dealing responsibly with human tissue in the context of health research (www.federa.org), 
refraining the need of written consent for ‘further use’ of coded-anonymous human tissue. 
The animal experiments were approved by the Animal Ethics Committee of the University 
of Groningen (DEC 6416AA-001).



76

Chapter 5

Table 1. Patient demographics (n=8)

Gender (% male) 75.0

Age (in years) 61.1 ± 17.4

Nephrectomy side (% left) 50.0

Creatinine before nephrectomy (μmol/L) 90.6 ± 38.8

eGFR before nephrectomy (ml/min/1.73m²)* 86.5 ± 58.1

Abbreviation: eGFR, estimated glomerular filtration rate. Values are presented as the man ± standard deviation 
or otherwise if indicated. *calculated  using the modification of diet in renal disease formula

Preparation and incubation of PCKS
Precision-cut kidney slices (PCKS) from healthy mouse (n=8) and human renal tissue (n=8) 
were prepared as described in detail by Poosti et al. (13), Stribos et al. (14) and in chapter 
3. In short, the mouse kidney was prepared by removing adipose tissue and placed in a 
cylindrical core holder. For human PCKS (healthy cortical tissue from a tumornephrectomy), 
the renal capsule was removed, 6 mm cores were punched and subsequently placed in 
the core holder. Precision-cut kidney slices were prepared in ice-cold Krebs-Henseleit 
buffer using the Krumdieck tissue slicer. Slices were incubated in William’s E medium with 
GlutaMAX (Life Technologies, Carlsbad) supplemented with 10 μg/mL ciprofloxacin and 
2.7 g/L D-(+)-Glucose solution (Sigma-Aldrich, Saint Louis, USA) at 37°C in a gently shaking 
incubator with 80% O2 and 5% CO2. 

ATP content measurements
Viability of PCKS was checked by measuring ATP content (Roche diagnostics, Mannheim, 
Germany) normalized for protein concentration by Lowry method (Bio Rad, Veenendaal, 
the Netherlands) as described previously (15). 

RNA isolation and gene expression
Total RNA was extracted from PCKS with the FavorPrep™ Tissue Total RNA Kit (Favorgen 
Biotech Corp., Pingtung, Taiwan) using a Mini-Beadbeater for homogenization. RNA (1 
μg) was reversed transcribed to cDNA using the Reverse Transcription System (Promega). 
Subsequently, a quantitative real-time polymerase chain reaction (qPCR) was performed 
with a ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA). Relative 
fold change was calculated using the 2-ΔCt method after normalization with GAPDH. The 
TaqMan Gene Expression assays (Thermo Fisher Scientific) and SYBR Green primers (Sigma-
Aldrich) that were used are listed in Table 2 and 3. 



Cell stress and mitochondrial integrity in PCKS

77

5

Immunohistochemistry 
Immunohistochemistry for KIM-1, marker of proximal tubular injury, (sc-47495, Santa 
Cruz, Dallas, USA), TOM20, marker of mitochondrial integrity, (sc-17764) or BAX, marker of 
apoptosis, (sc-7480) was performed on paraffin murine or human PCKS sections (4 μm). 
After deparaffinisation and overnight antigen retrieval with 0.1 M Tris/HCl (pH 9.0) at 80°C, 
endogenous peroxidase activity was blocked by incubating sections in 0.3% H2O2 in PBS. 
Subsequently, sections were incubated with the primary antibody for 1h at 1:100 dilution. 
For murine sections, a mouse on mouse kit was used to decrease background staining 
(Vector Laboratories, Burlingame, USA). For human sections, appropriate HRP-conjugated 
secondary and tertiary antibodies (Dako, Glostrup, Denmark) were used. The stainings 
were visualized with ImmPact NovaRed (Vector, Burlingame, USA) and counterstained 
with hematoxylin. All sections were stored digitally using a Nanozoomer Digital Pathology 
Scanner (NDP Scan U10074-01, Hamamatsu Photonics K.K., Japan). Expression was 
quantified using Fiji (ImageJ, National Institutes of Health) (16). 

Large-scale electron microscopy (nanotomy) of human PCKS
Scanning transmission electron microscopy (STEM) was used for the ultrastructural 
assessment of hPCKS at 0, 3 and 24h of incubation (n=3). Samples were fixed in 2% 
glutaraldehyde in 0.1 M sodiumcacodylate, postfixed in osmiumtetroxide, dehydrated 
through ethanol gradient and embedded in EPON epoxyresin (Serra, Hedeilberg, Germany). 
Ultrathin sections (70 nm) were placed on single slot holders A600 Nickel supported by 
Formvar and subsequently contrasted with 2% methanolic uranylacetate followed by 
Reynolds lead citrate (17). STEM was performed using a Zeiss supra 55 EM (Oberkochen, 
Germany) and high-resolution large-scale images (nanotomy) were generated with the 
external scan generator ATLAS (Fibics, Ontario, Canada) (17). The nanotomy images were 
assessed together with a pathologist.

Glutathione assay
Reduced (GSH) and total glutathione (GSH + GSSG) were measured to assess redox status 
in mPCKS as described by Hadi et al. (18). In short, four slices were washed in 0.9% NaCl 
and snap-frozen in 400 μL 50 mM Tris-HCl/1 mM EDTA buffer. Samples were homogenized 
using a Mini-Beadbeater (Biospec Products, Bartlesville, USA) and centrifuged for 5 
min at 15,800 x g at 4°C. Appropriate GSH and GSSG (Sigma–Aldrich) calibration curves 
were used to calculate the GSH and GSSG concentration. Reduced glutathione was 
determined by adding 50 μL of supernatant and 200 μL of 5,5’-Dithiobis(2-nitrobenzoic 
acid) and absorbance was measured at 405 nm. To measure total glutathione, 15 μL 
1mM NADPH (Roche Diagnostics GmbH, Mannheim, Germany) and 7.5 μL glutathione 
reductase (Sigma–Aldrich) were added to 150 μL supernatant. After incubation at 37°C 
for 15 min, 15 μL 50% TCA was added and samples were centrifuged. Subsequently, 15 
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μL 50% trichloroacetic acid (Merck, Darmstadt, Germany) was added to 150 μL sample 
or calibration curve. After centrifugation, 50 μL of sample/calibration curve and 200 μL 
of 5,5’-Dithiobis (2-nitrobenzoic acid) were pipetted to a 96-wells plate. Absorbance was 
measured at 405 nm using spectrophotometer (Synergy HT, Biotek). 

Statistical analysis
Statistics were performed using GraphPad Prism 6.0 via one-way analysis of variance 
(ANOVA) followed by Dunnett’s multiple comparisons test or an unpaired two-tailed 
Student’s t-test, as appropriate. The results are expressed as mean ± standard error of the 
mean (SEM). Regarding the qPCR results, statistics were performed using the ΔCt values, 
while the data is presented as fold change (2−ΔCt). Differences between groups were 
considered to be statistically significant when p < 0.05. 

Figure 1. Viability of murine and human PCKS. Viability was measured by ATP content (n=4 for mPCKS, n=8 for 
hPCKS). *p<0.05, **p<0.01, ****p<0.0001. Data are expressed as means (± SEM).
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Table 2. Overview of SYBR Green primers and Taqman expression assays used for mPCKS.

Gene Name and function Forward primer (5’-3’) Reverse primer (5’-3’)

Gapdh Glyceraldehyde 3-phosphate 
dehydrogenase
Housekeeping gene

TGTGCCATCATTGA-
GCGAGT
or Mm00000015_g1

GCCTGGTCTTGCTC-
AGACTT

Kim-1 Kidney injury molecule 1
Proximal injury marker

AAACCAGAGATTCC-
CACACG

GTCGTGGGTCTTCT-
TGTAGC

Ngal Neutrophil gelatinase-associated 
lipocaline
Involved in iron trafficking, marker of 
acute kidney injury

CACCACGGACTACA-
ACCAGTTCGC

TCAGTTGTCAATGC-
ATTGGTCGGTG

Hmox1 Heme oxygenase 1
Enzyme catalyzing degradation of 
heme

CTGATCTGGGGTTT-
CCCTCG

TGACACCTGAGGTC-
AAGCAC

Nos2 Nitric oxide synthase 2
Enzyme producing nitric oxide

GGGCTGTCACGGA-
GATCA

CCATGATGGTCACA-
TTCTGC

Hif1a Hypoxia-inducible factor 1-alpha
Involved in cellular response to 
hypoxia, subunit of the HIF-1 
transcription factor

GCACTAGACAAAG-
TTCACCTGAGA

CGCTATCCACATCA-
AAGCAA

Eif3c Eukaryotic translation initiation 
factor 3 subunit c
Required for the initiation of protein 
synthesis to initiate cell growth 
processes

TGTGCCATCATTGA-
GCGAGT

GCCTGGTCTTGCTC-
AGACTT

Sfn Stratifin
Component p53 pathway, adapter 
protein in several other pathways

GGCCGAACGGTAT-
GAAGACA

GTACTCTTTCACCT-
CGGGGC

Sulf2 Sulfatase 2
Component p53 pathway

GCGGCCATAGAGA-
GAGGAAC

TGATCCAGAGCAA-
AGCAGGG

Bcl2 B-cell lymphoma 2
Anti-apoptotic functions

Mm00477631_m1

Bax Bcl2 associated X protein

Pro-apoptotic functions

Mm00432050_m1

Table 3. Overview of Taqman expression assays used for hPCKS

Gene Name Taqman assay

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Hs02758991_g1

KIM-1 Kidney injury molecule 1 Hs00273334_m1

NGAL Neutrophil gelatinase-associated lipocalin HS01008571_m1

BCL2 B-cell lymphoma 2 Hs00608023_m1

BAX Bcl2 associated X protein Hs00180269_m1
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RESULTS

Stress pathways in murine precision-cut kidney slices

Gene expression of proximal tubular markers

To understand the ongoing processes induced by the preparation and incubation of 
mPCKS, early proximal tubular damage markers were assessed. Also, the viability of all 
PCKS experiments was evaluated by measuring ATP (Figure 1). We observed a strong 
upregulation of two well-known proximal tubular damage markers (Figure 2A). Kim-1 has 
an early peak after 24h of incubation (442 ± 163 fold induction), while Ngal continues to 
increase until 48h of incubation (79.3 ± 26.6 fold induction). 

Gene expression of apoptosis markers

With regard to apoptosis, the mRNA expression of the pro-apoptotic gene Bax was 
significantly upregulated after 24h of incubation (3.3 ± 0.2 fold induction), while Bcl2 (anti-
apoptotic gene) first showed an early decrease, followed by an increase at 48h (2.0 ± 0.1 
fold). The ratio of Bax/Bcl2 (19) was calculated to assess the net apoptosis rate and a peak 
after 24h of incubation was detected (3.45 ± 0.3 fold) (Figure 2B).

Gene expression of hypoxia stress pathway

Hypoxia-inducible factor 1 (HIF-1) is the master regulator that orchestrates cellular responses 
to hypoxia; Nos2 and Hmox1 are target genes of HIF-1. As shown in Figure 2C, Hif1a mRNA 
expression was increased and a plateau was reached already after 3h of incubation (2.1 ± 
0.2 fold induction at 3 h). Additionally, Hmox1 and Nos2 were highly upregulated during 
culture of mPCKS with a peak at 24h (35.1 ± 7.7 fold induction) for Hmox and at 48h for Nos2 
(2.6 ± 0.5 fold induction).

Gene expression of cell cycle processes

Expression of the eukaryotic translation initiation factor 3 subunit c (Eif3c), essential for 
protein synthesis to initiate cell growth processes (20), was significantly increased at 24h 
and 48h (2.0 ± 0.3 fold induction at 48h) (Figure 2D). Two components of the p53 pathway 
(stratifin and sulfatase 2) were also evaluated. The p53 pathway is activated upon DNA 
damage or cell stress to induce DNA repair, cell arrest, or to initiate apoptosis and is known 
to play a role in AKI (21, 22). Stratifin (Sfn) was upregulated after 3h of incubation (19.6 ± 
8.3 fold induction at 48h). However, gene expression of sulfatase 2 (Sulf2) was not affected 
during 48h culture period.
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Figure 2. Cell stress gene expression in mPCKS. Gene expression of (A) renal injury, (B) apoptosis, (C) 
hypoxia-induced pathway and (D) cell cycle processes markers during incubation of mPCKS. *p<0.05, **p<0.01, 
***p<0.001. Data are expressed as means (± SEM), n=4-6.

Immunohistochemistry KIM-1

To confirm the Kim-1 mRNA upregulation during incubation, mPCKS were stained for 
KIM-1 whereby a clear increase was observed in the tubules starting at 24h of incubation 
on (Figure 3). Expression of KIM-1 was absent before incubation (0 h) and at 24h a clear 
staining is seen in the apical side of proximal tubules. At 48h, expression of KIM-1 is further 
enhanced in the proximal tubules, concurrent with increasing tubular cell injury.



82

Chapter 5

Glutathione redox status

Reduced and total glutathione levels were measured as a marker of oxidative stress status 
(Figure 4). At 0h of incubation, the ratio between GSH and GSSG is 2:1. This ratio increased 
after 1h of incubation to 9:1, then declined at 5h and remained relatively unchanged 
through the rest of the culture period, combined with a non-significant decrease in GSH 
at 24 h.

Figure 3. Representative photomicrographs of murine PCKS stained for kidney injury molecule 1, KIM-
1 (n=5). KIM-1 expression is absent at 0h of incubation while high expression is observed in proximale tubules 
at 48h of incubation. Magnification 40x, scale bar 50 μm. 

Figure 4. Glutathione redox status as measured by GSH/GSSG ratio (n=3). Murine PCKS were incubated 
for 0, 1, 5, 24 and 48h of incubation.
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Early damage observed in human precision-cut kidney slices

Cell stress and apoptosis in human PCKS

Similar to mPCKS, mRNA expression of the acute renal injury markers KIM-1 and NGAL 
increased during incubation (2.7±0.8 and 34.2±14.2 fold induction at 48h, respectively). 
However, the expression of KIM-1 remained fairly constant up to 24h of incubation in 
hPCKS, while in mPCKS gene expression of Kim-1 was already upregulated at this time 
point (Figure 5).
Additionally, as a reflection of net apoptosis rate, the BAX/BCL2 ratio was calculated, 
showing a non-significant rise after 6h of incubation (7.5±0.9 increase at 24 h). This rise is 
a consequence of the significantly decreased anti-apoptotic BCL2 gene expression (fold 
induction of 0.3±0.0 at 24 h) with a concurrent increase of the apoptotic BAX expression 
(2.1±0.3 fold induction at 24 h). BAX protein levels and expression pattern were checked 
by immunohistochemistry at baseline and during incubation in hPCKS. The quantitative 
analysis revealed no significant changes in the amount of BAX protein. However, as can be 
seen in figure 6, the expression pattern changed over time. At baseline, the expression is 
mainly located on the basolateral side of the distal tubules and at 72h of incubation the 
basal expression seems to decrease, although the tubular swelling may bias this. 

Figure 5. Cell stress gene expression in hPCKS. Gene expression of (A) renal injury and (B) apoptosis during 
incubation of hPCKS. *p<0.05, **p<0.01, ***p<0.001. Data are expressed as means (± SEM), n=4-5.
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Figure 6. BAX and TOM20 protein expression during incubation of human PCKS. (A) Representative 
photomicrographs. (B) Quantification of staining showing constant BAX expression and a clear decrease in the 
mitichondrial TOM20. *p<0.05, **p<0.01, ***p<0.001. Data are expressed as means (± SEM), n=4-6. Magnification 
20x, scale bar represents 100 μm (inlet is 40x magnification).

STEM nanotomy hPCKS

Large-scale transmission electron microscopy was performed to assess early renal 
injury on the ultrastructural level. STEM overview images of the three different hPCKS 
experiments at the three different incubation time points (0-3-24 h) can be viewed in SI I. 
Striking are the cellular casts observed in the proximal tubules at 24h of incubation, that 
are already present at 3h but to a lesser extent (Figure 7A). These casts consist of cellular 
organelle debris, most likely from apoptotic proximal tubular cells as well as some intact 
cell organelles, comparable to acute tubular necrosis morphology (23). Additionally, the 
mitochondrial cristae steadily disappear after 24h of incubation (Figure 7B). Nucleus 
appearance, however, remained unchanged during incubation. Also, nanotomy revealed 
a few other characteristics, the significance of which is yet unknown, such as: the large 
vacuoles observed in the second kidney at 0 h, the change in mitochondria color from 
light to dark and the small intracellular black dots seen in the tubular cytoplasm at 3h and 
24h in kidney number 2 and 3.

Mitochondrial integrity in hPCKS

To confirm the nanotomy results, slices were stained for TOM20, a subunit of a mitochondrial 
import receptor located on the outer mitochondrial membrane (24). In healthy human 
renal tissue, TOM20 expression was localized in the apical border of proximal tubules and 
a slightly stronger expression was observed in distal tubules (Figure 6). During incubation 
of hPCKS, a strong decrease in TOM20 expression was observed from 48h onwards. At 48h 
of incubation, TOM20 expression was absent in proximal tubules, while its expression was 
still slightly present in distal tubules.
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Figure 7. Large-scale scanning transmission electron microscopy of human PCKS at 0, 3 and 24h 
of incubation (n=3). BB, proximal tubule brush border; M, mitochondria; N, nucleus; RBC, red blood cell; V, 
vacuole.Cellular casts are observed in proximal tubules. Also, cristae start to diseappear at 24h of incubation. The 
significance of the intracellular black dots remains unknown. The supplementary data shows images from all 
three kidneys. Scale bar represents 5 μm for proximal tubule images and 500 nm for the mitochondria images.
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DISCUSSION

Mitochondrial dysfunction, oxidative stress and apoptosis play an important role in the 
pathogenesis of both AKI and CKD (25). In addition, tubular cells appear to be a major target 
of injury, especially proximal tubular cells as they mainly rely on aerobic metabolism while 
distal tubular cells can also utilize glycolysis for energy production (26, 27). Therefore, renal 
tubules are vulnerable to mitochondrial dysfunction, and a subsequent increase in ROS 
production will lead to cell death. Moreover, these aspects can ensue fibrogenesis during 
chronic injury. In the present study, the role of acute cell stress in PCKS was evaluated as a 
possible cause of spontaneous onset of fibrosis observed during incubation of PCKS.
Previous morphological analyses by Stribos et al. revealed tubular swelling in PCKS 
combined with signs of cell damage in proximal tubules starting from 48h of incubation 
(14). Therefore, renal injury markers were studied in PCKS. Both KIM-1 and NGAL mRNA 
expression were highly upregulated during incubation in mPCKS as well as in hPCKS. 
Concurrently, KIM-1 protein expression was increased in the proximal tubules of mPCKS. 
KIM-1 is virtually undetectable in healthy renal tissue, but expression is strongly induced 
by injured proximal tubular cells (28, 29). It is under debate whether KIM-1 regulates the 
inflammatory process or whether it is a response to injury as a repair mechanism. However, 
there is an increasing evidence for the role of KIM-1 in phagocytosis of apoptotic cells (30, 
31). Contrary to KIM-1, NGAL is a more general marker of renal cell injury and a potential 
biomarker of early AKI. It is also known that NGAL expression is influenced by systemic 
inflammation (32). Of note, as ATP content did not decrease up to 48 hours of incubation, 
this again indicates that ATP is a rather general marker of viability that may not reflect 
specific cell injury. Taken together, these results demonstrate proximal tubular injury and 
inflammation observed in PCKS (14) could influence the expression of both KIM-1 and 
NGAL.
A possible contributor to this renal injury in PCKS is oxidative stress, defined by an imbalance 
between reactive oxygen species (ROS), comprising of superoxide radicals, hydrogen 
peroxide (H2O2) and hydroxyl radicals (33), and antioxidants such as glutathione (GSH) (34). 
During normal mitochondrial respiration, a very small percentage of the total consumed 
oxygen is converted into superoxide radicals via electron leakage from the respiratory 
chain (35). However, upon cell damage, superoxide radicals increase and they undergo 
dismutation to form hydrogen peroxide, which in turn generates hydroxyl radicals. It is 
known that oxidative stress plays a major role in the molecular mechanisms of IRI and 
that oxidant levels progressively increase in CKD patients (7, 36-39). Also in PCKS, which 
develop a fibrotic phenotype, the expression of genes involved in oxidative stress, such 
as Hmox and Nos2, was highly elevated. The observed effects in mPCKS are in line with 
Hmox and Nos2 protein expression in a rat IRI model (40). Moreover, the glutathione redox 
balance as measured by GSH/GSSG ratio, supports the notion that oxidative balance is 
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changing during incubation of mPCKS. Also the hypoxia signaling pathway is activated 
in mPCKS, as reflected by heat-inducible factor 1 α (Hif1a) induction. Hif1a is upregulated 
under hypoxic conditions, mediates metabolic adaptation, angiogenesis, erythropoiesis, 
energy conservation and cell survival (41). Therefore, increased expression of Hif1a could 
play a protective role against hypoxia, similar to heme oxygenase upregulation, and may 
inhibit injury from oxidative stress (42-44). These changes in oxidative stress and hypoxia 
signaling pathways substantiate the adaptation of PCKS to early renal injury.
Lastly, two closely linked processes were studied in PCKS, namely mitochondrial integrity 
and ensuing apoptosis (7, 34, 35). Mitochondrial integrity in PCKS was studied by large-
scale electron microscopy (nanotomy) and by TOM20 expression quantification (a subunit 
of the mitochondrial translocase outer membrane TOM40 (24)). Together this data showed 
that mitochondrial integrity decreased from 24h of incubation. Also, early cell debris partly 
from apoptotic tubular cells (45, 46) was formed in the lumen of proximal tubules. These 
changes, named epithelial cell shedding, are also seen in patients with acute tubular 
necrosis (23). Next to the observed tubular epithelial cell shedding, the ratio of apoptotic 
and anti-apoptotic proteins (BAX/BCL2 ratio) also increased after a few hours of incubation 
of PCKS. This was, however, not reflected by BAX immunohistochemistry in hPCKS, where 
expression remained unchanged. It should be noted that quantification may be biased 
by the morphological tubular changes, i.e. tubular swelling. Interestingly, BAX was solely 
expressed in distal tubules, whereas we expected high expression in proximal tubules 
based on injury seen in the PAS staining, KIM-1 upregulation and nanotomy results. 
However, the expression pattern is in line with the BAX expression reported in rat renal 
tissue by Yang et al. (47). These results support the notion that early injury occurring in 
PCKS induces mitochondrial injury and apoptosis, which needs to be further substantiated 
by future studies. In turn, these changes are known to initiate profibrotic pathways, such as 
the TGF-β pathway (48), leading to fibrosis (8, 49) as is the case in PCKS.
Taken together, our data implies that oxidative stress signaling, hypoxia pathways, 
mitochondrial injury and apoptosis occur in an early stage in PCKS. These mechanisms are all 
part of the pathophysiology of AKI and CKD. Therefore, this data suggests that fibrogenesis 
occurring in PCKS could be (partially) related to cell injury pathways activation. In addition, 
these results pave the way for future studies focusing on prevention of mitochondrial 
dysfunction and ensuing fibrogenesis.
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SUPPLEMENTARY INFORMATION

Supplementary figure I. General overview nanotomy hPCKS during incubation. (A) Proximale tubule (B) 
Mitochondria (C) Overview nanotomy image. Scale bar represents 5 μm for proximal tubule images, 500 nm for 
the mitochondria images and 10 μm for the overview images.
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